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EXECUTIVE SUMMARY 

 

Fish farming with Recirculating Aquaculture Systems (RAS) is becoming widespread to fill the 

demand gap due to diminishing wild caught sea foods. Barramundi fish has a high demand as a 

premium Australian seafood, and is grown as an RAS farmed-fish. However, the accumulation 

of ‘earthy’ or ‘muddy’ off-flavours due to taint accumulation as geosmin (GSM) or  

2-methylisoborneol (MIB) in the fish-flesh of is a major concern. Inconsistent quality of farmed 

barramundi has been identified as a major issue in buyer resistance.  

Established predictive models for chemical taint in fish-flesh have been based on steady-

state assumptions. However, it was thought debatable as to whether a steady-state assumption 

could be upheld i.e. there was no evidence that the net chemicals exchange is zero across the 

fish body and RAS water phase.  

Against this background, an original, new and quantitative model that predicts the time 

dependent concentration of taste-taint chemicals as GSM and MIB in harvested fish-flesh was 

developed (Hathurusingha & Davey, 2013; Hathurusingha & Davey, 2014; Davey & 

Hathurusingha, 2014). This model is based on conservation of mass and energy, and 

thermodynamic processes established in (bio)chemical engineering with chemical uptake and 

elimination routes into and from the fish considered.  

The model was simulated for two RAS species, barramundi (Lates calcarifer) and rainbow 

trout (Onchorhynchus mykiss) with independent data (n ≥ 14) and showed good agreement with 

experimental observations. A major benefit of this new model is that simulations can be used to 

investigate a range of growth protocols in RAS farming to minimize taint in fish-flesh. An 

advantage is that it can readily be simulated in standard spread-sheeting tools by users with a 

range of sophistication.  

Extensive experimental testing of the new model was carried out in both pilot- and 

commercial-scale plants using low concentrations (≤ 10 mg L
-1

) of hydrogen peroxide (H2O2) 

as a benign biocide to limit natural occurring taste-taint chemicals in the RAS growth water, 

and subsequently into the fish-flesh. A dedicated methodology and new dosing apparatus 

(ProMinent Fluid Control Pty Ltd, Germany) for controlled H2O2 dosing was developed. The 

analyses of taste-taint chemicals as GSM and MIB in water and fish-flesh was carried out with 

Solid-Phase Micro-Extraction (SPME) followed by Gas Chromatography Mass spectroscopy 

(GC-MS) (skills training was obtained at both the University of Laval and University of 

Waterloo, Canada).  

Preliminary investigations with a low concentration of H2O2 (5 mg L
-1

) in pilot-scale  

(2,500 L) studies with barramundi fish demonstrated its potential to mitigate development of 
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GSM and MIB in RAS water. It was found that controlled dosing of low concentrations of 

H2O2 did not impact the pH level in growth waters and was not detrimental to the health and 

well-being of the fish as fingerlings (0.01 kg) and until harvest at 240 days (0.8 kg). Additional 

benefits of H2O2 as benign biocide include a fish product of whiter colour, an increased 

dissolved oxygen concentration (COX) in the growth water, a reduction in the number of gill 

flukes, and improved particles distribution with increased C:N ratio, and; improved availability 

of organic carbon in the growth water.  

Based on these preliminary investigations H2O2 was ‘optimised’ at a (low) concentration of  

2.5 mg L
-1

 as a benign biocide. This
 
was investigated in commercial-scale studies (conducted at 

Barra Fresh Farm, South Australia) for a typical growth of 240 day for barramundi as the 

selected RAS fish.  

The emerging risk methodology of Davey and co-workers (e.g. Chandrakash et al., 2015) 

was applied for the first time to investigate quantitatively the impact of naturally occurring 

fluctuations in taste-taint chemicals in the RAS water and their accumulation in the fish-flesh. 

This predictive approach was justified because of the prohibitively expensive time and 

analytical costs that experimental studies would have necessitated. A Refined Monte Carlo 

(with Latin Hypercube) simulation of GSM and MIB in the growth water (CW), water 

temperature (T) and growth time (t) was used to simulate typical RAS farmed barramundi. It 

was found in RAS farming of barramundi it would be expected some 10.10 % of all 240 day 

harvests, averaged over the long term, would result in fish with taste-taint as GSM above the 

desired consumer rejection threshold concentration (0.74 µg kg
-1

) due to natural fluctuations in 

an uncontrolled RAS environment. For MIB this predicted failure rate was 10.56 % 

(Hathurusingha & Davey, 2016). The vulnerability to taste-taint failure as GSM and MIB was 

shown to be principally controlled by the time to fish harvest, and to a lesser extent by 

concentration and fluctuation of these taint chemicals in the RAS water. This work was of 

practical benefit because growth time can be readily controlled by farmers. The methodology 

appears generalizable and therefore is applicable to a range of RAS farmed fish (and possible 

crustaceans e.g. prawns- Macrobrachium sp.). 

In extensive commercial-scale RAS studies with barramundi and controlled H2O2 dosing, 

fish grown from fingerlings to harvest at 240 day was investigated. This was to observe an 

entire production cycle. Results from a H2O2 ‘treated’ growth tank (30,000 L) were compared 

directly with those obtained from an identical ‘control’ tank (30,000 L). Increased organic 

matter (three (3) to four (4) times pilot-scale findings) reduced H2O2 efficacy through inhibiting 

generation of reactive oxygen species (ROSs). This is thought to be a consequence of the need 

to scale (48 times volume) the pilot-scale studies for in-tank mixing.  
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Analyses of fish-flesh (n ≥ 167) showed (moderate) predicted exponential correlation 

between taste-taint concentrations in the fish-flesh and the growth-mass of the fish for both 

GSM and MIB as predicted. In addition, the research findings highlighted that accumulation of 

taste-taint compounds was mainly governed by the combined effect of mass of the fish (mf) and 

taste-taint concentrations in the growth water (CW).  

Comparisons between the model predictions and experimental observations showed good 

agreement over the range of low taste-taint concentration (0 to 2, µg kg
-1

), especially below the 

consumer rejection threshold (~ 0.7 µg kg
-1

). However, a minor anomaly was an over-

prediction for greater concentrations (2 to 11, µg kg
-1

). Current predictions are therefore 

conservative or ‘safe’ by about 20 %. Possible reasons for over prediction might be attributed to 

rapid fluctuation of taste-taint concentration in growth water with growth time and different 

(exponential) growth constants shown by larger and smaller fish, and; errors in obtaining 

representative samples from fish-flesh.  

Model predictions and experiments further highlighted that the new model could be 

meaningfully applied to RAS systems with lower variations and/or lower taste-taint 

concentrations in RAS growth water.  

These theoretical and experimental results are the first for RAS farmed fish covering an 

entire production period to harvest.  

Approval for this research was gained from both The University of Adelaide Animal Ethics 

Committee Science and, Australian Pesticides and Veterinary Medicines Authority  

(see Appendices F and G). 

Research findings will be of immediate benefit to RAS farmers, fish processors and 

risk analysts in foods processing.  
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CHAPTER 1: INTRODUCTION 
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Natural supplies of proteins from oceans are no longer considered to be unlimited resources, 

especially as wild caught seafoods plateau. Current estimates show maximum sustainable yield 

of wild protein stocks are already at a limit (Tidwell & Allan, 2001). 

As a consequence, fish farming in Recirculating Aquaculture Systems (RAS) is becoming 

increasingly popular, and a number of cold- and warm-water fish species have been identified 

for this technology. Barramundi (Lates calcarifer) as an RAS fish is gaining attention in 

Australia and around the world. There has been significant growth over the past five (5) years 

in Australia and gross production is reported to be around 7,000 metric tonne (Howieson et al., 

2013). Barramundi farming with RAS however is still largely underdeveloped in Australia.  

However, a major drawback of RAS fish is the accumulation of two undesirable naturally 

derived taste-taint chemicals, geosmin (GSM) and 2-methylisoborneol (MIB) in fish-flesh
1
. 

These impair the fish flavour imparting undesirable ‘earthy’ or ‘muddy’ taint leading to 

consumer rejection - there are however no reported toxicological effects on the fish or humans. 

A number of methods have been unsuccessfully used to attempt to mitigate the problem.  

Against this background, a study was undertaken to develop a predictive model to quantify 

taste-taint in barramundi fish-flesh, as GSM and MIB, and to experimentally validate this with 

significant data from a commercial-scale RAS system. 

A logical and stepwise approach was implemented as a research strategy. 

The relevant literature is reviewed in Chapter 2. This chapter identifies inadequacies of 

existing models and concludes with a summary of main findings.  

Chapter 3 details the development of a new, simplified predictive model for taste-taint 

adsorption, accumulation and elimination over time in the fish from RAS water. The model is 

developed from a whole-of-process perspective and is based on conservation of mass and 

energy principles, and thermodynamic processes established in (bio)chemical engineering. It is 

illustrated with independent data for farmed barramundi (n = 14), for both constant and varying 

concentration of GSM and MIB in the RAS growth-water. The applicability of a generalized 

form of the model for prediction for other aquaculture species, in particular rainbow trout 

(Oncorhynchus mykiss), is also assessed with independent data (n = 15).  

Chapter 4 outlines the analytical procedures adopted and developed to determine taste-taint 

as GSM and MIB in RAS growth water and in RAS fish-flesh. The methods are optimised 

using new trial data from RAS growth water and barramundi fish-flesh. The introduction of a 

new, real-time hydrogen peroxide (H2O2) dosing apparatus with Standard Operation Procedure 

(SOP) is outlined. This chapter concludes with a summary of the experimental methods to be 

used in the follow up pilot- and commercial-scale RAS experimental studies. 

                                                           
1
 see Appendix A for a definition of some important terms used in this research.  
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Chapter 5 details the preliminary investigations of dosing to 5.0 mg L
-1

 of H2O2 to control 

GSM and MIB development in growth water in a dedicated pilot-scale (2,500 L) RAS system. 

Efficacy of H2O2 for inhibiting the taste-taint chemicals is compared with a control (untreated) 

growth tank. The RAS water quality parameters of the treated and the control are studied and 

H2O2 is established as a benign biocide, suitable for validation of the new model.  

Chapter 6 reports an optimisation of concentration(s) of H2O2 to be used in the commercial-

scale RAS study. 

Chapter 7 investigates theoretically the possible impact of naturally occurring fluctuations 

in key RAS parameters (taste-taint concentration in growth water, water temperature and 

growth time) on taste-taint accumulation in barramundi fish-flesh using the emerging risk 

methodology of Davey and co-workers (Davey et al., 2015; Abdul-Halim & Davey, 2015; Cerf 

& Davey, 2001). A justification for this is that it would prove prohibitively expensive and time 

consuming to experimentally carry out the needed work. It is shown that growth time to harvest 

(~ 240 day) of the fish is of overriding importance in taste-taint accumulation, and more 

importantly, this can be readily controlled by farmers.  

Chapter 8 presents a rigorous comparison of predicted and observed taste-taint in fish-flesh 

from commercial-scale experimental RAS studies. An extensive data collection for the 

validation of the model covers production from fish-fingerlings (~ 0.01 kg) to harvested fish at 

240 day (0.8 kg). The data are obtained from two (2) commercial RAS growth tanks in which 

one is ‘treated’ with optimised low concentration of H2O2 and the other used a ‘control’.  

The thesis concludes with a summary and conclusions together with possible future 

application, in Chapter 9. 

All notation used throughout is listed and carefully defined in the Nomenclature at the end 

of this thesis. 
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CHAPTER 2: LITERATURE REVIEW 

 

 

  



5 
 

2.1 Introduction 

 

Fish farmed in Recirculating Aquaculture Systems (RAS) is a globally important alternative to 

capture of wild-fish, particularly as wild-caught seafood levels plateau. RAS is increasingly 

important in filling the demand gap and is becoming popular due to a higher production per unit 

area, less water and land usage, a year-round production and better control of the fish-rearing 

environment than other conventional fish farming methods such as ponds, sea-cages (Ebeling & 

Timmons, 2012). Aquaculture such as RAS will continue to develop as the global demand for 

seafood grows. This presents opportunities for the industry in Australia to expand.  

A problem however is the potential for accumulation in the RAS growth water, and 

consequently fish-flesh, of unwanted taste-taint as ‘off-flavours’ and unpleasant odours. Of 

particular interest are geosmin (GSM) and 2-methylisoborneol (MIB). The dynamics of the 

RAS growth water and taint environment are complex, with the quantity of GSM/MIB in the 

growth water and fish-flesh varying with micro-organism, system location, water nutrient(s), 

and fish species and size (Howgate, 2004; Percival et al., 2008).  

Barramundi (Lates calcarifer) has a high demand as a premium protein in the seafood 

market, and is becoming globally popular as an RAS farmed-fish. Interest for the farmer is 

predicated on relatively fast growth, tolerability to production handling and adaptability for 

high stocking densities. Even though barramundi are (often) expensive, consumers are 

persuaded towards purchasing it because of excellent eating quality (Glenn et al., 2007).  

However, inconsistent quality of RAS farmed barramundi owing to taste-taint has been 

identified as a major issue causing consumer resistance and negative market impacts (Howieson 

et al., 2013). This is limiting the realisation of revenue for barramundi farmers. In the seafood 

industry, it is important to produce quality barramundi to compete with other seafood and 

similar protein products as well as with the wild-harvest fisheries available in the market.  

However, at present, there is no established taint abatement strategy (Widrig et al., 1996) 

with the exception of (time-consuming) ‘purging’ (7 days) the tainted fish with clean water 

(Tucker, 2000). 

Quantitative mathematical models, widely used in the chemical engineering and process 

foods industries, offer the potential for insight, management, and ultimately control of taste- 

taint in RAS farmed fish. Bio-magnification, bio-concentration and food-web models to predict 

chemical congeners have evolved over time and have been based on steady-state assumptions  

where the flux of the chemicals absorption into and elimination from the fish-flesh is zero 

(Clark et al., 1990).  
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However, it is questionable whether steady-state assumptions can be reasonably made for 

practical RAS systems. It is apparent there is no empirical evidence that the net chemical 

exchange rate is zero between the RAS water and fish-flesh phases. Therefore an adequate 

model to predict GSM and MIB in RAS farmed fish needs to be developed considering these 

inadequacies. 

In this chapter a detailed review of the taste-taint compounds and their origin, actions taken 

to mitigate taste-taint accumulation in fish-flesh, potential of hydrogen peroxide (H2O2) as a 

biocide, and; an assessment of chronological development of published models to predict the 

accumulation of chemicals in fish-flesh and what are attributes of an adequate growth model for 

RAS is presented. This chapter concludes with the summary of main findings and an outline of 

this thesis. 

 

2.1.1 Taste-taint chemicals 

 

Geosmin (GSM) and 2-methylisoborneol (MIB) are known as semi-volatile, tertiary alcohols, 

both exist as (+) and (-) enantiomers (Juttner & Watson, 2007) (Fig. 2.1). The naturally 

occurring (-) enantiomer are known to be the main form responsible for the outbreaks and they 

are reported to be 10 times more potent than the (+) enantiomer.  

     

 Geosmin (GSM) 2-methylisoborneol (MIB) 

 

Fig. 2.1 Schematic of GSM and MIB (Tucker, 2000) 

 

It is important to know how these chemicals exist in the natural environment because their 

detection, control, and interpretation of their bio-assay are governed by the forms of their 

existence (Watson et al., 2007). Selected properties are presented in Table 2-1. As can be seen 

in the table, these two chemicals have some similarities and differences. For example, the 

boiling point and the vapour pressure give an indication about tendency of the release of these 

compounds from aquatic environment to the atmosphere. Additionally, the aqueous solubility 

and the octanol-water partition coefficient (KOW) provide useful information about 

hydrophobicity and relative absorbability of these compounds on various adsorbents (McGuire 
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& Suffet, 1980; Pirbazari et al., 1992). This knowledge can be helpful in finding an effective 

control mechanism to reduce the taste-taint accumulation in fish-flesh. 

 

Table 2-1 Selected physical and chemical properties of GSM and MIB 

 

Properties/characteristic GSM MIB 

Molecular weight (g mol
-1

) 182 168 

Boiling point (
O 

C) 165.1 196.7 

Log10 KOW (dimensionless ) 3.57 3.31 

Aqueous solubility (mg L
-1

) 150.2 194.5 

Vapour pressure (atm) 5.49 x 10
-5

 6.68 x 10
-5

 

Refractive indices of reference (dimensionless) 1.46 1.47 

Density (g cm
-3

) 0.94 0.92 

 

Sources Pirbazari et al. (1992); Howgate (2004). 

 

2.1.2  Taste-taint causing microorganisms  

 

A substantial number of benthic cyanobacteria and actinomycetes species in aquaculture 

systems are reported to produce taste-tainting chemicals (Izaguirre & Taylor, 2004). Notably, 

cyanobacteria are thought to be the main microorganism responsible for causing taste-taint in 

conventional outdoor ponds, whereas actinomycetes are assumed to be the associated organism 

in RAS (Tucker, 2000; Howgate, 2004; Guttman & van Rijn, 2008). In addition, it is reported 

that there are several species of fungi and amoeba that are also capable of producing these 

chemicals (Juttner & Watson, 2007; Zaitlin & Watson, 2006); although their contribution is not 

well understood. In general, both species are assumed to be present in RAS. 

Cyanobacteria are a type of prokaryotes which resemble bacteria due to their biology and 

cellular structure (Poole et al., 2011). They are ubiquitous and generally can thrive in 

aquaculture. Basically, three genera: Anabaena, Aphanizomenon and Oscillatoria have been 

reported to produce GSM and MIB. They can grow quickly under optimum growth conditions 

(Gibson & Smith, 1982). These species can produce either GSM or MIB in different 

proportions, whereas a very few have the ability to produce both compounds (Juttner & 

Watson, 2007; Tucker, 2000; Izaguirre & Taylor, 2004). In addition to being responsible for 

taste-taint, cyanobacteria are generally considered to be a general nuisance in aquaculture 

systems. This is because they are not an efficient base for the aquatic food-chain; can cause 

catastrophic oxygen depletion; form surface scums, and; have the potential to produce toxic 

compounds (Paerl & Tucker, 1995).  
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Actinomycetes are filamentous, non-photosynthetic bacteria with wide range of 

morphologies. Interestingly, they are usually attached to a surface as an epiphyte or part of bio-

films (Zaitlin & Watson, 2006). Streptomyces are the most widely reported genera of 

actinomycetes that are capable of producing GSM and MIB (Zaitlin & Watson, 2006). 

Importantly, actinomycetes can be present in association with cyanobacteria in freshwater 

systems (Sugiura et al., 1994). Moreover, Tucker (2000) reported that taste-taint chemicals 

producing aerobic saprophytic heterotrophic actinomycetes can be commonly found in soil and 

water bodies from surface run-off. Experiments carried out on natural reservoirs have shown 

that certain actinomycetes species are capable of producing both GSM and MIB chemicals in 

various ratios (Tucker, 2000). Research carried out by Guttman & van Rijn (2008) showed that 

organically-rich aerobic conditions, favour the growth of taste-taint producing actinomycetes in 

RAS. They identified two species responsible: Streptomyces roseoflavus and Streptomyces 

thermocarboxydus associated with tilapia (Oreochromis sp) farming. More research however, is 

needed to ascertain their significance in RAS (Guttman & van Rijin, 2008; Hobson et al., 

2010). 

It is important to note that characterisation of sources of taste-taint chemicals is difficult 

due to the complexity of the mixed microorganism flora. Extensive sampling and 

microbiological and bio-chemical testing are required for confirmation (Izaguirre & Taylor, 

2004). This could become complicated and tedious in RAS due to the dynamic environment. 

Moreover, the presence and the prevalence of taste-taint producing cyanobacteria do not 

necessarily provide a clear indication of the taste-taint problem or the extent of the problem 

(Poole et al., 2011). 

Therefore, both cyanobacteria and actinomycetes are assumed to be responsible for taste-

taint as GSM and MIB.  

 

2.1.3 Factors influencing taste-taint producing microorganisms and release of taint 

chemicals  

 

For a prevalence of taste-taint producing microorganisms’ water quality, such as temperature, 

nutrients, carbon source, and light intensity, appear to be significant (Rosen et al., 1992; Naes et 

al., 1988; Rashash et al., 1995; Mohren & Juttner, 1983).  

Suitable growth temperatures for both taste-taint producing cyanobacteria and 

actinomycetes have been reported to be around 25 
O
C. However, the influence of temperature 

on the rate of production sometime may be species specific (Frauke & Berger, 1996; Yagi et al., 

1987; Hu, 1998; Saadoun et al., 2001). 

http://www.sciencedirect.com/science/article/pii/S0043135406001096#bib102
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Nitrogen and phosphorus are the two essential elements required for the growth of 

microorganisms. The high nutrient inputs as a form of fish feed help the microorganisms thrive 

in aquaculture systems. Peter et al. (2009) showed a positive correlation between abundance of 

taint causing microorganism and the level of eutrophication.  

Additionally, high fish-stocking densities in RAS appear to promote the abundance of these 

microorganisms. This has led to the eutrophication of outdoor ponds particularly in summer 

months. A number of studies have revealed the influences of nitrogen (N) concentration on the 

growth of actinomyctes are species specific and also varied with the available form of the N 

(Yagi et al., 1987; Blevins et al., 1995). In general, there appears to be range of N as NO3
-  

(0 to 1400, mg L
-1

) that can increase both growth of the cyanobacteria and the production of 

taste-taint chemicals (Hu, 1998). In contrast, there are some reports that even though greater N 

concentration enhances cell growth of cyanobacteria, it could also suppress production of taste-

taint chemicals (Saadoum et al., 2001; Rashash et al., 1995).  

Phosphorus influences the production of GSM and MIB in actinomycetes. But there are 

some contradictory reports. For example, Yagi et al. (1987) have found high taste-taint 

chemical production under low concentration of phosphorus. On the other hand, Schrader & 

Blevins (2001) reported greater productions under higher phosphorus concentration. The same 

scenario has been reported for cyanobacteria. In addition, Saadoum et al. (2001) have reported 

the enhancement of growth and the production of GSM with increasing phosphorus 

concentration. Similarly, Rashash et al. (1995) reported lower taste-taint chemicals production 

under higher phosphorus concentration. 

Carbon is another vital element for the growth of microorganism and, it is considered a 

limiting factor in RAS (Leonard et al., 2002). It is important to the nitrifying bacteria in 

biological filters (van Rijn, 2013). There have been some studies on the influence of carbon 

sources for the growth of actinomycetes that found greater rate of growth under increasing 

concentrations (Sivonen, 1982; Weete et al., 1977; Schrader & Blevins 2001). 

Cyanobacteria use light as a source of energy for their photosynthetic process. Studies have 

shown that the rate of taste-taint production increases with increasing light intensity in a 

particular range but decline in others (Blevins et al., 1995; van der ploeg et al., 1995; Bowmer 

et al., 1992). However, there does not appear to be similar studies undertaken for 

actinomycetes. Peter et al. (2009) showed a positive correlation between abundance of taint 

causing microorganism and the level of eutrophication.  
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2.1.4 Taste-taint problem in RAS farmed fish  

 

Fish can take up GSM and MIB chemicals from tainted waters and accumulate these in their 

flesh.  

The uptake of taste-taint chemicals by fish can occur through several routes including, 

gills, skin and alimentary canal. However, gills are considered to be the predominant path of 

uptake because of the reported relatively low octanol-water partition coefficient of both these 

two chemicals. Clark et al. (1990) have reported that the chemicals with octanol-water partition 

coefficient (KOW) lower than six (6) can be absorbed through the gills. As shown in Table 2-1, 

log10 KOW of GSM and MIB are 3.57 and 3.31, respectively. Research carried out by From & 

Hørlyck (1984) with rainbow trout (Salmo gairdneri) has showed the gills as the principal path 

of taint chemicals uptake to the fish-flesh.  

The chemicals uptake kinetics show that GSM and MIB concentrations in waters and the 

exposure time are the two main factors which affect the final taste-taint concentration in fish-

flesh (Howgate, 2004). Apart from that, the lipid content of the fish-flesh, growth water 

temperature, fish species, physiological state of the fish, size or age of the fish, and 

environmental factors, are also important criteria that are thought to directly or indirectly 

influence the final taste-taint concentration in fish-flesh (Johnsen
 
et al., 1996; Howgate, 2004; 

Percival et al, 2008).  

It is of importance to know the limiting
2
 concentration of GSM and MIB in RAS growth 

waters that can impair the unwanted off-flavour to the harvested fish-flesh. These 

concentrations however are varied in the literature and seem to be (largely) subjective. Clearly, 

this appears to be influenced by various factors such as species, exposure conditions 

(distribution system for taste-taint chemicals, stress, water quality, temperature), sensory 

method employed for the assessment, and; also the evaluation panel (Persson, 1984). For 

instance taste-taint development can be seen in freshwater barramundi farming when 

contaminants are present even at low concentrations e.g. GSM in lake water at 0.003 µg L
-1

 and 

MIB at 0.0004 µg L
-1

 (Glencross et al., 2007). The values for tilapia are a little higher with 

GSM = 0.015 µg L
-1

 and MIB = 0.018 µg L
-l
 (Guttman & van Rijn, 2008). In addition, other 

concentrations reported in literature for GSM in different species are (units as originally cited): 

0.2 µg L
-1 

(Safferman et al., 1967), 0.13 µg kg
-1 

(Lillard & Powers, 1975), 0.05 µg L
-1 

(Medsker 

et al., 1968), 0.21 µg kg
-1 

(Buttery  et al., 1976); and, for MIB: 0.1 µg L
-1 

(Medsker et al., 

1969), 0.02 µg kg
-1  

(van Gemert & Nettenbreijer, 1977) and 0.018 to 0.020, µg L
-1 

(Persson & 

York, 1978).  

                                                           
2
 i.e. minimum taste-taint concentration in RAS growth water that is likely to result in taint taste in fish-flesh. 
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Despite these reported differences the reasonably accepted limiting concentration for GSM 

and MIB are 0.015 µg L
-1

 and 0.018 µg L
-1

, respectively (Persson & York, 1978; Persson, 

1980).  

The reported taste-taint problem in fish-flesh dates back to mid-1930s (Thaysen, 1936). It 

has become one of the major concerns in aquaculture industry at present, particularly in RAS. A 

substantial amount of research has been undertaken to characterise the problem and/or finding 

an effective control mechanism. Apart from barramundi (Lates calcarifer), taste-taint in fish-

flesh due to GSM and/or MIB in RAS has been reported for Murray cod (Maccullochella  

peelii peelii) (Palmeri et al., 2008), rainbow trout (Oncorhynchus mykiss) (Robertson et al., 

2006), arctic charr (Salvelinus alpinus) (Houle et al., 2011), largemouth bass (Micropterus 

salmoides), and; white sturgeon (Acipenser transmontanus) (Schrader et al., 2005). This 

problem is not unique however to vertebrate fish but also to other fish species such as shrimp 

and clams (Howgate, 2004). 

Even though this problem directly impacts on the marketability of the fish there are no 

reported associated health effects to the fish well-being or to human consumers (Bai et al., 

2013).  

 

2.1.5 Bio-concentration of GSM and MIB 

 

When fish are exposed to growth water contaminated with taste-taint chemicals, they can 

absorb the chemicals into flesh until the net exchange rate into and out of the fish is zero. This 

is known as equilibrium-state and the chemicals exchange across the water phase and the fish 

body is assumed to occur through a passive process. The taste-taint concentration in the lipid 

phase is the lipid/water partition coefficient times the taste-taint concentration in the water 

phase of the fish (Howgate, 2004). Significantly, the concentration of taste-taint chemicals in 

the fish-flesh therefore is greater than that in the growth water. This ratio is known as the bio-

concentration factor (BCF) for taste-taint chemicals. Taste-taint chemicals are lipophilic and 

tend to concentrate in lipid tissue (Percival et al., 2008). 

Howgate (2004) revealed that the concentrations of the taste-taint chemicals found in the 

fish-flesh would vary within the fish and also correlate with the lipid content of the tissue, in a 

given condition where all the fish were exposed to the same growth water. This has been 

experimentally shown by Percival et al. (2008) with barramundi fish with greater taint 

concentration in lipid-rich belly tissue than in the lipid-poor dorsal and tail tissues.  

Johnsen & Lloyd (1992) reported similar findings with channel catfish (Ictalurus 

punctatus) in which they found greater uptake rate and accumulation in lipid rich fish 
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 (> 2.5 % muscle fat) than lean ones (< 2 %) for MIB. In addition, it is reported that greater 

taste-taint accumulation occurs in larger barramundi fish than smaller ones. This is apparently 

attributed to the greater lipid content present in larger fish (Percival et al., 2008). The rate of 

bio-concentration is governed by the slowest process (i.e. chemical engineering rate controlling 

step), the depuration, and is correlated with the lipid content in the fish. It is widely accepted 

that taste-taint chemicals uptake is a rapid process, but in depuration is a slow process, lasting 

several days (up to 7 days). This means the greater the lipid content in tissue the greater the 

taint chemicals accumulation (Howgate, 2004).  

In general, smaller fish with lower lipid content need decreased depuration time. This 

would in turn reduce the taste-taint chemicals accumulation. Therefore, in a given situation 

smaller fish can be harvested sooner than larger fish (Howgate, 2004). The ambient water 

temperature at which the fish are held influences the depuration time for taint chemicals 

(Howgate, 2004). 

Petersen et al. (2011) found a significant correlation (R
2 

= 0.66) between GSM 

concentration in growth water and its concentration in fish-flesh for rainbow trout 

(Oncorhynchus mykiss) farmed in RAS. A similar relationship has been reported by Houle et al. 

(2011) based on experiments carried out with artic charr (Salvelinus alpinus) farmed in RAS.  

A causal relationship between taste-taint concentration in growth waters and concentration 

in fish-flesh was demonstrated by Howgate (2004) using (modelling and) empirical data.  

 

2.1.6 Taste-taint threshold  

 

The consumer rejection threshold concentration
3
 in fish-flesh is readily detected as ‘earthy’ or 

‘muddy’ off-flavour and unpleasant odour at low concentrations of GSM and/or MIB in fish-

flesh. This has led to strong buyer resistance affecting the marketability of RAS farmed fish. 

Taint at low concentration in growth waters, for example GSM = 0.015 µg L
-1

 or  

MIB = 0.018 µg L
-1

 (Persson & York, 1978; Persson, 1980) can result in, 0.056 and  

0.072 µg kg
-1

 respectively, in the fish-flesh (Howgate, 2004). However, there are some reports 

that threshold concentration is not a fixed value and tends to vary with the lipid content of the 

fish samples (Howgate, 2004).  

It is worth noting however that there seems to be some variation in reported threshold 

concentrations in the literature. For instance, the concentrations for GSM ranges from  

0.025 to 10.0, µg kg
-1 

and for MIB, 0.10 to 0.70, µg kg
-1 

(Yamprayoon & Noomhorm, 2000; 

Grimm et al., 2004; Robertson et al., 2005). Certainly, variability can be expected because these 

                                                           
3
 i.e. the minimum concentration in fish-flesh that leads to ‘earthy’ or ‘muddy’ flavour and consumer rejection. 
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have been obtained under different experimental conditions in different laboratories (Persson, 

1980). 

Significantly, these data have been largely based on findings from sensory evaluation 

panels and/or experts and are therefore largely subjective. On the other hand, characteristic 

flavour of the fish can mask taste-taint from GSM and/or MIB (Howgate, 2004). 

It has been reported the consumer threshold concentration for GSM for barramundi is  

0.74 µg kg
-1

 (Jones et al., 2013) and since there was no established value for MIB, it is assumed 

that a reasonable assumption is 0.7 µg kg
-1 

given the reported values for similar fish species e.g. 

channel catfish (Ictalurus punctatus) and rainbow trout (Oncorhynchus mykiss) (Robertson et 

al., 2005).  

 

2.1.7 Taste-taint control methods  

 

A number of approaches to remove (or inactivate) these chemicals have been investigated but 

effective practices to control taste-taint in farmed fish apparently have not gained acceptance 

(Howgate, 2004; Schrader et al., 2010).  

Elimination of taste-taint chemicals from growth water can be useful in manipulating taint 

development in fish. Both GSM and MIB are known to be relatively stable compounds with 

slow degradable potential and therefore, chemical or biological methods can be employed but 

with limited success to destroy or inactivate these contaminants (Juttner & Watson, 2007). 

Current methods of applications and some of the proposed methods along with the implications 

and/or limitations are reviewed below:  

 

Physical  

There are physical methods that have been tried to restrict taint including use of organic rich 

beds or adsorption on to solid materials, like activated carbon, control of nutrients in tanks, 

diffused air bubble off-gassing, and use of conventional water treatment technologies such as 

flocculation and filtration and zeolite or hydrophobic polymers etc. (Poole et al., 2011). For 

instance Guttman & van Rijin (2009) suggested that water can be passed through an organic- 

rich bed with a long retention time so that taint can be absorbed through physical absorption. 

However in this case, the proposed method has little impact due to a slow reduction rate. 

Therefore, these methods appear to have little application owing to problems in carrying them 

out in practical application.  

In RAS, the growth feed appears to be the source of nutrients for taste-taint causing 

microorganisms and therefore, nutrient control may significantly control resulting concentration 
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of GSM and MIB (Tucker, 2000). On the other hand, the growth of actinomycetes is enhanced 

by the aerobic and organic rich environment (Guttman & van Rijn, 2008). Understanding the 

nutrient dynamics in RAS is therefore important in controlling the cyanobacteria and 

actinomycetes. Various attempts have been made to control the nutrients in RAS. Bio-reactors 

have been proposed as a solution. Maintaining a high capacity bio-reactor however may not be 

feasible (Poole et al., 2011). Moreover, Guttman & van Rijn (2009) reported that aerobic bio-

filters in RAS have not been successful in controlling taste-taint. 

 

Chemical  

The most notable chemical methods are the algaecides which appear to be relatively dependable 

bloom controllers in taste-taint management. Copper sulphate appears the most effective and 

reliable algaecide and is extensively used in channel catfish aquaculture in the USA (Tucker & 

Hargreaves, 2003; Zhao et al., 2005). This is understood to be widely used in RAS growth tanks 

as well (Southern Barramundi Farmer’s Association, South Australia, pers. comm.), but 

effective treatment protocols are not well understood. This has led to excessive use of copper 

sulphate and improper application (Rimando & Schrader, 2003). In addition, there are some 

concerns with regard to copper treatment in aquaculture. 

Repetitive application seems to have resulted in developing copper resistance within the 

cyanobacteria (Garcia-Villada et al., 2004; Shavyrina et al., 2001). Moreover, Liu & Barnet 

(2006) have pointed out other beneficial species such as phytoplankton may be adversely 

affected because of copper toxicity. More importantly, some reports revealed that copper might 

be toxic to fish under low alkalinity conditions (Liu et.al, 2006). Masuda & Boyd (1993) argued 

that copper can remain active for longer times in its chelated forms. To the contrary however, 

Liu et.al. (2006) pointed out that all copper is accumulated in the sediment at the bottom after 

two (2) days of application.  

Generally, oxidising compounds such as chlorine, potassium permanganate and ozone, 

have been tested but their efficacy has been reported to be low (Ho et al., 2002; Glaze et al., 

1990; Lalezary et al., 1986; Park et al., 2007). One reason is that in organic rich environments, 

oxidants tend to absorb into organic matter, or, selectively react with organic compounds 

diminishing the expected results (Klausen & Gronborg, 2010). It is important to note that care 

must be taken in using oxidants. This is because they can rupture the cells of taint producing 

microorganisms, leading to release of the cell-bound GSM and MIB into the growth water 

(Juttner & Watson, 2007). Addition of low concentrations of ozone (0.2 mg L
-1

) to municipal 

source waters with 20 min contact time has been investigated and shown 86 to 92, % removal 

efficiency for GSM and 73 to 83, % for MIB (Glaze et al., 1990). This approach proved 
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impractical however when attempts were made to maintain an oxidation-reduction potential of 

248 mV (<1 μg L
-1

 of ozone residual)
 
in a pilot-scale RAS plant (Schrader et al., 2010). 

Therefore, further studies are needed to ascertain the effective use of oxidants (Juttner & 

Watson, 2007). 

Lawton et al. (2003) argued that photocatalytic degradation in the form of UV irradiation 

accompanied by catalytic surface reaction can be used to ‘destroy’ both GSM and MIB to a 

significant extent. As an example, Kim & Lee (2005) have shown that titanium dioxide can be 

used to inhibit the photosynthesis ability of the particular cyanobacteria of interest. However, 

these methods appear to have little application. 

 

Biological  

Biological control of taste-taint causing microorganisms is another proposed method. A 

microbial agent or predator is introduced to the aquaculture system. Some bacterial species such 

as Bacillus subtilis and certain Strepltomyces sp. have shown positive results under laboratory 

conditions. However, this is yet to be commercially viable because of the bio-security concerns 

and problems encountered in controlling large-scale production (Fuks et al., 2005; Choi et al., 

2005; Poole et al., 2011).  

 

Purging – a current method of taint control  

At present, purging of RAS fish post-growth in clean water and prior to marketing is widely 

used to leach taint chemicals (Tucker & van der Ploeg, 1999).  

For example, seven (7) days purge is used for farmed barramundi (Southern Barramundi 

Farmer’s Association, South Australia, pers. comm.). Even though uptake of off-flavour 

chemicals is a rapid process, the depuration can take time, lasting many days (Howgate, 2004). 

Normally, fish are not fed during purging, this causes body weight-loss resulting in an 

economic burden for farmers.  

A strong correlation between body weight losses and purging time has been reported by 

Palmeri et al. (2008) with experiments carried out using Murray cod. Similarly, in RAS, fish 

kept in higher stocking densities require greater time to purge because of degraded water 

quality.  

Tucker (2000) showed that the time taken for purging is dependent on factors such as 

environmental condition of the grow-out ponds, the nature of the off-flavour compounds and 

farming methods employed, and; also the type of fish farmed.  

The double handling of fish, intensive labour, time taken for purging, higher water demand 

and separate tanks for purging have led to the search for an attractive alternative. Widrig et al. 
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(1996) argued that an economically feasible means is yet to be found to purge taint causing 

contaminants. 

 

2.1.8 Recent developments and implications  

 

Recent studies (Ferguson et al., 1990; Koch et al., 1992; Lawton et al., 2003; Bellu et al., 2008) 

have reported that Advance Oxidation Processes (AOPs) have the potential for either degrading 

or inactivating GSM and MIB to a greater extent.  

However, these experiments have been in growth water, free of organic-matter and/ or on 

laboratory-scale. The efficacy of this approach in commercial plants remains to be 

demonstrated. On the other hand, some reported implications such as higher energy 

consumption, a necessity of pre-treatment in an organic rich medium, colour development due 

to oxidation of aromatic compounds (Klausen & Gronborg, 2010) have shown this method not 

sustainable in RAS aquaculture. 

 

2.1.9 Hydrogen peroxide (H2O2) as a potential biocide 

 

Hydrogen peroxide (H2O2) has potential as a benign biocide to control (or inhibit) GSM and 

MIB chemicals development in growth waters, and subsequently reduce their accumulation in 

fish-flesh (Drabkova et al., 2007 a; Glaze et al., 1990). 

The first reported usage of H2O2 dates to 1969 when it was used to manipulate slimes and 

algae in cooling towers (Quimby et al., 1988). The effectiveness of H2O2 application in 

commercial aquaculture showed some positive results at low concentrations. Most interestingly, 

H2O2 has been found to effectively react in two ways: destroying the microorganism cells and 

reacting with taint chemicals (Svrcek & Smith, 2004; Glaze et al., 1990). A key point is that it 

can be used to destroy cyanobacteria with minimal impact to beneficial phytoplankton. This 

was confirmed when H2O2 destroyed cyanobacteria at approximately 10 times lower 

concentration than the green algae and diatoms (Drabkova et al., 2007b). However, there are no 

reported studies on the application of H2O2 against actinomycetes.  

In-vitro experiments carried out by Schrader et al. (1998) showed that Sodium Carbonate 

Peroxyhydrate (SCP - a solid form of H2O2) can be used for the growth inhibition of Osillatoria 

chalybea and Selenastrum capricornutum selectively. However, these studies mentioned that 

SCP may not be effective for all species of blue-green algae. Quimby et al. (1998) showed that 

Anabaena sp. and Raphidiopsis were sensitive to SCP under laboratory conditions. In their 
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research, they found that toxicity effect of SCP was comparable to equivalent oxidizing strength 

of liquid H2O2.  

Research carried out by Martin (1992) to find the effectiveness of SCP to control Chalybea 

in commercial catfish ponds in the Mississippi ended with positive results: seven (7) ponds 

were treated with 55 kg hectare
-1

 SCP on alternate days and taint contaminants of ponds were 

determined periodically. Research carried out by Pedersen & Pedersen (2012) using trout fish 

have shown that H2O2 can be used to improve the water quality without affecting fish well-

being. A selective effect of H2O2 on cyanobacterial photosynthesis was investigated using Pulse 

Amplitude Modulated (PAM) fluorometry by Drabkova et al. (2007a) in which it was shown 

that cyanobacteria were more sensitive to H2O2 than algae.  

H2O2 complies with ‘green chemistry’ principles and is considered as an environmentally 

benign because it degrades into oxygen and water - without leaving trace particles (Antoniou et 

al., 2005). There are a number of additional benefits such as improved water quality and a 

improved therapeutic agent over existing treatments such as formalin (Pedersen & Pedersen, 

2012). Despite these positive effects, studies have reported that H2O2 may be a risk by 

impairing nitrifying bacteria in biological filters (Noble & Summerfelt, 1996; Pedersen et al., 

2009). It is reported that higher concentration such as 100 mg L
-1

 is not practical (Schwartz et 

al., 2000). However, Pedersen & Pedersen (2012) reported that low concentration of H2O2, such 

as < 5 mg L
-1

, would not affect biological filters. 

It is important, clearly, to know the concentration of H2O2 that can be ‘safely’ used and the 

technique of application, so it should not compromise the beneficial microorganisms and the 

health of the fish to harvest.  

 

2.1.10 Chemistry of H2O2 

 

H2O2 is colourless, non-flammable, clear liquid having a density of 1.11 g cm
-3

 (30 % w/w 

solution) (Petri et al., 2011). It is readily miscible in water and alcohol. Its molecular weight is 

34 and has a non-planner (twisted) structure of C2 symmetry. The H2O2 chemical contains two 

hydrogen and two oxygen atoms connected by covalent bonds (Pubchem open chemistry 

database, 2015). The atomic structure of H2O2 is presented in Fig. 2.2.  
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Fig. 2.2 Atomic structure of H2O2 

 

H2O2 is known to be a strong oxidant, behave as a weak acid, and has the capacity to 

degrade a wide range of organic matter. It has a high reduction potential (E
O
) of 1.776 V  

(Lide, 2006) and is usually stable. But it decomposes rapidly in the presence of catalyst (Petri et 

al., 2011). H2O2 can generate a wide variety of reactive species depending on the water pH. 

The reaction mechanism of H2O2 in water is complex and includes the formation of free 

radical chain reactions (Petri et al., 2011).  

 

2.1.11 Recirculating Aquaculture system (RAS) 

 

Fish farming in Recirculating Aquaculture Systems (RAS) is a globally important alternative to 

capture of wild-fish as the levels of the latter plateau. 

In RAS, fish are grown in indoor tanks under stocking densities for a maximum yield, and; 

therefore the system must be designed to maintain congenial environmental and growth 

conditions. Importantly, about 90 to 99, % RAS water is recycled (Badiola et al., 2012), and; 

the system is seen as mechanically sophisticated and biologically complex (Masser et al., 1992).  

The water quality in RAS must be controlled in order to ensure a viable ecosystem is 

established as water quality tends to deteriorate due to the high stocking densities and protein-

rich feeds (NSW Department of Primary Industries, 2012). It is noteworthy that biological and 

mechanical filters are used in RAS to remove or inactivate harmful or undesirable by-products 

such as nitrate, ammonia, solids, etc. Moreover, growth water temperature and dissolved 

oxygen (COX) concentration are important criteria that need to be regulated for a maximum 

yield. To achieve this, submerged heaters and/or insulated rooms are often used, whereas 

mechanical aerators are employed to ensure high inputs of dissolved oxygen.  

Fish farming with RAS started around mid-1950s with rapid growth of the industry in 

recent years (Helfrich & Libey, 1991). RAS is increasingly popular with improving control of 

the environment (Ebeling & Timmons, 2012; Helfrich & Libey, 1991), due to higher production 

per unit area, reduced water and land usage, production of healthier, tasty and affordable fish, 

year-round production compared with conventional fish farming of out-door ponds. In addition, 

RAS can be set up near to markets, and particularly in areas where water and land are 
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expensive. Other advantages include: convenient harvesting, effective disease control, and an 

ability to meet market demands (different sizes) etc. (Helfrich & Libey, 1991). 

At present, > 10 species appear to grow well in RAS and include: Atlantic salmon (Salmon 

salar), Rainbow trout (Oncorhynchus mykiss), Anguilled eels (Anguilla sp), Silver perch 

(Bidyanus bidyanus) Murray cod (Maccullochella peelii peelii), Barcoo grunter (Scortum 

barcooo), Snapper (Pagrus auratus) etc. (Larkin, 2000).  

More importantly, though RAS began with freshwater species, it is now being expanded 

for marine and brackish water species (Martins et al., 2010). Additionally, there is provision for 

poly-culture (i.e. the growth of a number of species in the same tank) and mono-culture (i.e. 

different tanks) farming (Helfrich & Libey, 1991). 

Despite these benefits, there are some reported disadvantages with RAS.  

It is seemingly expensive as it requires significant capital investment for infrastructure 

(buildings, tanks, plumbing, biological filters) and operating cost (pumping, aerating, heating, 

lighting). This has led to generally slow adoption and penetration of RAS technology 

(Schneider et al., 2006).  

RAS does need constant supervision. This is because it is vulnerable to collapse due to 

mechanical failures and power outages. Therefore, skilled technical staff is required to manage 

and maintain operations (Helfrich & Libey, 1991). However, certain RAS are equipped with 

alarms to monitor and to minimise the risk of sudden power outage.  

Moreover, accumulation of drug residue, minerals, hazardous feed compounds and 

metabolites in the system potentially may pose a threat on well-being of the farmed fish 

(Martins et al., 2009; Martins et al., 2010). 

RAS has been subject to on-going research and development to improve the system to 

supply quality fish economically to markets. However, more research is needed to discover how 

to manage the taste-taint problem, particularly with GSM and MIB (Martins et al., 2010; 

Badiola et al., 2012; Summerfelt, 2006). 

 

2.2 Barramundi farming and modelling in RAS 

 

Barramundi is a natural occurring, predatory, hardy fish in euryhaline water in the Indo-Pacific 

and tropical regions in Australia. It is often known as ‘sea bass’, ‘Asian sea bass’, ‘giant perch’, 

and ‘giant sea perch’ across the world and is popular as commercial and recreational fish in 

Australia (NSW Department of Primary Industries, 2012; Thorne, 2002). It can tolerate a wide 

range of environmental conditions, which extend from freshwater to sea water. 

Barramundi can be considered a prime candidate for RAS aquaculture.  
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This is because of relatively fast growth, tolerability to production handling, premium 

edible properties (i.e. tender, mild tasting and boneless fillets), and; adaptability for high 

stocking densities. Farming of barramundi was started in early 1970s in Thailand (Glenn et al., 

2007) and subsequently expanded to other countries such as China, Malaysia, Indonesia, 

Singapore, Taiwan and Vietnam. In Australia, barramundi farming was initiated in Queensland 

in early 1980s and then adopted by other states (Glenn et al., 2007). This fish has a high 

demand in the seafood market, particularly in Australia.  

Barramundi can be farmed in freshwater ponds or sea-cages in estuarine waters or in RAS 

indoor facilities. It is noteworthy that Queensland, the largest producer of barramundi in 

Australia, contributes approximately 80 % of the total production through either pond or cage-

culture. However, South Australia (SA) accounts for 7 % mainly through RAS (Poole et al., 

2011). There has been significant growth in the industry over the past five (5) years and the 

gross production is reported to be around 7,000 metric tons (Howieson et al., 2013). Around 40 

licenced barramundi farms are reported to be operating in SA in 2009 (ABARE, 2010).  

Barramundi fingerlings are produced in hatcheries and made available for farmers. These 

fingerlings are grown under special care in small-tanks known as nurseries before being 

introduced to grow-out tanks in RAS. The fingerlings are sometimes vaccinated against 

potential diseases, but this may not be the usual practice in all farms (Barra Fresh Farm, South 

Australia, pers comm.). When the fingerlings reach around 0.01 to 0.02 kg, they are introduced 

to the grow-out tanks, but this varies from farm to farm. They are fed according to feeding 

tables with varying size of feeds.  

The optimum growth water temperature for barramundi is considered to be 28 
O
C in RAS 

and this is achieved through submerged heaters or insulated sheds (NSW Department of 

Primary Industries, 2012). However, this usually results in an elevated power cost (NSW 

Department of Primary Industries, 2012).  

Improved management of RAS should lead to better yields. Even though barramundi 

average stocking density is around 60 to 80, kg m
-3

, this can be increased with good husbandry 

practices.  

Cannibalism with these fish is a management problem in RAS. Therefore, one of the 

potential approaches taken by the farmers is to separate the fish into approximately group size 

classes at least once a week. This is labour intensive. 

Barramundi is sent to market as live fish, plate-size as whole or fillet. They often reach an 

average market size (0.8 to 1.0, kg) within eight (8) months (240 days) when provided with 

suitable growth conditions (Southern Barramundi Farmer’s Association, Australia, pers. 

comm.). About 3,330 tonne of farmed barramundi was exported in 2007/2008, to generate $34 
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million (AUS) to the export sector (ABARE, 2011). In comparison, similar products available 

in the market e.g. Nile perch (Lates niloticus), a comparable fish, are much cheaper, despite the 

fact that some farmers grow barramundi fillets for the supermarket chains. However, there are 

inherent economic risks in the process. These usually involve the result of mortality from 

double-handling and overcrowding etc. (Southern Barramundi Farmer’s Association, South 

Australia, pers. comm.).  

 

2.2.1 Taste-taint problem in RAS farmed barramundi 

 

There has been substantial work on taste-taint problems in RAS farmed fish species e.g. 

rainbow trout, arctic charr, largemouth bass, and white sturgeon, but very little work apparently 

has been done for RAS barramundi. There is however limited reported studies for barramundi 

grown in out-door ponds and in sea-cages (Glenn et al., 2007; Percival et al., 2008). 

This lack of information for both GSM and MIB in growth water and their concentration 

in fish-flesh underscores the need for an extensive study to maintain consumer confidence in 

the quality of RAS farmed barramundi.  

Presently, barramundi farmers rely on post-harvest purging.  The overriding reason is it 

simple compared with capital investment in RAS farming (Murray et al., 2014) - it is a trade-off 

between sales revenue and cost of additional infrastructure.  

 

2.2.2 Overview of predictive models for chemical congeners in fish-flesh 

 

Predictive models, widely used in chemical engineering, provide a basis for evaluating 

environmental toxicology and risk assessments in farmed fish.  

They are increasingly being used by regulators, scientists, and toxicologists for decision 

making (Arnot & Gobas, 2004). This include evaluating the possible environmental hazards 

from new and existing chemicals through  trophic levels (Arnot & Gobas, 2003), quantifying 

maximum daily loading of congeners of interest (Gobas et al., 1998), assessing potential 

impacts on biota due to various pollution sources, determining the effectiveness of control 

measures (Gobas & Z’Graggen, 1995; Morriosn et al., 1998), providing site-specific 

information about chemical concentrations (Arnot & Gobas, 2004), and; quantifying the 

toxicological fate of chemicals in the environment (Wen et al., 1999).  

However, difficulties are to determine sufficient and adequate data, particularly because of 

the complexity of the natural environment, and intensive labour needs and costs (Peters, 1991).  
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In model development an understanding is required of the biological, physio-chemical and 

structural factors of the biota that can influence the kinetics of chemical accumulation. The rate 

of chemical accumulation is dependent on the uptake and elimination efficiencies of the 

chemicals concern. A low elimination rate is known to be the governing factor for higher 

bioaccumulation (Neely et al., 1974).  

A number of models have evolved. Notably, there are some that predict the level of 

chemical concentrations in fish, but few have been published (Poole et al., 2011). A simple 

model is based on the chemical equilibrium partitioning between two phases. Generally, a 

living organism is treated as one-compartment by applying a mass balance. In this case, it is 

assumed that chemicals are immediately distributed in the fish-flesh once ingested. In more 

complex models such as the Pharmacokinetic models (PBPK), the organism is considered as a 

combination of individual organs or tissues (Wen et al., 1999). In these types of models, 

chemicals are thought to be distributed among various organisms within the fish with different 

kinetic rates (Howgate, 2004). 

All possible exposure routes of the taint chemicals as well as eliminating routes have to be 

taken into account when developing models. There are three uptake routes: food, respiration 

and dermal diffusion, and six (6) meaningful elimination paths: respiration, dermal diffusion, 

egestion, metabolic conversion, reproductive losses and growth dilution.  

It is important to understand the appropriate processes. 

 

2.2.3 Chronological development of a model for chemical congeners in fish 

 

There are four (4) general types of models e.g. empirical, mechanistic, food-web and kinetic. 

However these are not readily categorised based on any particular criteria.  

 

Bio-concentration/ bio accumulation models  

Bio-concentration/ bio-accumulation models are basic, with just a few input parameters.  

Established bio-concentration models have been based on the bio-concentration factor that 

is underpinned by mechanistic mass balance under steady-state conditions (Clark et al., 1990). 

In general, a plot of a log bio-concentration factor (BCF), or bio-accumulation factor (BAF), 

and log octanol-water coefficient factor (KOW) is used. Accordingly, Neely et al. (1974) found a 

linear regression between bio-concentration factor and the partition coefficient of the chemicals 

which showed good agreement with predicted values and experimental values.  

This relationship led to development of numerous regression equations over time. At a later 

stage, with the advance of computer technology, these models were encoded with different 
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types of computer program to form advanced models such as BCFWIN
©

, POPs, mass balance 

food-web, and KOW based QSAR regressions (Meylan et al., 1999; Weisbrod et al., 2007).  

However, a life-cycle bio-magnification model is more descriptive and comprehensive. It 

comprises bio-transformation, growth dilution and reproduction. However, the processes have 

produced inconsistent results leading to inaccurate predictions (Sijm et al., 1992). 

 

Fugacity-based bio-concentration models 

Fugacity-based bio-concentration models are detailed by Mackay (1982).  

An explanation of how chemical equilibrium takes place between two phases (i.e. water 

and organism) is provided by Arnot & Gobas (2004). In these types of models, concentrations 

are referred as units of amount/volume (mol m
-3

, or, g m
-3

) whereas partition coefficients are 

considered as dimensionless (Mackay, 1991). This is seen as a modification to the simple bio-

concentration model by adding the correlation between lipid-aqueous solubility (CL) and KOW. 

These provided a solid theoretical footing for further development of bio-concentration 

models (Arnot & Gobas, 2004). 

 

Pharmacokinetic models 

Two-compartment models do not necessarily represent the uptake, distribution and elimination 

of the taint chemicals in the fish. Therefore, physiologically based pharmacokinetic models 

have evolved in which transport of chemicals around the body of the organism, the potential of 

the tissues to absorb a chemical, and; the kinetics of carriage of a chemical into/from particular 

tissue are ‘better’ explained (Howgate, 2004).  

A development was the introduction of physiologically-based pharmacokinetic models 

(PBPK) (Barron et. al., 1990; Young, 1978; Landrum et. al., 1992; Newman, 1995). The 

mathematical descriptions for flow rates were developed and applied to give more meaningful 

quantitative predictions. These have been able to demonstrate chemical distribution in test 

organisms under various toxicological conditions, doses, and over time. The rates of chemical 

absorption, distribution, metabolism, elimination and transfer have been considered (Wen et al., 

1999; Gibaldi & Perrier, 1982). In summary, the organism is considered a combination of 

individual organs (or tissues) (Wen et al., 1999). Pharmacokinetic models have been applied to 

predict the amount of drug(s) in the body as a function of time and dosing (Wen et al., 1999). 

A significant advantage of pharmacokinetic models is that they can be used for predicting 

chemical residues in the environment and also in assessing and evaluating adverse effects of 

these.  
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Pharmacokinetic models are varied - they can either be compartmental and non-

compartmental or physiologically or population based. However, two or three compartment 

models seem to have gained wider acceptance as these describe the dynamics of various 

chemicals reasonably well.  

 

Upgrade of pharmacokinetic models 

Barber et al. (1991) have introduced a model titled ‘Food and Gills Exchange of Toxic 

Substances (FGETS)’, using pharmacokinetic principles.  

This can be used to estimate the uptake processes of non-metabolised chemicals from water 

and food. A number of criteria including physical properties of the chemical of interest, 

ecological, morphological and physiological characters of fish are considered in this type of 

model.  

 

Food-web models 

Food-web models are an alternative and have been used to demonstrate chemical movement 

through the food-webs, and to estimate BAFs and BSAFS in real environments.  

The principles of BCF and BAF led to the development of food-web models. A food-web 

model derived by Gobas (1993) is fundamental to bio-concentration/bio-accumulation models 

and has been modified by adding elements by several authors at later stages. For instance, 

Arnot & Gobas (2004) introduced an allometric relationship for determining gill ventilation rate 

for a wide range of aquatic species.  

Food-web models have been developed to include the bio-concentration /bio-accumulation 

models. 

 

Advancement of food-web models 

Thomann et al. (1992) constructed a five (5)-compartment food-web model under steady-state 

conditions that can be used to explain chemical uptake by benthic invertebrates from sediments. 

In this approach, chemical uptake and loss rate constants are considered. Chemical 

assimilation efficiencies vary with log10 KOW values. Clark et al. (1990) synthesised a fugacity-

based food-web model that explains the bio-accumulation of organic chemicals by fish via food 

and water. This model describes the resistance, transport, transformation, metabolic conversion 

and bio-availability of the chemical in transferring them into the organism. Additionally, it 

clarifies the bio-availability of the chemicals concerned in the environment and their size and 

fish species which are exposed to chemical uptake and elimination process.  
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A simplified steady-state model which was built on uptake and elimination rate constants 

was introduced by Gobas (1993). This model describes the determination of hydrophobic 

organic substance concentration in different organism across the trophic levels. In particular, 

chemical uptake from sediment and water by benthos, macrophytes and aquatic plants and their 

transformation in the food-web where taken into account.  

The model was calibrated with Monte-Carlo sampling and has showed satisfactory results 

when it was applied to the Lake Ontario food-webs (Gobas, 1993).  

Campfens & Mackay (1997) developed a fugacity-based model to quantify bio-

magnification/bio-concentration of organic contaminants in aquatic food-webs. In this model, 

fugacity factors were used to describe the contaminants uptake and elimination by fish and the 

model was successfully applied to the Lake Ontario food-webs. 

 

2.3 Models for predicting GSM and MIB in fish-flesh 

 

Howgate (2004) derived simplified kinetic equations for the uptake and elimination of GSM 

and MIB based on a bio-concentration factor.  

This works appears to be the most recent for predicting GSM and MIB uptake and 

elimination in fish-flesh.  

What were modelled were the uptake kinetics under constant and varying concentration of 

GSM in water and, the depuration kinetics in terms of constant concentration with time (day). 

Howgate (2004) reported a greater accumulation under-steady concentration than that under-

increasing concentration, starting from an initial zero concentration. He concluded that taste-

taint concentration in fish-flesh is related to the concentration in water of the GSM and MIB 

chemicals. For depuration kinetics, he developed an exponential model reduction in GSM and 

MIB over time, with half-lives of 2.3 day for GSM and 1.3 day for MIB.  

However, this work cannot be seen as a ‘true’ model because important elements such as 

growth of the fish, taste-taint dilution due to fish growth and metabolic elimination have not 

been considered with regard to the accumulation of GSM and MIB.  

The model merely explains how the uptake and elimination kinetic impact on accumulation 

of the taste-taint chemicals. Further, the theoretical predictions were not validated with any 

empirical data or any independent data.  

Martin et al. (1990) studied the distribution and elimination of MIB using a two-

compartment model. In their research, a known concentration of MIB was injected into channel 

cat fish, and; then its concentration was measured in the plasma and selected organs at various 

time intervals. Particularly, the decrease of MIB concentration in plasma was consistent with 
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the projected results of the two-compartment model. They showed that the distribution of MIB 

in different tissues depended on lipid concentrations. Similar findings with regard to this kinetic 

two-compartment model have been reported by Schlenk et al. (1999).  

One of the major problems encountered in the literature for reporting of predictive models 

is the lack of data for kinetics of GSM and MIB. However, there are some reported kinetic 

studies for similar chemical contaminants (Howgate, 2004). Therefore, it is thought those data 

can be used as a guide to develop an adequate model for both GSM and MIB.  

 

2.3.1 Inadequacies of existing models  

 

A number of bio-magnification (BCF or BAF) models have been derived (Clark et al., 1990; 

Neely et al., 1974) but they do not adequately predict the chemical concentration in fish-flesh. 

Possible reasons for this include the lack of kinetic data, biological variability, too few 

factors considered, errors in experimental and field samplings, and; variation of the applied 

methodologies (Sijm et al., 1992).  

A significant concern is that bio-magnification models are based on steady-state 

assumptions. It has been reported that steady-state is not readily reached in RAS and therefore 

bio-magnification factors are difficult to measure. Moreover Sijm et al. (1992) reported that 

steady-state conditions do not necessarily imply ‘equilibrium’. For example, experiments 

carried out with guppies (Poecilia reticulata) and rainbow trout showed that chemical 

accumulation continues if fish were to stop growing (Sijm et al., 1992). A similar experiment 

conducted with growing and non–growing fish under field and laboratory conditions showed 

that the use of steady-state assumption is not valid (Sijm et al., 1992).  

Moreover, it has been reported that steady-state conditions and kinetics of 

uptake/depuration are unrelated variables (independent); for instance, the fish growth impacts 

on the steady-state conditions whereas gender, influences the kinetics of elimination (Sijm et 

al., 1992).  

Although a life-cycle bio-magnification model is more descriptive and comprehensive a 

major drawback is the processes have produced inconsistent results leading to inaccurate 

predictions (Sijm et al., 1992). That BCF models need to be integrated with bio-magnification 

and bio-transformation processes have been ignored in present models. 

More research needs to be done with BCF models to evaluate the reliability of these with 

existing data (Weisbrod et al., 2007). Other shortcomings of BCF models are the taste-taint 

chemicals of interest need to be non-ionic and not metabolised. In the fugacity models, the  
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bio-transformation parameter was ignored. This means the output tends to over-predict, leading 

to some errors (Weisbrod et al., 2007). 

Food-web models have been derived to predict chemicals concentrations in aquatic 

organism based on BCF, BAF or BSAF (Arnot & Gobas, 2004; Hendriks et al., 2001; Morrison 

et al., 1997; Sharpe & Mackay, 2000). They are increasingly used for chemical management 

programs (Weisbrod et al., 2007). However, the limitations include restricted suitability for 

chemicals such as POPs which have greater KOW, and slow metabolic potential and dietary 

intake (Weisbrod et al., 2007). The reliability of the food-web models is yet to be confirmed for 

all chemical classes, including ionizing substances because of the unavailability of field data. 

There has to be specific data, such as sediment water column disequilibria of the chemicals, 

dissolved and particulate organic carbon concentration in water from the food-web, for model 

operation (Weisbrod et al., 2007).  

However, the weaknesses of this type of model are contaminant concentrations can vary 

widely among individual organism in the environment; and, site-specific data causing some 

discrepancies. For e.g. the use of population mean for highly variable elements can result in 

unreliable predictions. It is generally accepted that food-web models are difficult to use as these 

require site-specific ecosystem conditions and the input data for specific food-webs (Weisbrod 

et al., 2007). 

Physiologically based pharmacokinetic models have some disadvantages: they are 

(reportedly) highly complex due to a number of equations being used, require a large number of 

data for model validation, and; also data acquisition problems (Balant & Gex-fabry, 1990).  

Therefore, it requires a great deal of knowledge to identify the specific compartment 

kinetically (Wen et al., 1999). Understandably, two-compartment and physiologically-based 

pharmacological models appear to be more suitable models to describe the uptake and 

elimination of taste-taint chemicals than bio-concentration or bio-magnification models. 

However the mathematically derived physiological models have more parameters than single 

compartment models.  

The lack of reliable data to model the uptake and elimination kinetics of taint chemicals has 

led to a disregard of the physiologically-based pharmacological models, instead using the 

simpler one-compartment models. In addition, the unavailability of more descriptive data set 

has overlooked the opportunity of comparing the predictive capabilities of other models 

(Howgate, 2004). 
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2.3.2  Development and limitations of predictive models 

 

With any model, the model prediction need to agree with observed data (Wen et al., 1999). It is 

important nevertheless to emphasise that there can be uncertainties in any model.  

Finding reliable empirical data for model validation is demanding and also an expensive 

challenge to measure the biological variables. For instance, uptake and elimination rate 

constants in large-scale are difficult to calculate accurately from laboratory-conditions and also 

to replicate in the natural environment. In the kinetic models, net changes chemicals across the 

fish body and environment are assumed to be negligible or zero under steady-state condition. In 

reality, it is difficult to measure or understand when steady-state is attained (Hawker & Connell, 

1988).  

 

2.3.3 Factors to be considered in developing an adequate model for RAS fish 

 

Although RAS is a complex system, biological and physical variables can be determined and 

consumer acceptable threshold concentration can be established experimentally in the resulting 

harvested fish-flesh.  

It is acknowledged that manipulation of changing variables i.e. fingerling livestock, and 

nutrients in RAS can affect taint concentration in growth-water and, in turn, in the fish-flesh. 

Therefore, a user friendly and potentially economic model needs to be developed for simulating 

possible outcomes such as growth water temperature and, harvesting time.  

There is some urgency to synthesis and test a simple model that can be applied to simulate 

taste-taint uptake, accumulation and elimination over time. Because a threshold concentration 

of taste-taint as GSM and MIB in fish-flesh for consumer rejection has been established, 

processes that can be mathematically modelled are therefore open to optimisation. This is 

attractive as a cheap and efficient way of RAS farming and reduces the need for manually 

solving potential problems in the biological RAS system. All uptake and elimination kinetics 

associated with taste-taint accumulation in fish-flesh need to be taken into account, especially 

as to how they are impacted by the physical environment of the RAS i.e. water temperature, and 

dissolved oxygen concentration. 

Importantly, any proposed model needs to be simple and easy to use. Once established and 

is validated, it will be able to be used for day-to-day farming operations as a management tool 

and potential optimisation(s). 
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2.3.4  Benefits of the model to the supply chain 

 

Analysis of GSM and MIB taint in fish-flesh is expensive and time consuming, and few 

research institutes have the necessary facilities (G. Vandenberg, Faculté des sciences de 

l’agriculture et de l’alimentation, Université Laval, pers. comm.) and it is therefore impractical 

for daily monitoring by farmers and fish processors (Robertson et al., 2005).  

Due to these practical limitations, sensory assessment has therefore been widely adopted in 

determining whether fish are tainted beyond a threshold concentration for market consumption 

(Grimm et al., 2004; Percival et al., 2008). However, this is based on human perception and 

requires experts to perform the task accurately. It is therefore subjective.  

Farmers are generally unable to afford either method due to their associated cost. It is also 

questionable whether these experts are representative of the general population (Howgate, 

2004). Moreover, it is suggested successive testing of MIB influences the taste adaptation in 

experts and can lead to reduction of perceived sensitivity to taste-tainting compounds (Brett & 

Johnsen, 1996; Johnsen & Brett, 1996).  

There is therefore a need to develop a simple, yet effective taste-taint predictive model to 

assist farmers to be confident to harvest fish that have taint lower than the consumer rejection 

threshold, without recourse to extensive and expensive analytical analyses. A timely harvesting 

with the help of the model simulation can possibly eliminate the current purging step and would 

avoid double-handling of fish, reduce labour and increase profits to the farmers by sending fish 

to the market without any weight loss. 

It is clear one of the key parameters impacting taste-taint in fish-flesh is the concentrations 

of GSM and MIB in RAS growth waters. If a model can be synthesised it can be applied to 

determine the limiting concentrations of GSM and/or MIB in growth water before reaching the 

consumer rejection threshold of the fish-flesh at the time of harvesting.  

Resulting insights could be used to develop an effective protocol to minimise GSM and 

MIB in RAS growth waters. Clearly, a range of farming practices could be investigated in this 

way with a minimum cost, and possibly optimised. 

 

2.3.5 Risk analysis and predictive models 

 

A major drawback of current predictive models is they are based on ‘average’ or ‘mean’ 

deterministic values for input. There will however be naturally occurring, chance fluctuations in 

biological input parameters that could impact outcomes. It is therefore uncertain how accurate 

predictions are. Understandably, the use of probabilistic distribution in input process parameters 
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will make the models more complex. It is not known of these would be of practical benefit 

however.  

To be able to quantify the impact of naturally occurring random fluctuations in key 

parameters in otherwise well-operated systems, Davey and co-workers have developed a new 

probabilistic quantitative methodology risk analysis. Their hypothesis is that these random 

fluctuations can unexpectedly and suddenly accumulate and combine in one direction and 

leverage significant (surprise) change in product or plant. Published studies have included 

surprise failure in processes and products including Clean-In-Place systems with auto-set 

cleaning times to remove whey protein deposits (Davey et al., 2015); failure to produce potable 

water with continuous ultraviolet irradiation (Abdul-Halim & Davey, 2015); sudden shift from 

stable to unstable (failed) washout of a fermenter (Patil et al., 2005; Patil, 2006); failure to 

sterilise raw milk in UHT processing (Davey & Cerf, 2003; Cerf & Davey, 2001); and, more 

generally, unexpected shift from safe to failed product (Davey, 2011).  

They have used probability distributions for the input parameters to mimic naturally 

occurring fluctuations in parameters. The output therefore is also a distribution of scenarios, 

with the probability of each occurring (e.g. Davey et al., 2015; Abdul-Halim & Davey, 2015; 

Davey, 2015; 2011; Davey et al., 2013).  

An advantage claimed for the method is that all possible scenarios including ‘failures’ are 

accounted for i.e. unwanted accumulations of taste-taint as GSM and MIB in fish-flesh.  

It is interesting to speculate whether this framework could be applied or coupled with an 

adequate model for taste-taint prediction in the fish-flesh of RAS fish. 

 

2.4 Concluding remarks  

 

Barramundi is farmed in RAS as a premium seafood protein. 

Inconsistent quality of farmed barramundi however has been identified as a major issue in 

buyer resistance. This is mainly associated with taste-taint i.e. presence of ‘earthy’ or ‘muddy’ 

flavours derived from certain aquatic microorganisms in the growth water as GSM and MIB 

that accumulate in the fish-flesh.  

A suitable solution to control development of GSM and MIB in growth waters and 

subsequent accumulation in the fish-flesh is yet to be determined. At present, the most widely 

used method to manipulate taint relies on simple purging of chemicals from the fish-flesh in a 

dedicated tank using ‘clean’ water. This however has been found to be a time-consuming and to 

cause body weight loss of the fish, and resulting economic loss.  
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Published models to predict these taste-taint chemicals in fish-flesh have been based on 

steady-state conditions underpinned by a bio-concentration factor. However, it is debatable as 

to whether steady-state, or average (or mean values) can be reliably used. For example, there is 

no evidence that net chemical exchange rate is zero across the fish body and aqueous phase. 

Therefore there is a need to establish an adequate model to predict taste-taint in fish to 

surmount these shortcomings in existing models. 

An important predictive outcome is to know the taste-taint concentration prior to harvest to 

avert possible rejection of the fish. Although there are acknowledged chemical methods to 

determine taste-taint in fish, together with sensory assessment, farmers are unable to afford 

these due to prohibitive cost. An adequate predictive model for taste-taint would help farmers 

and assist management and operation of RAS to improve and control growth of farmed 

barramundi. This would be of significant benefit to the barramundi farming and export industry 

and could be optimised. 

Sufficient laboratory-scale evidence exists to suggest hydrogen peroxide (H2O2) as a 

promising biocide against the growth of cyanobacteria and taste-taint chemicals accumulation 

in fish. The efficacy of H2O2 in large-scale or indeed pilot-scale RAS farm conditions for 

controlling taste-taint has not been tested. 

An underlying assumption in existing predictive models for taste-taint is that input 

parameters can be ‘average’ or ‘mean’ deterministic values. However, there are natural 

fluctuations in the value of these in all biological systems despite how well they are apparently 

controlled.  

Given this background, it is concluded it is worthwhile to develop a reliable predictive 

model that would facilitate accurate assessment of taste-taint as GSM and MIB in fish-flesh 

over growth time.  

 

Next chapter 

 

The literature review has highlighted that taste-taint in RAS fish is a major concern and limiting 

the revenue to the RAS industry. A cost effective and efficient growth model to predict taint in 

fish would assist famers. 

In the next chapter a new predictive model for taint levels in farmed barramundi in 

Recirculating Aquaculture System (RAS) is developed to address current limitations. This will 

be the first taint predictive model to be used in RAS. It is predicated on sound (bio)chemical 

engineering principles. 
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CHAPTER 3: SYNTHESIS OF A NEW TIME-DEPENDENT MODEL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Findings from this chapter have been published as: 

 

Hathurusingha, P.I., Davey, K.R., 2014. A predictive model for taste-taint accumulation in 

Recirculating Aquaculture Systems (RAS) farmed-fish - demonstrated with geosmin 

(GSM) and 2-methylisoborneol (MIB). Ecological Modelling 291, 242-249. 

http://dx.doi.org/10.1016/j.ecolmodel.2014.08.009 

 

Hathurusingha, P.I., Davey, K.R., 2013. A new transient-state model for quantitative prediction 

of taint in farmed barramundi fish (Lates calcarifer). In: Proc. 34
th

 International 

Conference on Marine Science & Aquaculture–ICMSA 2013, Amsterdam, The 

Netherlands, May 15-16, pp. 380-382. eISBN 2010-3778  

 

Davey, K.R., Hathurusingha, P.I., 2014. A new transient predictive model to quantify taint as 

either geosmin (GSM) and 2-methylisoborneol (MIB) in Rainbow Trout (Oncorhynchus 

mykiss) farmed in Recirculating Aquaculture Systems (RAS). In: Proc. 26
th

 European 

Modeling and Simulation Symposium (EMSS), Bordeaux, France, Sept. 10-12, pp. 490-

497. ISBN 978-88-9799-38-6  

http://dx.doi.org/10.1016/j.ecolmodel.2014.08.009


33 
 

3.1 Introduction 

 

Quantitative mathematical models, widely used in chemical engineering and process foods 

industries, offer the potential for insight, management, and ultimately control of taste-taint (off-

flavour) in RAS farmed-fish. As highlighted in the literature review, bio-magnification, bio-

concentration and food-web models have been used extensively based on steady-state 

assumptions where the flux of the chemicals into and from the fish-flesh is zero (Clark et al., 

1990). Because there is no apparent evidence that the net chemical exchange rate is zero 

between the RAS growth waters and fish-flesh phase, it is questionable whether equilibrium 

assumptions can be reasonably made for practical RAS systems as its growth conditions 

continuously change with time.  

In this chapter a new quantitative process model to predict concentration of taste-taint, as 

either GSM or MIB, is developed to aid RAS management. The aim was to produce a 

quantitative guide for RAS farming practice that could be applied to minimize taint in fish-flesh 

and promote market growth and obviate drawbacks with existing model, including (longer 

term) an extensive experimental evaluation.  

The model is developed from a whole-of-process perspective and is based on conservation 

of mass and energy principles (Foust et al., 1980) and thermodynamic processes established in 

(bio)chemical engineering (Bailey & Ollis, 1986).  

It is illustrated with independent data for farmed barramundi (Lates calcarifer), an 

important RAS fish in Australia and globally, for both constant and varying concentration of 

GSM and MIB in the RAS growth waters. Moreover, the model is used to simulate taint 

accumulation up to the consumer rejection threshold (~ 0.70 µg kg
-1

) and also the impact of 

varying growth water temperature on taste-taint accumulation in the harvested fish-flesh.  

The applicability of a generalized form of the model for prediction for other aquaculture 

species, in particular rainbow trout (Oncorhynchus mykiss), is also assessed with independent 

data. Model predictions are shown to agree well with the published data. 

The benefits of a model for taint in assessing a range of farm growth protocols and the 

longer term need for an extensive experimental evaluation are discussed.  
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3.2. Synthesis of a new model 

 

3.2.1 Background to the model synthesis  

 

There are four time-dependant processes occurring with GSM and MIB, these are: chemical 

absorption, distribution, bio-transformation (metabolism) and elimination (excretion) (Tierney 

et al., 2014).  

 

3.2.2 Uptake of GSM and MIB chemicals 

 

The uptake of GSM and MIB by fish is considered to be a passive process and can occur 

through gills, skin and the digestion system. In this process, chemicals are dispersed according 

to the concentration gradient across the fish body and the growth water. However, the route of 

uptake is predominantly determined by the octanol-water partition co-efficient (log10 KOW) of 

the chemicals of interest, (GSM and MIB) in which the chemicals with lower KOW have higher 

potential to be delivered across the gills.  

The gills are known to be the dominant uptake path for the molecules up to about a log10 

KOW of 6 (Clark et al., 1990). The log10 KOW values of GSM and MIB are reported to be 

relatively low and they are 3.57 and 3.31 (dimensionless) respectively (Howgate, 2004). In 

addition, uptake is further enhanced by the higher water solubility of these compounds and 

these values are 150 and 194.5 mg L
-1

 for GSM and MIB, respectively (Pirbazari et al., 1992).  

Absorption of taint molecules through the skin or via feed is considered to be negligible 

(McKim et al., 1996; Nichols et al., 1996).  

Therefore, the controlling route for molecules uptake into fish-flesh is widely assumed to 

be the gills (Persson, 1984). 

 

3.2.3 Taint distribution in fish-flesh  

 

The distribution of taste-taint molecules in the fish is assumed to be through the circulatory 

system following absorption. The concentration of molecules in the circulatory system is 

considered to be similar to that in ambient water (Howgate, 2004). These chemicals tend to bio-

accumulate eventually in the lipid tissues imparting an ‘earthy’ or ‘muddy’ flavour in the fish-

flesh. In particular, sensory analyses have shown higher molecules accumulation in lipid rich 

fish tissues such as belly than the lipid poor tissues such as dorsal or tail (Glencross et al., 

2007).  



35 
 

Because of this, the rate of chemicals transport in aqueous (QW) and lipid phases (QL), and 

lipid mass ratio (e) are to be taken into account in the model development. 

 

3.2.4 Bio-transformation (metabolism) 

 

Studies on bio-transformation of GSM and MIB into their metabolites by enzymes are still at 

an early stage. However, research with channel catfish (Ictalurus punctatus) has demonstrated 

the involvement of liver and kidney in eliminating MIB as water-soluble metabolites (Schlenk, 

1994). The bio-transformation potential of these taste-taint chemicals are believed to be 

associated with their structural similarities to the terpenoid camphor (White et al., 1984).  

 

3.2.5 Elimination of GSM and MIB taste-taint chemicals 

 

The elimination of absorbed chemicals in fish can occur via branchial (gills), faecal 

(hepatobiliary system) or renal (kidneys). However, taste-taint chemicals absorption through 

feed is minimal and therefore elimination as faeces could be ignored (Howgate, 2004). There is 

no reported evidence regarding the renal excretion of taste-taint chemicals.  

Therefore, elimination of taste-taint chemicals from the fish-flesh is assumed to occur 

mainly through the gills and with the reduction of concentration of taint chemicals in the fish-

flesh as the fish grows.  

Because RAS fish are harvested before egestion or reproduction any taint loss due to these 

can be reasonably ignored. 

 

3.2.6 Model synthesis 

 

Consider the uptake and elimination of taint chemicals (GSM and MIB) in an RAS farmed-fish 

system illustrated schematically in Fig. 3.1. (All symbols used are carefully defined in the 

Nomenclature at the end of this thesis).  
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Fig. 3.1 Schematic of fish with uptake (k1CW) and elimination (k2y + kgy) of taint chemicals  

(as GSM or MIB). The term ‘y’ indicates the taste-taint in fish-flesh (as GSM or MIB) 

 

The concentration of taste-taint as either GSM or MIB in the fish-flesh can be assumed as y  

(µg kg
-1

) at any time (t). Similarly, the concentration of these chemicals in the RAS growth 

waters at the same time can be considered as CW (µg L
-1

). The rate of change of taint (y) in the 

fish-flesh with time (t) is therefore given by:  

rate neliminatiorate uptake 
dt

dy
 (3-1) 

The uptake rate of either GSM or MIB will be a function of the rate constant for uptake 

(k1, L kg
-1

 day
-1

), the fish mass (mf, kg) and the taint concentration in the RAS water (CW). The 

elimination rate of GSM or MIB will be a function of the rate constant for elimination through 

the gills (k2, day
-1

), the rate constant for bio-transformation and growth dilution (kg, day
-1

) and 

the instantaneous value of y at time, t. Substitution of these parameters into Eq. (3-1) gives: 

ykkCmk
dt

dy
f

)( g2W1   (3-2) 

where )(
dt

dy
is the rate of change of taint in fish-flesh (µg kg

-1
day

-1
). 

The mass of fish (mf) grown for harvest is known to be a function of growth time in the 

RAS tank. Published growth data as mass of fish (kg) vs growth time (day) is generally highly 

exponentially correlated (Glenn et al., 2007; dos Santos et al., 2013; dos Santos et al., 2008) 

(see below Eq. (3-19) for barramundi) and fish mass is therefore given by:  

y 

k
1
C

W
 k

g
y 

k
2
y 
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t
m f


 exp  (3-3) 

Let: 

W1Ckb   (3-4) 

and;  

)( 2 gkka   (3-5) 

Substitution for b and a into Eq. (3-2) and rearranging gives: 

t
bay

dt

dy 
exp  (3-6) 

Eq. (3-6) can be integrated by parts (Evans, 2010) to give: 

ata

b
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t
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exp)()(

exp









  (3-7) 

 

Eq. (3-7) can be rearranged to conveniently give: 
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a

b
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 (3-8) 

The model for taint in fish-flesh of Eq. (3-8) shows that the predicted level is the difference 

of two exponential terms with time in the RAS growth tanks, namely, uptake and elimination.  

The detailed solution is presented in Appendix B.  

There are generally however no published data for k1 and k2 or kg in the literature (for 

example for barramundi fish) for immediate simulation of taint. For model development these 

rate constants need to be defined mathematically. 

 

3.2.7 Rate constants k1, k2 and kg 

 

Arnot & Gobas (2004) found the gill uptake rate constant (k1) is a combination of two 

processes: gill ventilation, and chemical uptake efficiency across the gills. Accordingly, the 

chemical uptake rate constant was expressed as: 

f
m

GE
k

VW
1   (3-9) 

where EW is the gill chemical uptake efficiency (dimensionless fraction) and GV is the gill 

ventilation rate (L day
-1

). The chemical uptake efficiency was, reasonably, assumed by Gobas 
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(1998) to be a function of an octanol-water partition coefficient (KOW) of the chemical of 

interest that can be expressed through the following relationship: 

1

OW
W )/15585.1(  KE  (3-10) 

A relationship between gill ventilation rate and oxygen consumption rate of the fish species 

based on empirical data is given by Aront & Gobas (2004), namely:  

OX

f

C

m
G

0.65

V

1400
  (3-11) 

where COX is the concentration of dissolved oxygen (mg L
-1

). This is considered to be a 

function of temperature and can be computed from the equation given by Neely (1979):  

2

OX 00556.0413.045.14 TTC   (3-12) 

where T = RAS growth water temperature in degree Celsius. The assumption of saturated 

growth water is justified in RAS because, in conjunction with temperature control, aerator-

mixers are continuously employed to ensure optimum fish growth (Southern Barramundi 

Farmer’s Association, South Australia, pers. comm.). 

The chemical elimination rate from the fish gills to the water (k2) is correlated with the 

chemical transport rate in aqueous and lipid phases of the fish, lipid content of the fish and 

octanol-water partition coefficient of the taint chemical. The relationship can be expressed 

(Gobas, 1993) as: 

)()(
1

L

L
OW

W

L

2 Q

V
K

Q

V

k
  (3-13) 

where QW is rate of chemical transport in the aqueous phase (L day 
-1

), QL is the rate of 

chemical transport in the lipid phase (L day 
-1

) and VL is lipid weight (mass). Gobas & Mackay 

(1987) derived a relationship between QW and mf using experimental data to give: 

)( 2060388W
..

f
m.Q   (3-14) 

Gobas & Mackay (1987) reported that the chemical transport rate in the aqueous phase is  

~ 100 times higher than in the lipid phase; therefore it can be assumed that:  

WL 01.0 QQ   (3-15) 

Lipid mass (VL) of the fish is correlated to the lipid mass ratio (e) (dimensionless) and can 

be conveniently expressed as: 

 femV L   (3-16) 

The rate constant for combined metabolic transformation of the taint chemical and growth 

dilution rate of the taint chemical (kg) is given by: 

)( mG kkgk   (3-17) 
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The rate constant for growth dilution (kG) can be computed using the equation given in 

Thomann et al. (1992) as:  

20
G 002510

.
fm.k


  (3-18) 

The rate constant for growth dilution of the taint chemical (km) is available in the referred 

literature (Gobas, 1993) to cover a range of fish species of km = 0.00063 day
-1

.  

Equations (3-1) through (3-18) plus the general value for km, define the model for taste-

taint in RAS fish.  

The model can be conveniently set-up and solved as a Microsoft Excel™ spread sheet. The 

widespread use of these tools means that model communication can be streamlined.  

 

3.2.8 Illustrative simulations for GSM in barramundi (Lates calcarifer) fish-flesh 

 

In Australia, farmed barramundi are grown in 28 
O
C bulk water and are harvested at ~ 0.80 kg 

live mass after a 240 day growth cycle, unless there is a special buyer requirement (Southern 

Barramundi Farmer’s Association, South Australia, pers. comm.). A typical, detailed growth 

curve for barramundi is presented by Glenn et al. (2007) and is reproduced as Fig.3.2. 

 

 

 

Fig. 3.2 Fit of growth data ( ) of Glenn et al. (2007) for barramundi fish farmed in ponds at a 

water temperature 28 
O
C (mf = 0.0519 exp

0.0133t
 , R

2
 = 0.9623) 
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It is noteworthy that these data in Fig. 3.2 are however from pond growth systems. 

However, in the absence of specific information for RAS, these data were correlated with 

growth time to give 0519.0  and 0133.0  respectively. The high correlation coefficient 

(R
2
 = 0.96) indicates a very good fit (Snedecor & Cochran, 1989). For the purpose of model 

demonstration it is assumed the growth of barramundi in RAS will be very similar. Therefore 

Eq. (3-3) becomes: 

t

fm 0133.0exp0519.0  (3-19) 

A detailed, step-wise simulation of the model is made for GSM in barramundi fish-flesh as 

follows: To calculate the rate constants, k1, k2 and kg the standard industry temperature for 

growth of barramundi in RAS of 28 
O
C is substituted into Eq. (3-12) to give COX = 7.24 mg L

-1
. 

At a time t in the growth curve, for example the mid-growth cycle, t = 150 day, and from Eq. 

(3-19) mf = 0.38 kg. Substitution for mf into Eq. (3-11) gives GV = 100.73 L day
-1

. The reported 

log10 (KOW) value for GSM is 3.57 (dimensionless) (Howgate, 2004) and substitution into Eq. 

(3-10) gives EW = 0.528 (dimensionless). The uptake rate constant (k1) can be calculated by 

substituting the EW, GV and mf values into Eq. (3-9) to give a calculated value for GSM of  

k1= 140.13 L kg
-1

day
-1

.  

Substitution for mf = 0.38 kg into Eq. (3-14) gives QW = 49.41 L day
-1

 which when 

substituted into Eq. (3-15) gives QL = 0.49 L day
-1

. A lipid to mass ratio of barramundi is 

assumed to be 0.1 (Glenn et al., 2007) and hence lipid weight (mass) VL = 0.038 kg from Eq. 

(3-16). The taint elimination rate k2 is determined by substituting values for VL, QL, QW and 

log10 KOW into Eq. (3-13) to give k2 = 0.34 day
-1

.  

Substitution for mf = 0.38 kg into Eq. (3-18) gives kG = 0.00304 day
-1

. The published value 

for km = 0.00063 day
-1

 (Gobas, 1993) From Eq. (3-17) the combination of kG and km gives  

kg = 0.00367 day
-1

. A typical value for CW for GSM that can impart a flesh earthy or muddy 

taint to barramundi assumed at 0.0004 µg L
-1

 (Glencross et al., 2007). Substitution into  

Eq. (3-4) gives GSM taint uptake in the barramundi, b = 0.0029 µg kg
-1

 day
-1

 at 150 day in the 

RAS growth cycle. Combination of kg and k2 gives the taint elimination as 0.343 day
-1

.
 
The 

level of taint as GSM in the barramundi fish-flesh at 150 days of growth is obtained from 

 Eq. (3-8), y = 0.0618 µg kg
-1

.  

Similar calculations can now be carried out for MIB accumulation in the RAS barramundi 

fish-flesh. A typical value for CW for MIB is 0.003 µg L
-1

 (Department of Agriculture Fisheries 

and Forestry, Brisbane, Australia (DAFF), S. Poole, pers. comm.) see also Glencross et al. 

(2007). Substitution for log10 KOW = 3.31 (dimensionless) (Howgate, 2004) into Eq. (3-10) at 

 t = 150 day gives EW= 0.519. Parameters kg, COX, GV, QW, QL and VL are the same as that for 

GSM (as they are dependent on the mass of the fish only). Accordingly, the calculated values 
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for k1 and k2 for MIB are, respectively, 137.513 L kg
-1

day
-1

and 0.602, day
-1

, and that for taint as 

MIB in the fish-flesh, y = 0.2514 µg kg
-1

. This simulation procedure can be conveniently 

summarised, Table 3-1. Lines 1 through 6 of the table are the input parameters and 

corresponding check on units. Lines 7 through 20 are the calculations, results and the relevant 

equation used. Line 21 is the level of predicted taint.  

To complete the simulation of RAS growth of barramundi and accumulation of GSM and 

MIB in the fish-flesh these calculations are repeated for a range of values, 30 ≤ t ≤ 240 day. 

This covers the growth period from fingerling at 30 day to harvest of the fish at 240 day. 

 

3.3 Results 

 

3.3.1 Predicted GSM taint in barramundi fish-flesh 

 

Table 3-2 summarizes the model predictions for taint as GSM and MIB in RAS barramundi 

fish-flesh for the growth period 30 to 240, day in RAS tanks. The table shows that k1, k2 and kg 

values decrease with increasing growth time. In addition, the level of taint in fish-flesh (y) as 

GSM ranges from 0.0115 to 0.2166, µg kg
-1

 and as MIB ranges from 0.047 to 0.8912, µg kg
-1 

respectively, with growth time, 30 to 240, days. The bolded text in Table 3-2 at 150 days of 

growth is the simulation illustrated. 

To visualise these taint data, a continuous plot with growth time in the RAS tanks is 

presented as Fig. 3.3. From the figure, it can be seen there is a predicted rapid accumulation of 

GSM in the barramundi fish-flesh in the period following 100 days of growth. These data 

highlight accumulation of GSM in fish-flesh as an exponential pattern.  

 

3.4  Discussion 

 

It can be seen from Fig. 3.3 that the predicted level of GSM in barramundi fish-flesh is much 

less than that for MIB at any growth time over the period 30 to 240, days. Both curves are 

however exponential with growth time in the RAS tanks. 

Generally, the reported sensory threshold for GSM in barramundi fish-flesh that can make 

the fish taste earthy and muddy is considered to be 0.74 µg kg
-1

 (Jones et al., 2013). As can be 

seen in Fig. 3.3 this concentration is predicted not to be reached before harvesting (240 days) in 

the RAS tanks. At harvest, the concentration of MIB is predicted to be 0.8912 µg kg
-1

  

(Table 3-2). Significantly, this is four (4) times the predicted concentration of GSM in the 

barramundi fish-flesh. This difference can be attributed to the initial lower CW for GSM 
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(0.0004 µg L
-1

) at about 1/10 that for MIB (0.003 µg L
-1

) (Glencross et al., 2007) used in the 

simulations.  

 

Table 3-1 Model simulation showing inputs, calculations and output for predicted taste-taint as 

both GSM and MIB in barramundi fish-flesh at 150 day growth in RAS tanks 

 

Parameter and units Taint taste as 

  GSM MIB 

Inputs     

line     

1 t day 150 150 

2 kOW dimensionless 3.57 3.31 

3 km day
-1

 0.00063 0.00063 

4 CW µg L
-1

 0.0004 0.0003 

5 T 
O
C 28

 
28 

6 e dimensionless
 

0.1 0.1 

Calculations     

7 COX mg L
-1

 7.24 (Eq.3-12) 7.24 (Eq.3-12) 

8 GV L day
-1

 100.73(Eq.3-11) 100.73 (Eq.11) 

9 EW dimensionless 0.528 (Eq.3-10) 0.519 (Eq.3-10) 

10 k1 L kg
-1

day
-1

 140.13 (Eq.3-9) 137.51 (Eq.3-9) 

11 QW day
-1

 49.41 (Eq.3-14) 49.41 (Eq.3-14) 

12 QL day
-1

 0.49 (Eq.3-15) 0.49 (Eq.3-15) 

13 VL kg 0.038(Eq.3-16) 0.038 (Eq.3-16) 

14 k2 day
-1

 0.34 (Eq.3-13) 0.60 (Eq.3-13) 

15 kG day
-1

 0.00304 (Eq.3-18) 0.00304 (Eq.3-18) 

16 kg day
-1

 0.00367 (Eq.3-17) 0.00367 (Eq.3-17) 

17 mf kg 0.381 (Eq.3-19) 0.381 (Eq.3-19) 

18 a day
-1

 0.3436 (Eq.3-5) 0.3436 (Eq.3-5) 

19 b µg kg
-1

day
-1

 0.0029 (Eq.3-4) 0.0029 (Eq.3-4) 

20 ɣ dimensionless 0.0133 (Eq.3-19) 0.0133 (Eq.3-19) 

Output     

21 y µg kg
-1

 0.0618 (Eq.3-8) 0.2514 (Eq.3-8) 

 

Table 3-2 Predicted taste-taint (y) as GSM and MIB in barramundi fish-flesh with growth time 

(t) in RAS tanks at constant CW = 0.0004 µg L
-1

 for GSM, and CW = 0.003 µg L
-1

 for MIB. 

(The bolded text for 150 day is the detailed illustrative simulation presented in Table 3-1) 

 

t 

(day) 

 

mf 

(kg) 

kg 

(day
-1

) 

k1 

(L kg
-1

day
-1

) 

 

k2 

(day
-1

) 

 

y 

(µg kg
-1

) 

   GSM MIB GSM MIB GSM MIB 

30 0.077 0.0048 245.0 240.6 0.645 1.148 0.0115 0.0470 

60 0.115 0.0044 212.9 209.1 0.549 0.977 0.0176 0.0714 

90 0.171 0.0042 185.3 182.0 0.464 0.833 0.0270 0.1085 

120 0.256 0.0039 160.9 158.0 0.399 0.708 0.0406 0.1651 

150 0.381 0.0036 140.1 137.5 0.340 0.602 0.0618 0.2514 

180 0.568 0.0034 121.7 119.6 0.290 0.512 0.0937 0.3827 

210 0.847 0.0032 105.8 104.0 0.247 0.434 0.1423 0.5841 

225 1.034 0.0031 98.7 97.0 0.228 0.400 0.1755 0.7209 

240 1.263 0.003 92.0 90.4 0.210 0.368 0.2166 0.8912 
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Fig. 3.3 Predicted taint as GSM ( ) and MIB ( ) in barramundi-flesh with RAS growth time 

at a growth water temperature 28 
O
C with CW, respectively, 0.0004 and 0.003, µg L

-1
 

 

Possible reasons for the difference in values for CW for the two taste-taint chemicals 

include the diversity of taint causing microorganisms involved and the different aqueous 

solubility of the taste-taint chemicals (Juttner & Watson, 2007; Pirbazari et al., 1992). In 

general, cyanobacteria and actinomyctes are considered to be the major contributors to taint and 

they are able to produce either GSM or MIB. Interestingly, certain species are capable of 

producing both chemicals (Juttner & Watson, 2007). Additionally, the aqueous solubility of 

GSM is less than that for MIB (respectively, 150 and 194.5 mg L
-1

) (Pirbazari et al., 1992) 

would lead to higher levels of MIB in growth water when both taste-taint chemicals are 

produced. 

Although there is no reported value for MIB consumer sensory threshold for barramundi 

fish-flesh, it can be reasonably assumed this will be about 0.70 µg kg
-1

 this is because this is the 

concentration also reported for similar fish species e.g. both channel catfish (Ictalurus 

punctatus) and rainbow trout (Oncorhynchus myskiss) (Robertson et al., 2005). It is interesting 

therefore that the concentration registered for taste-taint for both chemicals in the fish-flesh is 

nearly identical. This may be attributed to the similar physical and chemical properties of these 

two chemicals. For instance, both these chemicals are tertiary alcohols with the octanol-water 

partition coefficient less than 6. The octanol-water partition coefficient is considered to be the 

major criterion which predominantly determines the chemical uptake route (Clark et al., 1990). 

Moreover, their molecular densities (~ 0.9) and refractive indices of reference (~ 1.4) are also 
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similar (Pirbazari et al., 1992). Importantly, the consumer rejection threshold concentration for 

GSM is predicted to be reached at about 225 day in the RAS tanks. 

The simulation results have been predicated on a constant value CW for taint concentration 

in the growth water with growth time (t). This may not always be the case and CW may vary 

with growth time in the tanks (Department of Agriculture Fisheries and Forestry, Brisbane, 

Australia (DAFF) S. Poole, pers. comm.). The impact of changing CW with time was therefore 

investigated using simulations of the model.  

 

3.4.1 Impact of varying GSM in growth water (CW) on accumulation in fish-flesh 

 

The impact of varying taint concentration in the growth water (CW) on accumulation in the fish-

flesh for both taint molecules can readily be modelled as a function of growth time, t, in the 

tanks. A suitable form is likely to be increasing CW with time in either a linear, or, a moderate 

exponential form.  

To illustrate this for GSM, it is assumed there is a linear dependence with a reasonable 

estimate for 30 ≤ t ≤ 240 day given by: 

t.C 610200020W
  (3-20) 

Eq. (3-20) has been fitted to correlate, respectively, a mean value of CW = 0.0004, a 

minimum, 0.0002 and maximum, 0.0006, µg L
-1

 at each of 30, 120 and 240 days growth.  

Fig. 3.4 summarises the impact of varying CW. The figure reveals that the taint 

concentration in barramundi fish-flesh at 240 day is ~ 49 times greater than that for 30 days 

(0.0075 µg kg
-1

) growth for GSM. Results are compared in Fig. 3.4 with the predictions for 

constant CW = 0.0004 µg L
-1

 GSM. It can be seen that at harvest at 240 days growth a greater 

taint concentration would be expected in the fish-flesh of GSM for RAS growth with varying 

CW. The ratio is 1: 1.75. 

The flexibility of the new model for taint accumulation also permits study of the impact of 

changes in the RAS growth water temperature. 
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Fig. 3.4 Comparison of predicted taint (y) as GSM in barramundi fish-flesh with growth time 

with constant (0.0004 µg L
-1

) CW ( ) and CW varying ( ) (0.00026 to 0.00068, µg L
-1

) with 

growth time (t) 

 

3.4.2 Impact of varying water temperature (T) on taint accumulation in fish-flesh 

 

In commercial RAS barramundi farming, a constant growth water temperature might not be 

always be maintained, due to faulty maintenance or partial power failure etc. To illustrate the 

impact of varying water temperature on taint taste, a 5 
O
C decrease and increase about the mean 

of 28 
O
C in water temperature is assumed practical. At the resulting two different temperatures 

of 23 and 33 
O
C, k1 values (Eqs. (3-9) - (3-12)) for GSM at, 150 day fish growth are, 

respectively, 131.60 and 151.14 L kg
-1

day
-1

. Substitution and simulation at 23 
O
C and 33 

O
C 

showed, respectively, taint (y) as GSM of 0.0581 and 0.0665, µg kg
-1

. Repeat calculations with 

the model gave similar results for taint as MIB. For example, simulation results at 23 
O
C and 33 

O
C were, respectively, 0.235 and 0.2687, µg kg

-1
. 

The likely impact of a ± 5 
O
C change in growth water temperature in RAS systems 

therefore did not meaningfully impact taint accumulation in the fish-flesh. The effect of this 

temperature variation on fish growth / growth physiology is assumed negligible and is therefore 

ignored. In other words, fish growth and physiology is insensitive to temperature for 23 ≤ T ≤ 

33 
O
C.  

Repeat simulations revealed however that a RAS temperature of 18 
O
C will give about a  

16 % reduction in taint accumulation for both GSM and MIB. This is significant when 
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compared to the ±5 
O
C change. These simulations are presented in Fig. 3.5 for both 18 

O
C and 

28 
O
C. The values for 23 

O
C are not shown as these overlap with 28 

O
C.  

 

 

 

Fig. 3.5 Predicted taint (y) as GSM in barramundi fish-flesh with RAS growth time at two (2) 

different growth water temperature: 28 
O
C ( ) and 18 

O
C ( ) 

 

Repeat simulations for MIB revealed similar results. This might be expected given the very 

similar properties of the two taint molecules. The generalized form of the model for taint 

accumulation in fish-flesh can be illustrated with application to other species.  

 

3.4.3 Generalized model and simulations for rainbow trout (Onchorhynchus mykiss) 

 

Rainbow trout is a cold-water fish of salmonidae family. Trout farming in RAS is a global 

practice, particularly in Europe, due to the cooler condition. Taint problems due to GSM or 

MIB in RAS rainbow trout have been reported in several European counties e.g. Denmark, UK 

and France (Petersen et al., 2011; Robertson et al., 2006; Zimba et al., 2012).  

To illustrate the generalised form for rainbow trout, it is necessary to find a suitable growth 

equation for this species. A plot between mass of the fish and growth time was obtained (Anon, 

2012a) and correlated to give: 

t.exp.
f

m 0138003460   (3-21) 
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with R
2
 = 0.94 (Snedecor & Cochran, 1989) indicating a very good fit. The simulations can now 

be carried out using the procedure, Table 3-1. 

At 150 days RAS growth from Eq. (3-21), mf = 0.274 kg. The average growth water 

temperature 12 
O
C (Robertson et al., 2005) is substituted into Eq. (3-12) to find the required 

COX value; 10.29 mg L
-1

. Substitution for mf into Eq. (3-11) gives GV value as 58.62 L day
-1

.  

EW = 0.519 is similar to barramundi as they are dependent only on the KOW value for GSM. The 

uptake rate constant (k1) for GSM now can be calculated by substituting the EW, GV and mf 

values into Eq. (3-9) to give 111.09 L kg
-1

 day
-1

.  

Substitution for mf = 0.274 kg into Eq. (3-14) gives QW = 40.60 L day
-1

 which when 

substituted into Eq. (3-15) gives QL = 0.406 L day
-1

. A lipid to mass ratio of rainbow trout is 

assumed to be 0.045 (Robertson et al., 2006) and hence lipid weight (mass) VL = 0.012 kg from 

Eq. (3-16). The taint elimination rate k2 now can be determined by substituting values for VL, 

QL, QW and log10 KOW into Eq. (3-13) to give k2 = 0.863 day
-1

.  

Substitution for mf = 0.274 kg into Eq. (3-18) gives kG = 0.00325 day
-1

. The published 

value for km = 0.00063 day
-1

 (Gobas, 1993). From Eq. (3-17) the combination of kG and km 

gives kg = 0.00388 day
-1

.  

A typical CW value for GSM in growth ponds was reported to be 0.011 µg L
-1

  

(range 0.0 to 0.023 µg L
-1

). Substitution of 0.011 µg L
-1

 into Eq. (3-4) gives GSM taint uptake 

in the rainbow trout, b = 0.06354 µg kg
-1

 day
-1

 at 150 day in the RAS growth cycle. The level of 

taint as GSM in the rainbow trout fish-flesh at 150 day of growth can now be obtained from  

Eq. (3-8), y = 0.5412 µg kg
-1

. 

 

3.4.4 Model validation with independent data  

 

There are no extensive independent data published on taint accumulation as either GSM or 

MIB with RAS systems. For barramundi, limited data for taint as GSM from growth ponds 

were however obtained (as y vs growth time) from the Department of Agriculture Fisheries and 

Forestry, Australia (DAFF) (S. Poole, pers. comm.). Assuming a barramundi mass of about 1 

kg at harvest, model simulations were carried out. A comparison between observed and model 

predictions for n = 14 values of taint is presented as Fig. 3.6. Given that the value of taint 

ranges from ~ 2 to 20, µg kg
-1

, that is, one-order of magnitude the figure shows a moderately 

good fit of the model to these independent data. It is seen that there are five (5) data points 

above the Y = X line, five (5) below it and four (4) at (very nearly) Y = X.  
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Fig. 3.6 Comparison between observed and predicted taste-taint (y) as GSM in farmed 

barramundi (n = 14 supplied by Department of Agriculture Fisheries and Forestry,  

Australia, S. Poole, pers. comm.) 

 

For rainbow trout, model predictions were assessed against the independent data (n = 15) 

of Petersen et al. (2011) for growth in open recirculation aquaculture in Denmark. The 

temperate growth water was assumed to be 12 
O
C for these data and the mean mass of the fish 

0.30 kg. (The data were digitised from the original published plot). A comparison of model 

predictions is presented in tabular form in Table 3-3 for values of observed taint as GSM from 

0.183 to 2.15, µg kg
-1

 that is, about a 12-fold range. The correlation coefficient for these data 

was R
2
 = 0.66 (Snedecor & Cochran, 1989), indicating a moderately good fit. 

It is clear from both Fig. 3.6 and Table 3-3 that the model predictions are on trend and give 

a good fit over a meaningfully large range of values of taint. Because the predictions of the 

model show good agreement with these independent data for barramundi and rainbow trout, it 

can be concluded it is free of programming and computational errors and is of a generalised 

form.  
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Table 3-3 Comparison of observed (Petersen et al., 2011) versus predicted taste-taint as GSM 

in rainbow trout (n = 15) grown in RAS at 12 
O
C for 9-months to a typical mass of 308 (± 72) g 

 

CW 

(µg L
-1

) 

y 

(µg kg
-1

) 

Observed Predicted 

0.0050   0.183 (3)* 0.22 

0.0060 0.250 (1) 0.26 

0.0075 0.308 (3) 0.32 

0.0080 0.630 (4) 0.35 

0.0100 0.550 (4) 0.43 

0.0110 0.650 (2) 0.47 

0.0120 0.960 (5) 0.51 

0.0130 0.500 (1) 0.55 

0.0140 0.275 (2) 0.59 

0.0150 0.600 (4) 0.63 

0.0170 0.890 (7) 0.70 

0.0180 0.720 (5) 0.74 

0.0260 0.950 (3) 1.02 

0.0270 2.150 (7) 1.35 

0.0360 1.400 (3) 1.62 

* Number in parentheses is the mean of the number of fish sampled  

 

3.4.5 Applying the model to investigate RAS growth protocols on accumulated taint 

 

A significant advantage of the validated model is that it can be used to investigate growth 

protocols. For example, simulations underscore consumer acceptance of RAS barramundi at 

harvest of 240 day if the GSM and MIB limiting concentration CW in RAS water is maintained 

at a constant concentration, respectively, less than 0.0014 and 0.0024, µg L
-1

. Clearly, a range 

of farming practices can be investigated in this way without recourse to further unlimited 

experimental trials. 

Admittedly, for more accurate model validation, extensive data needs to be collected 

throughout the growth period. A two-year extensive study was now undertaken in a 

commercial-scale RAS barramundi farm in South Australia and is presented in Chapter 8.  

 

3.4.6 The model for fish with S-curve growth  

 

During the model development, a widely used exponential curve for fish mass growth was used 

for the period to harvest of 240 day for barramundi and 270 days for rainbow trout for which 

independent growth data showed a very good fit for both (respectively, R
2
 = 0.96, n = 9 and  

R
2
 = 0.94, n = 11). Present model predictions are therefore adequate for these two species. More 

generally however, if a fish is to grow for longer (indefinite) periods then an S-curve for growth 



50 
 

with time might be used to make the model more universal and to generalize it for a range of 

other fish species. The von Bertalanffy Growth Function (VBGF) for example could be used to 

replace the present Eq. (3.3). The VBGF is given by (Hopkins, 1992): 

d
)ott(K

expfmfm 






 



 1  (3-22) 

where mf ∞ is the mass the fish will grow to indefinitely, d is an exponent of length-mass 

relationship, K is a growth co-efficient, and; to a scaling factor. It is important to note however 

that at maximum mass, mf ∞ the rate of elimination of taint through growth dilution, kG, is seen 

to become (Eq. (3-18)) constant (as it depends only on the fish mass). A consequence is that 

kg ~ kG (Eq. (3-17)), simplifying the model. 

 

3.4.7 Benefits of the model to the supply chain 

 

Analyses of taint molecules as GSM and MIB in fish-flesh is difficult, expensive and time 

consuming and few research institutes have the necessary facilities.  

Judicial use of the validated model however, can assist famers to develop growth protocols 

resulting in fish at harvest that have taint levels lower than the consumer threshold without 

recourse to extensive analytical analyses. It is clear a key parameter impacting taint taste is the 

value of CW.  

Significantly, the quantitative nature of the model suggests it could be applied through the 

application of automatic growth controls.  

 

3.5 Concluding remarks 

 

A new time dependent model has been developed based on conservation of mass and energy 

principles and thermodynamic processes established in (bio)chemical engineering, and also 

from a whole-of-process perspective.  

This is the first model that might be used to minimize taint in RAS farmed fish. It is the 

difference of two exponential terms of simultaneous taint uptake and elimination with growth 

time. Simulations were undertaken with constant and varying CW in growth waters, which were 

found to be critical to the taint accumulation in the farmed fish. 

Illustrated simulations for RAS barramundi (Lates calcarifer) a premium fish grown at a 

water temperature of 28 
O
C shows that the threshold for consumer rejection of 0.70 μg kg

-1
 

MIB will be reached at 225 day. At a typical RAS harvest of 240 day the concentration of MIB 

is predicted to be four (4) times that for GSM. An advantage is that the model is generalised in 
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form and can be conveniently simulated in standard spread-sheeting tools for use by a range of 

users of different sophistication. 

A major benefit of this new model, when fully experimentally validated, is that simulations 

could be used to investigate a range of growth protocols in RAS farming to minimize taint in 

fish-flesh. Because model predictions showed moderate -to- good agreement with independent 

data for both RAS barramundi and rainbow trout (Onchorhynchus mykiss) it was concluded the 

model was free of programming and computational errors and of a generalised form.  

Model simulations revealed a 5 
O
C variance in RAS growth temperature did not 

meaningfully impact taint accumulation as either GSM or MIB. Repeat simulations revealed 

however that a RAS temperature of 18 
O
C will give about a 16 % reduction in taint 

accumulation for both GSM and MIB. 

A necessary requirement of any model is that it needs to be validated, especially for 

commercial-scale applications.  

 

Next chapter 

 

The next chapter details the analytical methods developed in this research for water and fish-

flesh samples analyses for GSM and MIB, and the introduction of a dedicated, novel real-time 

low concentration H2O2 apparatus. This is necessary preliminary work in order to 

experimentally validate the new model for taste-taint in RAS systems.  
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CHAPTER 4: MATERIALS AND METHODS 
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4.1 Introduction 

 

This chapter describes the analytical procedures developed to determine taste-taint chemicals in 

growth water and fish-flesh as GSM and MIB, together with the introduction of real-time 

hydrogen peroxide (H2O2) dosing and an overview of the experimental program.  

There is no existing detailed samples collection program for taste-taint in RAS raised 

barramundi. The determination of taint in fish-flesh due to either GSM and/or MIB has been 

largely based on sensory evaluation(s).  

To overcome these shortcomings, this chapter carefully details sample preparation, sample 

extraction technique(s), instrumentation, quantification and quality assurance for analyses in 

GSM and MIB in RAS growth water and barramundi fish-flesh.  

Moreover, a real-time H2O2 dosing apparatus is used for the first time in this research to 

investigate the control of GSM and MIB in RAS growth water and subsequently their 

accumulation in fish-flesh. For safe and effective handling, a Standard Operating Procedures 

(SOPs) was established for the new dosing apparatus. This is presented in Appendix D. 

 

4.1.1 GSM and MIB analysis in water and in fish-flesh  

 

It is important to have highly accurate method(s) to quantify GSM and MIB in growth water 

and in fish-flesh because of the very low taste consumer rejection threshold concentration of 

0.74 µg kg
-1 

for GSM in fish-flesh (Jones et al., 2013).  

Sample preparation techniques for instrument analyses are often challenging, and readily 

impact on the final result.  

The success of quantification of taste-taint in growth water and fish-flesh depends largely 

on the extraction techniques employed to isolate the taint chemical from their respective matrix. 

This is particularly significant with regard to fish-flesh because GSM and MIB are volatile 

chemicals, and tend to be lost readily during sample(s) preparation. Therefore, any sample 

digestion and extraction technique must be able to gain maximum extraction.  

An optimisation of methods for samples analyses was carried out to improve the extraction 

of analytes from the samples matrix. These are discussed in detail in the following sections. 

 

4.2 Analyses of GSM and MIB in RAS growth water  

 

There are existing sample extraction methods to quantify volatile organic compounds, including 

GSM and MIB in water. The methods include liquid-liquid extraction (Johnsen & Kuan, 1987), 
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steam distillation (Bartels et al., 1989) HeadSpace Liquid Phase Micro Extraction (HS-LPME), 

closed-loop stripping analysis (McGuire et al., 1981), simultaneous distillation extraction, and 

purge and trap extractions (Johnsen & Lloyd, 1992). 

However, there are reported drawbacks with these methods such as expense and time, and; 

labour intensity etc. (Lloyd et al., 1998).  

Therefore, the most advanced robust Solid-Phase Micro-Extractor (SPME) followed by 

GC-MS (known as SPME-GC-MS) as detailed in Lloyd et al. (1998) was employed with some 

modifications. The method of Lloyd et al. (1998) is recognised as free from organic solvent, 

simple, adaptable for automation, convenient, inexpensive, dependable, and; requires small 

sample volume compared with other methods, etc. (Watson et al., 2000; Xie et al., 2007).  

A chief reason for modification is that the published method of Lloyd et al. (1998) has been 

used for 6 mL of aqueous sample (with less than 15 min extraction time). In the present 

research this method is applied to organic matter that is highly complex in RAS growth water. 

The sample matrix from RAS is deemed therefore to be different from the standard method.  

Sensitivity is regarded as one of the most important performance parameters of odorant 

chemicals analyses. Accordingly, the method of Lloyd et al. (1998) was modified to be able to 

improve the sensitivity of analytes by using a larger volume of sample. The required SPME 

manual holder (Part no. 57330-U), 50/30 µm DVB/CAR/PDMS SF fibre (Part no. 57348-U) 

and standard solutions; (±) Geosmin (GSM) (47522-U), (±) 2-methylisoborneol (MIB)  

(47523-U) and 2, 4, 6 trichloroanisole (TCA) (47526-U) were purchased from Sigma Aldrich 

Pty Ltd, Australia.  

 

4.2.1 RAS water samples extraction with SPME (Solid-Phase Micro-Extraction) 

 

One litre (1 L) from 5 L of collected RAS growth water was collected in a Duran bottle  

(CLS 1395) and then 25 g of analytical grade sodium chloride (S1679) and a magnetic stirrer-

bar were added. The Duran bottle was securely closed with a sealed cap (Z153958) and 1 µL 

internal 1 mg L
-1 

working standard solution (TCA) was injected into the water through the 

micro-hole of the cap, to given a final concentration of 0.010 µg L
-1

. The sample was incubated 

at 60
 O

C (in a programmable oven) for 30 min before extraction was undertaken. The bottle was 

placed on a programmed hotplate, and a 2 cm length of SPME fibre was exposed to the 

headspace of the bottle for 30 min extraction at 60 
O
C.  

The sample extraction process is shown as Fig. 4.1. 
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Fig. 4.1 RAS growth water samples extraction with Solid Phase Micro Extraction (SPME)

  (A = SPME manual holder; B = sealed cap; C = Duran bottle;  

D = programmable hotplate with stirrer) 

 

The speed of rotation of magnetic stirrer-bar was kept constant at 500 rpm during the 

extraction. Sample extraction was undertaken after optimisation of the analytical conditions as 

discussed in detailed in the following. 

 

4.2.2 SPME optimisation 

 

Solid-Phase Micro-Extraction (SPME) is based on equilibrium between the analyte in the 

headspace and the fibre matrix. The process has evolved and is now being widely used to 

extract and concentrate volatile compounds occurring in various matrixes. It is reported to be 

simple and inexpensive method in quantitative analysis (Pawliszyn, 1997). 

In order to optimize analytical conditions, experiments were undertaken to examine salting-

out effect, incubation temperature, and exposure time and extraction temperature. All other 

variables except the experimented parameters were kept constant. Triplicate samples each 

contained 0.010 µgL
-1

 of MIB, GSM, and TCA in 1 L of milli-q water.  

 

 

A 

B 

C 

D 
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Salting-out effect  

Salt (as sodium chloride) is added to increase the ionic strength of the matrix. This lowers the 

solubility of the organic chemicals. However, the magnitude and the direction of the salting-out 

effect are dependent on the salt concentration, chemical and physical properties of the analytes 

(Salemi et al., 2006).  

To optimise the ionic strength of the medium, six (6) different salt amounts: 5, 10, 15, 20, 

25 and 30, g were chosen and examined in the milli-q water spiked at 0.010 µgL
-1

 of GSM and 

MIB. All remaining parameters: incubation temperature (50
 O

C), extraction time (30 min), 

extraction temperature (50
 O

C) were kept constant.  

The results are shown in Fig. 4.2, as peak area (GC-MS output) of the analytes verses salt 

content of the extracted solution. As can be seen from Fig. 4.2, the extraction efficiencies of 

GSM are greater than that of MIB with increased salt content.  

Based on these findings, it was concluded that 25 g of salt would be used for sample 

extractions. 

 

 

 

Fig. 4.2 Effect of salt content of the sample on the extraction efficiencies for  

GSM ( ) and MIB ( ) under incubation temperature = 50 
O
C, extraction time = 30 min, 

extraction temperature = 50 
O
C 
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Incubation temperature  

Incubation of samples before extracting the analytes helps to increase the extraction efficiency, 

and also; to reduce the time taken for extraction.  

Incubation studies were undertaken using a programmed oven with five (5) incubation 

temperatures: 30, 40, 50, 60, and 70,
 O

C. All remaining parameters: extraction time (30 min), 

extraction temperature (50
 O

C), and; salt (25 g) were kept constant.  

The effect of incubation temperature on sensitivity is shown in Fig. 4.3. As can be seen 

from the figure, incubation temperature of 60
 O

C produced ‘best’ results. 

 

 

 

Fig. 4.3 Effect of incubation temperature on the extraction efficiencies for  

GSM ( ) and MIB ( ) under extraction time = 30 min, extraction temperature. = 50 
O
C,  

salt = 25 g 

 

Extraction time 

The optimisation of sample extraction time was investigated with six (6) different times: 10, 20, 

30, 40, 50 and 60, min. All remaining parameters: salt (25 g), incubation temperature (50
 O

C) 

and extraction temperature (50
 O

C) were kept constant.  

The effect of sample extraction time on sensitivity is shown in Fig. 4.4. As can be seen 

from the figure, 30 min gave the best extraction time for samples extraction, and therefore 

adopted.  
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Fig. 4.4 Effect of extraction time of the sample on extraction efficiencies for  

GSM ( ) and MIB ( ) under incubation temperature = 50 
O
C, extraction temperature = 50 

O
C, 

salt = 25 g 

 

Extraction temperature 

The temperature of the matrix changes the kinetics of the analytes. To optimise the extraction 

temperature five (5) temperatures: 30, 40, 50, 60, and 70, 
O
C were investigated, with constant 

parameters of salt (25 g), incubation temperature (50
 O

C) and extraction time (30 min).  

The effect of sample extraction temperature on sensitivity is shown in Fig. 4.5. From the 

view point of incubation temperature optimisation, among the five (5) different temperatures, 

60 
O
C resulted in the best sensitivity. 

It was concluded based on the findings of these four optimisation experiments, that 25 g of 

salt, with an incubation temperature of 60 
O
C, and extraction time of 30 min and extraction 

temperature of 60 
O
C would be used for sample extraction(s). The sample volume was a 

necessary consideration because the larger volume of 1 L was used (to optimise the sensitivity)  
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Fig. 4.5 Effect of extraction temperature on the extraction efficiencies for  

GSM ( ) and MIB ( ) under salt = 25 g, incubation temperature = 50 ºC,  

extraction time = 30 min 

 

4.3 Instrumentation - Gas Chromatography and Mass Spectroscopy (GC-MS) 

conditions 

 

A PerkinElmer Clarus 500 Gas Chromatography Mass Spectroscopy (GC-MS) with programed 

splitless injector mode was used to quantify GSM and MIB in both RAS growth waters and in 

the fish-flesh distillate.  

The elution column used was a SLB-5MS and its internal diameter, column length and film 

thicknesses respectively were: 0.25 mm, 30 m and 0.25 µm. Helium was used as a carrier gas at 

a rate of 0.8 mL min
-1 

for separation of chemicals. The extracted taste-taint chemicals in the 

SPME fibre were thermally desorbed to the GC-MS for 5 min at 260 
O
C (septum temperature). 

The temperature of the GC oven was programed to maintain 50 
O
C for 3 min and then ramped 

to 165 
O
C at a rate of 5 

O
C min

-1
.
 
The oven was then held at that temperature (165 

O
C) for 2 min 

until it increased to 250 
O
C at a rate of 30 

O
C min

-1
. Finally, the oven was held at the elevated 

temperature (250 
O
C) for 3 min with a total run-time of 30 min.  

The electron ionisation was performed at 70eV and the GC-ITD transfer line was held 

constant at 250 
O
C. The emission current and the mass selective detector voltage used were  

0

20000

40000

60000

80000

100000

120000

30 40 50 60 70

Extraction temperature (OC)  

P
e

a
k
 a

re
a

 (
d

im
e

n
s
io

n
le

s
s
) 

 



60 
 

100 µA and 400 V, respectively. Approximate retention times for GSM, MIB and TCA were 

23.27, 17.88, and 21.10, min respectively.  

Full scan mass spectra were obtained at a range of 40 to 300 amu. The selected ion 

monitoring (SIM) mode mass the charge ratio (m/z) values of 112, 125 and 182 for GSM and 

m/z values of 95, 108, and 168 for MIB and m/z values of 195 for TCA were used for the 

qualitative analyses. For instance, the GC chromatogram of a water sample obtained from the 

control tank (4D.04.05.15.T1) is given as Fig. 4.6. Fig. 4.7 is the corresponding SIM 

chromatogram. The quantitative analysis was undertaken by integrating the respective peak area 

for the m/z values of 112, 95, and 195 for GSM, MIB and TCA respectively.  

Both fish-flesh and RAS water samples were analysed in triplicate and the average values 

reported. 

 

 

 

Fig. 4.6 A typical full-scan chromatogram of Agilent GC-MS for a RAS growth water sample 

from a control tank 
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Fig. 4.7 SIM chromatograms of Agilent GC-MS for TCA (a) GSM (b) and MIB (c) with their 

retention times of 21.10, 23.27 and 17.88, min respectively. An m/z of 195 for TAC, 112 for 

GSM, 95 for MIB are also shown in each respective chromatogram 

 

4.3.1 Quantification of GSM and MIB in water 

 

The method of addition of internal standard (TCA) to each sample was used for quantification 

of GSM and MIB in both water and fish-flesh. Importantly, this is known to be the most 

accurate quantification method in GC-MS because this overcomes losses during the sample 

processing i.e. incubation, and extraction (Sparkman et al., 2011).  

The Relative Response Factor (RRF) was first calculated using known internal and known 

calibration standards. For GSM and MIB extractions from water, 0.010 µg L
-1

 of TCA and 

0.010 µg L
-1

 of GSM and MIB were used as internal and calibration standards, respectively. 

The analyses were undertaken in 10 replicates to obtain the mean value of each analyte 

including the TCA. The RRF values were calculated as follows: 

  RRF =  
Y

X
   (4.1) 

RRFmean =  
 replicates of No

RRF
 (4.2) 

where:  

The integrated peak area for calibration standard (GSM or MIB 0.010 µg L
-1

) = X 
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The integrated peak area for internal standard (TCA, 0.010 µg L
-1

) = Y 

The mean relative response factor can be used to compute the concentration of the analyte in 

the samples as follows: 

 Ca=

mean
RRF*D

A*M
 (4.3) 

where:  

The concentration of the analyte in the unknown sample  = Ca 

The integrated peak area of the analyte in the unknown sample  = M  

The integrated peak area of the internal standard in the unknown sample  = D 

The concentration of the internal standard in the unknown sample  = A. 

 

4.3.2  Computation of actual concentration in the samples 

 

Because one litre (1 L) of RAS water sample was used for the extraction of each analyte, the 

results obtained from Eq. (4.3) are considered as the actual concentration of the samples 

expressed as µg L
-1

.  

 

4.4  Determination of GSM and MIB concentration in fish-flesh 

 

There are a number of developed methods such as vacuum steam distillation (Selli et al., 2006), 

Purge and Trap Solvent Extraction (P&T-SE) (Johnsen et al, 1996), Microwave Assisted 

Distillation followed by Solvent Extraction (MAD-SE) (Selli et al., 2009), Microwave 

Distillation-Solvent extraction (MD-SE) (Martin et al., 1987), and; Microwave Distillation-

Solid Phase adsorbent trapping (Conte et al., 1996) available to estimate the concentration of 

GSM and MIB in the fish-flesh.  

However, a number of limitations (one or more) of these designs have been uncovered and 

include: time consuming and labour intensive, the use of flammable or toxic solvents, 

requirement for large quantities of fish samples, large volume of organic solvents for rinsing 

and liquid-liquid extraction, the number of pre-concentrations steps involved, and; analyte 

carryover implications (Lloyd & Grimm, 1999; Selli et al., 2009; Conte et al., 1996).  

For the present research however, Microwave mediated Distillation with Solid Phase Micro 

Extraction (MD-SPME) as detailed in Lloyd & Grim (1999) was modified and adopted. This is 

an efficient sample extraction method when compared with methods. This is apparently so 

because of the fast heat-transfer provided by the microwave heating and the release of the 

analytes to the vapour phase (Zhu et al., 1999). In addition, advantages include comparable 
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precision, lower detection limits and that no solvents are used (Lloyd & Grimm, 1999). This 

method has been used for GSM and MIB extraction from catfish tissue (Lloyd & Grimm, 1999; 

Zhu et al., 1999).  

Microwave assisted extraction has proven promising not only for fish-flesh but also to 

extract volatile organic compounds from different food matrices (Di Cesare et al., 1994).  

 

4.4.1 Sample preparation and distillation  

 

The barramundi fish were euthanized by ice immersion, weighed, tagged and placed in separate 

plastic bags. They were then transported to the laboratory in cooler boxes at less than 0 
O
C.  

The fish samples were processed in the laboratory by filleting. The fish-fillets were cut into 

small pieces of about 1 cm
2
 covering all three tissues: belly, dorsal and tail.  

 Fig. 4.8 shows the sample preparation. The sample was well mixed to give homogeneous 

matrix and 20 ± 0.5, g was weighed into disposable aluminium crucible, and then transferred to 

the digestion flask. 

The microwave facilitated sample distillation used is shown in Figs. 4.9 and 4.10, with and 

without the protective metallic cover, respectively. 

 

 

 

Fig. 4.8 Barramundi fish-flesh sample preparation for microwave distillation 
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Fig. 4.9 Microwave assisted distillation device showing main parts without metallic cover  

(E = microwave oven; F = holding table; G = cooler box; H = 50 mL graduated measuring 

cylinder; J = N2 exiting line; K= N2 flow meter; L = N2 intake line) 

 

 

 

Fig. 4.10 Microwave mediated Distillation with metallic cover  

(E = Microwave oven; F = holding table; G = Cooler box; K = N2 flow meter;  

M = Metallic cover) 
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Fig. 4.11 After placing the fish sample in the microwave oven  

(L = N2 intake line; N = digestion vessel; J = N2 exiting line; O = fish-flesh sample) 

 

The weighed fish-flesh in the digestion flask was then placed in a microwave oven  

(Fig. 4.11). The distillation glassware was tightly assembled with clip-joints.  

The sample was then heated in a microwave oven (National genius, 1200 W) for seven (7) 

min at medium to low power level.  

The fish sample was purged with N2 gas at constant flow rate of 80 mL min
-1 

whilst
 
being 

heated. A cold trap consisting of a graduated measuring cylinder filled with 10 mL of milli-q 

water was enclosed in a polystyrene box filled with ice. The generated steam and volatiles are 

carried to the cold trap by N2 flow. The condensed vapour as distillate was collected into it and 

the sample volume adjusted to 20 mL using milli-q water, if required.  

A schematic of the distillation device is given in Fig 4.12. 

The collected distillate was transferred into 40 mL of SPME vials (27180-screw cap with 

PTFE/silicone septum) and stored at 4 
O
C until the SPME-GC-MS analysis was undertaken. 

This detailed distillation procedure is presented in Appendix C. 
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Fig. 4.12 Schematic of the microwave distillation unit  

(E = Microwave oven; L = N2 intake line; N = digestion vessel; F = holding table;  

G = Cooler box; H = 50 ml graduated cylinder; J = N2 exiting line;  

M = Metallic cover) 

 

4.4.2 Taste-taint chemicals extraction with SPME technique  

 

A sample of 2.5 g of analytical grade sodium chloride was added to the 20 mL of fish-distillate 

in a 40 mL SPME vial and then a small PTFE-coated magnetic stir bar was placed in the vial. 

The SPME needle was inserted through the septum of SPME vial such that 2 cm of the 

fibre inside the needle was exposed to the headspace. The solution was stirred in a 50 
O
C water 

bath for 30 min (Fig. 4.13). After extraction, the fibre was retracted into the needle and 

removed from the septum. The needle was subsequently inserted into the GC-MS injection port 

and the fibre was thermally desorbed for 5 min.  

The optimisation of the method for sample extraction was carried out as detailed below. 
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Fig. 4.13 Fish-flesh distillation extraction with Solid Phase Micro Extraction (SPME)  

(A = SPME manual holder; P = 40 mL SPME vial; Q = water bath;  

D = programmable hotplate with stirrer) 

 

4.4.3 Method optimisation for GSM and MIB extraction 

 

The SPME optimisation for extracting taste-taint chemicals from fish distillate is similar to 

water samples extraction. Accordingly, analytical conditions were optimized for salting-out 

effect, extraction time, extraction temperature, and; sample volume. All other variables were 

kept constant in each experiment.  

Triplicates each of 0.050 µg L
-1

 of GSM and MIB in the extraction solution were analysed. 

The results for each experiment are given in Fig. 4.14 through Fig. 4.17. 

It was concluded, based on the findings of these four samples extraction optimisation 

experiments, 2.5 g of salt, extraction temperature of 50 
O
C, extraction time of 30 min and 

sample volume of 20 mL would be chosen for sample extraction in this research.  
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Fig. 4.14 Effect of salt content of the sample on the extraction efficiencies for  

GSM ( ) and MIB ( ) under extraction time = 25 min, extraction temperature. = 40 
O
C,  

sample volume = 20 mL 

 

 

 

Fig. 4.15 Effect of extraction time of the sample on the extraction efficiencies for  

GSM ( ) and MIB ( ) under salt = 2.5 g, extraction temperature = 40 
O
C,  

sample volume = 20 mL 
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Fig. 4.16 Effect of extraction temperature on the extraction efficiencies for  

GSM ( ) and MIB ( ) under salt = 2.5 g, extraction time = 25 min,  

sample volume = 20 mL 

 

 

 

Fig. 4.17 Effect of samples volumes on the extraction efficiencies for  

GSM ( ) and MIB ( ) under salt = 2.5 g, extraction time = 25 min,  

temperature = 40 
O
C 
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4.4.4 Quantification of GSM and MIB in fish-flesh 

 

The RRF values were calculated as detailed in the water analyses, Section 4.3. For fish-flesh, a 

series of 0.050 µg L
-1

 of TCA and 0.050 µg L
-1

 of GSM and MIB were used as internal and 

calibration standards. The analyses were undertaken in 10 replicates to obtain the mean value of 

each analyte including the TCA.  

The actual concentration of fish samples were computed as follows: 

The GSM or MIB con. of the unknown sample in the SPME vial  = Ca 

The volume of fish-flesh distillate      = D 

The mass of the fish-flesh sample taken for the extraction   = S  

Percentage recovery  = F 

 

Actual GSM or MIB concentration in the fish-flesh is: 

 y =
FS

D
Ca

100
**  (4.4) 

 

4.5 Quality assurance of GSM and MIB analyses  

 

The following quality assurance measures were undertaken to obtain accurate results.  

The SPME needle was cleaned on the GS-MS around 30 min every day prior to the 

samples analyses to remove possible contaminants. A needle-blank was subsequently run to 

ensure the SPME fibre was free from analyte carry over, and also the fibre was properly 

cleaned.  

A working standard solution of 0.010 µg L
-1

 of GSM and MIB in milli-q water were 

extracted followed by GC-MS analyses every day to check the performance of the GC-MS and 

the standard solutions. A separate internal standard (TAC) was also run by following the same 

procedure to assure its performance.  

The reported values of GSM /TCA and MIB/TCA were evaluated against prior data to test 

for any discrepancies. Fresh standard working solutions were made if the results were found to 

be below the expected ratio. Additionally, the linearity of responses for GSM/TCA and 

MIB/TCA, limit of detection, recovery of extraction, intra-day reproducibility and inter-day 

repeatability and analyte carry over implication were studied, and these are detailed in the 

following sub-sections. 
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4.5.1 Linearity and working range  

 

The degree of linearity of response for GSM/TCA and MIB/TCA vs concentration was 

examined for goodness of fit (Snedecor & Cochran, 1989). 

Accordingly a series of standards ranging from 0.001 to 0.100, µg L
-1

 for GSM and MIB 

were used. The goodness of fit is shown in Fig. 4.18.  

As can be seen a high correlation coefficient (R
2
) of 0.996 for GSM and 0.989 for MIB 

was observed. The samples with concentrations above 0.100 µg L
-1 

were diluted to be able to 

gain their concentrations within the working range. Results from similar experiments carried 

out for the fish distillate are presented as Fig. 4.19. A high value of the correlation coefficient of 

0.990 and 0.980 are seen to have been obtained here also. 

 

 

 

Fig. 4.18 Correlation between either GSM or MIB concentration (µg L
-1

) and  

GSM/TCA ( ) or MIB/TCA ( ) for water samples extraction.  

R
2
 for GSM/TCA = 0.996 and MIB/TCA = 0.989 
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Fig. 4.19 Correlation between either GSM and MIB concentration (µg kg
-1

) and 

 GSM/TCA ( ) or MIB/TCA ( ) for fish samples extraction.  

R
2
 for GSM/TCA = 0.990 and for MIB/TCA = 0.980 

 

4.5.2 Limit of detection (LOD) 

 

The lower limits of detection for water and fish-flesh samples were studied using the signal-to-

noise ratio (S/N) method (Danzer, 2007).  

The average peak height of the un-spiked samples was deducted from the heights of the 

samples spiked with standard solution. For water samples, a 1 L milli-q water sample 

containing 0.001 µg L
-1 

of GSM and MIB were analysed in five (5) replicates to obtain the 

average peak area. The S/N value for GSM was found to be 20, and 6 for MIB. The relative 

standard deviation (RSD) was 8 % for GSM, and 15 % for MIB.  

For fish samples, five (5) replicates of homogenous samples (purged fish) spiked with  

0.03 µg kg
-1 

and un-spiked were used for the study. The
 
signal-to-noise ratio was found to be 15 

for GSM and 8 for MIB. The relative standard deviations (RSD) for both analytes were in the 

range of 12 to 17, %.  

Therefore, the LOD for water samples analyses was considered to be 0.001 µg L
-1

 whereas 

that for fish samples was 0.03 µg kg
-1

. 
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4.5.3 Recovery of extraction using optimized conditions 

 

The possibility of losing the analytes during the incubation of water samples was investigated 

by adding the standard solution before and after incubation.  

Accordingly, milli-q water samples were spiked with 1 µL of a 1 mg L
-1

 standard GSM 

and MIB working solution and then incubated followed by GC-MS analyses. Another set of 

milli-q water were incubated and then spiked with the same amount of standard solution. Three 

(3) replicates were carried out for both experiments. The recoveries for both analytes were in 

the range of 96 to 101, %.  

The fish purged with clean water for several days were used for the recovery test of GSM 

and MIB in fish-flesh. The recoveries were calculated by comparison with direct injection. Five 

(5) replicates of homogenous samples were spiked with 1 mg L
-1

 working solution to yield 

three concentrations of 0.1, 0.5 and 1.0, µg kg
-1

. The same concentration of solutions was 

analysed under the same extraction conditions. The calculated recoveries are given in the  

Table 4-1, and were used for calculation of final taste-taint chemical concentration in fish-flesh. 

 

Table 4-1 Percentage recoveries for taint extractions from fish-flesh 

 

Concentration 

(µg kg
-1

) 

Percentage recovery 

GSM MIB 

0.1 35 28 

0.5 41 32 

1.0 51 34 

 

4.5.4 Intra-day reproducibility and inter-day repeatability 

 

The performance of the extraction and the sensitivity of the GC-MS were checked every day 

with a known concentration of standards.  

Accordingly, 0.010 µg L
-1 

of GSM, MIB, and TCA standards solutions were used for 

water samples and 0.050 µg L
-1 

of same standard solutions were used for fish distillate. These 

were undertaken before starting the samples analyses each day. The values of GSM/TCA and 

MIB/TCA were evaluated against those from previous data. 

The Relative Standard Deviation (RSD) values for inter-day reproducibility varied in the 

range of 6 to 10, % for both chemicals in water and in the fish-flesh distillate. However, RSD 

values for fish-flesh were always greater than those for the water. This is attributed to the 
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complexity of the fish matrix compared to the water matrix and also smaller volume being used 

for the fish-flesh extraction.  

The intra-day reproducibility was undertaken using the same standards after each 10 to 12 

sample analyses daily. The RSD values for both molecules were in the range of 4 to 7, % for 

water and fish-flesh samples. 

  

4.6 Hydrogen peroxide (H2O2) dosing apparatus  

 

A dedicated automatic apparatus used to dose, control, and to measure the low concentration of 

hydrogen peroxide (H2O2) administered to the RAS growth water in real time was 

commissioned from two companies: ProMinent Fluid Controls, Pty Ltd, Germany and Global 

Pumps Pty Ltd, South Australia.  

This newly designed apparatus comprised three main components: controller, H2O2 sensor, 

and a metering pump (Fig. 4.20).  

It is operated in an on/off mode in which the dosing of H2O2 to the growth water is cut off 

when the residual concentration has reached the set-point. The dosing resumes when the 

concentration has dropped below the set-point. The safe and Standard Operating Procedures 

(SOPs) developed for the apparatus is given in detail in Appendix D. 

 

4.6.1 H2O2 controller 

 

The key device installed in the measuring station is a DULCOMETER
®
 DICb 4 wire measuring 

transducer/controller(s) (Fig. 4.20).  

The user interface of the controller permits inputs as required by the user. It could activate, 

control and connect the key devices installed in the system, such as the metering pump, 

solenoid valve and H2O2-sensor through standard signals.  

The controller processes the received input signals to standard output signals, based on the 

operator inputs. The output can be displayed in DLC display or be available for other connected 

devices for further actions. For e.g. during H2O2 dosing, the received inputs signals (4 to 20, 

mA) from the sensor are converted to the output signals (4 to 20, mA) and then communicate 

with the metering pump for continuing or stopping H2O2 dosing.  

The H2O2 concentration in the RAS growth water is displayed as ‘ppm’ in the DLC 

display. The changes to the measured variables are re-calculated every second, and the DLC 

display outputs data, such as measured values, correction variable, control value, and; error 

message(s). 
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Fig. 4.20 Controlled H2O2dosing apparatus featuring its main components  

(R = DLC display, S = transducer/controller, T = metering pump, X = place for H2O2 drum,  

W = sensor holder, Z = water flow meter, Y = H2O2 sensor) 

 

4.6.2 H2O2 sensor 

 

A dedicated sensor used to measure the low (2.5 to 10.0, mg L
-1

) concentration(s) of H2O2 was 

developed by ProMinent Fluid Controls Pty Ltd Germany in compliance with current European 

guidelines and standards. This is shown as ‘Y’ in Fig. 4.20.  

The operation mode of the sensor uses the amperometric measuring principle. It is 

comprised of two electrodes: carbon and silver halide. The carbon electrode functions as a 

working electrode and the silver halide-coated anode the reference electrode. These two 

electrodes are covered and protected by the diaphragm cap of the sensor. The H2O2 molecules 

in the water diffuse through the diaphragm to the electrodes and they then undergo 

electrochemical reactions due to the constant polarization voltage across the two electrodes.  

As a result of this process, an electric current is formed and it is measured as primary 

signal. These primary signals are converted to temperature-compensated output signals (4 to 20, 
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mA) by the electronic amplifier within the sensor. These output signals eventually are sent off 

to the DULCOMETER
®
 DICb to display as H2O2 concentration. Accordingly, the generated 

primary signals are proportional to the H2O2 concentration in the RAS growth water.  

The sensor has been designed to operate in the range of 0.0 to 20.0, mg L
-1

 of H2O2.  

In addition, the desired water temperature and the conductivity for the optimum 

performance of the sensor ranges from 0 to 40, 
O
C and 0.05 to 5.0, mS cm

-1
, respectively. The 

nominal slope of the sensor is reported to be 480 µA/ppm and its reaction time (t90) is 

approximately 4.30 min. 

 

4.6.3 H2O2 metering pump 

 

The metering pump used for dosing H2O2 liquid to the RAS growth water, is shown in Fig. 4.20 

as ‘T’. It is designed to operate based on the commands received from the controller.  

The pump has two (2) check-valves: one on the suction and one on the discharge, side for 

dispensing liquid H2O2 as necessary.  

The rate of dosing can either be adjusted manually with the piston stroke length adjustment 

knob or can be programmed through the user interface. The pump has the rate of strokes 

ranging from 0 to 180, min
-1

.
 

 

4.6.4 Calibration of the H2O2 sensor 

  

The H2O2 sensor was carefully calibrated as per the detailed method described by Brandhuber 

& Korshin (2009).  

The water samples for determining the H2O2 concentration analytically were collected 

through the valve located below the sensor holder. Analytical value(s) were used to calibrate 

the sensor through the user interface.  

A plot between the analytical values and sensor readings is presented as Fig. 4.21.  

As can be seen in the figure, a good linearity with correlation coefficient of R
2
 = 0.996 

(Snedecor & Cochran, 1989) was obtained. The sensor performance was tested weekly in 

conjunction with the water sampling for taste-taint chemicals analyses. 
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Fig. 4.21 Correlation between sensor readings and the experimental values  

The error bars indicate standard deviation on triplicates  

(R
2
 = 0.997) (Snedecor & Cochran, 1989) 

 

4.7 The experimental program 

 

The experimental program for this research comprised two main projects: pilot- and 

commercial-scale, separate studies.  

The main objective of the pilot-scale studies was to examine the efficacy of low 

concentration of H2O2 in controlling taste-taint development in RAS growth water. A further 

objective was to determine the optimum H2O2 concentration that would be applied in 

commercial-scale RAS aquaculture growth tanks. 

The pilot-scale study was trialled with RAS growth water in nursery tanks under 

commercial RAS farm conditions at Southern Barramundi Farm, South Australia. A 

preliminary trial was investigated with continuous dosing as 5 mg L
-1

 of H2O2 to the RAS 

growth water with the dedicated apparatus over 35 day. The detailed experimental results are 

presented in the following chapter (Chapter 5). The optimisation of H2O2 was then carried out 

in the same facility under identical conditions using of 2.5 and 10, mg L
-1

 of H2O2, respectively. 
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The optimisation is discussed in Chapter 6. The use of low concentration of H2O2 was evaluated 

against a ‘control’ in each trial.  

The commercial-scale project was under taken at Barra Fresh Farm, South Australia. The 

main objective was to collect data for comparison with the taste-taint predictive model 

predictions of Chapter 3. This was done using two tanks starting from fish as fingerlings  

(~ 0.01 kg) to harvest (0.80 kg) in which a ‘treatment’ tank was used to dose low concentration 

of H2O2 and the other tank served as ‘control’. This detailed experimental work, and data 

collection for model validation, is discussed extensively in Chapter 8. 

 

Next chapter  

 

There has not been reported any RAS data collected for the entire growth period from 

fingerlings to harvest suitable for any model validation. This lack of experimental data 

underscores the need for the planned experimental studies program as presented in this thesis.  

During the new model simulation (Chapter 3), it was demonstrated that low concentration 

(CW) of GSM (0.0014 µg L
-1

) and MIB (0.0024 µg L
-1

) could readily reach the consumer 

rejection threshold concentration in fish-flesh at harvest (~ 0.7 µg kg
-1

 (Jones et al., 2013; 

Robertson et al., 2005). This clearly indicated the importance of controlling CW in RAS growth 

waters in order to mitigate taint and produce taint-free fish below the consumer rejection 

threshold. However, as highlighted in the literature review (Chapter 2) there apparently is no 

sustainable alternative to purging fish with clean water.  

Therefore, H2O2 has been trialled as a benign biocide to control off-flavour chemicals as 

GSM and MIB development in RAS growth waters and subsequently, to reduce their 

accumulation in harvested fish-flesh. A dedicated, new (and highly sensitive) H2O2 sensor has 

been developed for the planned work. The efficacy of this is to test in a pilot-scale project under 

commercial farming conditions.  

In the following chapter, details of the experimental work in the pilot-scale studies and 

investigation of the use of the dedicated H2O2 dosing apparatus is presented. 
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CHAPTER 5: PRELIMINARY PILOT-SCALE STUDIES WITH HYDROGEN 

PEROXIDE (H2O2) AS A BENIGN BIOCIDE 
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5.1  Introduction  

 

In this chapter hydrogen peroxide (H2O2) is investigated experimentally as an environmentally 

benign biocide to control taste-taint chemicals as GSM and MIB in RAS for the first time.  

A part of the rationale for dosing with H2O2 is because it has shown some efficacy in 

oxidising GSM and MIB (Glaze et al., 1990), and also against the growth of cyanobacteria 

(Drabkova et al., 2007a; Drabkova et al., 2007b).  

However, these reported findings were obtained in laboratory/bench-scale conditions with 

‘organic-free’ water, and therefore scale-up to practical industrial RAS is problematic. In 

addition, it is widely reported that actinomycetes is a possible group of microorganism that can 

produce taste-taint causing compounds particularly in RAS (Guttman & van Rijin, 2008). There 

are however no reported studies on the use of H2O2 against this particular group of 

microorganisms.  

 

5.1.1 This study 

 

In this study, five (5) mg L
-1

 of H2O2 is trialled to inhibit GSM and MIB development in RAS 

growth water, and their potential accumulation in fish-flesh.  

The overriding reason for choosing this concentration was because it was assumed to be 

within ‘safe’ limits for both fish and all microorganisms beneficial in RAS. The dedicated H2O2 

dosing apparatus outlined in Section 4.4 is used to maintain a constant concentration of  

5 mg L
-1

 of H2O2 in the growth water of the ‘treated’ tank.  

The efficacy of H2O2 for inhibiting taste-taint chemicals in growth waters in the ‘treated’ 

tank and, their accumulation in fish-flesh, are compared directly with results from a control 

tank.  

 

5.2  Materials and methods  

 

5.2.1  Experimental site  

 

Experimental tanks for this research were set up in a commercial farm, Southern Barramundi 

Farm, South Australia. The farm is a major RAS barramundi fish supplier. The RAS system of 

the farm is operated in a large, purpose-built insulated indoor-shed with 90 % of growth water 

recirculated. The fish are harvested at 240 day growth cycle with a mass of around 0.8 to 1.2, 

kg unless there is a special buyer requirement.  
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The temperature of the growth water is maintained at 28 
O
C with submerged heaters for 

optimum growth of the fish. In addition, submerged mechanical aerators are used to improve 

water homogeneity and increase the dissolved oxygen concentration in the growth water. The 

fish are stocked in high density (70 kg m
-3

) to gain maximum production per unit volume and 

are fed daily according to a feeding schedule of 1.5 % of body mass. 

 

5.2.2  Experimental Design 

 

5.2.2.1 Preliminary study 

 

The RAS growth water from two typical production tanks (Tank 3A and Tank 3B) was tested 

(three (3) samples) for base-line presence of GSM and MIB before the pilot-study. 

Approval for using barramundi fish in this research was obtained from The University of 

Adelaide Animal Ethics Committee Science (Approval S-2012-176 – see Appendix F).  

 

5.2.2.2 RAS growth tanks 

 

Two (2) fibre-glass tanks (known as nursery tanks) each of capacity 2,500 L were used for this 

pilot-scale study (Fig. 5.1). They were set-up adjacent the commercial-scale growth tanks. 

Both nursery tanks were filled with commercial RAS growth water (from Tank 3A) and 

were aerated (equally) with an external air-generator. Each tank was provided with three (3) 

submerged heaters to maintain the RAS growth water temperature at 28 
O
C. In addition, the 

tanks were supplied with mechanical and a biological canister filter (AQUA PRO 2200) each. 

One tank, T1 (treated tank) was treated with a 5 mg L
-1

 of H2O2 using the dosing apparatus and 

the other, T0 (control tank) not dosed. The growth water was circulated through the filters at a 

rate of 100 L h
-1

 in a closed system as shown in Fig. 5.2. (Additional photographs of this 

experimental set-up are presented in Appendix E). 

Both the treated and control tanks were subjected to similar environmental conditions over 

the experimental period of 35 day. The shed was illuminated with florescent-tube light  

(30 kW) throughout (24/7). Twenty (20) fish, each of mass around 0.4 kg, were introduced to 

each tank and were fed at a similar rate (i.e. 1.5 % of their body mass). 
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5.2.2.3 H2O2 dosing  

 

To maintain a constant residual concentration of 5 mg L
-1

 H2O2 in the RAS water, the stroke 

rate of the dose pump was programmed to 10 pulse min
-1

.
 
Other programmed parameters were: 

range of measuring 0 to 20, mg L
-1

, upper limit = 10.0 mg L
-1

, lower limit = 1.0 mg L
-1

.
 
The 

H2O2 dosing sensor and feed-back probe was immersed directly in the growth water.  

The water flow through the sensor was maintained at a constant rate of 80 L h
-1

.  

 

 

 

Fig. 5.1 Nursery tanks used for the pilot-scale experiments  

These were set up adjacent commercial RAS growth tanks 

 

5.2.2.4 H2O2 stock solution  

 

Interox 50 % (w/w) commercial-grade liquid H2O2 was used as a source (obtained from Chem-

supply Pty Ltd, South Australia). Twenty five (25) kg of H2O2 in a commercial plastic drum 

was connected to the metering pump with a chemical resistant polystyrene tube for suction of 

the H2O2 (see Fig. E.5, Appendix E). 

Approval for using H2O2 in this research was obtained from the Australian Pesticides and 

Veterinary Medicines Authority (APVMA) (Approval No. PER 13608) (see Appendix G).  

H2O2 dosing was started after six (6) days from introducing fish to the ‘treated’ and 

‘control’ tanks. 
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Fig. 5.2 Schematic of the Pilot-scale study (T1 = treatment tank; T0 = control tank;  

M = mechanical filters; B = biological filters; A = H2O2 dosing apparatus;  

P = pump for pumping water to the dosing apparatus) 

 

5.2.2.5 Calibration of H2O2 sensor  

 

The H2O2 sensor was calibrated as described in Section 4.4.4, before being used for this 

experimental study.  

Experimental value(s) separately obtained from analysed samples were used to calibrate 

the sensor through the user interface and the average value entered was 5.2 mg L
-1

. In addition, 

the sensor performance was checked twice per week concurrently with the water sampling to 

ensure correct dosing.  

 

5.2.3 Water and fish-fillet samples collection the analyses of GSM and MIB  

 

Water samples for GSM and MIB analyses were carried out twice weekly (every Tuesday and 

Friday). They were collected in a 5 L (clean) polypropylene container without head-space from 

each tank and transported to the Chemical Engineering Laboratory, The University of 

Adelaide, at 4
 O

C. Collected water samples were refrigerated (at 4
 O

C) until analyses were 

carried out. For consistency, all samplings were taken at the same location of each tank and 

fixed sampling points were 10 cm below RAS water surface.  

Five (5) fish from each tank were captured at the end of the experimental period (35 day) 

and then euthanized by ice-immersion. They were weighed and filleted at the commercial farm. 

The fillets were placed in plastic bags, tagged and immediately frozen (-4 
O
C) until transport to 
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The Chemical Engineering Laboratory, The University of Adelaide, for analyses of GSM and 

MIB. The fish fillets were transported at 0
 O

C in a cooler box.  

 

5.2.4 Quantification of GSM and MIB in RAS water and fish-flesh 

 

Fish and growth water samples preparation, extraction and quantification were carefully carried 

out as outlined in Sections, 4 2 and 4.4.  

 

5.2.5 General water quality  

 

Three (3) water quality parameters: dissolved oxygen, temperature and pH were measured daily 

on-site using calibrated probes.  

In addition, 1 L of growth water was collected into low-density polyethylene (LDPE) 

containers weekly from each tank for analyses of alkalinity, ammonia, nitrite, nitrate and 

phosphate. Samples were analysed using methods detailed in APHA (2005).  

At the end of the trials (after 35 day) water samples from both tanks were taken for 

analyses of particle size distribution using the method reported in AS 4863.1 (2000).  

Water samples from both tanks were taken on day 1 of the tank for analyses of iron and 

copper using atomic absorption spectrometry, The School of Chemical Engineering, The 

University of Adelaide.  

 

5.2.6 Fish health 

 

Monitoring fish health and well-being was accomplished in two (2) ways: the fish clinical 

records were maintained and physical behaviour were closely monitored in both tanks at the 

farm level, and; at the end of the 35 day period, a ‘blind’ test was completed for fish physiology 

(body weight, length, external lesion and body condition), pathology (flukes i.e.), histology 

(haemorrhage, congestion, coagulative oxidation changes, epithelial lifting, dilation of 

lymphatics, base primary lamella, chloride cell migration, secondary fusion) and (bio)chemistry 

(metabolites) in The School of Animal and Veterinary Sciences, The University of Adelaide, 

with five (5) fish from each tank. 
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5.3 Results  

 

5.3.1 Variation of GSM in growth waters  

 

The initial GSM concentration of commercial RAS growth water (Tank 3A) used to fill both 

control tank and treated (H2O2 dosed) tank was 0.075 µg L
-1

. The variation of GSM 

concentration in both tanks over 35 day period is presented as Fig. 5.3.  

 

 

 

Fig. 5.3 Variation of GSM concentrations in the water of the control tank, T0 ( ) and treated 

tank, T1 ( ) over 35 day. Results are presented as mean concentration of (n = 3) three samples.  

Error bars indicate standard deviation on the triplicates. Limiting concentration for  

GSM (0.015 μg L
-1

) in the growth water is shown with the dashed line 

 

As can be seen in the figure, the GSM concentrations of growth water in the control and 

treated tanks decreased linearly from their initial concentration (day 1) to 0.010 µg L
-1

and  

0.008 µg L
-1

, respectively by day 9. However, after day 9, GSM concentration in the control 

tank increased significantly until day 23. The GSM concentration of the water in the control 

tank reached a maximum of 0.294 µg L
-1

 on day 23, which is around 20 times greater than the  
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taste-taint limiting concentration for GSM of 0.015 µg L
-1

 (Persson & York, 1978; Persson, 

1980). It then began decreasing sharply to reach 0.052 µg L
-1

 at around day 35. 

In contrast, the GSM concentrations of the water in the treated tank were significantly 

lower than that in control tank after day 9. The concentration was, in most cases, well below the 

taste-taint threshold for GSM. In contrast, there was a slight rise in the concentration on day 13 

and 16 when compared with day 9. However, from day 16, the GSM concentration decreased 

with time to around 0.005 µg L
-1

 towards day 35.  

 

5.3.2 Variation of MIB in growth waters  

 

The initial MIB concentration of the commercial RAS growth water used to fill both control 

and treated tanks was 0.035 µg L
-1

. The variation of MIB concentration in both tanks over the 

35 day period is presented as Fig. 5.4.  

 

 

 

Fig. 5.4 Variation of MIB concentration in the water of the control tank, T0 ( ) and treated 

tank, T1 ( ) over 35 day. Results are presented as the mean concentrations of (n = 3) three 

samples. Error bars indicate standard deviation on the triplicates. Limiting concentration for  

MIB (0.018 µg L
-1

) of the growth water is shown with the dashed line  

 

As can be seen in Fig. 5.4, the MIB concentration in both control and treated tanks 

decreased from day 1 from an initial 0.035 to 0.006, µg L
-1

 and 0.005 µg L
-1
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day 9. From then, the MIB concentration in the control tank increased to 0.011 µg L
-1

 on day 

16 and decreased to around 0.004 µg L
-1

 by day 23. Thereafter, the concentration increased to 

0.012 µg L
-1

 by day 30. A slight decrease can be seen towards the end of day 35. This 

concentration (0.010 µg L
-1

) on day 35 is similar to the reported concentration on day 6.  

MIB concentration however in the treated tank decreased continuously towards day 35.  

A significant difference in MIB concentration in both tanks can be seen after day 9. The control 

tank has the greater MIB concentration. On day 30 this is seen to be around 12 times greater 

than that for the treated tank.  

However, MIB concentration in both tanks was well below the reported limiting 

concentration of 0.018 µg L
-1

 (Persson & York, 1978; Persson, 1980). 

 

5.3.3 GSM and MIB in fish-flesh  

 

The fish-flesh analyses for taste-taints chemicals (GSM and MIB) are summarised in Fig. 5.5. 

 

 

 

Fig. 5.5 Concentration of GSM ( ) and MIB ( ) in fish-flesh from control tank, T0 and treated 

tank, T1. Results are presented as the mean concentration of (n = 3) three samples.  

Error bars indicate standard deviation on the triplicates. The consumer rejection threshold 

concentration (~0.70 µg kg-1) for GSM and MIB is shown with the dashed line 

 

As can be seen in the figure, the GSM concentration in fish-flesh from the control tank is 

around 3.4 times greater than those from the H2O2 treated tank. Importantly, the fish-flesh from 
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the control tank exceeded the reported consumer rejection (taste-taint) threshold of 0.74 µg kg
-1

 

for GSM (Jones et al., 2013).  

On the other hand, MIB concentration in the fish-flesh from both tanks is below the 

consumer rejection threshold of 0.70 µg kg
-1

. However, a significance difference can be seen 

between the fish from the two tanks.  

In similar pattern MIB concentration in the fish-flesh from the control tank is seen to be 

around 1.4 times greater than that of fish from the treated tank.  

 

5.3.4 Water quality of the two tanks  

 

The variation in pH and dissolved oxygen (COX) concentration in both tanks during the first  

18 days are given as Fig. 5.6. (This same trend was observed from this time until the end of day 

35, and is not shown in Fig. 5.6).  

As can be seen in the data of Fig. 5.6, both tanks showed almost the same COX (~ 6 mg L
-1

) 

and pH (~ 8) before H2O2 dosing began on day 6. However, the day after dosing (day 7), the 

COX concentration in the treated tank increased to 13 mg L
-1 

rapidly and thereafter gradually 

reached 15 mg L
-1 

by day 12. However, from that period onward the concentration decreases 

(exponentially) to ~ 8 mg L
-1 

by day 15. The concentration remained almost constant until day 

35.  

The results of weekly analyses of NH3 as N (mg L
-1

), NO2
-
 as N (mg L

-1
), NO3

-
 as  

N (mg L
-1

), phosphorus as PO4
3-

 (mg L
-1

) and alkalinity as CaCO3 (mg L
-1

) of the control tank 

and treated tank are presented as Table 5-1. 

These tabulated data show that NH3, NO2
-
 and NO3

-
 in both tanks increased with time. For 

example, the NH3 concentration (columns 2 and 3 of the table) in control tank at day 35 was 6.7 

times greater than of day 1, and; the value in the treated tank was 13.7 times. Additionally, 

there can be seen a distinct difference in the concentrations between the two tanks. 

For example, at the end of day 35, the NH3 concentration in the treated tank is around 2.3 

times greater than that of the control tank. A similar trend can also be seen for NO2
-
 (columns 4 

and 5). However, the NO3
-
 concentration in the control tank is slightly greater than that of 

treated tank. Moreover, the PO4
3
 
- 
concentration (columns 8 and 9) of both tanks increased 

slightly with time, but the difference between the two tanks is not significant.  

There was no significant change to alkalinity concentration (columns 10 and 11) of both 

tanks over time, and also there is not a meaningful difference between the two tanks.  
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The concentration of chemical oxygen demand (COD)
 
and total suspended solids (TSS) in 

the growth water before starting the experiment was found to be in the range of 150 to 250, and, 

50 to 85, mg L
-1

 

 

 

 

Fig. 5.6 Variation of COX and pH in the control (T0) and treated (T1) tank over 18 day 

 

5.4 Discussion 

 

5.4.1 Variation of GSM and MIB in RAS growth waters  

 

The initial GSM and MIB concentration in the commercial RAS growth water were 0.075  

µg L
-1

 and 0.035 µg L
-1

, respectively. These are above the reported limiting taste-taint 

concentration for GSM (0.015 µg L
-1

) and MIB (0.018 µg L
-1

) that could cause the fish to taste 

‘earthy’ or ‘muddy’ (Persson & York, 1978; Persson, 1980).  

The GSM and MIB concentration in both control and treated tanks decreased in the first 

nine (9) days of the RAS fish growth. This can be attributed to the time taken by the 

contaminant microorganisms (i.e. Anabaena, Oscillatoria, Microcystis) to be established. 

Interestingly, this trend in both tanks is comparable to the lag phase of the characteristic 

growth curve of microorganism (Prit, 1975; Barany, 2002). Days 9 to 23 appear to be the rapid 

growth phase of the microorganisms, GSM and MIB are released into the RAS water. This is 

clearly evident with GSM in control tank (Fig. 5.3).  
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Table 5-1 Variation of NH3 as N (mg L
-1

), NO2
-
 as N (mg L

-1
), NO3- as N (mg L

-1
), phosphorus as PO4

3-
 (mg L

-1
) and alkalinity as CaCO3 (mg L

-1
) 

of the control tank and treated tank over 35 day. Sampling was weekly and the average concentration of (n = 3) triplicates is presented.  

The standard deviation of the triplicates is shown in parentheses 

 

 
Day 

 

NH3 as N 

(mg L
-1

) 

 

NO2
-
 as N 

(mg L
-1

) 

 

NO3
-
 as N 

(mg L
-1

) 

 

Phosphorus 

as PO4
3-

 (mg L
-1

) 

 

Alkalinity as CaCO3 

             (mg L
-1

) 

 Control Treated Control Treated Control Treated Control Treated Control Treated 

1 0.31 (0.04) 0.35 (0.04) 0.21 (0.04) 0.28 (0.06) 28.89 (1.24) 29.65 (1.44) 1.61 (0.21) 1.57 (0.26) 120 (5) 120 (8) 

8 0.45 (0.01) 1.76 (0.10) 0.42 (0.08) 0.76 (0.10) 36.12 (1.15) 33.65 (2.28) 1.82 (0.20) 2.01 (0.18) 118 (8) 118 (3) 

15 1.19 (0.11) 2.54 (0.07) 0.80 (0.04) 1.29 (0.17) 53.40 (1.52) 45.27 (1.25) 1.87 (0.49) 2.07 (0.31) 116 (3) 113 (6) 

22 1.62 (0.11) 2.82 (0.08) 1.02 (0.09) 2.03 (0.22) 58.59 (2.18) 51.60 (1.31) 2.02 (0.19) 1.83 (0.28) 113 (3) 115 (5) 

29 1.96 (0.18) 3.42 (0.24) 1.23 (0.12) 2.30 (0.17) 58.15 (1.34) 48.68 (1.37) 2.07 (0.13) 2.14 (0.39) 121 (3) 118 (3) 

35 2.09 (0.17) 3.81 (0.19) 1.32 (0.10) 2.42 (0.16) 62.89 (1.14) 54.67 (0.71) 2.11 (0.28) 2.05 (0.38) 120 (5) 116 (3) 
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In general, the microorganisms are expected to keep producing, storing or releasing the 

taste-taint chemicals once they are established in the RAS system.  

However, this is not observed as there was a decline in GSM concentrations in the control 

tank after day 23. This continued until day 35.  

It is thought the cause of this decrease is microbiological degradation of the GSM. Bio-

degradation of taste-taint causing chemicals by other resident microorganisms in the growth 

water has been reported. For instance, Pseudomonas sp, Bacillus and Anthrobacter species are 

known to be effective in removing these chemicals from water (Izaguirrre et al., 1998; Egashira 

et al., 1992; Yagi et al., 1998; Saadoum and El-Migdadi, 1998).  

Trudgill (1984) and Rittmann et al. (1995) have reported that the biodegradability potential 

of these chemicals is associated with their tertiary alcoholic structure. However, this study did 

not test for the presence of these resident microorganisms in the growth water. 

Findings (Figs. 5.3 and 5.4) clearly demonstrate the efficacy of 5 mg L
-1

of H2O2 as a 

benign biocide in inhibiting GSM and MIB in the RAS growth water. The concentration of 

these taste-taint chemicals in the treated tank was, in most circumstances, below the reported 

limiting concentration that can cause the fish-flesh to taste ‘earthy’ or ‘muddy’.  

However, MIB concentration in the control tank did not increase to the initial 

concentration of 0.035 µg L
-1 

over the experimental period; in contrast to the behaviour of 

GSM. This could possibly be attributed to not having the same population density of MIB 

producing microorganisms in the two (2) experimental RAS growth tanks compared with the 

adjacent commercial production tanks. GSM concentration in the control (untreated with H2O2) 

tank was around four (4) times greater than it’s the initial concentration, at peak. 

Presumably, there might be other factors involved in these variations. These include the 

diversity of flora of taste-taint causing microorganisms, and the different physical and chemical 

properties of these two compounds (Juttner & Watson, 2007; Pirbazari et al., 1992). However, 

it is generally understood that cyanobacteria and actinomycetes are considered to be the major 

contributors for taste-taint as GSM and MIB. Interestingly, certain species are capable of 

producing both molecules (Juttner & Watson, 2007). 

Results suggest, interestingly, that MIB producing microorganisms and/or the behaviour of 

MIB chemicals in RAS growth waters appears to be more complicated than that of GSM 

and/or its producers. This evidence underscores the dynamic nature of taste-taint producing 

microorganisms in RAS, notwithstanding whether they are cyanobacteria or actinomycetes. 

More work at this chemical/ microbiological level appears to be required to ascertain the 

involvement and significance of taste-taint producing microorganisms in RAS.  



92 
 

 
 

As is seen in Fig. 5.3, there is a slight, but likely significance, increase of GSM on day 13 

and 16 in the treated tank after the dosing began on day 6. There are two plausible reasons for 

this: surviving microorganisms might still be producing GSM and nonviable (dead) cells as a 

result of H2O2 addition, and; cells might continue to release stored GSM to the RAS growth 

water.  

The summary comparison data of Fig. 5.5 demonstrates the effectiveness of H2O2 in 

limiting the GSM and MIB accumulation in fish-flesh by controlling these taste-taint chemicals 

in the growth water. The taste-taint concentration accumulated in the fish-flesh is nearly the 

same as their concentration in the growth waters. The GSM concentration in the fish-flesh from 

the control tank has clearly exceeded the consumer rejection threshold concentration. 

Most importantly however, GSM concentration in fish-flesh from the treated tank has not 

reached or exceeded the consumer rejection threshold because of their lower concentration in 

growth water achieved with H2O2 controlled dosed at 5 mg L
-1

.  

However, it is important to restate that taste-taint concentration in growth water that can 

cause the fish-flesh to have ‘earthy’ or ‘muddy’ taste-taint varies in literature. In this study the 

most widely reported concentrations for GSM (0.015 µg L
-1

) and MIB (0.018 µg L
-1

) were 

used for comparison and illustration of the results. There are however reports that lower 

concentration (e.g. 0.003 µg L
-1 

for
 
MIB) is sufficient for tainting fish-flesh (Glencross et al., 

2007).  

The reported consumer rejection threshold concentration for GSM of barramundi is  

0.74 µg kg
-1

 (Jones et al., 2013) and since there was no established value for MIB, it was 

reasonably assumed to be 0.7 µg kg
-1 

given the reported values for similar fish species e.g. 

channel catfish and rainbow trout (Robertson et al., 2005). It is important to note nevertheless, 

the reported threshold level for GSM ranges from 0.025 to 10.0, µg kg
-1 

and for MIB, 0.10 to 

0.70, µg kg
-1 

(Yamprayoon & Noomhorm, 2000; Grimm et al., 2004; Robertson et al., 2005). 

 

5.4.2 Possible mechanisms for the control of GSM and MIB by H2O2 

 

It is reasonable to assume that the control of GSM and MIB with H2O2 could occur in two (2) 

possible ways: either by destroying/inhibiting taste-taints producing microorganisms and/or 

oxidising the taste-taint chemicals.  

There have been reported studies on successful application of low concentration H2O2 

against certain cyanobacteria (Drabkova, et al. 2007a; Drabkova, et al., 2007b). This 

mechanism is most probably due to its capacity to produce Reactive Oxygen Species (ROS) 

such as free radicals, singlet oxygen and superoxide ion radicals which have potential to 
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damage lipid, DNA, protein and the defensive system of the biota (Kohen & Nyska, 2002). As 

there are no previously published reports concerning the use of H2O2 against growth of 

actinomycetes, given the chemistry of H2O2, this could be considered as one possible 

mechanism of controlling these microorganisms in the RAS growth water.  

It is important however try to understand the mechanism of H2O2 control in RAS growth 

waters.  

When H2O2 is added to the water, it can generate a number of ROSs based on the pH value 

of the growth water. As can be seen in Fig. 5.6, the reported pH value of the treated tank was in 

the range of 6 < pH < 8. Therefore, under these circumstances the most probable ROSs that 

may be generated in the growth waters are likely to be hydroxyl radical (•HO
.
; pH < 11.9) and 

superoxide anion (O2
–
; pH > 4.8) (Lide, 2006). Moreover, the formation of these species is 

influenced by H2O2 concentration. For e.g. generation of hydroxyl radicals is reported to be 

greater under lower concentration (Petri et al., 2011), whereas superoxide anions could be 

prominent under higher concentration (Smith et al., 2004).  

Another species that can be formed under these conditions is singlet oxygen (
1
O2). These 

are highly reactive and tend to react with particulate organic compounds. However, their half-

life in water is very short (a few-seconds) (Petri et al., 2011).  

Atmospheric oxygen (O2) is another species generated through the decomposition of H2O2; 

it is the most stable species.  

Within the given facts, it can be reasonably assumed that oxidation of GSM and MIB 

chemicals occurs either by direct oxidation or through free radicals.  

 

5.4.3 Variation of pH and dissolved oxygen (COX) in the trial RAS tanks 

 

Importantly, organic matter is a promoter of H2O2 dissociation into oxygen and water (in 

addition to light and turbulence). This decay is enhanced by neutral pH of the growth water 

(Petri et al., 2011). The rise of COX concentration from 6 to 13, mg L
-1 

in the treated tank within 

a day of H2O2 dosing (Fig. 5.6) is apparently associated with the presence of greater organic 

matter. 

The growth water of the treated tank started to become more turbid when compared with 

the control tank at around day 12 and the measured colour value was APHA units ~125 

(spectrophotometer). A greater colour value of APHA units ~225 was found on day 15 that 

remained constant towards the end of 35 day.  

This constant COX concentration and the colour value(s) of the tank(s) are associated with 

the presence of lower level of organic matter to react with H2O2. It is important to note that the 
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growth water continued to be supplied with organic matter in the form of leftover food and fish 

excretions. Understandably, these would facilitate decomposition of H2O2, and this could have 

led to the greater COX concentration in the treated tank over that of the control tank. COX 

concentration in the control tank was almost constant around 6 mg L
-1

 throughout the 

experimental period. In addition, the growth water of the control tank was clearer, although 

sediment/sludge could be seen on the tank bottom. The measured colour value was less than 

APHA units 5. 

The pH value of both tanks was around 8, over the experimental period of 35 day. H2O2 can 

behave as a reducing agent in a slightly alkaline medium i.e.  

 

  eHOOH 22222 (E
0 

= -0.69 V) (5.1) 

 

This process produces H
+
 (hydrogen ion) into the growth water (Eq. 5.1). It is assumed that this 

would eventually decrease the pH value. Because pH is a critical factor in all aquaculture 

systems (as it governs most of the physical, chemical and biological reactions) significant, 

changes in pH could result in collapse of the RAS biological systems. 

The pH value of the treated tank did not change meaningfully as a result of H2O2 addition, 

and the stabilization of pH value was achieved through the buffering capacity of the growth 

water. This buffering action is mainly governed by the alkalinity. 

Accordingly, the water from both tanks was tested for alkalinity weekly. They were found 

to be in the range of 113 to 121, mg L
-1 

(as CaCO3) in both (see Table 5-1). 

It is presumed that the oxidisation of organic matter in the treated tank would increase the 

concentration of carbonic acid; and, this would then improve the buffering capacity for H
+ 

which is released by the decomposition of H2O2.  

 

5.4.4 Nutrients and water quality  

 

The increase in NH3 concentration in the treated tank (Table 5-1) is greater than that of the 

control tank over time. This might be because of the inhibition of nitrifying bacteria in the 

treated tank due to H2O2 dosing. This is further evidenced by greater NO2
-
 concentration in the 

treated tank. 

Another plausible reason is the more suitable growth conditions for heterotrophic bacteria, 

due to smaller sizes of organic matter (< 1.0 µm – see Fig. 5.8). This would give a competitive 

advantage to heterotrophic bacteria over autotrophic bacteria by impairing the nitrification 

process.  
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However, barramundi is a hardy fish and seems to have the potential to survive and thrive 

under varying water quality ranging from freshwater to higher salinity (Barramundi 

Aquaculture Prospect, 2015). Moreover, NH3 toxicity is dependent on the pH of the system, and 

given the condition of near neutral pH (~ 8); NH3 is more likely to remain as the less toxic 

ionized form (NH4
+
) in the treated tank (Thurston et al., 1981).  

The rise of NH3 concentration over time in the control tank can be attributed to the lower 

efficiency of the biological filters used or the accumulation of waste material such as leftover 

food in the bottom of the tank. Industry practices such as 5 to 10, % of water exchange and 

sediment /sludge removal would help improve water quality by reducing the build-up of NH3 

and NO3
-
 in the RAS growth water (van Rijn, 1996; Masser et al., 1999). However, sludge 

removal or water exchange was not performed in the trials because it might change the 

condition of the RAS system.  

Despite these potential concerns, there is evidence that H2O2 has capacity to decompose 

harmful substances such as NH3 and NO3
-
 in growth water (Aguilar & Guzman, 2013). 

There was a slight increase in PO4
3-

 in both tanks over the trial time; this is possibly because of 

the nutrients released by fish excretion and leftover food. Results (Table 5-1) indicate that there 

was possibly enough NO3
-
 and PO4

3-
 in the growth water to meet the nutrient requirement of the 

microorganisms.  

 

5.4.5 Potential benefits and implications observed in H2O2 trials  

 

Appearance of the fish  

One of the most noticeable differences between fish from treated and a control tank was skin 

colour.  

Photographs highlight the appearance of the fish from the control and the treated tanks  

(Fig. 5.7). It was observed that fish from the treated tank showed ‘brighter’ skin than fish in 

from the control tank. The visual assessment was done by the industry expert, Mr Steven 

Mawer who has been in the industry more than 15 years. 

This is a benefit that could increase the marketability of the fish. This is because a recent 

market survey has revealed that consumers look for ‘whiter’ fish that appear similar to those 

caught in the wild (Howieson et al., 2013). Therefore whiter fish as a result of with H2O2 dosing 

is potentially an economic benefit to RAS farmers, although this is not quantified here.  
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Fig. 5.7 Appearance of fish from control, T0 and treated, T1 tanks after 35 day 

 

Breakdown of larger organic matter  

The particle size distribution of the growth waters in the control and treated tanks is presented 

as Fig. 5.8.  

As can be seen, particles around 0.5 to 1, µm in the treated tank growth water were of 

several magnitudes greater in number than that in the control tank. It is concluded that this is a 

demonstration of the impact H2O2 had in breaking-down relatively large organic matter to 

smaller and more easily bio-degradable matter.  

The particle size distribution was analysed using a laser optical particle counter (Australian 

Water Quality Centre, Adelaide). The instrument had sizing sensitivities from 0.5 to 20, μm and 

15 user-adjustable channels. Each channel measured the concentration of particles of the 

diameter specified by size channel (e.g. 2 μm); to the diameter specified by the next size 

channel (e.g. 2 μm channel measures particles between 2 to 3, μm in diameter). The highest size 

channel (20 μm) measures the concentration of all particles exceeding this diameter). 

Accumulation of organic matter in the biological filters is a major concern in the RAS 

industry. This is because it reduces the surface area of the filters and thereby impairs the 

nitrification (Badiola et al., 2012; Eding et al., 2006). This leads eventually to increased levels 

of toxic chemicals such as ammonia and nitrite in the growth water that would eventually affect 

fish health and well-being negatively (Badiola et al., 2012). Further, accumulation of organic 

solid, can block water flow through the filters. The unwanted blockages provide a congenial 

environment for both autotrophic and heterotrophic bacterial population to thrive on the 

biological filters (Martins. et al., 2010). 

Treated (T1) Control (T0) 
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Fig. 5.8 Particle size distributions in the control ( ) and treated ( ), tank RAS growth waters 

 

Reducing particle accumulation in the RAS helps to increase the hydraulic pressure across 

the biological filters (Pedersen & Pedersen 2012), and improves water recirculation in the RAS 

system.  

Moreover, removing larger particles helps smooth operation of the pumps (Badiola et al., 

2012). This will in turn reduce the cost and time for tank cleaning and sludge removal.  

It is evident from the trial-data of Fig. 5.8 that an additional (unexpected) benefit to RAS 

farmers of H2O2 dosing is to mitigate organic matter to improve recirculation and performance 

of the biological filters.  

 

Improved organic carbon  

Organic carbon plays vital role in RAS, as it enhances heterotrophic denitrification (van Rijn, 

2013). Dosing with H2O2 promoted formation of dissolved organic carbon in the RAS. The total 

organic carbon in the treated tank at the end of the 35 day period was 28 mg L
-1

. This 

concentration is around six (6) times greater than that in the control tank (4.7 mg L
-1

). An 

abundance of smaller and more easily bio-degradable particles ensures an adequate carbon 

supply for both autotrophic and heterotrophic bacteria in the RAS system.  
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Additionally, H2O2 dosing therefore seems to be a significant solution to carbon 

requirements in RAS.  

 

C:N ratio 

The C:N ratio of the treated tank growth water at the end of the 35 day period was 0.325, which 

is around five (5) times greater than that of the control tank (0.068).  

This increase of the C:N ratio as a consequence to H2O2 dosing is seen to help 

heterotrophic bacteria to outcompete autotrophic bacteria, particularly in the biological filters 

(Michaud et al., 2006).  

 

Effect of dissolved oxygen  

The increase of COX concentration in RAS growth water (Fig. 5.6) improves the performance of 

RAS in a number of ways.  

When the COX concentration is high, the respiration, metabolism and feeding activities of 

the fish are improved. The improvement of overall physiological conditions of the fish means 

they are less likely to be at risk of diseases and eventually sustain healthy life with fast growth.  

 

Dispersion of particles  

The potential to break up large organic molecules into small particles increases the water 

colouration and reduces flocculation.  

Therefore, this may be a potential disadvantage of using H2O2 to manage taste-taint. 

However, it is not easy to draw any definite conclusion as commercial-scale RAS operation is 

dissimilar to pilot-scale because of the larger water volume, higher stocking densities, more 

feed inputs and generation of greater waste etc. 

 

Fish health 

A fish health study was undertaken by a research group led by Dr Stephen Pyecroft, Veterinary 

Pathology, The School of Animal and Veterinary Sciences, The University of Adelaide. Careful 

examination (‘blind test’), showed there were no significant difference between the fish from 

the two tanks in terms of physiology, histology and (bio)chemistry.  

Importantly however, the number of gills flukes was very much lower in the fish from the 

treated tank than that of the control tank. 

Further, fish histology results indicated that there were no significant adverse conditions on 

gills of the fish from the treated tank.  
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Overall therefore, application of low dose H2O2 for prolonged time in these pilot-scale 

trials seems to be well within a ‘safe’ level for the barramundi fish. There were however 2/20 

mortalities in the control tank and 3/20 mortalities in the treated tank during the course of the 

experimental pilot-study. The reason for these mortalities could not be determined.  

 

5.5 Concluding remarks 

 

This preliminary pilot-scale investigation has demonstrated that low dosing of H2O2 (5 mg L
-1

) 

appears to work well to mitigate development of GSM in typical commercial RAS growth 

water and to control this taste-taint chemical concentration below the limiting concentration that 

causes fish-flesh to taste ‘earthy’ or ‘muddy’ (taint). Because MIB concentrations in both tanks 

were below this limiting concentration, the efficacy of H2O2 could not be compared in this same 

way as with GSM.  

The controlling mechanism by H2O2 appears to be either through destroying taint 

producing microorganisms and/or oxidising the taint chemicals.  

Fish-flesh analyses demonstrated that continuous dosing of 5 mg L
-1 

H2O2 did limit the 

GSM concentration below the reported consumer rejection threshold. Importantly, 

concentration in the fish-flesh from the control tank was greater than this reported threshold.  

Continuous dosing with low concentration of H2O2 did not impact negatively on the pH of 

the RAS growth water and importantly fish well-being was not adversely affected. 

Findings therefore underscore that in addition to improving the flavour of RAS barramundi 

through taint-chemical mitigation there are other potential benefits of low doing with H2O2. 

These include a fish product of whiter colour, an increased COX in the growth water, a reduction 

in the number of gill flukes, and improved particles distribution with increased C:N ratio, and; 

improved availability of organic carbon in the growth water.  

It is concluded, results of this pilot-study provide compelling new evidence that controlled, 

low dosing of RAS growth water with H2O2 will inhibit GSM and MIB concentration in the 

water and subsequently in the fish-flesh of barramundi. 

 

Next chapter  

 

Dosing RAS growth water with H2O2 to inhibit GSM and MIB has been shown to be effective 

and ‘safe’. An important next step however is to optimise the H2O2 concentration for 

commercial-scale application. The next chapter reports studies for optimisation of H2O2 dosing 

in RAS farming of barramundi. 
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CHAPTER 6: OPTIMISATION OF HYDROGEN PEROXIDE DOSING  

FOR COMMERCIAL-SCALE RAS APPLICATION 
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6.1 Introduction 

 

The application of low concentration (5 mg L
-1

) H2O2 was found to be effective in controlling 

GSM in growth water and also, importantly, not detrimental to fish well-being.  

There is an opportunity therefore to ‘optimise’ the H2O2 concentration for application in 

commercial RAS. A 5 mg L
-1 

of H2O2 is a possible mid-value of at least three (3) potential 

concentrations that could be suitable commercial-scale RAS application. Two alternate 

concentrations are 2.5 and 10, mg L
-1

, respectively.  

To optimise the H2O2 concentration, two pilot-scale studies were carried out. These trials 

were covered different time frames because there was one only, dedicated and new dosing 

sensor and apparatus. 

 

6.1.1 This study 

 

The objective of the work reported in this chapter was to identify the most suitable 

concentration of H2O2 that could be used in commercial-scale RAS with barramundi fish. In all, 

three (3) doses are examined, 2.5 and 10.0, mg L
-1 

together with 5.0 mg L
-1

.  

The criteria used for optimisation are the variation of GSM and MIB chemicals in the 

growth water and their consequent concentration in the fish-flesh. 

 

6.2 Materials and methods  

 

6.2.1 Experimental design 

 

The experimental setup was identical for that with 5 mg L
-1

 of H2O2 reported in  

Chapter 5. However, different nursery tanks, placed in the same RAS shed with the same 

volume (2,500 L) were used. (These nurseries are shown in Fig. 5.1 of Chapter 5).  

Each H2O2 dose was trialled separately, 2.5 mg L
-1

 followed by 10 mg L
-1

. The same 

mechanical and biological canister filters were used. These were cleaned and regenerated before 

being reused in each experiment. Commercial RAS growth water (from Tank 3A Southern 

Barramundi Farm, South Australia) was used to fill the nurseries. They were aerated equally 

with an external air generator. The number of fish (20) and their approximate mass (0.4 kg) and 

environmental conditions remained the same. The closed-loop circulation system shown in  

Fig. 5.2 in Chapter 5 for 5 mg L
-1

 dosing was used.  
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6.2.2 Dosing apparatus setup  

 

The dosing apparatus parameters were set at 2.5 mg L
-1 

(W = 2.5
 
mg L

-1
) (see Fig. 4.2 and 

Appendix D).
 
For 10.0 mg L

-1 
dosing, settings used were: upper limit = 15.0 mg L

-1
, lower limit 

= 2.5 mg L
-1

, ‘XP’ value = 12.5 mg L
-1

, and set value W = 10.0 mg L
-1

.  

The stroke rate of the pump was kept constant at 10 pulse min
-1 

for both trails to avoid the 

system from being overdosed. This is based on the low H2O2 concentration to be maintained in 

the system. The water flow through the sensor was maintained at a constant rate of 80 L h
-1

.  

The H2O2 sensor was calibrated as described in the Section 4.4.4, before being used for 

experimental work with each dosing. Interox 50 % (w/w) commercial grade liquid H2O2 was 

used as a source of H2O2 (obtained from Chem-supply Pty Ltd, South Australia). 

 

6.2.3 Water and fish sampling program  

 

Water samples for GSM and MIB were analysed twice-weekly exactly as in the previous trail 

with 5 mg L
-1

 dosing with H2O2. In addition, the number of water and fish samples collected, the 

period that experiments were undertaken, fish samples preparation at the farm, and water and 

fish samples transportation and the taste-taint chemicals analyses in the collected samples were 

identical to those detailed in Chapter 5. This permitted a direct comparison and evaluation in 

the optimisation study. 

  

6.2.4 General water quality and fish health study  

 

Three (3) water quality parameters: dissolved oxygen, temperature and pH were measured daily 

on-site using calibrated probes. Water samples were analysed for ammonia, nitrite and nitrate. 

However, alkalinity, phosphorus and particle size distribution were not considered in these 

two trials because this work was intended for optimisation of H2O2 dosing. Moreover, fish 

clinical records were maintained and physical appearance was closely monitored for each trial 

at the Farm. 

 

6.3 Results  

 

6.3.1 Variation of GSM and MIB in growth water with 2.5 mg L
-1

 H2O2 dosing 

 

The variations of GSM concentrations in T2 (control) and T3 (treated) tanks over the 35 day 

period are summarised and presented in Fig. 6.1.  
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It is seen the GSM concentrations in both tanks decreased almost linearly from their initial 

concentration of 0.05 to 0.02, µg L
-1 

by
 
day 6.  

 

 

 

Fig. 6.1 Variation of GSM concentration in control T2 ( ) and treated, T3 ( ) tank over  

35 day when treated with 2.5 mg L
-1

 of H2O2. Results presented are the average of (n = 3) 

replicates. Error bars indicate standard deviation on the triplicates  

 

However, after day 6, the GSM concentration in the control tank increased rapidly until 

day 20, to a maximum concentration of 0.076 µg L
-1

. However, it then began decreasing 

sharply to drop to 0.052 µg L
-1

 at around day 30. From then, the rate of decrease was slower 

towards the end of day 35. In general, except day 30 and 35, the GSM concentrations in the 

control tank were above the limiting concentration for GSM (0.015 µg L
-1

) throughout.  

As is seen in the figure, GSM concentrations in the treated tank decreased until day 9. 

From then, the concentration increased until day 13. The concentration decreased gradually 

from day 13 to day 35 until it was below the limiting concentration after day 20.  

The MIB concentration in the control tank, T2 (Fig. 6.2) decreased on day 1 from an initial 

concentration of 0.025 to 0.006, µg L
-1

 by day 9. The same trend is evidenced in the treated 

tank, T3 until day 6 when its concentration was 0.005 µg L
-1

.  

From then, the concentration in the control tank began to increase to 0.012 µg L
-1

 on day 

20 and decreased gradually to around 0.004 µg L
-1

 by day 35.  
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Fig. 6.2 Variation of MIB concentration in control T2 ( ) and treated, T3 ( ) tank over 35 day 

when treated with 2.5 mg L
-1

 of H2O2. Results presented are the average of  

(n = 3) replicates. Error bars indicate standard deviation on the triplicates  

 

The MIB concentrations in the treated tank increased from day 9 to 13 and then decreased 

linearly until day 20. From then, the concentration gradually decreased towards day 35. 

However, the concentration difference between day 20 and day 30 was not significant and was 

almost 0.001 µg L
-1

. As can be seen, except for day 1 the MIB concentration in either did not 

reach the reported limiting concentration of 0.018 µg L
-1

. Additionally the values are well 

below the initial concentration.  

 

6.3.2 Variation of GSM and MIB in growth water with 10.0 mg L
-1

 H2O2 dosing 

 

The variation of GSM concentration in T4 (control) and T5 (treated) tanks over the 35 day 

period are presented as Fig. 6.3. As is seen in the figure, the GSM concentration in both tanks 

decreased from their initial concentration of 0.06 µg L
-1

 to 0.02, µg L
-1 

by day 6. However, after 

day 6, the GSM concentration in both tanks began to increase. This increase in concentration in 

the treated tank was up to day 13 (0.032 µg L
-1

) and was not significantly different from the 

concentration on day 6 (0.023 µg L
-1

). From then, the concentration in the treated tank started 

decreasing gradually until day 35.  
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Fig. 6.3 Variation of GSM concentration in control T4 ( ) and treated, T5 ( ) tank, over 35 

day when treated with 10.0 mg L
-1

 of H2O2. Results presented are the average concentrations of 

(n = 3) replicates. Error bars indicate standard deviation on the triplicates  

 

In contrast, the concentration in the control tank increased until day 23 where it reached a 

maximum concentration of 0.155 µg L
-1

. From there, it is seen to decrease linearly until day 35, 

where the concentration was 0.034 µg L
-1

. 

In general, the GSM concentrations in the control tank were above the limiting 

concentration (0.015 µg L
-1

) throughout the experimental trial. On the other hand, 

concentrations in the treated tank fell to the limiting concentration on day 20 whilst it decreased 

from day 13 to 35.  

The MIB concentration in the control tank (Fig. 6.4) decreased sharply on day 1 from their 

initial concentration of 0.025 to 0.010, µg L
-1

 by day 6. The same trend was evidenced in the 

treated tank until day 9 where it the concentration was 0.005 µg L
-1

. The concentration in the 

control tank continued to decrease further from day 6 to 13 with a ‘slow’ rate and increased 

again to reach a maximum 0.013 µg L
-1

 by day 20.  
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Fig. 6.4 Variation of MIB concentration in control T4 ( ) and treated, T5 ( ) tank over 35 day 

when treated with 10.0 mg L
-1

 of H2O2. Results presented are the average concentrations of  

(n = 3) replicates. Error bars indicate standard deviation on the triplicates  

 

From there, the concentration decreased to 0.002 µg L
-1

 by day 35. The treated tank 

showed similar concentrations: both days 9 and 13, and decreasing to 0.001 µg L
-1

 by 23. The 

concentration remained (almost) constant until day 35. As can be seen, MIB concentrations in 

both tanks did not reach the limiting concentration of 0.018 µg L
-1

. 

 

6.3.3 GSM and MIB in fish-flesh  

 

The fish-flesh analyses for taste-taints chemicals, GSM and MIB for control tanks T2, and T4 

and treated tanks T3, and T5 with dosing of 2.5 and 10.0, mg L
-1

, respectively are shown as  

Fig. 6.5.  
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Fig. 6.5 Concentration of GSM ( ) and MIB ( ) in fish-flesh in control tanks T2, T4, and treated 

tanks T3 and T5 with 2.5 and 10.0 mg L
-1 

dosing with
 
H2O2, respectively.  

Results are presented as the average concentration of (n = 3) replicates. Error bars indicate 

standard deviation on the triplicates. The consumer rejection threshold concentration  

(~0.70 µg kg
-1

) for GSM and MIB is shown with the dashed line 

 

As can be seen in Fig. 6.5, the GSM concentrations in fish-flesh from the control tanks (T2 

and T4) was greater than that from the treated tanks (T3 and T5) and importantly were above the 

consumer rejection threshold of 0.74 µg kg
-1

 (Jones et al., 2013).  

The MIB concentrations in fish-flesh of all tanks were below the consumer rejection 

threshold (0.70 µg kg
-1

).  

However, clear differences in the concentrations in fish-flesh of treated and untreated water 

could be seen at both pilot-scale studies, underscoring the significant possible impact of dosing 

with H2O2 to mitigate GSM and MIB.  

 

6.3.4 Water quality of the tanks 

 

The results of weekly analyses of NH3 as N (mg L
-1

), NO2
-
 as N (mg L

-1
), and NO3

-
 as N  

(mg L
-1

), of tanks T2, T3, T4 and T5 are summarised and presented as Table 6-1. 
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The data show that NH3, NO2
-
 and NO3

-
 concentrations in all four (4) tanks have increased 

with growth time. The NH3 concentration in treated tanks (T3 and T5) with H2O2 dosing, were 

greater than in the control tanks (T2 and T4) in each week (except the first). Importantly, NH3 

concentration in Tank T5 which was treated with 10.0 mg L
-1

 H2O2 was greater than the treated 

tank with 2.5 mg L
-1 

dosing. It is seen that the NO2
-
 concentration in all four (4) tanks has 

increased over time. 

In general, relatively greater concentration of NO2
-
 was observed in treated tanks than 

compared with the untreated tanks. The NO3
-
 concentration in all four (4) tanks has increased 

over growth time.  

 

6.3.5 Fish health  

 

Control tanks  

Fish clinical records (Southern Barramundi Farm, South Australia) indicated that the fish from 

the control tanks (T2 and T4) showed no signs of stress, or as far as could be determined change 

of physical behaviour. The fish were found to be healthy over the course of experimental period 

except for a low mortality from both tanks, with three fish (3) out of 20 that were found dead in 

both tanks and occurred after 20 days growth. 

  

Treated tanks  

The fish from the treated tank, T3 (2.5 mg L
-1

), were found to be healthy and without signs of 

stress. However, four (4) out of 20 fish died between day 15 and day 35. They were examined 

at the Farm but no visible damage to the gills was found. In addition, no external lesions were 

seen on the fish body.  

However, fish from the treated tank, T5 started showing stress conditions over time. They 

showed change of swimming pattern and low feeding from when dosing began. After day 15 

the fish were observed to start dying. Twelve (12) out 20 fish were found dead towards the end 

of the experimental period. Again, no visible gill damage or external lesions were seen in any of 

these fish.  
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6.4 Discussion  

 

6.4.1 Comparison of the GSM concentrations in water from three (3) pilot-scale studies  

 

The GSM concentrations of six (6) tanks in the pilot-scale studies are shown in Fig. 6.6. As 

previously highlighted the GSM concentrations in treated tanks were lower than the control 

tanks. Therefore, all three low H2O2 concentrations have been effective in controlling the GSM 

development in growth water. Notably, the GSM concentrations in growth water of the treated 

tanks increased after a couple of days from when dosing began. This phenomenon was first 

seen in the preliminary investigation with 5 mg L
-1

 of H2O2 (Chapter 5) and it was replicated 

with the experiments for these other two concentrations. As discussed in Chapter 5, this 

increase of taste-taint compounds in growth water is identified as possible disadvantage of 

using oxidants.  

Following careful assessment of the data from treated tanks, the trials with 5 mg L
-1 

appear 

to produce better results than the other two concentrations experimented.   
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Table 6-1 Variation of NH3 as N (mg L
-1

), NO2
-
 as N (mg L

-1
), and NO3

-
 as N (mg L

-1
) of the tanks T2 (control), T3 (treated with 2.5 mg L

-1
), T4 

(control) and T5 (treated with 10.0 mg L
-1

). Sampling was weekly and the average concentration of (n = 3) replicates is presented.  

The standard deviation of the triplicates is shown in parentheses 

 

 

Day NH3 as N 

(mg L
-1

) 

 NO2
-
 as N 

(mg L
-1

) 

NO3
-
 as N 

(mg L
-1

) 

 

 

T2 T3 T4 T5 

 

T2 T3 T4 T5 

 

T2 T3 T4 T5 

 (Control) (Treated) (Control) (Treated)  (Control) (Treated) (Control) (Treated)  (Control) (Treated) (Control) (Treated) 

  2.5 mg L
-1

  10.0 mg L
-1

   2.5 mg L
-1

  10. mg L
-1

   2.5 mg L
-1

  10. mg L
-1

 

1 0.18 (0.04) 0.19 (0.03) 0.21 (0.05) 0.22 (0.04) 

 

0.12 (0.04) 0.11 (0.03) 0.21(0.06) 0.28 (0.05) 

 

35.65 (1.35) 33.89 (1.14) 35.89 (1.34) 34.65 (1.44) 

8 0.95 (0.10) 1.01 (0.07) 0.65 (0.08) 1.06 (0.10) 

 

0.56 (0.10) 0.22 (0.05) 0.82 (0.09) 0.96 (0.10) 

 

37.65 (2.28) 38.12 (1.15) 41.12 (2.05) 43.65 (2.18) 

15 1.00 (0.07) 1.50 (0.08) 1.19 (0.11) 2.54 (0.09) 

 

0.88 (0.11) 0.80 (0.08) 0.95 (0.11) 1.32 (0.27) 

 

43.27 (1.25) 40.40 (1.62) 53.40 (1.62) 48.27 (1.85) 

22 1.28 (0.17) 2.18 (0.12) 1.62 (0.11) 3.82 (0.08) 

 

1.03 (0.09) 0.98 (0.09) 1.12 (0.09) 1.96 (0.22) 

 

48.60 (2.31) 42.59 (1.85) 57.59 (2.08) 54.25 (1.51) 

29 1.45 (0.20) 2.45 (0.19) 1.86 (0.18) 4.42 (0.23) 

 

1.13 (0.13) 1.83 (0.12) 1.33 (0.15) 2.10 (0.17) 

 

51.68 (1.37) 48.15 (1.01) 61.15 (1.84) 55.68 (1.87) 

35 2.01 (0.25) 2.75 (0.24) 2.22 (0.17) 5.01 (0.13) 

 

1.52 (0.18) 2.12 (0.10) 1.82 (0.20) 2.82 (0.16) 

 

58.67 (2.71) 53.89 (1.25) 65.89 (1.74) 60.67 (2.56) 
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This evaluation is based on the number of days below the threshold concentration. For instance, 

the number of days for 5 mg L
-1

 was 8 and for 2.5 and 10.0 mg L
-1

 was 6 and 5,
 
respectively.

 
  

 

 

 

Fig. 6.6 Comparison of the variations of GSM concentrations in control tanks, T0, ( ), T2, ( ) 

and T4 ( ) and treated tanks T1 ( ), T3 ( ) and T5 ( ) with 5.0, 2.5 and 10.0, mg L
-1

 dosing 

with
 
H2O2, respectively over 35 day growth period 

 

However, around day 20 the GSM concentrations in all three (3) treated tanks have 

reached the limiting concentration or just below it.  

However, it is difficult to draw a definite conclusion based on the inhibition of the GSM 

concentration in growth water because the initial concentrations were not similar in each trial. 

A highly probable reason is that water was taken from commercial growth tank (Tank 3A) at 

different time frame for trial experiments and that may have led to uncertainties in the 

composition of the taste-taint producing microorganisms at each case. This is simply because 

RAS has a dynamic and complex aquatic environment.  

 

6.4.2 Comparison of the MIB concentrations in water from three (3) pilot-scale studies 

  

In the meantime, the MIB concentrations of six (6) tanks in the pilot-scale studies are 

shown in Fig. 6.7. As can be seen, except for the first two or three days, the MIB 
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concentrations in all tanks did not reach the limiting or its initial concentration. The variation of 

the MIB in treated tanks showed apparent exponential decrease with some fluctuations over 

time. However, the concentrations were always greater in control tanks than the treated tanks 

except in the early period. 

Nevertheless, a difference between the treated and control tanks can be seen, showing the 

effectiveness of H2O2 against the development of MIB in RAS growth water. 

 

 

 

Fig. 6.7 Comparison of variation of MIB concentrations in control tanks, T0, ( ), T2, ( ) and 

T4 ( ) and treated tanks T1 ( ), T3 ( ) and T5 ( ) with 5.0, 2.5 and 10.0, mg L
-1

 dosing with
 

H2O2, respectively over 35 day growth time 

 

From Figs. 6.6 and 6.7, it can be concluded that all three low concentrations appeared to 

have worked well for controlling the taste-taint compounds in RAS growth water. 

 

6.4.3 Comparison of GSM/MIB concentrations in fish-flesh from three (3) pilot-scale 

studies  

 

The fish-flesh analyses results for taste-taints compounds, GSM and MIB of the three (3) pilot-

scale studies are shown in the Fig. 6.8. As can be seen in the figure, the GSM concentrations of 
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fish-flesh from controls tanks (T0, T2 and T4) were greater than that of the treated tanks (T1, T3, 

and T5).  

More importantly, the fish-flesh from each of the control tanks has exceeded the reported 

consumer rejection (taste-taint) threshold of 0.74 µg kg
-1

 for GSM (Jones et al., 2013). Out of 

the three (3) control tanks, the greatest GSM concentration in fish-flesh was from tank T0 which 

is comparable to the reported greatest concentration of GSM in growth water of that tank.  The 

next higher concentration was in fish-flesh from tank T4 and was greater than those from T2. 

The GSM concentrations of fish-flesh from treated tanks showed somewhat similar result trend 

and the differences were not considered significant. They were below the reported consumer 

threshold concentration. 

 

 

 

Fig. 6.8 Concentration of GSM ( ) and MIB ( ) of fish-flesh in control tanks T0, T2 and T4 and 

treated tanks T1, T3 and T5 with 5.0, 2.5and 10.0, mg L
-1

 dosing with
 
H2O2, respectively.  

Results presented are the average concentrations of (n = 3) replicates. Error bars indicate 

standard deviation on the triplicates. The consumer rejection threshold concentration 

 (~0.70 µg kg
-1

) for GSM and MIB is shown with the dashed line 

 

On the other hand, MIB concentrations in fish-flesh from all six (6) tanks were below the 

consumer rejection threshold of 0.70 µg kg
-1

. In general their concentrations in control tanks 

were greater than the treated tanks.  
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The comparisons of fish-flesh analyses results underpin that three (3) low H2O2 

concentrations experimented have been able to reduce the accumulation of taste-taint 

compounds in fish.  

 

6.4.4 Evaluation of the water quality of six (6) tanks  

 

The NH3 concentration in the RAS growth water is used to evaluate the possible impact of 

H2O2 on water quality of these three pilot-scale studies. The reason for choosing NH3 from 

alternate water quality indicators is because it can be used to study the possible implication on 

nitrifying bacteria on biological filters.  

Fig. 6.9 shows the variations of the NH3 concentrations of the growth waters in six (6) 

tanks. As can be seen, NH3 concentrations have increased over time in all six (6) tanks.  

 

 

 

Fig. 6.9 Variation of NH3 as N (mg L
-1

) in T0 ( ), T1 ( ), T2 ( ), T3 ( ), T4 ( ) and T5 ( ) 

in weekly water sampling. Results presented are the average concentrations of (n = 3) 

replicates. Error bars indicate standard deviation on the triplicates 

 

Additionally, in descending order, the greatest NH3 concentration was in the growth water 

of the treated tank, T5 which was treated with 10 mg L
-1 

of
  
H2O2 followed by that in treated 

tank, T1 and lastly by that in treated tank, T3 tank.  
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Therefore, it can be inferred that the greater the H2O2 concentrations dosed, the greater the 

NH3 build-up in growth water. This is probably because of impaired nitrifying bacteria in the 

growth water and biological filters. Additionally, Fig. 6.9 shows the continuous dosing of H2O2 

causes an increase in the NH3 concentration in the RAS growth water.  

 

6.4.5 Fish health and well-being  

 

The fish clinical reports obtained from the Southern Barramundi Farm and Dr Stephen 

Pyecroft, Veterinary Pathology, The School of Animal and Veterinary Sciences, The University 

of Adelaide, indicate that dosing of 2.5 and 5.0 mg L
-1

 of H2O2 had no detrimental effect on the 

fish.  

However, there were fish mortalities. A definite reason could not be established. However, 

fish mortalities are common in RAS due to natural causes. 

Fish mortalities during the pilot-scale studies at the end of a 35 day period for H2O2  doses 

are summarised in the Table 6-2. 

 

Table 6-2 Fish mortalities at the end of 35 day period from three (3) pilot-scale studies 

 

H2O2 (mg L
-1

) Fish mortalities  

 Control Treated 

2.5 3 4 

5.0 2 3 

10.0 3 12 

 

It can be seen there is no clear pattern within increased dose concentration of H2O2.  It can 

be concluded natural causes are responsible.  

 

6.5 Concluding remarks 

 

Pilot-scale trials with three (3) low concentrations of H2O2 dosing highlighted the potential of 

controlling taste-taint development in RAS growth water as GSM and MIB, and their 

accumulation in barramundi fish-flesh. Water quality analyses showed that greater 

concentration of H2O2 increased the NH3 concentration in the RAS growth water over time. 

This is possibly attributed to the inhibition of nitrifying bacteria in the growth water.  
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Continuous dosing of 10.0 mg L
-1

 of H2O2 appeared to adversely affect fish-health 

negatively. Owing to this, 10.0 mg L
-1

 of H2O2 could not be considered for commercial-scale 

applications.  

However, continuous dosing of 5.0 mg L
-1

 of H2O2 was found to have no detrimental effect 

on the fish but gave unsatisfactorily NH3 concentration in growth water. Therefore, it is 

concluded that 5.0 mg L
-1

 could not be applied in commercial-scale RAS.  

Continuous dosing with 2.5 mg L
-1 

of H2O2 was not detrimental to the fish, and resulted in 

low NH3 concentration in RAS water. 

Overall, it is concluded that 2.5 mg L
-1 

dosing with H2O2 is applicable to commercial-scale 

applications, and is ‘safe’ for fish as fingerlings and adults at harvest. 

 

Next chapter  

 

Because of the complex microbiological flora involved in RAS farming water, the system can 

readily fluctuate. The possible impact of naturally occurring (chance) fluctuations in key RAS 

parameters has not been investigated quantitatively or reported in the literature. 

In the next chapter, Chapter 7, the emerging quantitative risk model of Davey and  

co-workers is applied for the first time to determine the likely impact these can have on 

resulting concentration of the taste-taint chemicals GSM and MIB in the RAS farmed fish-

flesh.  
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CHAPTER 7: A Fr 13 CHEMICAL RISK ASSESSMENT FOR TASTE-TAINT 

ACCUMULATION AS GSM AND MIB IN BARRAMUNDI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Findings from this chapter have been published as: 

 

Hathurusingha P.I., Davey K.R., 2016. Chemical taste-taint accumulation in RAS farmed fish - 

a Fr 13 risk assessment demonstrated with geosmin (GSM) and 2-methylisoborneol (MIB) 

in barramundi (Lates calcarifer). Food Control 60, 309-319. 

http://dx.doi.org/10.1016/j.foodcont.2015.08.014 

  

http://dx.doi.org/10.1016/j.foodcont.2015.08.014
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7.1 Introduction  

 

In this chapter the Fr 13 method of Davey and co-workers
4
 is applied for the first time to RAS 

farming to explore the impact of naturally occurring, chance changes in GSM and MIB 

chemicals concentration in growth water on their accumulation in fish-flesh. A justification for 

this approach is it obviates prohibitively expensive and significant time with long-duration 

experiments and permits insight into RAS behaviour.  

The aim was to gain insight and new knowledge about the impact of chemicals fluctuations 

and to explore ways of mitigating these in RAS practice. The approach is to use the model of 

Chapter 3 (see Hathurusingha & Davey, 2014) together with a new chemical taint risk factor (p) 

such that for all levels of taint chemical in the fish-flesh greater than the consumer threshold 

concentration, p > 0. The method is demonstrated with both GSM and MIB on RAS farmed 

barramundi.  

 

7.1.1 Fr 13 framework 

 

To quantify the impact of naturally occurring fluctuations in key parameters in otherwise well-

operated systems, Davey and co-workers have developed a new, quantitative methodology. 

Their hypothesis is that these random fluctuations can unexpectedly and suddenly accumulate 

and combine in one direction and leverage significant change in product or plant. 

Published studies have included surprise failure: in Clean-In-Place systems with auto-set 

cleaning times to remove whey protein deposits (Davey et al., 2015); failure to produce potable 

water with continuous ultraviolet irradiation (Abdul-Halim & Davey, 2015); a sudden shift 

from stable to (failed) washout of a fermenter (Patil et al., 2005; Patil, 2006); failure to sterilise 

raw milk in UHT processing (Davey & Cerf, 2003; Cerf & Davey, 2001); and, more generally, 

unexpected shift from safe to failed product (Davey, 2011). Major advantages of the 

methodology include that this random element is explicit, and all practical scenarios that could 

exist operationally, including failures, can be quantified and identified (Davey et al., 2015; 

Abdul-Halim & Davey, 2015; Davey, 2011). 

                                                           
4
 e.g. Chandrakash, S., Davey, K.R., O’Neill, B.K., 2015. An Fr 13 risk analysis of failure in a global food process 

– illustration with milk processing. Asia-Pacific Journal of Chemical Engineering 10 (4), 526-541. 

http://dx.doi.org/10.1002/apj.1887 

 Abdul-Halim, N., Davey, K.R., 2015. A new Friday 13
th

 risk assessment of UV irradiation for potable water in 

turbulent flow. Food Control 50, 770 -777. http://dx.doi.org/10.1016/j.foodcont.2014.10.036 

 Davey, K.R., Chandrakash, S., O’Neill, B.K., 2015. A Friday 13
th

 failure assessment of clean-in-place removal 

of whey protein deposits from metal surfaces with auto-set cleaning times. Chemical Engineering Science 

126, 106-115. http://dx.doi.org/10.1016/j.ces.2014.12.013 

 

http://dx.doi.org/10.1002/apj.1887
http://dx.doi.org/10.1002/apj.1887
http://dx.doi.org/10.1016/j.foodcont.2014.10.036
http://dx.doi.org/10.1016/j.ces.2014.12.013
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Alternative risk and hazard approaches e.g. Microbiological risk assessment (CAC, 1998), 

Hazard Analysis Critical Control Point (HACCP), HAZard and OPerability (HAZOP) and 

Reliability Engineering (O’Connor et al., 2002), do not take account of these natural, random 

fluctuations in the value of key process parameters. 

The methodology has been titled Fr 13 (Friday 13
th

) to underscore the surprise (unexpected 

and sudden) nature of the event. Importantly, Fr 13 appears generalizable and therefore 

universally applicable (Davey et al., 2015; Abdul-Halim & Davey 2015). A Fr 13 risk 

assessment requires an underlying system model together with a carefully defined risk factor 

and (a refined) Monte Carlo sampling. 

 

7.2 Materials and methods 

 

7.2.1 Fr 13 simulation of RAS  

 

In Fr 13 simulation the input parameters are not single values as with the deterministic single 

value assessment (SVA) (see Chapter 3) but probability distributions so as to reflect the 

naturally occurring fluctuations in parameters. The output therefore is also a distribution of 

scenarios, with the probability of each occurring (e.g. Davey et al., 2015; Abdul-Halim & 

Davey, 2015; Davey, 2015; Davey, 2011; Davey et al., 2013). All possible scenarios including 

taint failure are accounted for using a refined Monte Carlo (r-MC) sampling of the input 

parameter distributions. A r-MC with Latin Hypercube sampling is used as MC can both over-

and under- sample from parts of distribution and cannot therefore be relied on to replicate the 

total distribution (Vose, 2008; Davey et al., 2015).  

Notably the structure of the Fr 13 chemical risk assessment is identical to the traditional 

SVA because all multiplications, additions, exponentiations and mathematical operations are 

the same (Davey et al., 2013; Davey et al., 2015) - only the solution differs.  

The key model parameters that will be impacted by naturally occurring fluctuations in their 

value are the chemical taint concentration in the RAS growth water (CW), growth time (t) and 

growth water temperature (T). By specifying distributions for these parameters the effect of 

them in combination can be quantified for chemical taste-taint accumulation in the fish-flesh.  

With a sufficiently large sample size, the output distribution mean will be normally 

distributed (Vose, 2008). Some 1,000 to 50,000 random samples are found approximately 

sufficient (Abdul Halim & Davey, 2015; Davey et al., 2013; Davey et al., 2015). The minimum 

number can be readily established when a plot of the number of failures versus the number of 

samples is made, the number of failures will plateau to a constant; highlighting sufficient 
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samples. (In any event this can readily be checked with a visual check of the output 

distribution). 

 

7.2.3 Defining Fr 13 taste-taint failure  

 

Fish in which the critical threshold concentration (ycritical) for either GSM or MIB is exceeded 

are deemed to be ‘failed’. A risk factor can be defined such that:  

)( criticalyyP   (7-1a) 

Eq. (7-1a) can be conveniently generalized so that: 

)1(100 



criticaly

y
p  (7-1b) 

where y’= actual taint level. Eq. (7-1b) is convenient because it is dimensionless with the 

practical effect that if y’ > y critical then all  𝑝 > 0. Also a search in standard-spread sheeting can 

be made for all 𝑝 > 0, and in consequence, all failure scenarios can be readily identified. 

However, because threshold concentrations for GSM and MIB taint have been largely 

based on findings from sensory evaluation panels and experts, there will be a wide tolerance. 

This can be accommodated in the risk factor as: 

)1(100% 



criticaly

y
tolerancep  (7-2) 

That means the fish will be rejected (i.e. failed) if taint exceeds a generally accepted 

threshold concentration plus an additional tolerance that is designed to reflect wide consumer 

(subjective) acceptance. In the absence of contrary information, for an assumed value of 10 %, 

Eq. (7-2) becomes: 

)1(10010 



criticaly

y
p  (7-3) 

Equations (3-1) through (3-18), Chapter 3, and equations (7-1a) to (7-3) plus values for km,

 , and  define the Fr 13 chemical risk model for taste-taint accumulation in RAS barramundi 

fish flesh.  

 

7.2.4 Fr 13 computations 

 

The taint risk model was simulated using commercially available software @Risk (version 5.7, 

Palisade Corporation). An advantage is the distributions can be entered and treated as Excel 

formulae. 
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7.3 Results  

 

A summary comparison of results from simulation of the model of Chapter 3 (see 

Hathurusingha & Davey, 2014) and the new Fr 13 chemical risk assessment for GSM and MIB 

taint accumulation in fish-flesh (y) is given in Table 7-1 and Table 7-2.  

 

Table 7-1 Summary comparison of the SVA model of Chapter 3 (see Hathurusingha & Davey, 

2014) with Fr 13 simulation of taste-taint chemical as GSM in RAS farmed barramundi with 10 

% tolerance. Column 2 is the SVA value for each of the RAS parameters. Fr 13 values of 

column 3 are for one-only of 10,000 simulated scenarios. Failure is defined for all p > 0 

 

GSM 

Taint parameter 
SVA Fr 13 simulation 

Inputs 
   

t (day) 240 245.533† RiskNormal(240,5,RiskTruncate(230,250)) 

KOW (dimensionless) 3715 3715 Constant 

km (day
-1

) 0.00063 0.00063 Constant 

CW (µg L
-1

) 0.0014 0.0015† RiskNormal(0.0014,0.00007,RiskTruncate(0.00126,0.00154)) 

T (
O
C) 28 28.200† RiskNormal(28,0.5,RiskTruncate(27,29)) 

e (dimensionless) 0.1 0.1 Constant 

Calculations 
   

COX (mg L
-1

) 7.2450 7.2249 Eq. (3-12) 

GV (L day
-1

) 224.9159 236.5922 Eq. (3-11) 

EW(dimensionless) 0.5286 0.5286 Eq. (3-10) 

k1 (L kg
-1

day
-1

) 94.1299 91.9917 Eq. (3- 9) 

QW (day
-1

) 101.5832 106.1689 Eq. (3-14) 

QL (day
-1

) 1.0158 1.0617 Eq. (3-15) 

VL (kg ) 0.1263 0.1360 Eq. (3-16) 

k2 (day
-1

) 0.2108 0.2047 Eq. (3-13) 

kG (day
-1

) 0.0024 0.0024 Eq. (3-18) 

kg (day
-1

) 0.0030 0.0030 Eq. (3-17) 

mf (kg) 1.2631 1.3595 Eq. (3-3) 

a (day
-1

) 0.2138 0.2077 Eq. (3-5) 

b (µg kg
-1

day
-1

) 0.0068 0.0072 Eq. (3-4) 

 (dimensionless) 0.0133 0.0133 constant 

Outputs 
   

y (µg kg
-1

) 0.7328 0.8488 Eq. (3-8) 

p (dimensionless) 
 

5.823 Eq. (7-3) 
 

†
 The values shown are computed from refined Monte Carlo (r-MC) sampling; it is not implied these need to be 

measured to this order.  

 

These tables permit the computations to be read logically, down the columns. In both SVA and 

Fr 13, the parameters that define chemical taste-taint accumulation in the fish flesh are given in 

column 1 along with the units. The SVA computations of the model of Chapter 3 

(Hathurusingha & Davey, 2014) are reproduced in column 2 of the tables. 
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Table 7-2 Summary comparison of the SVA model of Chapter 3 (see Hathurusingha & Davey, 

2014) with Fr 13 simulation of taste-taint chemical as MIB in RAS farmed barramundi with 10 

% tolerance. Column 2 is the SVA for each RAS parameter. Fr 13 values of column 3 are for 

one-only of 10,000 simulated scenarios. Failure is defined for all p > 0 

 

 

†
 The values shown are computed from refined Monte Carlo (r-MC) sampling; it is not implied these need to be 

measured to this order.  

 

For example, for GSM of Table 7-1, the input distributions used in the taint simulations are 

given in column 3. The naturally occurring fluctuation of GSM concentration in the growth 

water, CW (row 5 of Table 7-1), is defined by RiskNormal (0.0014, 0.00007, RiskTruncate 

(0.00126, 0.00154)). This is a normal distribution with a mean of 0.0014, and a standard 

deviation (stdev) of 0.00007, µg L
-1

. The distribution is truncated at a minimum value of 

0.00126, and a maximum 0.00154, µg L
-1

 i.e. ± 2 x stdev about the mean. 

The resulting distribution with truncations is shown schematically in Fig. 7.1. Because a ± 

2 x stdev about the mean has been used, some 95.45 % of all r-MC samples will fall in this 

interval (Sullivan, 2004).  

 

MIB 

Taint parameter 
SVA Fr 13 simulation 

Inputs 
   

t (day) 240 248.437† RiskNormal(240,5,RiskTruncate(230,250)) 

KOW(dimensionless) 2041 2041 Constant 

km (day
-1

) 0.00063 0.00063 Constant 

CW (µg L
-1

) 0.00234 0.00241† RiskNormal(0.00234,0.000117,RiskTruncate(0.00210,0.0026)) 

T (
O
C) 28 28.210† RiskNormal(28,0.5,RiskTruncate(27,29)) 

e (dimensionless) 0.1 0.1 Constant 

Calculations 
   

COX (mg L
-1

) 7.2450 7.2237 Eq. (3-12) 

GV (L day
-1

) 224.9159 230.2892 Eq. (3-11) 

EW (dimensionless) 0.5192 0.5286 Eq. (3-10) 

k1 (L kg
-1

day
-1

) 92.4573 91.1583 Eq. (3-9) 

QW (day
-1

) 101.5832 105.3472 Eq. (3-14) 

QL (day
-1

) 1.0158 1.0221 Eq. (3-15) 

VL (kg ) 0.1263 0.1298 Eq. (3-16) 

k2 (day
-1

) 0.3756 0.3591 Eq. (3-13) 

kG (day
-1

) 0.0024 0.0024 Eq. (3-18) 

kg (day
-1

) 0.0030 0.0030 Eq. (3-17) 

mf (kg) 1.2631 1.3595 Eq. (3-3) 

a (day
-1

) 0.3787 0.2077 Eq. (3-5) 

b (µg kg
-1

day
-1

) 0.0112 0.0072 Eq. (3-4) 

 (dimensionless) 0.0133 0.0133 Constant 

Outputs 
   

y (µg kg
-1

) 0.6972 0.8091 Eq. (3-8) 

p (dimensionless) 
 

6.058 Eq. (7-3) 
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Fig. 7.1 Distribution RiskNormal(0.0014, 0.0007, RiskTruncate(0.00126, 0.00154)) for taste-

taint chemical GSM in RAS growth water (CW) with a mean concentration of  

0.0014 µg L
-1

 and truncated concentrations at a minimum of 0.00126 and maximum  

0.00154, µg L
-1

 , respectively 

 

A similar truncated normal distribution can be seen in Table 7-1 to have been used for the 

growth time, t (day), and growth water temperature, T (
O
C) (and also in Table 7-2 for MIB). 

Truncation of the input distribution is used to limit sampling to a realistic range of values 

and to prevent simulation of scenarios that cannot occur practically. It was found that 10,000 

random samples were sufficient. Each of these can be thought of as a possible, practical 

scenario in chemical taste-taint accumulation in the fish flesh.  

For GSM a total of 1,010 scenarios with p > 0 were identified in the 10,000 samples i.e. 

10.1 %. These are summarized in Fig. 7.2. In the figure the x-axis is the value of the chemical 

risk factor (p) from Eq. (7.3), and the y-axis the probability of p practically occurring (Vose, 

2008). The area under the curve is seen to sum to one (i.e. 20 x 0.05). To the right of the figure 

can be seen the 1,010 failures (p > 0) as a result of the level of GSM taste-taint being greater 

than the threshold concentration (0.74 µg kg
-1

) plus 10 % tolerance i.e. 0.814 µg kg
-1

. 
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Fig. 7.2 Fr 13 simulation of the risk factor (p) for taste-taint as GSM in flesh of RAS farmed 

barramundi with 10,000 scenarios. The figure shows the 10.1% failure rate to the right (p > 0) 

 

 

 

Fig. 7.3 Fr 13 simulation of the risk factor (p) for taste-taint as MIB in flesh of RAS farmed 

barramundi with 10,000 scenarios. The figure shows the 10.5% failure rate to the right (p > 0) 

 

A selected 33 from the 1,010 failed scenarios with GSM taint chemical accumulation are 

presented in Table 7-3. A practical advantage of this presentation is that the combination of 

GSM taint failure 

p > 0 

MIB taint failure 

p > 0 
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RAS parameters that resulted in taste-taint at an unacceptable concentration can be readily 

identified. The example, row 8 (bolded text) is the particular combination of Table 7-1.  

For MIB a total of 1,056 scenarios with p > 0 were identified in the 10,000 scenarios i.e. 

10.5 %. These are summarised in Fig. 7.3. 

 

Table 7-3 Thirty three (33) of 1,010 failures in the 10,000 scenarios for taste-taint chemical as 

GSM in RAS farmed barramundi with 10 % tolerance 

 

Row t CW T p 

 (day) (µg L
-1

) (
O
C) (dimensionless) 

1 249.754 0.00152 28.781 15.389 

2 249.333 0.00149 27.388 10.072 

3 249.392 0.00149 27.018 8.931 

4 246.402 0.00150 28.725 8.069 

5 248.151 0.00147 27.924 7.506 

6 245.649 0.00152 27.906 6.803 

7 247.171 0.00146 28.888 6.195 

8
$
 245.533 0.00150 28.200 5.823 

9 246.801 0.00147 28.173 5.444 

10 248.408 0.00142 28.712 5.047 

11 244.060 0.00152 27.789 4.731 

12 247.420 0.00144 28.597 4.387 

13 248.516 0.00142 28.295 3.982 

14 249.317 0.00140 28.147 3.650 

15 248.842 0.00142 27.590 3.372 

16 249.102 0.00140 28.191 3.132 

17 249.516 0.00139 27.905 2.929 

18 244.616 0.00149 27.646 2.632 

19 248.351 0.00140 28.062 2.401 

20 246.868 0.00143 28.115 2.191 

21 242.086 0.00152 28.060 1.959 

22 246.025 0.00146 27.232 1.783 

23 243.902 0.00148 28.152 1.599 

24 246.797 0.00144 27.209 1.330 

25 243.813 0.00149 27.571 1.119 

26 241.947 0.00151 27.963 0.917 

27 244.741 0.00144 28.413 0.709 

28 249.851 0.00136 27.887 0.596 

29 241.748 0.00151 28.190 0.389 

30 243.992 0.00147 27.583 0.216 

31 249.799 0.00135 27.695 0.062 

32 245.620 0.00142 28.544 0.030 

33 246.182 0.00143 27.253 0.009 

$ 
Particular scenario combination shown in Table 7-1 
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Importantly, it is not implied that the parameter values shown in Tables 7-1, 7-2, and 7-3 

need to be measured to the significant figures shown; these reported parameters values are those 

generated in the r-MC sampling of the Fr 13 framework.  

 

7.4 Discussion 

 

7.4.1 Prevalence of Fr 13 taste-taint failures  

 

Each simulated scenario can be thought of as one possible production and harvest outcome of 

RAS farmed barramundi (each of ~240 day). The occurrence of failed harvests due to GSM 

taste-taint accumulation in the fish-flesh greater than the consumer threshold concentration, 

plus an assumed consumer tolerance of 10 %, would arise every (~1,010/10,000 ) 1 in 10 

harvests i.e. about every (10 x 240)/365.25 x 12 = ) 79 month of continuous RAS barramundi 

growth, average are the long-term.  

For MIB (10.56 % failure rate) this translates to a taste-taint failure every (10,000/1,056 x 

240/365.25 x 12 =) 75 months of continuous RAS growth of barramundi. The similarity of 

these two figures results from the similar threshold level of the two taste-taint chemicals 

(respectively, for GSM and MIB, 0.74 and 0.70, µg kg
-1

).  

This suggests, for a given growth and harvest of barramundi, taste-taint in the form of MIB 

will occur earlier than GSM. However, this difference is not likely to be meaningful or 

statistically significant. 

 

7.4.2 Consumer tolerance and taint failures 

 

A tolerance of 10 % has been assumed, however to assess the impact of tolerance, the 

vulnerability to failure was assessed using repeat simulations for a range 0 ≤ %tolerance ≤ 25. 

The results for GSM are summarized in Fig. 7.4.  

It is seen in the figure that the number of Fr 13 failures decreases with increased tolerance, 

and rises sharply with reduced tolerance. There is a highly significant dependence of the 

number of Fr 13 chemical taste-taint failures of GSM with consumer tolerance. A decreasing 

%tolerance implies increasingly strict controls are needed. Increasing the accepted consumer 

taste-taint threshold, as indicated by increasing %tolerance will, not unexpectedly, mean there 

will be less Fr 13 failures i.e. less consumer rejections. A very similar pattern was obtained 

with MIB. 
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To enumerate these findings, the data for both taste-taint chemicals are presented as Table 

7-4 (row 5 of the table is the scenario presented in, respectively, Table 7-1 and Table 7-2).  

 

 

 

Fig. 7.4 Impact of %tolerance on the number of failures with GSM taste-taint accumulation per 

10,000 scenarios of RAS farmed barramundi 

 

It is seen from Table 7-4 that with a %tolerance ~ 25 %, the number of Fr 13 failures for 

both GSM and MIB will approach zero. This translates, respectively, to an eventual consumer 

threshold of 0.925 and 0.875, µg kg
-1

.  

 

7.4.3 Probability distributions to define key input parameters 

 

An important aspect of a rigorous Fr 13 simulation is how the probability distributions used to 

describe the key input parameters are established (Davey et al., 2015; Abdul-Halim & Davey, 

2015; Davey, 2015) and therefore how these impact on the risk factor for taste-taint.  

Here, in the absence of unconditional (hard) data, truncated, normal distributions were used 

to mimic the naturally occurring fluctuations in the three key input parameters, growth time (t), 

GSM concentration in the RAS growth water (CW), and RAS water temperature (T), together 

with a 2 x stdev about the mean to establish the minimum and maximum value. An advantage is 

that nearly all r-MC samples (95.4 %) will fall in this interval (Sullivan, 2004). Truncation of 
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the input distribution is seen to be practically important to limit values to those that can actually 

occur. 

 

Table 7-4 Impact of %tolerance on the number of Fr 13 failures in taste-taint accumulations 

per 10,000 scenarios for both GSM and MIB. The bolded text of row 5 denotes the particular 

failed scenario of, respectively, Table 7-1 and Table 7-2 

 
%tolerance Taste-taint failures 

 GSM MIB 

2 3,920 4,060 

5 2,580 2,610 

10 1,010 1,056 

15 290 300 

20 40 60 

25 0.0 25 

 

To simulate very low probability, but realizable events, the distributions can be used with a 

± 3 stdev variance about the mean to establish the minimum and maximum; this means some 

99.7 % of all r-MC samples are accounted for (Sullivan, 2004). For GSM for example, with t = 

RiskNormal(240, 5, RiskTruncate(225, 255)), CW = RiskNormal(0.0014, 0.00007, 

RiskTruncate(0.00119, 0.00161)), and; T = RiskNormal(28, 0.5, RiskTruncate(26.5, 29.5)), 

there were 1,250 values p > 0 i.e. a 12.5 % failure rate of taste-taint being greater than the 

threshold (and 12.8 % for MIB). This result is seen however to be not meaningfully different 

from the 10.10 % with ± 2 stdev (and 10.56 % for MIB). 

In general, there are about 40 distribution types (Vose, 2008). Some (limited) 

experimentation has shown that results are not meaningfully impacted by a range of distribution 

types (Abdul-Halim & Davey, 2015; Davey, 2015; Davey et al., 2015). Further, Davey (2010) 

and Law (2011) have outlined how distributions could be established with expert opinion and 

limited, or even the absence of data.  

As pointed out by Zou & Davey (2015) historical data could be used to define an input 

distribution. An obvious drawback however of Fr 13 risk modelling is that the simulation could 

then replicate only what has happened historically. It is likely however there will not be 

sufficient historical data to be able to simulate all possible practical operations. A theoretical 

distribution that can be demonstrated to give a good fit to practical data is a better prospect 

(Vose, 2008; Law, 2011).  

Further testing using alternative distributions that might be skewed, for example RiskPert 

(minimum, most likely, maximum) (Vose, 2008) was investigated. For example for GSM,  

t = RiskPert (230, 240, 250), CW = RiskPert (0.00126, 0.0014, 0.00154) and T = RiskPert 



129 
 

 
 

(27, 28, 29), revealed a predicted failure rate of 7.2 %. Experimenting however showed that the 

failure rate is not highly sensitive to a range of distributions (K R Davey, unpublished data). 

The normal distributions used here are therefore readily justified in the absence of 

unconditional data (or compelling theoretical considerations). To ‘close the loop’ and make this 

knowledge complete, significantly extensive empirical research would need to be targeted to 

establish particular distributions for a range of RAS systems.  

In summary, to best establish input probability distributions to mimic naturally occurring 

fluctuations in values, the overriding criterion is that the outcomes produced must be practically 

observable in authentic operation; the probability (chance) of the particular outcome occurring 

is produced in the Fr 13 output distribution. 

 

7.4.4 Impact of growth time on taint accumulation 

 

The Spearman Rank correlation coefficient (Snedecor & Cochran, 1989), readily available in 

@Risk, was used to quantitatively investigate the impact of the input parameters on taste-taint 

failure in the RAS farmed barramundi. The results for GSM are presented in the Table 7-5. 

From the table it can be seen that there is a strong, positive correlation with growth time (t) 

(+ 0.801), whereas that with RAS growth water temperature (T) is weak (+ 0.083).  

 

Table 7-5 Spearman rank correlation coefficient (Snedecor & Cochran, 1989) for key input 

parameters on GSM taste-taint accumulation in RAS farmed barramundi 

 
Input parameter Coefficient 

t + 0.801 

Cw + 0.589 

T + 0.083 

 

Although there is a positive correlation with chemical concentration in the growth water 

(CW) (+ 0.589) it is clear the controlling RAS parameter on vulnerability to taste-taint failure as 

GSM is t. Similar findings were obtained for MIB. 

Importantly, this highlights that small fluctuations in increasing the time at which the RAS 

barramundi are harvested have a controlling impact on taste-taint accumulation, whereas 

fluctuations in growth water temperature do not. This finding underscores that of 

Hathurusingha & Davey (2014) who reported that a 5 
O
C variation about the mean RAS growth 

water temperature of 28 
O
C in their model did not meaningfully impact taint accumulation in 

barramundi (but that variations > 10 
O
C did).  
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Notably, this significant insight can be used to advantage by RAS farmers, because the 

time of harvest of the fish can be readily, directly controlled, whereas the chemical 

concentrations cannot.  

 

7.4.5 Second-tier Fr 13 simulations and mitigating taint 

 

To investigate quantitatively the impact of late RAS harvests about the mean of 240 day 

growth, repeat Fr 13 simulations were made for a range of values of 240 < t < 260, days. For 

example, the risk function used for GSM chemical taste-taint was: RiskNormal (240, (t - 240), 

RiskTruncate (240 - 2 x (t - 240), 240+ 2 x (t + 240))), and 10,000 simulations of the taste-

taint risk factor carried out. The results are summarized in Fig. 7.5. 

As pointed out by Abdul-Halim & Davey (2015) and others (Davey, 2015; Chandrakash et 

al., 2015; Davey et al., 2015; Davey, 2011) second-tier is a major and very practical benefit of a 

Fr 13 risk model. That is, once it has been carefully established it can be used in these second-

tier simulations to investigate changes to the physical plant or proposed intervention strategies 

or re-designs on vulnerability to failure and to guide design and operation of plant. 

It is seen in Fig. 7.5 that small increases in harvest time over 240 day would result in 

substantially increased numbers of taste-taint failures as GSM. For example, from the figure a 

delayed harvest of just 10 day (t = 250 day) would give rise to some 2,436 failures per 10,000 

i.e. a 24.4 % failure rate. Similar results were obtained for MIB. 

Because of the relative value of the Spearman Rank correlation coefficient (+ 0.589) for 

CW (Table 7-5), the impact of natural fluctuations over a wide range on taste-taint accumulation 

was simulated through a change of stdev about the mean of 3 ≤ stdev ≤ 25, %. The risk function 

used was RiskNormal (0.0014, stdev, RiskTruncate (mean - 2 x stdev, mean + 2 x 

stdev)).These repeat simulations are presented as Fig. 7.6.  

As is seen in the figure, as the stdev (fluctuation) of GSM in the RAS growth water 

decreases the number of taste-taint failures in the barramundi decreases almost exponentially. 

For example, as the stdev is reduced from 15 % to 5 % the number of predicted failures falls 

from 2,492 to 1,036.  

In practice to effect and maintain a decrease in stdev about CW implies improved RAS 

controls. Copper sulphate has been reportedly used (Rimando & Schrader, 2003), but its 

excessive use has led to it being ineffective in controlling emerging copper-resistant 

cyanobacteria (Shavyrina et al., 2001; Garcia-Villada et al., 2004). Other approaches have 

included biological filters (Guttman & van Rijn, 2009), activated carbon (to control growth 
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nutrients), and UV irradiation treatments; however, these do not appear to have proven practical 

(S. Poole, Department of Primary Industries, Australia - unpublished data).  

 

 

 

Fig. 7.5 Impact of harvest time (t) greater than 240 day on the number of failures with GSM 

taste-taint accumulation per 10,000 scenarios of RAS farmed barramundi. The risk function is 

RiskNormal (240, (t - 240), RiskTruncate (240 - 2 x (t - 240), 240+ 2 x (t + 240))) 

 

An alternate strategy is that reported by in Chapter 4 (see Hathurusingha & Davey, 2013) 

in which the efficacy of controlled dosing of the RAS growth water with the oxidant hydrogen 

peroxide is being experimentally investigated.  

It was concluded the present best strategy for farmers to mitigate and control taste-taint as 

GSM and MIB in RAS farmed barramundi however is to make sure harvest is at a growth time 

t < 240 days. Because lapses cannot be totally excluded this will require monitoring. It is 

critical therefore that the monitoring of RAS growth time be implemented in a risk assessment, 

and that its implementation be scrutinised carefully.  
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Fig. 7.6 Impact of stdev (%) in the input distribution for CW on the number of taste-taint 

failures as GSM accumulation per 10,000 scenarios of RAS farmed barramundi. The risk 

function is RiskNormal (0.0014, stdev, RiskTruncate (mean - 2 x stdev, mean + 2 x stdev))) 

 

This is actually a practical trade-off between fish mass (and return to farmers) and taste-

taint (loss to farmers). From Eq. (3-3) it can be readily shown that at 240 days mf = 1.263 kg 

whereas at 250 day mf = 1.443 kg, an increase of ~ 18 %. However, the vulnerability to taste-

taint failure is exponentially increased as highlighted in Fig. 7.5.  

 

7.4.6 Presenting and picturing Fr 13 taint accumulations 

 

It is acknowledged that the presentation and explanation of risk data can present a challenge, 

especially to a wide audience (Anon., 2012 b). A drawback with tabulated data, for example 

Tables 7-1 and 7-2, is that one-only scenario can be presented and although any particular 

scenario can be individually identified the presentation of large numbers of these will be 

practically limited (e.g. Table 7-3). In an attempt to picture Fr 13 risk scenarios Abdul-Halim & 

Davey (2015) successfully used a 3D plot for their failure data (of ultraviolet irradiation for 

potable water in turbulent flow). An advantage is 3D plots are helpful for gaining an overall 

perspective and visualization.  

For the 33 selected taint failure scenarios of Table 7-3 a 3D plot was produced using 

commercially available software (Statistica
TM

 version 10, StatSoft Inc.) and is presented as  
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Fig. 7.7. Part a) of the figure is a scatter plot for the three key input parameters t, CW and T. Part 

b) shows the resulting surface plot for these 33 values of p > 0.  

 

  

 

 

 

Fig. 7.7 Plot of 33 selected Fr 13 failures (p > 0) of Table 7-3:  

3D scatter plot (a) and 3D surface plot (b) 

 

 

(a) 

(b) 
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The figure serves to highlight that there is no clear pattern to the distribution of p values for 

taint risk; and underscores visually their random nature. Although an advantage is the 3D plot is 

helpful for gaining an overall perspective and visualization, a disadvantage is that it cannot be 

extrapolated in any reliable way. Further, these types of plots are limited to processes with three 

input distribution parameters. For processes with more than three key input distributions, 

scenarios might be visualized with radar plots.  

It is concluded a satisfactory way of presenting and picturing taste-taint simulations is the 

summary method of Fig. 7.2. 

 

7.4.7 Results overview 

 

The results of this Fr 13 chemical risk assessment are new and importantly quantitative. A 

significant new insight is that chemical taint taste as GSM and MIB in RAS farming of 

barramundi can be significantly impacted by naturally occurring, small fluctuations in key 

process parameters. The accumulation of taste-taint as a result of these fluctuations can 

unexpectedly lead to the consumer threshold being exceeded i.e. taste-taint failure - with 

consequent economic loss to farmers.  

Pointedly, this insight cannot be obtained from traditional SVA computations or with 

traditional risk and hazard assessments. This is because the random element is not explicit in 

these assessment methods.  

The Fr 13 simulation of the deterministic model of Chapter 3 (Hathurusingha & Davey, 

2014) therefore has resulted in a more meaningful and, actually, practical outcome. For 

example, it has the capacity to simulate every possible scenario, including taint failures.  

Because any scenario can be individually identified and isolated, clues can be gained from 

second-tier simulations for potential changes that can be made to the physical system to 

improve reliability in RAS practice and mitigate taint failures. The methodology appears to be 

generalizable and applicable to a range of RAS farmed species, almost certainly including 

rainbow trout and arctic charr.  

Iterative improvements might be made to the Fr 13 simulations as there appears no limit to 

the number of distributions that could be used to mimic the behaviour of the natural 

environment (Davey 2015; Davey et al., 2015). It is thought that in the longer term the method 

will be a necessary element to permit the establishment of computer auto-control in RAS 

farming of fish. 
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7.5 Concluding remarks  

 

The deterministic taste-taint accumulation model of Chapter 3 (Hathurusingha & Davey, 2014) 

for RAS farming of fish is amenable to Fr 13 simulation. The simulations proved to be stable.  

In farming of barramundi it is expected some 10.1 % of all harvests over the long term will 

result in fish with chemical taste-taint as GSM above the desired rejection threshold 

concentration due to natural fluctuations in the (uncontrolled) RAS environment. For MIB this 

failure rate is 10.5 %. 

The vulnerability to taste-taint failure is impacted highly significantly by the time to 

harvest, and to a lesser extent by concentration and fluctuation of the taint chemicals in the 

RAS water. The time to harvest however can be readily monitored and controlled by farmers to 

limit taint accumulation as GSM and MIB. A time to harvest of > 240 day will result in rapidly 

increasing vulnerably to taint accumulation. The methodology and simulations appear to be 

applicable to a range of RAS farmed species e.g. prawns (Macrobrachium sp). 

 

Next chapter  

 

The following chapter details the commercial-scale validation of the taste-taint model of 

Chapter 3 to predict GSM and MIB concentration in fish-flesh of barramundi from fingerlings 

to a growth time of 240 day, at harvest in RAS growth water. 
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Manuscripts to be submitted and being prepared with findings from this chapter:  

 

Hathurusingha, P.I., Davey, K.R., Vandenberg, G., 2015. Experimental validation of a time-

dependent model for chemical taste-taint accumulation as geosmin (GSM) and  

2-methylisoborneol (MIB) in RAS farmed barramundi (Lates calcarifer) fish. Ecological 

Modelling - to be submitted. 

Hathurusingha, P.I., Davey, K.R., 2015. Modifying and validating the model for predicting the 

accumulation of geosmin (GSM) and 2-methylisoborneol (MIB) in RAS farmed barramundi 

(Lates calcarifer) with the von Bertalanffy growth function (VBGF). Ecological Modelling - 

in preparation. 
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8.1 Introduction  

 

This chapter details application of low concentration (2.5 mg L
-1

) of H2O2 to commercial RAS 

growth water and extensive data collection for validation of the predictive taste-taint model for 

RAS farmed barramundi of Chapter 3.  

The commercial-scale study was undertaken at Barra Fresh Farm, South Australia, during 

their normal production cycle. Experiments were carried out with barramundi using two 

identical commercial growth tanks from fingerlings to fish harvest that covered the complete 

production cycle (240 day) in both a ‘control’ and ‘treated’ growth tank. The detailed 

experimental setup, dosing with H2O2 to growth tank, techniques for H2O2 dosing, data 

collection and analyses and model validation are discussed in this chapter. 

 

8.1.1 This study 

 

There have not been any previous reported studies to determine the impact of dosing with low 

concentration of H2O2 to mitigate GSM and MIB in RAS growth water.  

The main objectives of the work presented in this chapter are to study the effectiveness of 

low concentration of H2O2 for controlling taste-taint chemicals in commercial RAS growth 

tanks, and; to carefully collect the required data for validation of the predictive taste-taint model 

of Chapter 3 (Hathurusingha & Davey, 2014).  

 

8.2 Materials and methods  

 

8.2.1 Experimental site  

 

The RAS operating system at Barra Fresh Farm, South Australia, is similar to that in which the 

pilot-scale study (Chapters 5 and 6) was undertaken.  

The Farm has four (4) main tanks in a large, insulated indoor shed and each contains fresh 

water with a volume of 120,000 L. The RAS is operated in a fully closed-loop system but a 

certain amount of water is replenished periodically to replace evaporative loses and also that 

used to clean fish waste materials. Each tank is partitioned into four (4) rectangular-shaped sub-

tanks (30,000 L) with nets for convenient managing, rearing and stocking fish of different age-

group classes. The tanks are identified as Tank A, B, C and D, respectively. 

Although these sub-tanks are physically segregated by nets, they share a common RAS 

water matrix. The growth water is recirculated across all four (4) sub-tanks and passes through 
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common biological and mechanical, filters. The stocking density of fish is around 80 kg m
-3

. 

The barramundi are fed at a rate of 1.5 % of body mass day
-1

.  

The farmed, harvested, live barramundi are supplied to the local market with an average 

weight of 0.8 to 1.0, kg attained in approximately 240 days. The temperature of the growth 

water is maintained at 28 
O
C for optimum growth of the fish. The required heat to maintain this 

temperature is generated through external heaters (in a separate room with the heated water 

being pumped back to the growth tanks). In addition, submerged mechanical aerators are used 

to increase the dissolved oxygen concentration in the RAS growth water with a view to 

maintaining it at 7 mg L
-1

.  

The RAS consists of typical components including biological and mechanical filters, 

disease control elements, pumps, plumbing, environmental controls and, backup-power supply. 

 

8.2.2 Experimental Design 

 

Preliminary investigation  

The RAS growth waters were tested for the presence of taste-taint chemicals before 

commencing the commercial-scale study. Accordingly, RAS growth water samples from the 

four (4) large tanks were analysed for GSM and MIB chemicals. Based on the results and the 

commercial direction of the farm management, two sub-tanks each from a different main tank: 

2A and 4D were chosen to act as the ‘treated’ and ‘control’ tank, respectively.  

 

8.2.2.1 Data collection plan 

  

The data collection plan was prepared to collect all required data for the model validation and to 

investigate the effectiveness of low concentration of H2O2 in commercial application. Data was 

collected concurrent with the Farm’s commercial production growth cycle. The data collection 

plan is detailed in Section 8.2.2.2 as follows:  

 

8.2.2.2 Water and fish sampling plan  

 

The water for the analyses of GSM and MIB was sampled weekly over a 35 week period to 

coincide with fingerlings to fully grown harvested fish. The sampling commenced in the first 

week (November 2014) and was completed in the last (June 2015). The growth water 

temperature, dissolved oxygen concentration (COX) and pH were measured daily using 

calibrated probes at the Farm. The colour of the RAS growth water was checked with the 
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Secchi disk (opacity measure) on-site at the Farm. The two important water quality criteria, 

nitrite and ammonia, were measured weekly using the method detailed in APHA (2005).  

 

Water sampling  

Water was sampled separately for taste-taint chemicals and water quality analyses. Water 

samples for GSM and MIB analyses were collected into 5 L PPTE containers without 

headspace and 1 L of water sample were collected into PPTE containers for water quality 

analyses. These were transported to the Laboratory, School of Chemical Engineering, in a 

cooler box at 4 
O
C (see Section 5.2.3). Samples were taken at the same point at each occasion at 

one side of the RAS tanks.  

Water samples were drawn from 0.01 m below the surface and 0.25 m away from the tank 

wall. 

 

Fish sampling  

Two (2) sets of fish samples from each commercial tank (i.e. treated and control) were taken for 

analyses of taste-taint chemicals and fish growth.  

Fish for flesh tissue(s) was sampled weekly in parallel with the water samples. Hand-nets 

(with the help of Farm farmers) were used for random sampling.  

The number of fish sampled was based on the minimum mass of the tissue to be analysed. 

The fish were killed at the Farm by ice-water immersion (see Section 5.2.3). The collected fish 

were weighed, filleted and enclosed in polythene bags with labels. They were frozen and 

transported to the Laboratory in a cooler box. Fish samples for fish growth data were taken 

monthly with the minimum number of 20 fish for each analyses.  

 

8.3 Commercial application of H2O2  

 

8.3.1 Preliminary study with fingerlings in a nursery tank 

 

The pilot-scale studies (Chapters 5 and 6), used to investigate the efficacy of H2O2 and 

optimisation experiments, were carried with relatively large barramundi fish (~ 0.40 kg). There 

had been no studies with fingerlings.  

Therefore, a research step was to experiment with fingerlings before being dosing H2O2 in 

a commercial-scale RAS growth tank.  

The objective was to investigate whether 2.5 mg L
-1

 H2O2 is ‘safe’ for fingerlings. Ten (10) 

fingerlings (0.010 to 0.015, kg) that were ready to be transferred to the commercial-scale tanks 
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were studied under dosing with 2.5 mg L
-1

 H2O2 in a nursery tank (2,500 L water). The 

fingerlings were left to be established in the RAS system for five (5) days before dosing 

commenced. The RAS water was then continuously dosed for 14 days. The H2O2 probe was 

directly immersed in the tank water. The water flow through the sensor was at 80 L h
-1

  

(see Section 8.2.3.4). Interox 50 % (w/w) H2O2 commercial grade 25 kg drum was used as the 

source of the H2O2. 

 

8.3.2 Introduction of fingerlings to the RAS commercial tanks 

 

The size of the fingerlings introduced to the commercial-scale tank ranged from  

0.010 to 0.020, kg. Some 3,326 and 3,318 fingerlings were introduced into tank 2B (treated) 

and 4D (control), respectively. Each fish was injected with 0.1 mL of vaccine  

(Streptococcus iniae) prior to release in the growth tank. The vaccination of fish is usual 

practice at the Farm to increase immunity of the fish, and minimise mortality. 

 

8.3.3 The dosing point 

 

The dosing point was kept away from the biological filters to avoid possible risk to these. An 

area of the treated tank opposite the biological and mechanical filters (15 m distance) was 

chosen as the dosing point.  

 

8.3.4 Dosing of H2O2 to commercial-scale RAS growth tank (2B)  

 

The dosing apparatus (Section 4.6) was programmed to maintain 2.5 mg L
-1

 residual H2O2 

concentration in the RAS growth water of the treated tank (Tank 2B) 

The water flow through the sensor was maintained at a rate of 80 L h
-1

. The H2O2 sensor 

was calibrated before the system was used for dosing. The setup parameters of the instrument 

were: set value (W) = 2.5, DPD (calibration) value = 2.7 mg L
-1

, upper limit = 7.5 mg L
-1

, lower 

limit = 1.0 mg L
-1

 and ‘XP’ value = 5 mg L
-1

.  

 

8.3.5 Optimisation of dosing  

 

The pilot-scale studies (Chapter 5 and 6) were carried out using the direct immersion of H2O2 

dosing probe to the RAS growth water. However, that method was seen to be less effective due 

to fish mortality and the interference from organic matter in the commercial-scale tank.  



141 
 

 
 

No similar experimental studies have been undertaken and data on H2O2 treatment for fish 

is limited (Rach et al., 1997), therefore trial-and-error methods were employed to optimise and 

improve H2O2 dosing.  

Three (3) techniques employed: direct immersion of the dosing probe in the RAS tank, 

dosing into a cage and, using a mixing tank, each are discussed in detail in the following.  

 

8.3.5.1 Direct immersion of dosing probe in RAS tank 

 

The pilot-scale studies with nursery tanks demonstrated that direct immersion of H2O2 dosing 

probe to the RAS growth water of the treated tank was not detrimental and did not impact on 

the well-being of the fish.  

Given that success, this same method of dosing was applied to the commercial-scale study 

as well. The dosing started one (1) week after the introduction of the fingerlings to the 

commercial growth tanks (2B), which was dosed on a 24/7 continuous basis. However, around 

the third (3) week, a significant number of fish mortalities were reported.  

The dosing apparatus was isolated from the system as soon as this observation was made. 

The mortalities increased with time, starting from 10 to 15, per day, with the maximum at 

25 to 35, per day towards four (4) weeks. The total number of mortalities of the treated tank 

during this time was 527.  

Fish mortalities are common in RAS due to natural causes and therefore the mortalities 

observed in the treated were compared with the control tank for the same time period.  

The results are presented in the Table H-1 (Appendix H). As shown in the table, the 

biological system recovered with time after isolating the dosing apparatus. The system was 

allowed to re-establish for four (4) weeks before dosing began again.  

As the direct immersion of the dosing probe is considered to cause significant number of 

mortalities in the treated tank, the technique of dosing into a cage was introduced in order to 

avoid the direct contact of the fish with H2O2. 

 

8.3.5.2 Use of a cage to avoid direct contact of H2O2 with fish 

 

A cage with dimensions of 1 x 1 x 1, m was made of plastic fishing mesh and then placed near 

to the treated tank wall as seen in Fig. 8.1 (see also Fig. I-1, Appendix I). The H2O2 dosing 

probe was directed to the centre of the cage and the rate of dosing was changed to 30 pulse  

min
-1

. All other remaining program parameters were unchanged.  
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Fig. 8.1 H2O2 dosing into a cage to avoid direct contact with fish  

(A = H2O2 dosing tube; B = sampling line to the dosing apparatus; C = growth water outlet; 

 D = cage; E = treated tank wall) 

 

By placing the probe in the centre of the cage, the lowest direct contact distance between 

the dosing probe and the fish was 0.5 m. (A smaller cage was thought to be more risky because 

of previous experience).  

The dosing was resumed in week 9 and this technique was found more effective than the 

direct immersion as the fish were prevented from direct contact with H2O2. Notably, there were 

no reported mortalities over those expected from natural causes. 

However, the cage started accumulating larger organic matter over time affecting the water 

mixing and flows through the system. The water circulation near to the treated tank wall was 

found to be low. In addition, substantial resources in the form of time and labour was required 

to clean the cage daily by taking it out of the RAS system and putting it back. More 

importantly, it reduced the volume of the growth tank and impacted on the free movement of 

fish. In RAS, fish are stocked in higher densities to gain maximum production.  

As a solution, submerged aerators that are used to increase the dissolved oxygen in the 

RAS growth water were directed to the cage in order to flush out the accumulated rubbish. 

However, it was found to be of limited success and neither practical nor economically feasible. 

Therefore, a mixing tank was experimented as a potential solution.  

A 

B 

C 

E 

D 



143 
 

 
 

8.3.5.3 Demonstrated benefit of a mixing tank 

 

In this mixing tank treatment technique, H2O2 was dose to a tank located outside of the growth 

tank and the treated water was released back to the treated tank. A submersible pump was used 

to pump the RAS growth water to the mixing tank which had a capacity about 25 L. Another 

small aquarium-type submersible pump (DC Zp9-2,000) was used to pump water from mixing 

tank to the dosing apparatus to control the dosing.  

The water in the mixing tank was passed through the sensor at a flow rate of 80 L h
-1

. The 

rate of dosing was 30 pulses min
-1

, i.e. the same as used in dosing with cage. While all dosing 

apparatus parameters were kept constant, H2O2 was dosed in alternate weeks to prevent possible 

negative impact on the fish. The schematic of the mixing tank is given in Fig. 8.2, while Figs. 

8.3 and 8.4 demonstrate the practical application (see also Fig. I-2, Appendix I). 

 

 

 

Fig. 8.2 Schematic of mixing tank showing dosing apparatus, mixing tank and  

RAS growth tank (not to scale) 
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Fig. 8.3 Practical H2O2 dosing into RAS growth water using the mixing tank 

 (F = H2O2 dosing apparatus; G = commercial grade Interox 50 % (w/w) H2O2 of 25 kg drum; 

 H = a stand for mixing tank; I = mixing tank) 

 

 

 

Fig. 8.4 Releasing, treated RAS water with H2O2 back to treated tank  

(F = H2O2 dosing apparatus; I = mixing tank; J = treated water with H2O2; K = submersible 

pump to pump RAS water to the mixing tank) 

 

 

F 

G 

I 

H 

F 

J 
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8.3.5.4 Adoption of the protective cage and mixing tank 

 

It was concluded therefore that the commercial-scale work would be carried out with both the 

cage and mixing tank to ensure fish safety as fingerlings and harvested fish.  

The application of these means the study differs slightly from the pilot-scale work. 

 

8.4 Results  

 

8.4.1 Fish growth curves for treated and control tanks  

 

The detailed growth curve for fish in the treated and control tanks over 240 days are presented 

in Figs. 8.5 and 8.6, respectively.  

The number of fish used for each sample was 20 - and the average value is shown. As can 

be seen in the figures, the fish from both tanks exhibit typical exponential growth with time. 

The correlation coefficients (R
2
 = 0.92 for treated tank and R

2
 = 0.98 for control tank) indicate a 

very good fit (Snedecor & Cochran, 1989). 

The pre-exponential growth constants for treated and control fish were 0.0226 and 0.0229, 

respectively. There is no meaningful difference between these. Similarly, the exponential 

growth constants of the fish were very similar and they were 0.0169 for treated and 0.0161 for 

control.  

It is concluded therefore there was no difference in the growth curve for the treated and 

control, fish populations. 
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Fig. 8.5 Fit of growth data determined for barramundi from the treated tank at water 

temperature (actual measured) ~ 27 
O
C (mf = 0.0226e

0.0169t
, R

2
 = 0.92).  

Error bars indicate standard deviation on 20 fish 

 

 

 

Fig. 8.6 Fit of growth data determined for barramundi from the control tank at water 

temperature (actual measured) ~ 27 
O
C (mf = 0.0229e

.00161t
, R

2
 = 0.98).  

Error bars indicate standard deviation on 20 fish 
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8.4.2 Variations of GSM and MIB in treated and control tanks  

 

The variation of GSM and MIB concentration in the treated and control tanks over the 35 week 

period are shown in Figs. 8.7 and 8.8, respectively. The results are presented as the average 

concentration of (n = 3) three samples. The threshold concentrations of 0.015 µg L
-1

 for GSM 

and 0.018 µg L
-1

 for MIB are highlighted in red-dashed lines in the respective figures.  

 

8.4.2.1 GSM concentration in the RAS growth water 

 

The variation of GSM concentration in both tanks over the 35 week period is illustrated in  

Fig. 8.7. As can be seen, there is no clear, or distinctive, pattern in the variation of GSM in 

either tank.  

Notably, they varied at a similar time, increasing and decreasing in concentration.  

The variation in the treated tank ranged from 0.0016 to 0.0364, µg L
-1 

and 0.0014 to 

0.0385, µg L
-1 

in the control tank.  

The computed average-concentration in the treated tank over the 35 week period was 

0.0161 µg L
-1 

and for the control, 0.0147 µg L
-1

.
 
It is important to note that this average 

concentration was close to the limiting concentration (i.e. 0.015 µg L
-1

).  

Although, the overall GSM variations in both tanks are different from each other, there are 

some similar trends at certain periods of time. For instance, a downward trend of both tanks can 

be seen from weeks 1 to 3, 14 to 17, 22 to 25, and; 29 to 31. Similarly, upward trends can be 

seen from weeks 10 to 12, 20 to 22, and; 31 to 33. However, the magnitudes of these variations 

were not similar. During the experimental trial, the number of weeks when the GSM 

concentration attained the limiting concentration (or greater) in treated tank was 19, and that in 

the control tank, 13.  

 

8.4.2.2 MIB concentration in the RAS growth water 

 

The variation of MIB concentration in both tanks over the 35 week period is illustrated in  

Fig. 8.8. The pattern of variation of MIB in both tanks is seen to be dissimilar. The variation in 

the treated tank ranged from 0.0187 to 0.154, µg L
-1 

and 0.0114 to 0.170, µg L
-1 

in the control 

tank.  

It is
 
seen that the MIB concentration in both tanks is above the limiting concentration for 

most of the time. For e.g. the control tank has a concentration that is below the limiting 

concentration on two (2) occasions, whereas that in the treated tank was none. 
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However, some similarities can be seen in the variation of MIB concentration in both tanks 

over certain periods. For instance, during the period of week 7 to 14, both tanks showed higher 

concentration above 0.09 µg L
-1

. In that period the MIB concentration in both tanks fluctuated 

about this concentration. Moreover, there was sharp decline in concentration in both tanks from 

week 13 to 18.  

The computed average concentration of MIB in the treated tank over the 35 weeks was 

0.0659 µg L
-1

, and
 
that in the control tank, 0.0716 µg L

-1
.  

The concentration in the treated tank was 4.09 times greater than that of average GSM 

concentration in the same tank. Similarly, the concentration in the control tank was 4.86 times 

greater than that of average GSM in the same tank.  

 

8.4.2.3 MIB dominant taste-taint chemical in the RAS growth water 

 

It is concluded therefore that these data demonstrate that MIB is the dominant taste-taint 

chemical in both treated and control tanks.  
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Fig. 8.7 Variation of GSM concentration (CW) in RAS growth water in treated ( ) and control ( ) tanks over a 35 week period.  

Results presented are the average of (n = 3) replicates. Error bars indicate standard deviation on the triplicates. The down arrow with dashed-line 

indicates the day dosing started. The horizontal dashed-line indicates the limiting concentration for GSM (0.015 µg L
-1

) in RAS growth water
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Fig. 8.8 Variation of MIB concentration (CW) in RAS growth water in treated ( ) and control ( ) tank over a 35 week period.  

Results presented are the average of (n = 3) replicates. Error bars indicate standard deviation on the triplicates. The down arrow with dashed-line 

indicates the day of dosing started. The horizontal dashed-line indicates the limiting concentration for MIB (0.018 µg L
-1

) 
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8.4.3 Variation of lipid concentration in fish-fillets  

 

The variation of lipid concentration (as % wet basis) in different fish tissues are shown in  

Fig. 8.9. The results are based on a medium size fish of mass of 0.350 kg. The tissue areas taken 

for lipid analyses are marked in dashed-lines.  

As can be seen in the figure, the greatest lipid concentration is in the belly area, whereas 

the lowest, is the tail region. The greatest lipid concentration in the belly is followed by the 

anterior, mid-section, dorsal and tail.  

The computed average concentration for all regions was found to be 6 % (w/w). Similarly, 

the concentration for fingerlings (mass range from 0.015 to 0.030, kg) was found to be  

5.8 % (w/w). 

 

 

 

Fig. 8.9 Variability in lipid concentration (w/w %) within the fillet of 0.35 kg barramundi.  

The lipid concentrations (w/w %) shown were determined from sample taken from the area 

marked by the respective dashed-lines 

 

8.4.4 Dissolved oxygen (COX) and water temperature  

 

The dissolved oxygen (COX) concentration and the temperatures of the RAS growth water of the 

two (2) tanks over the 35 week period are given in Table 8-1.  

Tail, 3.42% 

Dorsal, 4.36%

Lateral, 6.12% Front, 7.32% 

Belly, 8.75%
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The data are presented as the average value of 7-day readings. 

The dissolved oxygen concentrations in the treated tank can be seen to have varied from 

3.95 to 6.02, mg L
-1

 and in the control tank 4.09 to 5.75, mg L
-1

. The growth water temperature 

of the treated tank varied from 26.9 to 28.7, 
O
C and in the control tank 26.3 to 29.1, 

O
C. The 

computed average dissolved oxygen concentration in the treated and control tanks over the 

experimental period are 5.00 and 4.90, mg L
-1

, respectively. The computed average growth 

water temperature of both tanks was 27
 O

C, for the trial period of 35 weeks. 

 

8.4.5 Water quality in the growth water of treated and control tanks  

 

Three water quality parameters nitrite (NO2
- 
as N), ammonia (NH3 as N) and colour as 

measured by the Secchi disk value (m) of the treated and control tanks over the 35 week period 

are summarised in Table 8-2.  

The nitrite concentration in the treated tank is seen to have ranged from 0.23 to 0.96,  

mg L
-1

 and in the control tank from 0.29 to 1.13, mg L
-1

. The
 
ammonia concentration in the 

treated tank ranged from 0.21 to 0.51, mg L
-1

 and in the control tank 0.29 to 0.5, mg L
-1

. 

The
 
Secchi disk value was used to measure the water colour at the Farm. The reported 

Secchi disk value of the treated tank was in the range of 0.60 to 0.83, m and in the control tank 

was 0.66 to 0.82, m.  

In general it is seen there was no significant difference in water quality between the two 

tanks. 
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Table 8-1 Weekly average dissolved oxygen concentration (COX) and RAS growth water 

temperature (T) of the treated and control tanks over the 35 week period. Results are the 

average value of 7-day readings. The standard error is shown in parentheses 

 

  Tank 

 

 Treated  Control 

Week  Temp ( 
O
C) COX (mg L

-1
)  Temp ( 

O
C) COX (mg L

-1
) 

1  26.95 (0.21) 5.00 (0.42)  26.34 (0.28) 5.08 (0.47) 

2  27.22 (0.14) 4.80 (0.17)  26.87 (0.22) 4.09 (0.38) 

3  27.12 (0.20) 4.62 (0.19)  26.81 (0.55) 5.12 (0.52) 

4  27.44 (0.19) 4.64 (0.15)  27.44 (0.20) 4.84 (0.29) 

5  27.77 (0.17) 5.24 (0.69)  27.92 (0.17) 4.98 (0.48) 

6  27.72 (0.13) 4.72 (0.57)  28.04 (0.24) 4.35 (0.16) 

7  27.41 (0.33) 5.07 (0.68)  27.80 (0.33) 4.88 (0.42) 

8  27.28 (0.30) 4.71 (0.73)  27.61 (0.21) 5.07 (0.49) 

9  27.22 (0.24) 4.40 (0.19)  27.47 (0.13) 4.78 (0.42) 

10  27.84 (0.25) 4.31(0.37)  27.97 (0.26) 4.90 (0.40) 

11  27.98 (0.26) 4.08 (0.20)  27.92 (0.44) 5.17 (0.77) 

12  28.08 (0.40) 3.95 (0.39)  27.81 (0.21) 4.55 (0.17) 

13  27.27 (0.26) 4.68 (0.39)  27.28 (0.32) 4.75 (0.54) 

14  27.02 (0.21) 4.52 (0.34)  27.35 (0.42) 4.45 (0.51) 

15  28.05 (0.31) 5.02 (0.38)  28.32 (0.33) 4.74 (0.80 

16  28.74 (0.31) 4.47 (0.51)  29.10 (0.21) 4.80 (0.57) 

17  28.02 (0.59) 4.78 (0.39)  28.35 (0.58) 5.24 (0.23) 

18  27.50 (0.14) 5.02 (0.34)  27.84 (0.13) 4.61 (0.70) 

19  27.62 (0.16) 5.25 (0.36)  27.95 (0.33) 5.17 (0.34) 

20  27.84 (0.19) 4.80 (0.73)  27.92 (0.34) 5.20 (1.12) 

21  27.11 (0.38) 5.01 (0.40)  26.88 (0.59) 5.45 (0.15) 

22  27.10 (0.26) 4.72 (0.12)  26.90 (0.26) 4.74 (0.81) 

23  27.38 (0.24) 5.08 (0.60)  27.07 (0.33) 5.10 (0.66) 

24  28.05 (0.22) 5.01 (0.57)  27.78 (0.31) 5.04 (0.49) 

25  27.92 (0.17) 4.77 (0.54)  27.47 (0.36) 5.38 (0.30) 

26  27.57 (0.17) 4.67 (0.64)  27.28 (0.25) 5.27 (0.39) 

27  27.62 (0.12) 4.55 (0.69)  27.22 (0.18) 5.21 (0.27) 

28  27.92 (0.14) 4.77 (0.43)  27.57 (0.56) 5.38 (0.22) 

29  27.94 (0.26) 3.98 (0.44)  27.74 (0.37) 4.90 (0.55) 

30  27.65 (0.43) 3.65 (0.45)  27.17 (0.24) 5.14 (0.40) 

31  27.52 (0.14) 4.40 (0.54)  27.17 (0.24) 5.14 (0.40) 

32  27.44 (0.22) 5.21 (0.38)  26.98 (0.30) 5.75 (0.29) 

33  27.17 (0.28) 5.78 (0.28)  27.17 (0.12) 4.81 (0.31) 

34  26.71 (0.03) 6.02 (0.12)  26.94 (0.07) 5.14 (0.55) 

35  26.70 (0.29) 5.80 (0.30)  27.00 (0.20) 5.02 (0.47) 
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Table 8-2 Weekly average nitrate (NO2
-
 as N), ammonia (NH3 as N) and Secchi disk value  

(as m) of the treated and control tanks over the 35 week period. Results are the average value of 

triplicates. The standard error is shown in parentheses 

 
 Tank 

  Treated    Control  

Week 

 

NO2
- 

(mg L
-1

) 

NH3 

(mg L
-1

) 

Disk 

(m) 

 NO2
- 

(mg L
-1

) 

NH3 

(mg L
-1

) 

Disk 

(m) 

1 0.55 (0.05) 0.43 (0.12) 0.67 (0.09)  0.41 (0.03) 0.41 (0.06) 0.82 (0.09) 

2 0.56 (0.10) 0.44 (0.09) 0.73 (0.05)  0.40 (0.03) 0.41 (0.04) 0.80 (0.01) 

3 0.49 (0.10) 0.32 (0.08) 0.71 (0.07)  0.35 (0.02) 0.34 (0.06) 0.67 (0.11) 

4 0.46 (0.13) 0.34 (0.04) 0.72 (0.06)  0.29 (0.09) 0.39 (0.07) 0.72 (0.06) 

5 0.55 (0.10) 0.37 (0.13) 0.71 (0.09)  0.29 (0.10) 0.39 (0.08) 0.72 (0.05) 

6 0.45 (0.05) 0.30 (0.03) 0.78 (0.06)  0.50 (0.05) 0.43 (0.07) 0.78 (0.06) 

7 0.31 (0.04 0.25 (0.04) 0.76 (0.04)  0.50 (0.09) 0.34 (0.07) 0.76 (0.05) 

8 0.26 (0.08) 0.21 (0.03) 0.79 (0.07)  0.39 (0.04) 0.33 (0.05) 0.75 (0.07) 

9 0.23 (0.04) 0.21 (0.02) 0.83 (0.08)  0.33 (0.08) 0.29 (0.06) 0.80 (0.06) 

10 0.23 (0.06) 0.27 (0.10) 0.82 (0.09)  0.29 (0.09) 0.31 (0.09) 0.77 (0.03) 

11 0.36 (0.05) 0.32 (0.09) 0.77 (0.04)  0.33 (0.03) 0.34 (0.03) 0.72 (0.03) 

12 0.29 (0.07) 0.40 (0.12) 0.78 (0.02)  0.42 (0.04) 0.46 (0.05) 0.72 (0.04) 

13 0.26 (0.05) 0.28 (0.10) 0.79 (0.06)  0.36 (0.06) 0.37 (0.09) 0.70 (0.07) 

14 0.28 (0.06) 0.22 (0.06) 0.70 (0.04)  0.54 (0.02) 0.37 (0.07) 0.70 (0.04) 

15 0.38 (0.03) 0.30 (0.08) 0.60 (0.02)  0.80 (0.08) 0.43 (0.08) 0.75 (0.04) 

16 0.45 (0.04) 0.36 (0.14) 0.70 (0.00)  0.58 (0.05) 0.38 (0.13) 0.74 (0.07) 

17 0.50 (0.07) 0.41 (0.07) 0.72 (0.03)  0.58 (0.04) 0.42 (0.07) 0.77 (0.06) 

18 0.51 (0.08) 0.44 (0.06) 0.73 (0.09)  0.80 (0.11) 0.50 (0.09) 0.72 (0.03) 

19 0.67 (0.14) 0.47 (0.08) 0.67 (0.06)  0.69 (0.11) 0.47 (0.08) 0.71 (0.04) 

20 0.83 (0.12) 0.44 (0.15) 0.69 (0.01)  0.74 (0.09) 0.44 (0.06) 0.71 (0.04) 

21 0.70 (0.18) 0.38 (0.14) 0.74 (0.07)  0.86 (0.09) 0.41 (0.07) 0.77 (0.05) 

22 0.93 (0.26) 0.45 (0.11) 0.74 (0.08)  1.04 (0.27) 0.45 (0.12) 0.72 (0.07) 

23 0.80 (0.13) 0.40 (0.03) 0.73 (0.08)  0.95 (0.29) 0.48 (0.03) 0.80 (0.04) 

24 0.92 (0.09) 0.46 (0.09) 0.69 (0.05)  0.92 (0.08) 0.41 (0.09) 0.80 (0.06) 

25 0.86 (0.13) 0.45 (0.08) 0.63 (0.06)  0.95 (0.16) 0.46 (0.06) 0.80 (0.05) 

26 0.91 (0.09) 0.51 (0.05) 0.63 (0.04)  0.89 (0.13) 0.46 (0.05) 0.75 (0.05) 

27 0.96 (0.19) 0.49 (0.09) 0.74 (0.03)  1.13 (0.09) 0.51 (0.08) 0.75 (0.04) 

28 0.75 (0.06) 0.46 (0.03) 0.71 (0.04)  1.09 (0.08) 0.55 (0.13) 0.75 (0.12) 

29 0.90 (0.07) 0.44 (0.08) 0.83 (0.10)  0.99 (0.16) 0.44 (0.09) 0.74 (0.13) 

30 1.13 (0.08) 0.50 (0.07) 0.81 (0.06)  1.16 (0.13) 0.48 (0.03) 0.78 (0.03) 

31 0.99 (0.13) 0.50 (0.03) 0.79 (0.05)  1.01 (0.07) 0.47 (0.03) 0.73 (0.09) 

32 0.52 (0.02) 0.41 (0.06) 0.78 (0.11)  0.80 (0.18) 0.64 (0.16) 0.72 (0.06) 

33 0.56 (0.01) 0.34 (0.05) 0.78 (0.06)  1.03 (0.05) 0.46 (0.07) 0.68 (0.02) 

34 0.51 (0.07) 0.40 (0.05) 0.81 (0.04)  1.16 (0.16) 0.57 (0.04) 0.68 (0.02) 

35 0.46 (0.04) 0.34 (0.11) 0.77 (0.07)  1.09 (0.05) 0.41 (0.12) 0.66 (0.04) 
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8.4.6 GSM concentration in fish-flesh 

 

The concentrations of taste-taint chemical as GSM in fish-flesh from the treated and control 

tanks as a function of their mass are presented in Figs. 8.10 and 8.11, respectively. The data in 

figures are presented without removing any outliers and shown to be scattered.  

In general, these data show greater concentration of GSM in larger fish compared with 

smaller ones. The GSM concentration in fish-flesh of the treated tank ranged from 0.03 to 4.8, 

µg kg
-1

 and in the control tank from 0.01 to 5.12, µg kg
-1

.  

The GSM taint accumulation in fish-flesh of fish from both tanks is seen to be moderately 

exponential. The correlation coefficients between the taint as GSM concentration in fish-flesh 

and the mass of the fish of the treated and control tanks fish were R
2
 = 0.45 and R

2
 = 0.53, 

respectively.  

 

8.4.7 MIB concentration in fish-flesh 

 

The concentration of taste-taint chemical as MIB in fish-flesh from the treated and control 

tanks against their mass are presented in Figs. 8.12 and 8.13, respectively. The data points were 

shown to be scattered similarly as for GSM. In general however, these data show greater 

concentration of MIB in larger fish compared with smaller ones.  

The MIB concentration in fish-flesh of the treated tank ranged from 0.06 to 5.08, µg kg
-1

 

and in the control tank from 0.01 to 9.04, µg kg
-1

.  

The MIB accumulation of fish-flesh is seen to be moderately exponential for fish in both 

tanks. The correlation coefficients between the taint as MIB concentration in fish-flesh and the 

mass of the fish of the treated and control tanks fish were R
2
 = 0.50 and R

2
 = 0.59, respectively.  
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Fig. 8.10 Relationship between GSM concentration in fish-flesh of the treated tank and mass of 

the fish. Results are presented for n = 167 data. The number of fish used was 121. R
2 

= 0.45 

 

 

 

Fig. 8.11 Relationship between GSM concentration in fish-flesh of the control tank and mass of 

the fish. Results are presented for n = 186 data. The number of fish used was 145. R
2
 = 0.53 
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Fig. 8.12 Relationship between MIB concentration in fish-flesh of the treated tank and mass of 

the fish. Results are presented for n = 167 data. The number of fish used was 121. R
2
 = 0.50 

 

 

 

Fig. 8.13 Relationship between MIB concentration in fish-flesh of the control tank and mass of 

the fish. Results are presented for n = 186 data. The number of fish used was 145. R
2
 = 0.59 
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8.5 Discussion  

 

8.5.1 Fish growth  

 

The RAS growth data determined as mass of fish (kg) vs growth time (day) (Figs. 8.5 and 8.6) 

is highly exponentially correlated for both tanks. A similar pattern has been reported for pond 

grown barramundi (Glenn et al., 2007) (not only farmed barramundi, but also other farmed fish 

such as Nile Tilapia (Orechromis mosabica), Rainbow trout (Oncorhynchus mykiss) have 

shown the exponential-growth patterns (dos Santos et al., 2013; dos Santos et al., 2008; Anon, 

2012 a)).  

However, this exponential growth pattern might not be expected for barramundi in their 

natural environment. This is because their growth rate is likely to vary, and may be complex as 

they are subject to different life stages and gender inversion in the natural environment (Moore, 

1979; Reynolds & Moore, 1982). One of the other factors that influence the growth rate is the 

type of the RAS growth water. For e.g. they are likely to grow faster in freshwater than in 

saltwater (Reynolds, 1978). Moreover, their natural growth pattern is seasonal (they grow 

rapidly in wet seasons). 

The growth data of certain fish has been fitted by von Bertalanffy growth curves (Davis & 

Kirkwood, 1984) - this would be expected for a 2 to 3, year old fish, however, and those raised 

in ponds.  

The present experimental data indicate an exponential growth pattern for barramundi 

growth that is harvested commercially at around 8 to 9, months (although they would continue 

to grow thereafter if left).  

However, the comparison of growth curve of the fish from both tanks shows no meaningful 

difference. (Targeted research might show a significant impact of low concentration H2O2 to the 

RAS growth water on fish growth).  

The mass gain of fish after each 30 day period over 240 day RAS growth was calculated 

(Table 8-3). The data are seen to demonstrate that there is no meaningful difference in the 

overall mass gain, despite some variations in certain time frames.  

It is concluded that, with present data, there is no meaningful impact of low concentration 

of H2O2 on normal fish growth.  
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Table 8-3 Mass gain determined at 30 day intervals over 240 day period.  

The number of fish used for the analyses was 20 

 

 Time interval (day)   Mass gain (kg) 

Treated tank Control tank 

1 - 30 0.031 0.022 

31 - 60 0.050 0.018 

61 - 90 0.046 0.062 

91 - 120 0.092 0.072 

121 - 150 0.128 0.118 

151 - 180 0.100 0.081 

181 - 210 0.217 0.270 

211 - 240 0.202 0.156 

 

8.5.2 Dissolved oxygen concentration (COX) and RAS water temperature 

 

The RAS growth water temperature is set to be maintained at 28 
O
C for optimum growth of the 

barramundi in the commercial-scale tanks. However, the experimental data show that growth 

water temperature of both tanks fluctuated (marginally) around 27 
O
C. These small variations 

(< 5 
O
C) do not negatively impact on the growth rate of barramundi (as was demonstrated in 

Chapter 7) i.e. growth water temperature over this range has a negligible influence on taste-taint 

chemicals.  

On the other hand, the aerators-mixers are operated 24/7 to ensure the greater concentration 

of dissolved oxygen in the RAS growth water. The expected dissolved oxygen concentration 

(COX) at 27 
O
C under 100 % saturated condition is ~ 7.24 mg L

-1
. The experimental data show 

that the COX concentration of both tanks was below this expected concentration. The reason(s) 

can be attributed to the higher oxygen demand from the biota in the RAS system including the 

barramundi. The data show that barramundi can survive low COX such as 4.0 mg L
-1

  

(Table
 
8-1).  

These data underscore the potential for barramundi fish to survive under wide range of 

environmental conditions.  

 

8.5.3 GSM and MIB in growth water  

 

Results showed that MIB was the dominant taste-taint chemical in both tanks, and that 

observed average, concentrations, were several times greater than that for GSM.  

There have not been many reported cases for MIB in RAS systems - on most occasions 

GSM was the dominant taste-taint chemical (Houle et al., 2011).  
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The pilot-studies at Southern Barramundi Farm, South Australia (Chapters 5 and 6) which 

is also located in the same geographical region as the Farm, showed greater GSM concentration 

than MIB in their RAS growth water. Both farms use bore water as the source water for RAS -

but the main contributing chemical for taste-taint was different from each other.  

It is concluded, therefore, the biological sources of the taste-taint chemical appear to be 

site-specific.  

However, the particular biological sources for taste-taint in this research were not studied 

because there isn’t a reliable method at present to differentiate the contribution from 

cyanobacteria and actinomycetes to GSM and MIB (Juttner & Watson, 2007).  

 

8.5.4 Accumulation of taste-taint with growth of fish  

 

The correlations between taste-taint concentration in fish-flesh and the mass of the fish ranged 

from 0.45 to 0.59 (Figs. 8.10 through 8.13, inclusive).  

Because taste-taint chemicals are known to bio-concentrate in fish (Howgate, 2014), 

greater correlations might have been be expected.  

A possible reason for the apparent low correlations found is variation in the taste-taint 

chemical concentration in the RAS growth water.  

From the experimentally determined data of Figs. 8.10 to 8.13, it can be postulated that 

taste-taint chemical concentrations in fish-flesh are governed by the combination of taste-taint 

chemical concentration in growth water and the mass of the fish. For e.g. low taste-taint 

concentration in fish-flesh is seen in large fish, which grew under low taint concentration in 

growth water. (It is this principle that is used for ‘purging’ the fish with clean water before 

sending them to the market (Tucker, 2000)). The exchange of taste-taint chemicals across the 

fish body and growth water occurs until equilibrium is reached (Howgate, 2014). 

When comparing the taste-taint concentration of larger and smaller fish shown in the 

figures, both exposed to almost similar concentration, higher taste-taint concentration is seen in 

larger fish than in smaller. Arguably, if this is solely based on the lipid concentration, both fish 

should have the same taint concentrations in their flesh.  

This research finding shows that there is no meaningful difference between the average 

lipid concentrations (percentage of the mass of the fish) in smaller and larger fish. This can be 

attributed to the slower depuration rate of larger fish than smaller.  

Detailed computations of rates of taste-taint elimination through the fish gills (k2) for these 

RAS barramundi show that smaller fish have higher k2 than the larger fish (see Tables J-3 and 
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J-4, Appendix J). Therefore, the results of this research support experimentally Howgate’s 

thesis. 

Additionally, there is an overall positive correlation shown in the figures between the taste-

taint chemical concentration in the fish-flesh and the lipid. This is because both these chemicals 

are hydrophobic and tend to accumulate in lipid rich tissues (Howgate, 2014; Percival, 2007). 

Notably, in the predictions of Chapter 3 (Hathurusingha & Davey, 2014) an exponential 

accumulation of taste-taint chemicals with growth of fish was to be expected. However, the 

experimental results show it is more likely to be a moderate exponential dependence in practical 

RAS.  

A reason for this is most likely that because model predictions of Chapter 3 are based on a 

constant concentration of taste-taint chemicals in the RAS growth water (see Figs. 3.3 for GSM 

in Section 3.3) - and did not take account of natural fluctuations in the complex system. The 

experimental data from this research showed variation of GSM and MIB concentrations of 

different magnitudes in both tanks (Figs. 8.7 and 8.8).  

Overall, the fish-flesh analyses data show that the model predictions from this research 

proved to be accurate in spite of the oscillatory nature of RAS. Accordingly, highly exponential 

pattern of taste-taint accumulation in fish-flesh can be expected if fish grow in growth water 

with constant GSM and/or MIB concentrations. However, such a RAS system may not be 

practical - at present as there is no proven method of controlling taste-taint chemicals in growth 

water.  

 

8.5.5 Relationship between taste-taint concentration in RAS growth water and 

concentration in fish-flesh 

 

The GSM and MIB concentrations in fish-flesh of both tanks and their concentrations in 

growth waters are presented in Figs. 8.14 to 8.17, inclusive. As is seen, data points are scattered 

in all four (4) figures. 

The figures highlight that there is no clear correlation between taste-taint concentrations in 

growth water and concentration in the fish-flesh. The correlation coefficients are seen in the 

figures to be low, and in the range of 0.01 ≤ R
2
 ≤ 0.17 for both taste-taint chemicals.  

This is because the taste-taint chemical concentration in fish-flesh is governed by not only 

the taint concentration in the RAS growth water but also the mass of the fish (as discussed 

Section 8.4.4).  

Therefore, it is concluded it is the mass of the RAS fish (in terms of growth time (t)) that is 

the controlling factor.  
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The taste-taint chemical concentrations in growth water varied significantly over time in 

the dynamic RAS environment (Figs. 8.7 and 8.8). Moreover, the mass of the fish exponentially 

increased with time.  

In contrast, Petersen et al. (2012) reported a higher correlation coefficient R
2
 = 0.66 for 

GSM concentration in growth water and its concentration in fish-flesh for rainbow trout. 

However, they have used similar sizes (0.38 ± 0.07 kg) of fish in their research. No such 

correlation however was found for MIB in the same fish.  

In addition, Houle et al. (2011) have reported a greater correlation coefficient R
2
 = 0.88 for 

GSM concentration in RAS growth water and fish-flesh for arctic charr. However in their 

research, the masses of the fish taken for analyses were been reported, also; the correlation 

coefficient was actually based on too few data (n = 4). Therefore, more research is needed with 

different fish species to understand the relationship between the taste-taint chemicals 

concentration in fish-flesh and their concentration in RAS growth water. 

Importantly, comparison of the findings of this research with published data is difficult 

because a few studies have been undertaken with taste-taint accumulation in fish-flesh, 

particularly for barramundi.  

 

 

 

Fig. 8.14 GSM concentration in RAS growth water and concentration in fish-flesh from treated 

tank. Results are presented for n = 167 data. The number of fish used was 121. R
2
 = 0.15 
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Fig. 8.15 GSM concentration in RAS growth water and concentration in fish-flesh from control 

tank. Results are presented for n = 186 data. The number of fish used was 145. R
2
 = 0.17 

 

 

 

Fig. 8.16 MIB concentration in RAS growth water and concentration in fish-flesh from treated 

tank. Results are presented for n = 167 data. The number of fish used was 121. R
2
 = 0.11 
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Fig. 8.17 MIB concentration in RAS growth water and concentration in fish-flesh from control 

tank. Results are presented for n = 186 data. The number of fish used was 145. R
2
 = 0.01 

 

8.5.6 Fish mortality  

 

The dead fingerlings from the RAS commercial-scale treated tank were examined at the Farm 

by industry experts (Mr Adrian Mathews and Ms Tracey Hubbard). They observed loss of 

mucus on the skin.  

This is highly likely due to burning of the skin mucus resulting from direct contact with 

H2O2. The fish in the other sub-tanks (2A, 2C, 2D) which belong to different age groups, but 

grew in the same water matrix, did not show any evidence of these adverse impacts. 

However, a possible reason for mortalities was secondary infection in wounds.  

In particular, wounded fish are highly susceptible to microbial infection. However, direct 

visible damage could not be seen to the gill epithelium of the fish.  

This observation was made by the industry experts (who have been in the industry more 

than 20 years). The argument is that the gill epithelial tissues are the most sensitive body part 

for oxidizing agents such as H2O2 (Rach et al., 1997). This was confirmed by Margolis (1993) 

who found epithelial lifting and necrosis when applying lethal concentrations of H2O2 to 

Atlantic salmon (Salmo salar) and Chinook salmon (Oncorhynchus tshawytscha).  

Additionally, Rach et al. (1997) have shown that smaller fish are more resistant to H2O2 

than larger or older fish. This is because the larger fish have higher gill surface area than the 

smaller. Because this did not occur during the pilot-scale studies, it is appropriate to ask why 

and to investigate possible reasons.  
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The rate of dosing had been set up to 60 pulse min
-1

 in the commercial-scale study so as to 

ensure the residual concentration in the large volume of RAS water (120,000 L). The average 

daily consumption of H2O2 was 25 kg of Interox 50 % (w/w). This same amount of H2O2 had 

been used in pilot-scale studies for around 8 days but with a lower dosing rate.  

More importantly, the density of fish in the pilot-scale studies (20/2,500 L) was highly 

significantly lower in comparison with that in the commercial-scale growth tank  

(3,360/30,000 L). This is a density in the commercial-scale RAS of therefore 14 times that in 

the preliminary pilot-scale studies. This is interpreted as a significantly greater chance of direct 

contact of the fish with H2O2 in commercial-scale RAS tanks leading to significantly greater 

likelihood of mortality of fish numbers.  

Additionally, commercial RAS is significantly more dynamic and complex and therefore 

not identical to the nurseries used in the pilot-scale studies. Because of the greater fish density, 

greater nutrient input, greater solids (as sludge), a different, almost certainly greater, density of 

microbial populations would be expected in the commercial-scale RAS. Even though 

commercial-scale RAS water was identical initially as for the nurseries in the pilot-scale, the 

microbial community would not have been developed similarly. This is evident in the 

preliminary investigation (with 5 mg L
-1

 of H2O2 and optimisation of H2O2, Chapters 5 and 6), 

where the MIB concentration did not rise to its initial concentration.  

The H2O2 toxicity to fish depends on the species, physiological condition of the fish, life 

stage of the fish and water temperature (Rach et al., 1997). The toxicity of H2O2 to fish is 

reported to increase with increasing temperature. However, the RAS growth water has been 

regulated around 27 
O
C and therefore the impact of water temperature on toxicity is not 

probable.  

Therefore, it is concluded to carry out the commercial-scale studies with the dosing cage 

technique. 

 

8.5.7 Impact of H2O2 dosing on RAS growth water 

 

As is seen in Fig. 8.7, the GSM concentration in both tanks was close to the limiting 

concentration over the 35 week period, also, it is seen there is no meaningful difference 

between the two (2) tanks.  

Moreover, as shown in Fig. 8.8, the MIB concentration in both tanks was almost always 

above the limiting concentration.  

These findings from both tanks indicate that dosing of 2.5 mg L
-1

 of H2O2 to the treated 

tank did not significantly reduce the concentration of either taste-taint chemical over time.  
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In general, the overall excellent results obtained in the pilot-scale studies (Chapters 5 and 

6) were not reproduced in the larger, commercial-scale RAS.  

An investigation of likely reasons was undertaken. 

 

8.5.8 Impact of scale-up and organic matter on reduced efficacy of low concentration 

H2O2 in commercial-scale RAS  

 

The efficacy of 2.5 mg L
-1 

of
 
H2O2 in commercial-scale RAS was found to be not as successful 

as that in the pilot-scale studies. Understanding possible reasons for the reduced efficacy of 2.5 

mg L
-1 

of
 
H2O2 in commercial-scale RAS for mitigating GSM and MIB chemical taste-taint 

concentration in RAS growth water is important.  

A clear difference was that the volume of the commercial-scale treated RAS tank was 

120,000 L and that of the nursery tank 2,500 L. That means the volume of the growth water in 

commercial-scale treated tank was some 48 times (i.e. approaching two (2) orders of 

magnitude) greater than that of the nursery tank. A consequence is that the circulation and 

mixing (Reynolds numbers) (Perry & Green, 1997) in both commercial-scale and pilot-scale 

might not have been sufficiently similar for adequate scale-up. 

The main problem in scale-up from the pilot-scale study is that there is really no way of 

confirming the agitators used in the commercial-scale RAS tanks had the same flow and mixing 

characteristics compared with those in the pilot (nursery) (Perry & Green, 1997; Paul et al., 

2004). This was not considered because there was no material way in which the experimental 

program and model validation could differ from the program of the Farm’s commercial 

production. This is further hampered due to a lack of precise technical data (such as accurate 

water flow measure, agitator blade dimensions and power consumption in the commercial-scale 

treated tank) with which a material estimate might be made.  

It is apparent there was better mixing in the pilot-scale tanks over the commercial-scale 

tanks however as is clear from the lower concentrations of GSM and MIB in these tanks and 

colour (Fig. E-3, Appendix E) of the growth water suggesting all organic matter was oxidised. 

Moreover, there is a greater consumption of the dosed H2O2 and reactive oxygen species 

(ROSs) generated from H2O2 by larger amounts of organic matter or/and chemical scavengers 

present in the RAS growth water in commercial-scale. The consequence is that there is no 

reactive oxygen species (ROSs) to react with the taste-taint chemicals and microorganisms 

present in RAS commercial-sale growth water, and both concentrations of GSM and MIB are 

therefore not readily mitigated. The chemical scavengers for ROSs in RAS water include 

organic matter, carbonate and bicarbonate ions. However, of these competing mechanisms, the 

influence of organic matter is most probable as it consumes both H2O2 and the ROSs (Klausen 
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& Gronborg, 2010). This would eventually reduce the available ROSs for oxidation of GSM 

and MIB or for destroying microorganisms producing taste-taint chemicals. . 

The commercial-scale RAS growth water was tested for the presence of organic matter. 

The chemical oxygen demand (COD) and the total suspended solids (TSS) indicated the 

amount of organic matter in the water. The concentration of COD
 
and TSS in the commercial-

scale treated
 
tank was found to be in the range of 350 to 550, and, 100 to 175, mg L

-1
 

respectively. These two parameters showed that there were significant amounts of organic 

matter in the commercial-scale RAS growth water, of some three (3) to four (4) times.
  

Better H2O2 mixing in the pilot-scale study is evident from the change of growth water 

colour resulting from the oxidation of organic matters (see Fig. E.3, Appendix E). However, 

this colour change was not observed in the commercial-scale RAS treated tank as confirmed in 

the data of Table 8-2 (see Secchi disk value showing no meaningful difference between the 

control and treated tanks). 

Another possible reason for the reduced efficacy is reliance on only one H2O2 dosage point 

in both the pilot-scale and commercial-scale trials i.e. in the commercial-scale treated tank this 

is a ratio of 1:30,000 L whereas in the pilot-scale 1:2,500 L. This was almost certainly 

compounded by the poorer mixing of the dosed commercial-scale treated tank. 

It is concluded that scale-up of mixing and the presence of different amount of organic 

matter are controlling however.  

 

8.5.9 Possible improvement in future development and studies  

 

Because scale-up is (often) a serious professional challenge in chemical engineering plant 

design especially where something like five (5) times scale are used (Harmsen, 2013; Perry & 

Green, 1997) a gradual scale-up of the pilot-scale nursery is proposed in further studies. 

In this research, organic matter is a critical component in commercial RAS growth water 

that consumes ROSs. To improve the efficacy of dosed H2O2, organic matter removers (filters) 

are proposed for design of an improved RAS system. For example, the mixing tank method 

developed here can be further enhanced by filtering the inlet water to the mixing tank. With this 

proposed system, the mixing tank receives RAS waters with minimal organic matter.  

As this research was carried out with one dosing point, it may be appropriate to experiment 

with multiple dosing points strategically located for effective mixing to obtain better results for 

future application of H2O2. A current limitation however is the unavailability of the dedicated 

sensor and apparatus built for this present study. 
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To avoid fish mortality due to H2O2 contact, greater localised concentrations of H2O2 with 

decreased dosage but greater flow is suggested for further research.  

In summary, it is the dynamics of the water flow, degree to which oxidation reactions occur 

and extent of competing reactions with organic matter, that determine how much H2O2 is 

required to mitigate accumulation of taste-taint chemicals GSM and MIB.  

 

8.6 Predictive model validation for taste-taint 

 

The model synthesised with (published, fragmented) data of Chapter 3 was validated with 

experimentally determined data obtained from the RAS commercial-scale treated and control 

tanks for growth of barramundi from fingerlings to harvested fish over a growth period of 240 

days. 

The input parameters k1, k2, kG, and kg for both GSM and MIB were calculated with the 

RAS data (see Appendix J). The values used in the input parameters for the derivation of the 

initial model were updated with those obtained from the commercial-scale experimental trials. 

These data primarily include the mass of the fish, pre-exponential and exponential growth 

constants, lipid concentration in fish-flesh, dissolved oxygen (COX) concentration of the growth 

water, and; GSM and MIB concentration in the RAS growth water, and in the fish-flesh.  

 

8.6.1 Pre-exponential and exponential growth constants  

 

The mass of fish (mf) grown for harvest was found to be a function of growth time in the 

experimental RAS tanks (Figs. 8.5 and 8.6). Based on the generalized fish mass equation used 

for the new model development: 

t
f

m


 exp  (3-3) 

Together with the pre-exponential and exponential growth constants found from growth curves 

of Figs. 8.5 and 8.6, substitution Eq. (3-3) gives: 

 

For fish in the treated tank;  

t
f

m
0169.0

exp0226.0  (8.1) 

For fish in the control tank;  

t
f

m
0161.0

exp0229.0  (8.2) 
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8.6.2 Lipid concentration 

 

An average lipid concentration of 10 % (wet basis) was considered for the inputs in the model 

development.  

Llipid concentration from six (6) different tissues of the same fish (Fig. 8.9) gave an 

experimental value for the commercial-scale RAS barramundi of 6 % (w/w), which can now be 

input for the validation study of the new model of Chapter 3 (Hathurusingha & Davey, 2014).  

 

8.6.3 Dissolved oxygen concentration 

 

In model synthesis, the dissolved oxygen concentration of the RAS growth water was assumed 

at 7.24 mg L
-1

 at 28 
O
C. This was based on the assumption of saturated conditions at the given 

RAS water temperature and the equation of Neely (1979) used for the computations.  

However, experimental data collected daily in the commercial-scale trials showed that 

dissolved oxygen (COX) concentration varied over time.  

Therefore, in the model validation, daily experimental values averaged weekly (Table 8.2) 

was used to calculate gill ventilation rates GV (see Appendix J). 

 

8.6.4 Water temperature  

 

The average growth water temperature of both commercial-scale RAS tanks (treated and 

control) was found to be 27 ± 2 
O
C. These data indicated that the measures taken to regulate the 

temperature of the RAS growth water had been successful.  

The values are highly appropriate for model validation therefore.  

 

8.6.5 Computation for rate constant k1 for fish from treated and control tanks  

 

To calculate the gill uptake rate constant for GSM and MIB in both tanks, the detailed 

procedure described in Chapter 3 was used with the data collected from the commercial-scale 

RAS study. Although, in model synthesis the temperature assumed for growth of barramundi in 

RAS of 28 
O
C was substituted into Eq. (3-12) to compute the dissolved oxygen concentration 

(COX) (as 7.24 mg L
-1

), it should be understood that the experimental data collected daily for 

COX can be used directly. 

The chemical uptake efficiencies (EW) for GSM = 0.528 and MIB = 0.519 remain the same 

however as given in the new model development (see Eq. (3-10)) because these depend only on 
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the octanol-water partition coefficient (KOW). The uptake rate constants (k1) were calculated by 

substituting for EW, GV and mf values into Eq. (3-9). The results for both taste-taint chemicals 

are presented in Appendix J (Tables J-1 and J-2, respectively). 

 

8.6.6 Computation of rate constants k2, kG and kg for fish from treated and control tanks  

 

Eqns. (3-16), (3-15), (3-14) and (3-13) were used sequentially to compute k2. Eq. (3-18) was 

used to compute the input kG. Similarly, Eq. (3-17) was used to calculate kg.  

Detailed calculations for kG, kg and k2 for both chemicals in treated and control tanks are 

given in Appendix J (Tables J-3 and J-4, respectively). 

 

8.6.7 Example simulation for model validation using the RAS experimental data 

 

An overall example simulation of the new model with the experimentally determined data 

from the commercial-scale RAS studies with barramundi is presented as Appendix K.  

It is can be readily determined that  the total number of simulations used for model 

validation (N) is a sum of each of the following figures, Figs. 8-18 to 8-21, to give N = 706  

(i.e. ∑n = 167 + 186 + 167 + 186). 

This number is considered more than sufficient for the purpose of model validation. 

 

8.6.8 Taste-taint model validation with commercial-scale RAS experimental data  

 

The model Eq. (3.8) was again set-up in a Microsoft Excel™ spread sheet (as detailed 

Chapter 3). Model input parameters CW for GSM and MIB were taken from the weekly growth 

water analyses over the 35 week period. Additional parameters k1, k2, kg were fed to the spread 

sheet together with growth time (t).  

Simulations were carried out from fingerlings to harvested fish at 240 days. 

 

8.6.9 Comparison of model predictions with observed data  

 

Comparisons between the model predictions and experimental data were made for both taste-

taint chemicals (y) from each of the control and treated tanks.  

Fig. 8.18 presents a summary of the GSM taint predictions against the experimentally 

determined concentrations in fish-flesh with n = 167 predicted data (from 121 fish) for the 
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treated tank. Similarly, Fig. 8.19 presents this comparison for the control tank with n = 186 

predicted data (from 145 fish). 

Fig. 8.20 presents a summary of the MIB taint predictions against experimentally 

determined concentrations in fish-flesh with n = 167 predicted data (from 121 fish) for the 

treated tank, and; Fig. 8.21 presents this comparison for the control tank with n = 186 predicted 

data (from 145 fish).  

More than one sample was obtained and analysed from a single fish whenever possible to 

improve data. Smaller fish generally however provided only one sample due to their reduced 

mass. 

All experimental data that were determined are presented in Figs 8.18 through 8.21 – 

importantly, no outliers have been removed, nor has the data been mathematically ‘smoothed’ 

in any way. The Y = X line was used to visualise model prediction fit to the experimentally 

determined data. 

Overall, it is satisfying that for all four (4) figures (Figs. 8.18 through 8.21) the predicted 

and experimentally determined data cover the same range of values.  

It is safely concluded this means that, notwithstanding (minor) experimental errors, there is 

a very good correspondence between model predictions and experimentally determined for both 

GSM and MIB chemical concentration in the fish-flesh of the barramundi. 

However, close inspection of Fig. 8.18 for GSM from the ‘treated’ study shows the model 

consistently over-predicts taint accumulation in the fish-flesh especially for 1.5 ≤ y ≤ 12,  

µg kg
-1

. That is, the model predicts greater taint chemical concentration as GSM than was 

determined experimentally. This can be seen from the figure to be about a factor of two (twice) 

for the particular range i.e. at yobserved = 5, ypredicted ~ 10, µg kg
-1

. Similarly, this can be seen for 

Fig. 8.19 for GSM from the ‘control’ study.  

It can be concluded the model predictions therefore are conservative for GSM, that is, these 

can be thought of as ‘safe’. This is thought to be an advantage in the predictions. 
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Fig. 8.18 Predicted vs observed taste-taint (y) as GSM in fish-flesh from RAS ‘treated’ tank. 

Results are presented for n = 167 data from 121 fish. The number of fish harvested in the 

30,000 L was 3,326. The box (LL) indicates those data below the consumer rejection  

threshold for GSM (0.74 µg kg
-1

)  

 

 
 

Fig. 8.19 Predicted vs observed taste-taint (y) as GSM in fish-flesh from RAS ‘control’ tank. 

Results are presented for n = 186 data from 145 fish. The number of fish harvested in the 

30,000 L was 3,318. The box (LL) indicates those data below the consumer rejection  

threshold for GSM (0.74 µg kg
-1

) 
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Fig. 8.20 Predicted vs observed taste-taint (y) as MIB in fish-flesh from RAS ‘treated’ tank. 

Results are presented for n = 167 data from 121 fish. The number of fish harvested in 30,000 L 

was 3,326. The box (LL) indicates those data below the consumer rejection  

threshold for MIB (0.7 µg kg
-1

)  

 

 

 

Fig. 8.21 Predicted vs observed taste-taint (y) as MIB in fish-flesh from RAS ‘control’ tank. 

Results are presented for n = 186 data from 145 fish. The number of fish harvested in 30,000 L 

was 3,318. The box (LL) indicates those data below the consumer rejection  

threshold for MIB (0.7 µg kg
-1

)  
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Inspection of Fig. 8.20 and 8.21 for MIB from the ‘treated’ and ‘control’ study shows the 

model also consistently over-predicts taint accumulation in the fish-flesh especially for  

4 ≤ y ≤ 10, µg kg
-1

.  

That is, the model predicts greater taint chemical concentration as MIB than was 

determined experimentally. This can be seen from the figures to also be about a factor of two 

for the particular range.  

It is concluded the model predictions therefore are conservative for MIB also; this is also 

thought to be an advantage in the predictions. 

The following four (4) figures, Figs. 8.22 through 8.25, show an expanded view (covering 

the range 0 ≤ y ≤ 2, µg kg
-1

) of those data from respectively Figs 8.18 through 8.21 in which the 

consumer rejection threshold for taste-taint chemicals GSM and MIB was below the consumer 

rejection threshold. 

 

 
 

Fig. 8.22 Expanded area of Fig. 8.18 for taste-taint concentration (y) (covering 0 to 2, µg kg
-1

) 

as GSM in fish-flesh from RAS ‘treated’ tank. Results are for n = 137 data from 80 fish.  

The shaded area shows fish-flesh exceeding the consumer rejection threshold  

for GSM (0.74 µg kg
-1

)  
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Fig. 8.23 Expanded area of Fig. 8.19 for taste-taint concentration (y) (covering 0 to 2, µg kg
-1

) 

as GSM in fish-flesh from RAS ‘control’ tank. Results are for n = 160 data from 121 fish.  

The shaded area shows fish-flesh exceeding consumer rejection threshold  

for GSM (0.74 µg kg
-1

)  

 

 

 

Fig. 8.24 Expanded area of Fig. 8.20 for taste-taint concentrations (y) (covering 0 to 2, µg kg
-1

) 

for as MIB in fish-flesh from RAS ‘treated’ tank. Results are for n = 111 data from 85 fish. The 

shaded area shows fish-flesh exceeding the consumer rejection threshold  

for MIB (0.7 µg kg
-1

)  
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Fig. 8.25 Expanded area of Fig. 8.21 for taste-taint concentration (y) (covering 0 to 2, µg kg
-1

) 

as MIB in fish-flesh from RAS ‘control’ tank. Results are for n = 107 data from 91 fish. The 

shaded area shows fish-flesh exceeding the consumer rejection threshold  

for MIB (0.7 µg kg
-1

)  
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predictions are more evenly distributed about the Y = X line. Particularly, the distributions of 

data that is below the consumer rejection threshold concentration. 

It is believed this augurs well for development of possible protocols to help farmers to 

control taste-taint in fish-flesh of the harvested fish.  
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-1

). 

This is particularly significant as this is the area below the reported consumer rejection 
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However a drawback is that data above the consumer rejection threshold concentration are 
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variation and/or the lower the concentrations of taste-taint in RAS growth water, the better the 

model predictions.  

It is concluded that model predictions agree well with the observations under low 

concentration (or low variation) of taste-taint chemicals in RAS growth water. 

This insight is highly beneficial to fish-farmers, because various measures can be being 

taken to control the taste-taint chemicals in growth water. Enhanced application of the model to 

RAS farmed barramundi could be achieved by lowering the concentration of taste-taint 

chemicals in the RAS growth water. Farmers can effectively determine the harvesting time with 

minimum taste-taint in fish-flesh if the concentration of the chemical is low in the growth 

water.  

Moreover, the experimental data underscore that the model predictions are ‘on-trend’ with 

low and high variation of the taste-taint chemicals in the growth water. The model clearly 

demonstrates potential for RAS farmed barramundi as predictions correlate with taste-taint 

chemical concentration in the RAS growth water. That is the model predicts greater 

accumulation of taste-taint chemicals in fish-flesh when their concentration the RAS growth 

water is high.  

However, the area of interest is fish-flesh with taste-taint chemical above the consumer 

rejection threshold - as these fish are not marketable. The accuracy of model predictions 

irrespective of chemical range was investigated. The data points which deviated from Y = X 

line were counted and summarised as a percentage of the total (Table 8-4). 

 

Table 8-4 Variance comparison of data points about the Y = X line. The data is presented for 

both GSM and MIB in treated and control tanks as a percentage of total number of data  

points (n). The evaluation is based on the data points of Figs. 8.18 to 8.21 

 

 Percentage of data points 

Deviation Treated tank Control tank 

Criteria GSM MIB GSM MIB 

< 10 % 21 18 24 28 

10 to 20, % 17 18 15 18 

> 20 % above Y = X 47 56 50 45 

> 20 % below Y = X 16 8 11 8 

 

All the data in Figs 8.18 to 8.21 were used in this exercise. Four (4) criteria were used for 

the evaluation. These were: those data points that fall on the Y = X line or deviations < 10 %, 

10 to 20, %, the data points > 20 % above and below the Y = X line. For e.g. those data points 

that fall on the Y = X line and the deviation is less than 10 % for both chemicals in both tanks 

are given in row 1 of Table 8-4. 
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This table provides important insight, namely, that the model prediction is around 20 % 

accurate for any taste-taint concentration. Overall, the data indicate the model tends to slightly 

over-predict. That is, the actual taste-taint concentration will in fact be lower than the predicted. 

This provides a level of conservatism in the biologically based RAS system.  

Further, there is a slightly better correlation between predicted and observed data for 

smaller than for larger fish. 

These results demonstrate that the mass of the fish has greater influence (in terms of the 

growth time (t)) on predictions, followed by taste-taint chemical concentration (CW) in the RAS 

growth water.  

Interestingly, these experimental findings bear out the predictions of Fr 13 risk analyses  

(see Section 7.4.4). 

 

8.6.11 Possible reasons for variance in predictions and observations 

 

Experimental errors  

The comparisons between the model predictions and observed chemical taste-taint 

concentration in fish-flesh have been based on retaining all outliers. (All data need to be 

considered for the correlation between the model predictions and observations to have 

veracity). The experimental errors may occur because analyses of GSM and MIB in fish-flesh 

are actually difficult (Houle et al., 2011). One of the significant challenges is the sample 

preparation with the microwave distillation unit. Another important factor is obtaining 

representative samples of fish-flesh within a particular fish as the GSM and MIB are not 

homogeneously distributed in the fish-flesh because they are based on the lipid concentrations 

(Percival et al., 2008). RAS fish appear to have higher lipid concentrations than natural fish due 

to the RAS artificial feeding. The lipid rich matrix makes the extraction process tedious.  

Moreover, there may be some variations in obtaining a representative sample covering all 

the tissues in the body. For e.g. poor sample extraction recovery range from 35 to 51, % were 

observed for GSM in fish-flesh and 28 to 34, % for MIB. In addition, Relative Standard 

Deviation (RSD) for both chemicals in fish-flesh ranges from 6 to 10, % (see Section 4.5). 

These practical shortcomings affect the accurate determination of the actual concentrations in 

the fish-flesh. 

 

 

Growth equation and taint prediction  
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The growth equation for the fish is significant in the new model because the taste-taint 

accumulation in fish-flesh is governed by the difference of two exponential terms as highlighted 

in Eq. (3.7) i.e. accumulation and elimination.  

The growth equations for fish in both tanks were derived from the exponential growth 

curve, Figs 8.5 and 8.6 together with Table 8-3. The model however does not address the fact 

that the exponential growth constant may change with time; it predicts the taste-taint based on a 

fixed value. A drawback is the model considers only the age of the fish (t) whereas a large RAS 

fish might not acquire the exact mass according to the equation. This is because other 

physiological and environmental factors can influence fish growth.  

This accords with Sijm et al. (1992) who reported that biomagnification parameters used in 

the life-cycle model for adult non-growing fish may not be suitable for smaller growing 

(juvenile) fish.  

 

Oscillation of the taste-taint concentration in growth waters 

RAS is actually highly oscillatory, despite measures taken to control the environment.  

The taste-taint concentration in RAS growth water changes over time as shown in Figs. 8.7 

and 8.8. These changes impact model predictions as the model makes predictions based on the 

taste-taint chemical concentration in the growth water. Because the taste-taint distribution 

between the growth water and consequently fish-flesh occurs passively (according to the 

concentration gradient) there is no evidence available for the time taken to reach equilibrium 

between these two matrixes.  

This appears to be a time dependent process and can be explained with the observed 

experimental data. For e.g. the average GSM concentration in growth water of the treated tank 

in week 8 was 0.027 µg L
-1

 and this concentration in the growth water fell to as low as  

0.002 µg L
-1

 by week 9. The predicted GSM concentration in fish-flesh of treated tank fish at 

that time was 0.04 µg kg
-1

 but the observed concentration was 0.15 µg kg
-1

. That led to a lower 

predicted concentration than the actual measured concentration in these fish. 

 

8.6.12 Modifying the model for future applications  

 

This research is the first reported work to validate experimentally a time-dependent model for 

predicting the accumulation of taste-taint chemicals as GSM and MIB in barramundi fish-flesh 

from commercial-scale RAS operations. The data are extensive and cover the entire growth 

from fingerlings to harvest adult fish. 

Despite a very good correspondence between model prediction and the extensive 

experimentally determined data, the model in its present form tends to over-predict taste-taint 
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chemical concentration accumulation in fish-flesh. Careful investigation of the data will show 

however that this is significant only in the harvested fish, i.e. at 240 days.  

It is proposed, an expedient modification could readily be, the introduction of an empirical 

‘correction factor’ in future model applications to improve prediction for the period 

approaching harvest.  

However, it is more theoretically satisfying to include in a revised and amended model two 

growth constants, one for smaller (juvenile) fish and one as the fish approach harvest. 

Significant additional validation studies will be required however.  

This theoretical development is currently being planned.  

 

8.7 Concluding remarks  

 

This new research has demonstrated application of low concentration (2.5 mg L
-1

) dosing of 

H2O2 in commercial-scale (30,000 L) RAS for barramundi with a dedicated dosing apparatus.  

For commercial-scale a dosing a cage and dedicated mixing tank were used for ‘safe’ and 

efficacious treatment. Alternate-week dosing was found to be non-detrimental to the fish and 

did not affect the well-being of the fish or their growth negatively.  

The encouraging results demonstrated in pilot-scale studies (2,500 L) did not replicate 

directly in the commercial-scale operation. It is thought there were problems in scale-up  

(a factor of 48 times volume) with mixing from the pilot-scale to commercial-scale that reduced 

effectiveness of H2O2. In addition, significantly larger amounts of three (3) to four (4) times 

organic matter present in the commercial-scale RAS tank is thought to preferentially consume 

H2O2 and, inhibit generation of reactive oxygen species from H2O2. There is a need therefore to 

better understand scale-up of pilot-scale studies and the impact of natural organic matter on the 

efficacy of H2O2 in the mitigation of GSM and MIB taste-taint.  

MIB was found to be the dominant taste-taint chemical in RAS growth water in both 

treated and control tanks.  

Moderate expected exponential correlations were found between taste-taint concentration 

in the fish-flesh and the mass of the fish for both GSM and MIB. However, a poor correlation 

was found between the taste-taint concentrations in fish-flesh and concentrations in RAS 

growth water. 

It is concluded that it is the mass of the RAS fish (in terms of growth time (t)) is the 

controlling factor for taste-taint accumulation in fish-flesh.  

The model prediction and experimental data cover the same range of values for both GSM 

and MIB chemicals. Notwithstanding (minor) experimental errors, there is a very good 
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correspondence between model predictions and experimentally determined taste-taint chemical 

concentration in the fish-flesh of the barramundi. 

However, a minor drawback was the present model predicts greater taste-taint chemical 

concentration (~ 20 %) for both GSM and MIB than were determined experimentally. The 

possible reasons for this can be attributed to the experimental errors and deviation from the 

assumed exponential growth rate for larger fish, and fluctuation of taste-taint in growth water, 

with time. Present model predictions therefore are conservative for both chemicals and can be 

thought of as ‘safe’.  

In addition, the best fit of the model to the data was obtained at low taste-taint 

concentrations, especially below the consumer rejection threshold. This means the model could 

be used to develop protocols to control taste-taint in fish-flesh of the harvested fish in RAS 

farming. 

In general, model predictions for GSM showed better agreement with the experimental 

values than those for MIB at the low values (< 2 μg kg
-1

). This could possibly be due to the 

lower variation of GSM concentration in the RAS water.  

It is concluded the present model can be meaningfully applied to RAS systems with low 

variation of taste-taint chemicals in RAS growth waters.  

 

Next chapter  

 

In the following chapter the conclusions available from this research are presented and possible 

future work is outlined.  
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS  
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9.1 Conclusions   

 

1.  A new time dependent model was developed to predict accumulation of taste-taint chemicals 

as GSM and MIB in the flesh of RAS farmed-fish based on principles established in 

(bio)chemical engineering. This is the first such model.  

The model appears of a generalised form because predictions showed good agreement 

with independent data for both RAS barramundi (Lates calcarifer) and rainbow trout 

(Onchorhynchus mykiss).  

Predictions showed a variation of ± 5 
O
C on RAS water temperature did not 

meaningfully impact taint accumulation as either GSM or MIB in the fish-flesh. However, 

the concentration (CW) of these chemicals in the RAS growth water and time to harvest (t) 

were shown to be significant model parameters.  

 

2. To control taint as GSM and MIB in the RAS growth water, and as necessary preliminary 

work for model validation, a dedicated automatic apparatus that could be used to dose, 

control, and to measure low concentrations (2.5 mg L
-1

) of H2O2 in RAS growth waters in 

real-time was developed, together with the establishment of new Standard Operating 

Procedures (SOPs). 

It was found in pilot-scale studies that continuous dosing with 2.5 mg L
-1

 of H2O2 did 

not impact negatively on the pH of the RAS growth water, and importantly, that fish well-

being was not adversely affected as determined in careful (independent) fish clinical studies. 

Further, it was found that low dosing could mitigate accumulation of the taste-taint 

chemicals in the harvested fish-flesh below the reported consumer rejection threshold 

concentrations.  

It is concluded therefore H2O2 could be used in RAS as a benign biocide.  

The controlling mechanism of H2O2 appears to be by destroying taint producing 

microorganisms and oxidising the taste-taint chemicals. 

Experimental findings with low concentration of H2O2 underscored that there are 

additional potential benefits with H2O2. These include a fish product of whiter colour, an 

increased dissolved oxygen concentration (COX) in the RAS growth water, a reduction in the 

number of gill flukes, an improved (reduced size) organic particle distribution with increased 

C:N ratio, and; improved availability of organic carbon in the RAS growth water. 

 

3. A theoretical study of the impact of naturally occurring fluctuations in RAS parameters (time 

to harvest, t, taste-taint concentration in the RAS growth water, CW, and growth water 
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temperature, T) using the model developed for predicting taste-taint concentration in fish-

flesh showed it to be amenable to Fr 13 simulation and that it proved to be stable.  

In typical RAS farming of barramundi it is expected some 10.1 % of all harvests over 

the long term will result in fish with chemical taste-taint as GSM above the desired 

consumer rejection threshold due to chance natural fluctuations in an (uncontrolled) RAS 

environment. For MIB this failure rate is expected to be 10.5 %. 

The Fr 13 simulation revealed that vulnerability to taste-taint failure is impacted highly 

significantly by the time to harvest (t) and to a lesser extent by concentration and fluctuation 

of the taint chemicals in the RAS water (CW). A practical benefit is that the time to harvest 

however can be readily controlled by farmers. A time to harvest of > 240 day will result in 

rapidly increasing vulnerably to taint accumulation as GSM and MIB. The methodology and 

simulations appear to be applicable to a range of RAS farmed fish and other species e.g. 

prawns (Macrobrachium sp). 

 

4. Application of controlled low concentration (2.5 mg L
-1

) H2O2 in commercial-scale RAS for 

barramundi was found to limit appearance of GSM and MIB in the growth water, and 

subsequently, in the flesh of barramundi, for the first time. 

Direct sensor immersion in the RAS growth water, together with dosing into a specially 

designed ‘cage’ and mixing tank was employed for safe treatment of the fish during these 

commercial-scale studies.  

The newly commissioned sensor was found to work (very) well. Variants could readily 

be applied in a range of RAS aquaculture. 

A direct comparison between the new model predictions and the extensive experimental 

data from these commercial-scale studies for taste-taint chemical as GSM and MIB in fish-

flesh showed good agreement over a range of low taste-taint chemical concentration i.e. 

below the consumer rejection threshold. A minor drawback was scattering of data points 

with increased chemical concentrations. This is attributed to different exponential growth 

constants for the larger and smaller fish over the 240 day growth to harvest from fingerlings, 

and possible experimental error in obtaining representative samples from harvested fish-

flesh. 

In general, model predictions for GSM showed better agreement than for MIB. This 

might be attributed to a reduced variation in GSM concentration in the RAS water. An 

unexpected occurrence however was greater organic matter present in the commercial-scale 

RAS compared to the pilot-scale, study. This is thought to have been a consequence of the 
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significant scale-up (48 times volume) of the pilot-scale studies with (uncontrolled) in-tank 

mixing effects. 

 

5. This research shows clearly that the validated model can be meaningfully applied to RAS 

farming and improved growth protocols. This work is the first to ‘close the loop’ on model 

synthesis and experimental validation in RAS farming. It will be of immediate interest and 

benefit to a wide range of range of RAS farmers and risk researchers in foods processing. 

 

9.2  Recommendations for future research 

 

1. Given this is the first, time dependent taste-taint model and experimental validation for RAS 

farmed fish, there is nevertheless over prediction of taint chemicals accumulation in larger 

fish. It is proposed therefore that two growth constants to cover the growth period from 

smaller to larger fish be used in a revised model. (This work is currently under 

investigation).  

 

2. This research was completed with one sensor-apparatus. An improved H2O2 dosing is 

proposed with multiple dosing in future application. This might avoid fish mortality due to 

contact with localised higher concentrations of H2O2. A lower concentration with possible 

higher volumetric flow should be investigated. 

 

3. An unexpected occurrence was the high organic matter present in the commercial-scale 

RAS compared to the pilot-scale, study. This highlights an opportunity however. Future 

studies needs to look at the possibility of improving mixing to limit the development of 

organic matter that would impact on lowering the generation of ROSs. For e.g. a simple 

replacing of the organic matter filters before the H2O2 dosing mixing tank will ensure the 

mixing tank will receives RAS growth waters with minimal organic matter.  
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APPENDIX A - A definition of some important terms used in this study  

 

AOPs Advanced Oxidation Processes. This refers to in-situ generation of highly 

reactive hydroxyl radicals (
.
OH); these reactive species are known to be 

strong oxidants 

 

BAF Bio-accumulation factor is viewed as a combination of bio-concentration and 

bio-magnification. The ratio of the chemical concentration in the aquatic 

organism to the concentration in the water is defined as BAF 

 

BCF Bio-concentration factor is referred to the ratio of the concentration of a 

chemical in an organism to the concentration of the chemical in the 

surrounding (aquatic) environment 

 

BCFWIN
©

 Bio-Concentration Factor encoded to a computer program 

 

BSAFS Bio-sediment accumulation factors (BSAFS) is a parameter used to describe 

bioaccumulation of sediment-associated organic compounds, or metals into 

ecological biota. The BSAF is calculated using collected sediments and 

tissues over a gradient of contamination 

 

COD 

 

Chemical oxidation demand test is commonly used to indirectly measure the 

amount of organic compounds in water. Most applications of COD 

determine the amount of organic pollutants found in surface water; it is 

expressed in mg L
-1

 to show the mass of oxygen consumed per litre of 

solution 

 

Consumer 

threshold 

concentration 

Consumer threshold concentration (y) refers to the minimum taste-taint 

concentration (as GSM or MIB) that can make ‘earthy’ or ‘muddy’ flavor in 

fish-flesh; this value has been established by a panel of experts in food 

tasting 

 

FCR Food conversion ratio is a measure of an animal's efficiency in converting 

feed-mass into increases of a desired output; it is also known as the feed 

conversion efficiency (FCE) 

 

 

 

https://en.wikipedia.org/wiki/Chemical
https://en.wikipedia.org/wiki/Organism
https://en.wikipedia.org/wiki/Concentration
https://en.wikipedia.org/wiki/Environment_(biophysical)
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Pollutant
https://en.wikipedia.org/wiki/Surface_water
https://en.wikipedia.org/wiki/Milligram
https://en.wikipedia.org/wiki/Litre
https://en.wikipedia.org/wiki/Mass
https://en.wikipedia.org/wiki/Solution
https://en.wikipedia.org/wiki/Animal
https://en.wikipedia.org/wiki/Fodder
https://en.wikipedia.org/wiki/Mass
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FGETS A simulation model that is used to predict food and gill exchange of toxic 

substances. Importantly, temporal dynamics concentration of chemicals in 

fish body can be measured; it is (often) used for non-ionic, non-metabolized, 

organic chemicals that are bio-accumulated from either via water or water 

and food jointly 

 

Fr 13 Events defined by surprise and unexpected (sudden) changes as a result of 

naturally occurring chance changes in process input parameters (defined by 

Davey & Cerf, 2003) 

 

GC-MS Gas chromatography–mass spectrometry (GC-MS) is refers to an analytical 

method that combines the features of gas-chromatography and mass 

spectrometry to identify different substances within a test sample; it is 

extensively used in environmental analyses 

 

Gill flukes A worm like ectoparasite that lives in the gills of fish1 to 2, mm in length 

and which use hooks to attach to the gills. They damage the gills with time 

leading to secondary infection by bacteria 

 

GSM geosmin is an organic compound with a distinct ‘earthy’ or ‘muddy’ flavor 

and aroma produced by cyanobacteria or actinomycetes. It is a bicyclic 

alcohol with formula C12H22O, a derivative of decalin 

 

HACCP Hazard Analysis Critical Control Point is a risk management tool that 

supports other management systems standards across the foods industries; it 

is particularly appropriate for primary producers, manufacturers, processors 

and food service operators 

 

HAZOP HAZard and OPerability Study is a controlled and methodical examination 

of a planned or prevailing process or operation in order to recognize and 

evaluate difficulties that may represent risks to personnel or equipment, or 

prevent efficient operation 

 

LDPE Low-density polyethylene. LDPE is widely used for plastic bottles and also 

economical, impact resistant, and provides a good moisture barrier 

 

 

 

https://en.wikipedia.org/wiki/Analytical_chemistry
https://en.wikipedia.org/wiki/Gas-chromatography
https://en.wikipedia.org/wiki/Mass_spectrometry
https://en.wikipedia.org/wiki/Mass_spectrometry
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Bicyclic_molecule
https://en.wikipedia.org/wiki/Alcohol
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Decalin
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Limiting 

concentration 

This refers to the minimum taste-taint concentration in RAS growth water 

(Cw) that is likely to result in taint taste in fish-flesh. The accepted 

concentration for GSM is 0.015 µg L
-1

 and for MIB 0.018 µg L
-1 

 

LOD Limit Of Detection is the lowest quantity of a substance that can be 

distinguished from the absence of that substance within a stated confidence 

limit; LOD is estimated from the mean of a blank, the standard deviation of 

the blank and an agreed confidence factor 

 

MD-SPME Microwave mediated distillation with solid-phase micro extraction is a rapid 

distillation device for use with solid-phase micro-extraction (SPME). This 

technique is used to extract volatile compounds from various food-stuffs 

including fish-flesh. Microwave radiation is applied to the samples and 

distillates through a condenser then collected into a vial/container. A SPME 

fibre is used to extract compounds from the distillate 

 

MIB 2- methylisoborneol is an organic chemical with a strong odour; it is a 

derivate of borneol. Its odour detection threshold is very low and is one of 

the chemicals with major influence on the quality of drinking water and RAS 

farmed fish 

 

Milli-q water Highly purified water that is used for analytical testing;  water is passed 

though resin filters and undergoes deionization to remove impurities; milli-q 

water is capable of producing greater reproducibility and accuracies within 

parts per million when using ion mass spectrometers 

 

PBPK Physiologically Based PharmacoKinetic modelling is a mathematical 

modelling practice for predicting absorption, distribution, metabolism and 

excretion of man-made, or natural chemical substances, in humans and other 

animal species; it is widely used in pharmaceutical research and drug 

development, and in health risk assessment for cosmetics or general 

chemicals 

 

POPs Persistent Organic Pollutants are organic compounds that are known to be 

resistant to environmental degradation. Because they tend to bio-accumulate, 

making significant impact on human and animal health and the environment 

 

https://en.wikipedia.org/wiki/Confidence_interval
https://en.wikipedia.org/wiki/Confidence_interval
https://en.wikipedia.org/wiki/Mean
https://en.wikipedia.org/wiki/Standard_deviation
https://en.wikipedia.org/wiki/Organic_chemical
https://en.wikipedia.org/wiki/Odor
https://en.wikipedia.org/wiki/Borneol
https://en.wikipedia.org/wiki/Odor_detection_threshold
https://en.wikipedia.org/wiki/Water_quality
https://en.wikipedia.org/wiki/Drinking_water
https://en.wikipedia.org/wiki/Mathematical_modeling
https://en.wikipedia.org/wiki/Mathematical_modeling
https://en.wikipedia.org/wiki/Risk_assessment
https://en.wikipedia.org/wiki/Organic_compounds
https://en.wikipedia.org/wiki/Environmental_degradation
https://en.wikipedia.org/wiki/Bioaccumulate
https://en.wikipedia.org/wiki/Human_health
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QSAR A model that can be used to predict the activities of new chemicals; the 

predictors can be comprised of physicochemical properties, or theoretical 

molecular descriptors of chemicals of interest 

 

RAS Recirculating Aquaculture Systems is an intensive farming technique in 

which water is recirculated and filtered; it offers the advantage of fish 

farming in a controlled environment with (generally) convenient 

management 

 

ROS Reactive Oxygen Species refers to chemically reactive molecules containing 

oxygen; these include peroxides, superoxide, hydroxyl radical, and singlet 

oxygen, and are powerful oxidants 

 

RRF Relative Response Factor refers to the ratio between a signal produced by an 

analyte being investigated and the amount of analyte which produces the 

signal relative to the value reported by the internal standard of same 

concentration or strength 

 

SPME Solid-phase micro-extraction is a sampling technique that involves a fibre 

which is coated with an extracting phase. This can be a liquid (polymer) or a 

solid (sorbent) that extracts different kinds of analytes (including both 

volatile and non-volatile) from different kinds of media (liquid or gas phase); 

the quantity of analyte extracted by the fibre is proportional to its 

concentration 

 

SVA Single Value Assessment or single point assessment is a deterministic 

solution using a single value input (Sinnott, 2005, see Chandrakash et al., 

2015)  

 

TCA 2, 4, 6 Trichloroanisole is a chlorinated derivate of anisole and causes 

unpleasant earthy and musty odour. It is used as an internal standard when 

quantifying both GSM and MIB concentrations in various matrixes 

including water and fish-flesh 

 

  

https://en.wikipedia.org/wiki/Predictive_inference
https://en.wikipedia.org/wiki/Peroxide
https://en.wikipedia.org/wiki/Superoxide
https://en.wikipedia.org/wiki/Hydroxyl_radical
https://en.wikipedia.org/wiki/Singlet_oxygen
https://en.wikipedia.org/wiki/Singlet_oxygen
https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Sorbent
https://en.wikipedia.org/wiki/Analyte
https://en.wikipedia.org/wiki/Volatility_(chemistry)
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Other   

 

Fish species 

 

 

Artic charr 

(Salvelinus 

alpinus) 

 

A cold-water fish in the family Salmonidae, resembling both salmon and 

lake trout but varies in colour; it is a natural occurring fish and breeds in 

fresh water and potential to migrate to sea. It is popular as a RAS farmed fish 

(particularly in Canada). The harvested size is 1 to 2, kg 

 

Barramundi 

(Lates 

calcarifer) 

 

Barramundi is a warm water aquaculture fish and is often known as ‘sea 

bass’, ‘Asian sea bass’, ‘giant perch’, and ‘giant sea perch’ globally. It has 

relatively fast growth, tolerability to production handling, premium edible 

properties (i.e. tender, mild tasting and boneless fillets), and; adaptability for 

high stocking densities. It is sent to market as live fish, plate-size as whole or 

fillet. The fish reach an average market size (0.8 to 1.0, kg) within 8 to 12, 

month, when provided with suitable RAS growth conditions 

 

Channel catfish 

(Ictalurus 

punctatus) 

This fish belongs to the family of Ictaluridae; it is popular in the USA and 

has contributed to the rapid growth of aquaculture industry. The fish is 

harvested at 4 to 5, kg but can grow up to 18 to 23, kg. 

  

Rainbow trout 

(Onchorhynchus 

mykiss) 

Rainbow trout is a cold-water fish of salmonidae family. It can be farmed in 

ponds, dams or in RAS systems. Trout farming in RAS is a global practice, 

particularly in Europe, due to the cooler condition. Growth temperature is 

around 15 
O
C. The market size of the fish is 0.25 to 0.35, kg. Tate-taint 

problems in RAS farmed rainbow trout have been reported in several 

European counties e.g. Denmark, UK and France 

 

  

https://en.wikipedia.org/wiki/Fish
https://en.wikipedia.org/wiki/Salmonidae
https://en.wikipedia.org/wiki/Aquaculture


191 
 

 
 

Bacteria in RAS 

 

 

Actinomycetes Filamentous, non-photosynthetic bacteria with wide range of morphologies; 

commonly found in soil and water bodies from surface run-off. 

Streptomyces are the most widely reported genera of actinomycetes that can 

produce GSM and MIB  

 

Cyanobacteria Type of prokaryotes which resemble bacteria due to their biology and 

cellular structure.Three genera: Anabaena, Aphanizomenon and Oscillatoria 

have been identified to produce GSM and MIB; these can produce either 

GSM or MIB in different proportions; very few have the ability to produce 

both chemicals 
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APPENDIX B - Detailed solution to the model synthesis of Chapter 3 

 

B.1  Introduction 

The details for solution of the new model synthesis of Chapter 3 are presented in this section. 

 

B.2  Model solution 

Let y (µg kg
-1

) = the concentration of taint as either GSM or MIB in the fish-flesh and CW = the 

concentration (µg L
-1

) of taint as either GSM or MIB in the RAS water at any time, t.  

The rate of change of taint (y) in the fish-flesh with time (t) is therefore given by:  

rate neliminatiorate uptake 
dt

dy
 (B-1) 

 

The uptake rate of either GSM or MIB will be a function of the rate constant for uptake 

(k1, L kg
-1

 day
-1

), the fish mass (mf, kg) and the taint concentration in the RAS water (CW). The 

elimination rate of GSM or MIB will be a function of the rate constant for elimination through 

the gills (k2, day
-1

), the rate constant for bio-transformation and growth dilution (kg, day
-1

) and 

the instantaneous value of y at time, t. Substitution of these parameters into Eq. (B-1) gives: 

ykkCmk
dt

dy
gf )( 2W1   (B-2) 

where )(
dt

dy
is the rate of change of taint in fish-flesh (µg kg

-1
day

-1
). 

 

The mass of fish (mf) grown for harvest is known to be a function of growth time in the 

RAS tank. Published growth data as mass of fish (kg) vs growth time (day) is generally highly 

exponentially correlated (Glenn et al., 2007; dos Santos et al., 2013; dos Santos et al., 2008) 

(see Eq. (3-19) for barramundi), and fish mass is therefore given by:  

t
m f


 exp  (B-3) 

Let: 

W1Ckb   (B-4) 

and;  

)( 2 gkka   (B-5) 

Substitution for b and a into Eq. (B-2) and rearranging gives: 

tbay
dt

dy exp  (B-6) 
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Eq. (B-6) can be integrated by parts (Evans, 2010) as follows: 

tbay
dt

dy exp  (B-7) 

atYyatYyadt
y

dy
ay

dt

dy  exp,lnln,,  (B-8) 

tatatatat btaYtaYtYtYy expexp)(exp)(exp)(',exp)(  
 (B-9) 

tat btY expexp)(' 
 (B-10) 

tabtY )(exp)('   (B-11) 
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Eq. (B-15) can be rearranged to conveniently give: 

 att

a

b
y 


 expexp)( 


 (B-16) 

 

B.3  Concluding remarks 

The model solution is seen to be the difference between two exponential terms of simultaneous 

taint uptake and elimination with growth time. 
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APPENDIX C - Standard Operating Procedures (SOPs) for Microwave Distillation  

 

C.1  Introduction 

This section presents the Standard Operating Procedure (SOPs) for using the Microwave 

Distillation Unit. The format follows the Safety Policy and Guidelines of the School of 

Chemical Engineering, The University of Adelaide.   

 

Prepared by Priyantha I Hathurusingha 

Supervised by K R (Ken) Davey (Principal supervisor) 

Checked and approved by David Lewis (Laboratory manager) 

 

C.1.2 Scope  

This standard operating procedure (SOP) describes the efficient and safe operation of the 

microwave distillation unit for the extraction of GSM and MIB chemicals from barramundi 

fish-flesh. 

 

C.1.3 Purpose 

The purpose of this SOP is to document a procedure for safe and efficient set-up, operation and 

clean-up of the microwave distillation unit. This document also serves as a record of 

maintenance and provides safety information considered important to the operation of the 

distillation unit. 

 

Responsibilities  

The supervisor of laboratory (David Lewis) is responsible for the maintenance of the equipment 

and an approved risk assessment and this SOP. David Lewis (Co-supervisor of User) is 

responsible for ensuring the user is trained in the safe operation of equipment by a competent 

person. Priyantha Hathurusingha (User) is responsible for the safe operation of the equipment. 

 

C.2 General principles  

GSM and MIB are semi-volatile tertiary alcohols and tend to accumulate in fish-flesh. These 

chemicals can be easily transformed to the vapour phase by applying sufficient heat through 

microwave digestion. Nitrogen gas (N2) is used to transport the vapour from the distillation 

apparatus and the vapourised compounds are condensed with coolants.  

The process flow-chart of the distillation procedure is given in Fig.C.1. 
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Apparatus / requirements  

1. Microwave oven with 240 VAC  

power supply 

6. Graduated measuring cylinder, 50 ml 

2. A set of distillation glassware as shown 

in Figs. 4.9 to 4.11(see Chapter 4) 

7. Flow meter to measure the N2 gas flow 

3. Pressure regulator for regulating  

N2 supply 

8. Commercial-grade N2 gas supply  

4. Analytical balance capable of  

weighing to 0.01 g 

9. Cooler bath/foam box and ice 

5. Disposable aluminium crucible 10. Personal protection equipment 

Reagents  

1. Milli-q water 

2. 1M HCl (100 mL of 37 v/v% HCl: 900 mL milli-q water) 

 

General safety/Important information  

1. Enclosed footwear, appropriate personal protective equipment (i.e. safety glass, latex 

gloves) must be worn within the laboratory  

2. All chemical handling safety procedures should be followed when undertaking the analyses  

3. Only competent personal shall be allowed to operate the microwave distillation unit.  

 

Safe operating procedure  

Pre-operational checks 

1. Ensure power supply cable and plug are correctly in place and they have been inspected by 

qualified technician 

2. Check sufficiency of N2 supply and cylinder is secured appropriately 

3. Ensure the regulator of N2 is fully functional. 

 

Operational checks 

1. Set the correct digestion time and power level at each occasion 

2. Use protective equipment (lab coat, safety glass etc.) when operating equipment 

3. Set the regulator pressure such that the delivery pressure to be around 10-15 kpa 

4. Set correct flow rate with the flow meter (not to exceed 80 mL min
-1

) 

5. Ensure all distillation glassware are thoroughly washed off respectively with soapy water, 

IM HCl and triple rinse with milli-q water 

6. If the fish-flesh sample is frozen, allow 30 minutes to thaw. 
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On completion of work 

1. Close the valve of gas cylinder tightly when testing is completed 

2. Ensure to use gloves, eyewear when washing glassware with acid solution.  

 

Sample preparation and distillation procedure 

1. Cut the fish-flesh samples into pieces of 1 cm
2
 and weigh around 20.0 g with a disposable 

aluminium crucible 

2. Transfer the weighed fish-flesh into the sample holding glass apparatus (N) as shown  

Fig. 4.11 

3. Assemble the distillation glassware with joint clips (PTTE) tightly (Fig. 4.11) 

4. Place the graduated measuring cylinder (H) in the foam box (G) and then fill the ice-water 

into the foam box (Fig. 4.9) 

5. Attach N2 inlet and outlet to the distillation glassware and measuring cylinder 

6. Turn on N2 gas flow and the adjust the regulator of the flowmeter to regulate constant flow 

rate of 80 mL min
-1  

7. Turn on the microwave and heat the fish-flesh sample for 7 min at the medium-low power 

setting 

8. Turn off the N2 supply as soon as heating is finished and take the measuring cylinder out of 

the cooling box 

9. Rinse the N2 outlet tube (J) to the measuring cylinder with 2 to 5, mL of milli-q water as 

necessary (Fig. 4.9) 

10. Make up the distillate volume to 20 mL with milli-q water 

11. Transfer the solution to the 40 mL SPME vials, seal and store them under refrigerated 

condition (4 
O
C)  

12. Wash hands between each handling of fish-flesh samples to avoid cross-contamination and 

clean the glassware as detailed above for the next analyses.  

 

C.3 Emergency procedure 

In case of emergency isolate the power to microwave distillation unit and N2 gas supply.  

If evacuation is required, then muster at the designated evacuation area for Chemical 

Engineering North building. 

 

 

 

 



197 
 

 
 

Microwave distillation process flow-chart 

 

 

 

Fig. C.1 Process flow-chart of microwave distillation unit for barramundi  

fish-flesh digestion 

  

Frozen barramundi fish fillets 

Thaw for 30 min 

Cut 20.0 g barramundi fish and transfer into 

distillation flask (Fig. 4.1, Chapter 4) 

Heat 7 min in microwave at the medium 

low power level 

Total volume of collected condensate (kept 

at 0 
O
C in coolant water) brings up to 20 mL 

with milli-q water. Rinse the transfer lines 

(glass tubing) before bringing volume up 

Transfer the extractions into 40 mL SPME 

vial and store them under 4 
O
C 

Turn on N
2
 flow (80 mL min

-1
) 

at the beginning of the 

distillation process 

Turn off N
2
 flow (80 mL min

-1
) 

immediately at the end of the 

distillation process 
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APPENDIX D - Standard Operating Procedures (SOPs) for low concentration H2O2 

dosing  

 

D.1 Introduction  

This section presents the Standard Operating Procedure (SOP) for using the H2O2 dosing 

apparatus designed for dosing the low concentration of H2O2. The format follows the Safety 

Policy and Guidelines of the School of Chemical Engineering, The University of Adelaide. 

 

Prepared by Priyantha I Hathurusingha 

Supervised by K R (Ken) Davey (Principal supervisor) 

Checked and approved by K R (Ken) Davey (Principal supervisor) 

 

D.1.2 Scope  

This Standard Operating Procedure (SOP) describes the efficient and safe operation of the H2O2 

dosing apparatus designed for dosing the low concentration of H2O2 to the RAS growth water. 

 

D.1.3 Purpose 

The purpose of this SOP is to document a procedure for safe and efficient set-up, careful 

operation and calibration of H2O2 dosing apparatus. This document also serves as a record of 

maintenance and provides safety information considered important to the operation of the 

dosing apparatus. 

 

D.2 General principles  

The dosing apparatus is designed to dose, control, and to measure the low concentration of 

H2O2 in growth waters in real-time. The dosing apparatus is operated in an on/off mode such 

that the dosing is cut-off when the residual concentration in the growth water has reached the 

set-point. The dosing will resume when the concentration has dropped below the set-point to 

maintain the desired residual concentration in the growth water at all times.  

 

Safety/Important information  

1. Enclosed footwear, appropriate personal protective equipment (i.e. safety-glasses, acid 

resistance gloves) must be worn when working with the H2O2 dosing apparatus  

2. All electrical items related to the H2O2 dosing apparatus must be tested in accordance to 

AS3760:1990. They must be specifically designed for outdoor use, installed in a weather 

proof enclosure or kept dry and off the ground 
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3. All guards and covers must be kept in place at all times when apparatus is in operation  

4. All safety procedures should be followed when handling H2O2  

5. H2O2 should be stored in dry cool place in the original containers as manufacturer’s 

instructions 

6. Only competent personal shall be allowed to operate the H2O2 doing apparatus 

7. Only people who completed the Chemical Management Training course should be allowed 

to work with H2O2. 

 

Reproduction 

This information in this appendix is reproduced from the ProMinent assembly and operations 

instructions, DULCOMETER® D1Cb/D1Cc, Part No. 986362, BA DM 184 03/11EN manual.  

 

D.3 Description of dosing apparatus 

 

Fig. D.1 shows the permanent display and the control elements of the automatic controller.  

 

 

 

Fig. D.1 Overview of the H2O2 dosing controller. 

The relevent function and description of the keys are given in Table D-1 

 

The Table D-1 presents the main functions of the given numbers in the controller of Fig. D.2. 

The sensor reading is in ppm.  

8 

7 

6 

5 

4 

3 

2 

1 
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Table D-1 Main function and description of the keys of the H2O2 controller 

 

 Item 

Number 

Function Description 

1 H2O2 

concentration 

The sensor reading at a given time 

2 Start & stop key Start/stop for the control and metering functions  

3 Change key To change within a menu level and to move from a changeable 

variable to another changeable varaible within a menu option 

4 Down key To lower a displayed numerical value and to change the 

variable (flashing display). To move down the operating menu 

5 Back key Returns to the continuous display or to the start of the 

respective setting menu 

6 Up key To increase a displayed numerical value and to change the 

varaible (flashing display). To move up in the operating menu 

7 Enter key To apply, confirm or save a displayed value or status or to 

acknowledge an alarm 

8 ↕ Indicaties if dispalyed value is rising or falling  

 

By pressing the change key once, the main menu will switch to the continuous display-2. 

 

Continuous display-2 

 

 

 

Fig. D.2 The continuous display-2 showing the value of main parameters 

 

This menu shows all currently required information from the main controller unit. The 

‘mea.val’ indicates the current measured value in ‘ppm’. The ‘ctrlout’ indicates the action 

required by the controller i.e. when the H2O2 concentration in the measuring water has reached 

to 5.0 ppm, the ctrlout’ value becomes 0 % (that means H2O2 dosing is ceased). Conversely, 

when the H2O2 concentration is 0 ppm in the measuring water, the ‘ctrlout’ displays a value of 

100 %.  

The ‘W’ is the set value which needs to be maintained in the system and it is 5.0 ppm in the 

given example. When the measured value is below the set value (W), dosing starts or continues 

until it reaches to the set value (W) as shown by the ‘mea.val’. The ‘crtlout’ value changes 

according to the difference between the values of ‘mea.val’ and W. The greater the difference 

between measured value and W, the higher the ‘ctrlout’ value. A negative value for ‘ctrlout’ is 

expected when the measured value exceeds W (i.e. over dosing). 

Mea.val : 2.5 ppm 

Ctrlout  : 50 % 

W : 5.0 ppm 
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By pressing the change key once, the continuous display-2 will switch to continuous  

display 3.  

 

Continuous display-3 

The display shows the current measured value. The bar graph highlights the current measured 

value in relation to its lower and upper limits. If the measured value outside this range, an error 

message will be appeared on the main display as ‘limit 1 ↓’ or ‘limit 2 ↑’ 

.  

 

 

Fig. D.3 Continuous display-3 showing the measuring range 

 

Better resolution can be obtained by zooming in to a smaller range. By pressing the change key, 

the continuous display 2 will switch to the calibration menu.  

 

Calibration of the sensor 

Once the system is stabilized and the sensor reading is established the growth water sample will 

be taken to determine the H2O2 concentration analytically. The water samples should be taken 

by opening the valve below the sensor holder. The analytical value obtained should be fed to 

the controller through the calibration menu and the analytical value is referred to the DPD 

value. The main steps invloved in the calibration process is given in Fig. D.4. 

 

 

 

Fig. D.4 Main display showing the calibration steps 

 

The calibration is as follows: 

 Select the calibration menu and then press the enter key (7)  

 Select the ‘DPD Value’ using the down key (4) and continue with enter key  

 

Calibration 

Zero point : 4.00 mA  

Slope : 0.60mA/ppm 

Calibration 

DPD value : 4.95 ppm  

 

Calibration 

Zero point : 4.00 mA  

Slope : 0.60mA/ppm 

0.0 20.0 

H2O2 concentartion 
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 If necessary, match the flashing ppm value to the value that was determined 

analytically.  

 Press the enter key twice  

 The display now shows the value determined for the zero point and slope. 

 

Setting the measured value  

 In case the measuring range is modified, the setting must be checked in all menus and 

the sensor must be recalibrated. The main steps involved in setting the measured value 

are given in Fig. D.5  

 Select the measured value setting menu using the change key 

 Change the setting as necessary using the up, down and enter keys 

 The following example for the set value of 5 ppm.  

 

 

 

Fig. D.5 Main display showing the steps involved in setting the measured value 

 

The pump setting  

The pump setting is used to change the dosing rate of H2O2 and the unit is given pulse/minute. 

The pumps setting procedure is given in Fig D.6.  

 

 

 

Fig. D.6 Main display showing the steps involved in pump setting 

 

 The pump must be set to ‘External Control’ operating mode 

 Observe the maximum stroke rate for the pump (the maximum stroke rate for the pump 

can be found in the operating manual for the pump) 

 Possibly switch off any stroke memories in the pump controller 

Measured value  

setting?  

Range adjustment 

measured value  

4 mA  

   : 0.0 ppm 

 :  

Range adjustment 

measured value  

20 mA  

  : 20.0 ppm 

 

Pump setting? Control  

Pump 1 ↑ 

Pump 2 ↓ 

Dosing pump max  

Pump 1: 10 

Pump 2: 0  

Pulse/min 
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 Select the pump setting menu using the change key (setting a stroke rate on the 

controller. A higher than the actual possible maximum stroke rate of the pump, can lead 

to hazardous operating conditions) 

 Use the up, down and enter keys to set the pump values.  

 

Limits setting  

This sets the upper and lower measurement range limits of the H2O2 concentration to be 

controlled. The limits setting procedure for 5 ppm is given in Fig. D.7. 

 

 

 

Fig. D.7 Main display showing the steps involved in setting the limits 

 

 Select the limits setting menu using the change key 

 Use the enter key to select the limits changeable menu  

 Use up and down keys to enter the upper and lower values and press the enter key to 

confirm the entered values  

 

Control setting  

The control setting is used to tune the controller response for optimal H2O2 dosing. The ‘XP’ 

and ‘W’ are the two main controlling variables of the apparatus. The ‘XP’ is the proportional 

band of the instrument. The ‘W’ is the set value which is the concentration to be maintained in 

the growth water. 

The smaller the XP value, the faster the response, and the larger the value, the slower the 

response. This means that as the set point is reached, the dosing pump pulse will be reduced. 

The XP number actually refers to the point where the control output of the controller is 100 % 

compared to the set-point (W). If we have a measured value of 2.5 ppm, then the control output 

will be 50 %. The main steps involved in control setting are given in Fig. D.8. 

Limits setting? Limit 2  upper  

 : 10.0 ppm 

Limit 1 lower  

 : 1.0 ppm 

Limits fault 

Hyst : 0.4 ppm 

∆t off : 0s 

Control : on  
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Fig. D.8 Main display showing the steps involved in control setting(s) 

 

The control setting procedure is summarized as follows:  

 Select the limits setting menu using the change key 

 Press the enter key until set point menu is appeared  

 Change the set-point value with up and down keys and confirm the entered value by 

pressing the enter key. 

 

D.4 Other setting(s)  

The instrument has the provisions to change a number of other variables as necessary. And all 

relevant information including the problem solving can be obtained from ProMinent Pty Ltd  

assembly and operations instructions, DULCOMETER® D1Cb/D1Cc (Part No. 986362, BA 

DM 184 03/11EN). 

  

Control setting? Control   

Control value  

Positive   ↑ 

Negative ↓ 

PID-control 

Normal 

Control value  

 : 0 % 

Ctrl parameter 

 XP : 10 % 

Ti  : off 

Td : off  

Set point 

 : 5.0 ppm 
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APPENDIX E - Photographic documentation of the pilot-scale preliminary study with  

5 mg L
-1

 H2O2  

 

E.1 Introduction  

Photographs of the pilot-scale study are presented to document the research with preliminary 

continuous dosing with 5 mg L
-1

 H2O2.  

 

E.2 The documentary photographs  

Five (5) photographs in this Appendix illustrate some important elements of the dosing with  

5 mg L
-1

 of H2O2.  

These include the display of sensor reading once the system is established (Fig. E1), the 

biological- and mechanical filters used to treat the RAS growth water in the nursey tanks  

(Fig. E2), the colour development of the growth water due to continuous application of low 

concentration of H2O2 (Fig. E3), a small pump used to pump water from nursery tank to the 

dosing apparatus to facilitate the water flow across the sensor (Fig. E4), and; connection of 

Interox 50 % (w/w) H2O2 drum to the metering pump, respectively (Fig. E5). 

  

 

 

Fig. E.1 Continuous dosing of 5 mg L
-1

 of H2O2 to the nursery tank (T1) 
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Fig. E.2 Filters used with RAS growth waters 

 

 

 

Fig. E.3 Colour of growth water in nursery treated tank (T1) five (5) days after dosing  
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Fig. E.4 Pumping RAS growth water to the H2O2 dosing apparatus 

 

 

 

Fig. E.5 Interox 50 % (w/w) H2O2 drum connected to the metering pump 

 

E.3  Concluding remarks 

It can be determined from the photograph evidence there was a successful application of H2O2 

dosing.  
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APPENDIX F - Approvals from The University of Adelaide Animal Ethics Committee 

Science to research with barramundi fish  

 

F.1 Introduction  

This section presents the approvals received from Animal Ethics Committee Science, The 

University of Adelaide to undertake pilot- and commercial-scale, studies at different times. 

 

F.2 Approval for pilot-scale study  
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F.3 Approval for commercial-scale study: 
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F.4 Extension for commercial-scale study: 

 

 

F.5  Concluding remarks 

Progress of the research was reported periodically to Animal Ethics Committee Science, The 

University of Adelaide as stipulated. 

.   
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APPENDIX G - Permit from Australian Pesticides and Veterinary Medicines Authority 

(APVMA) to use H2O2 in this research  

 

G.1 Introduction  

This Appendix presents the approvals received from Australian Pesticides and Veterinary 

Medicines Authority (APVMA) to use low concentration of H2O2 in this research. 

 

  

 

G.2  Concluding remarks 

Dosing of low concentration of H2O2 to RAS water was undertaken to comply with the 

stipulated guidelines of the APVMA permit.   
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APPENDIX H - Fish mortalities in commercial-scale treated- and control- tanks during 

the first 9-week period 

 

H.1 Introduction  

The mortalities of RAS barramundi fish are reported for first 9-week period of commercial-

scale treated- and control- tanks. 

 

Table H-1 Reported fish mortalities in treated and control tanks during the first  

9-week of commercial study  

 

Week Mortalities Dosing 

 Treated Control  

1 4 5 No 

2 8 5 Yes 

3 89 8 Yes 

4 124 5 Yes 

5 195 5 No 

6 95 4 No 

7 22 6 No 

8 8 5 No 

9 4 5 Yes 

 

H.2 Summary 

Table H-1 presents the fish mortalities found in both treated and control tanks for the first 9-

week period.  

The data from control tank shows that mortalities are common in commercial RAS tanks. It 

was found that cause for the reported higher mortalities was direct contact of fish with H2O2. 

Moreover, the number of mortalities was reduced when the dosing apparatus was isolated, 

temporarily. 

 

H.3 Concluding remarks 

Mortalities are natural in RAS and the biological system of the treated tank has recovered with 

time.  
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APPENDIX I - Photographic documentation of commercial-scale application of H2O2 to 

RAS growth water 

 

I.1 Introduction  

Photographs of the commercial-scale studies are presented to document the different dosing 

techniques employed for ‘safe’ dosing of 2.5 mg L
-1

 of H2O2 to RAS growth water. 

 

I.2 The documentary photographs  

 

The two (2) photographs in this Appendix illustrate the two techniques employed for safe 

dosing of low concentration of H2O2 to the growth water during the commercial-scale study. 

They are: dosing into a cage (Fig. I.1), and; the use of a mixing tank (Fig. I.2), respectively. 

 

 

 

Fig. I.1 H2O2 dosing into a cage to avoid direct contact with fish  

(A = H2O2 dosing tube; B = growth water inlet to H2O2 dosing apparatus; D = cage;  

F = H2O2 dosing apparatus) 

  

B 

F 

A 

D 
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Fig. I.2 H2O2 dosing into the mixing tank  

(A = H2O2 dosing tube; B = growth water inlet to the H2O2 dosing apparatus;  

C = growth water outlet; I = mixing tank; L = growth water inlet to the mixing tank) 

 

I.3 Concluding remarks 

It can be determined from the photographs, together with experimental evidence, that the 

mixing tank is the most suitable method for safe dosing of H2O2.  

  

L 

A 

C B 

I 
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APPENDIX J - Calculated model input parameters: k1, k2 and kg for GSM and MIB in 

fish-flesh from commercial-scale control- and treated- tanks 

 

J.1 Introduction  

This Appendix presents the calculated model inputs for GSM and MIB in fish from both 

commercial-scale control- and treated- tanks, starting from fingerlings to harvested fish (240 

day).  

Tables J-1and J-2 show the calculated values for k1 for the fish from control and treated 

tanks, respectively.  

Tables J-3 and J-4 present the calculated values for k2 and kg for the fish from the control 

and treated tanks, respectively. The sample number in each table refers to the date of sampling, 

tank number and replicates (reading from L to R). The tank 4D is the control tank and 2B is the 

H2O2 treated tank; a, b and c are the replicates. 

 

Table J-1 Calculated model inputs k1 for GSM and MIB in fish from commercial-scale  

control tank using mf, COX and GV values 

 

Sample Week Days mf COX GV k1 

number  (t) (kg) (mg L
-1

) (L day
-1

) (L kg
-1

day
-1

) 

      GSM MIB 

17.11.14.4D.a 3 21 0.035 5.12 30.939 467.26 458.95 

17.11.14.4D.b 3 21 0.036 5.12 31.510 462.68 454.45 

17.11.14.4D.c 3 21 0.037 5.12 32.077 458.26 450.11 

24.11.14.4D.a 4 27 0.045 4.89 38.142 448.05 440.08 

24.11.14.4D.b 4 27 0.048 4.89 39.776 438.04 430.25 

24.11.14.4D.c 4 27 0.051 4.89 41.375 428.84 421.22 

05.12.14.4D.a 5 35 0.055 4.98 42.671 410.11 402.82 

05.12.14.4D.b 5 35 0.053 4.98 41.656 415.46 408.07 

05.12.14.4D.c 5 35 0.051 4.98 40.627 421.09 413.60 

06.12.14.4D.a 6 42 0.067 4.35 55.538 438.17 430.38 

06.12.14.4D.b 6 42 0.061 4.35 52.252 452.79 444.74 

06.12.14.4D.c 6 42 0.062 4.35 52.807 450.22 442.22 

06.12.14.4D.d 6 42 0.065 4.35 54.454 442.84 434.96 

06.12.14.4D.e 6 42 0.064 4.35 53.908 445.25 437.33 

06.12.14.4D.f 6 42 0.066 4.35 54.997 440.48 432.65 

06.12.14.4D.g 6 42 0.066 4.35 54.997 440.48 432.65 

15.12.14.4D.a 7 49 0.068 4.88 49.985 388.56 381.65 

15.12.14.4D.b 7 49 0.068 4.88 49.985 388.56 381.65 

15.12.14.4D.c 7 49 0.071 4.88 51.407 382.73 375.93 

15.12.14.4D.d 7 49 0.071 4.88 51.407 382.73 375.93 

15.12.14.4D.e 7 49 0.073 4.88 52.344 379.03 372.29 

15.12.14.4D.f 7 49 0.075 4.88 53.272 375.46 368.78 

15.12.14.4D.g 7 49 0.074 4.88 52.809 377.23 370.52 

15.12.14.4D.h 7 49 0.074 4.88 52.809 377.23 370.52 

15.12.14.4D.i 7 49 0.077 4.88 54.191 372.02 365.40 

15.12.14.4D.j 7 49 0.078 4.88 54.647 370.34 363.76 
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Table J-1 (continued) 

21.12.14.4D.a 8 55 0.081 5.07 53.906 351.79 345.53 

21.12.14.4D.b 8 55 0.085 5.07 55.621 345.90 339.75 

21.12.14.4D.c 8 55 0.085 5.07 55.621 345.90 339.75 

21.12.14.4D.d 8 55 0.088 5.07 56.890 341.73 335.65 

21.12.14.4D.e 8 55 0.089 5.07 57.309 340.38 334.32 

29.12.14.4D.a 9 63 0.093 4.78 62.548 355.52 349.19 

29.12.14.4D.b 9 63 0.095 4.78 63.419 352.88 346.60 

29.12.14.4D.c 9 63 0.095 4.78 63.419 352.88 346.60 

05.01.15.4D.a 10 70 0.108 4.90 67.245 329.12 323.27 

05.01.15.4D.b 10 70 0.108 4.90 67.245 329.12 323.27 

05.01.15.4D.c 10 70 0.108 4.90 67.245 329.12 323.27 

05.01.15.4D.d 10 70 0.108 4.90 67.245 329.12 323.27 

05.01.15.4D.e 10 70 0.112 4.90 68.853 324.96 319.18 

05.01.15.4D.f 10 70 0.112 4.90 68.853 324.96 319.18 

05.01.15.4D.g 10 70 0.115 4.90 70.046 321.97 316.24 

05.01.15.4D.h 10 70 0.117 4.90 70.836 320.03 314.34 

05.01.15.4D.i 10 70 0.117 4.09 70.836 320.03 314.34 

12.01.15.4D.a 11 77 0.120 5.17 68.250 300.64 295.30 

12.01.15.4D.b 11 77 0.125 5.17 70.086 296.38 291.11 

12.01.15.4D.c 11 77 0.125 5.17 70.086 296.38 291.11 

12.01.15.4D.d 11 77 0.127 5.17 70.812 294.74 289.49 

19.01.15.4D.a 12 84 0.135 4.55 83.721 327.81 321.98 

19.01.15.4D.b 12 84 0.135 4.55 83.721 327.81 321.98 

19.01.15.4D.c 12 84 0.135 4.55 83.721 327.81 321.98 

26.01.15.4D.a 13 88 0.142 4.75 82.875 308.50 303.02 

26.01.15.4D.b 13 88 0.143 4.75 83.254 307.75 302.27 

26.01.15.4D.c 13 88 0.147 4.75 84.760 304.79 299.37 

26.01.15.4D.d 13 88 0.147 4.75 84.760 304.79 299.37 

26.01.15.4D.e 13 88 0.147 4.75 84.760 304.79 299.37 

02.02.15.4D.a 14 98 0.175 4.45 101.331 306.08 300.63 

02.02.15.4D.b 14 98 0.179 4.45 102.831 303.67 298.27 

02.02.15.4D.c 14 98 0.179 4.45 102.831 303.67 298.27 

02.02.15.4D.d 14 98 0.180 4.45 103.204 303.07 297.69 

02.02.15.4D.e 14 98 0.180 4.45 103.204 303.07 297.69 

02.02.15.4D.f 14 98 0.183 4.45 104.318 301.33 295.97 

02.02.15.4D.g 14 98 0.183 4.45 104.318 301.33 295.97 

02.02.15.4D.h 14 98 0.182 4.45 103.948 301.90 296.54 

02.02.15.4D.i 14 98 0.185 4.45 105.058 300.18 294.84 

09.02.15.4D.a 15 105 0.205 4.74 105.436 271.87 267.04 

09.02.15.4D.b 15 105 0.198 4.74 103.082 275.20 270.30 

09.02.15.4D.c 15 105 0.207 4.74 106.104 270.95 266.13 

09.02.15.4D.d 15 105 0.210 4.74 107.101 269.59 264.79 

14.02.15.4D.a 16 110 0.219 4.80 108.686 262.34 257.67 

14.02.15.4D.b 16 110 0.225 4.80 110.613 259.87 255.25 

14.02.15.4D.c 16 110 0.228 4.80 111.569 258.66 254.06 

14.02.15.4D.d 16 110 0.233 4.80 113.154 256.71 252.14 

19.02.15.4D.a 17 115 0.245 5.24 107.091 231.06 226.95 

19.02.15.4D.b 17 115 0.245 5.24 107.091 231.06 226.95 

19.02.15.4D.c 17 115 0.250 5.24 108.507 229.43 225.35 

19.02.15.4D.d 17 115 0.255 5.24 109.913 227.84 223.79 

19.02.15.4D.e 17 115 0.248 5.24 107.942 230.07 225.98 

19.02.15.4D.f 17 115 0.243 5.24 106.522 231.72 227.60 

19.02.15.4D.g 17 115 0.240 5.24 105.666 232.73 228.59 

02.03.15.4D.a 18 126 0.259 4.61 126.204 257.57 252.99 

02.03.15.4D.b 18 126 0.261 4.61 126.836 256.88 252.31 

02.03.15.4D.c 18 126 0.265 4.61 128.096 255.52 250.97 

02.03.15.4D.d 18 126 0.263 4.61 127.467 256.19 251.64 
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Table J-1 (continued) 

02.03.15.4D.e 18 126 0.259 4.61 126.204 257.57 252.99 

06.03.15.4D.a 19 130 0.275 5.17 117.005 224.90 220.91 

06.03.15.4D.b 19 130 0.275 5.17 117.005 224.90 220.91 

06.03.15.4D.c 19 130 0.285 5.17 119.753 222.11 218.16 

06.03.15.4D.d 19 130 0.290 5.17 121.115 220.76 216.84 

06.03.15.4D.e 19 130 0.294 5.17 122.198 219.71 215.80 

17.03.15.4D.a 20 141 0.310 5.20 125.751 214.42 210.61 

17.03.15.4D.b 20 141 0.310 5.20 125.751 214.42 210.61 

17.03.15.4D.c 20 141 0.320 5.20 128.373 212.06 208.28 

17.03.15.4D.d 20 141 0.320 5.20 128.373 212.06 208.28 

17.03.15.4D.e 20 141 0.345 5.20 134.805 206.55 202.87 

17.03.15.4D.f 20 141 0.345 5.20 134.805 206.55 202.87 

17.03.15.4D.g 20 141 0.335 5.20 132.252 208.68 204.97 

24.03.15.4D.a 21 148 0.357 5.45 131.512 194.73 191.26 

24.03.15.4D.b 21 148 0.360 5.45 132.229 194.16 190.70 

24.03.15.4D.c 21 148 0.357 5.45 131.512 194.73 191.26 

24.03.15.4D.d 21 148 0.365 5.45 133.420 193.22 189.79 

24.03.15.4D.e 21 148 0.365 5.45 133.420 193.22 189.79 

24.03.15.4D.f 21 148 0.357 5.45 131.512 194.73 191.26 

03.04.15.4D.a 22 159 0.372 4.74 155.311 220.69 216.77 

03.04.15.4D.b 22 159 0.378 4.74 156.935 219.46 215.56 

03.04.15.4D.c 22 159 0.378 4.74 156.935 219.46 215.56 

03.04.15.4D.d 22 159 0.380 4.74 157.474 219.05 215.16 

03.04.15.4D.e 22 159 0.385 4.74 158.818 218.05 214.18 

03.04.15.4D.f 22 159 0.390 4.74 160.155 217.07 213.21 

08.04.15.4D.a 23 163 0.425 5.10 157.402 195.77 192.29 

08.04.15.4D.b 23 163 0.410 5.10 153.768 198.25 194.72 

08.04.15.4D.c 23 163 0.415 5.10 154.985 197.41 193.90 

08.04.15.4D.d 23 163 0.425 5.10 157.402 195.77 192.29 

08.04.15.4D.e 23 163 0.415 5.10 154.985 197.41 193.90 

13.04.15.4D.a
5
 24 169 0.435 5.04 161.702 196.50 193.00 

13.04.15.4D.b 24 169 0.440 5.04 162.908 195.71 192.23 

13.04.15.4D.c 24 169 0.440 5.04 162.908 195.71 192.23 

13.04.15.4D.d 24 169 0.440 5.04 162.908 195.71 192.23 

13.04.15.4D.e 24 169 0.455 5.04 166.496 193.43 189.99 

13.04.15.4D.f 24 169 0.458 5.04 167.209 192.98 189.55 

13.04.15.4D.g 24 169 0.465 5.04 168.866 191.96 188.55 

20.04.15.4D.a 25 175 0.478 5.38 161.055 178.10 174.94 

20.04.15.4D.b 25 175 0.486 5.38 162.802 177.07 173.92 

20.04.15.4D.c 25 175 0.479 5.38 161.274 177.97 174.81 

20.04.15.4D.d 25 175 0.479 5.38 161.274 177.97 174.81 

20.04.15.4D.e 25 175 0.495 5.38 164.755 175.94 172.81 

20.04.15.4D.f 25 175 0.495 5.38 164.755 175.94 172.81 

20.04.15.4D.g 25 175 0.493 5.38 164.322 176.19 173.05 

20.04.15.4D.h 25 175 0.475 5.38 160.397 178.50 175.32 

27.04.15.4D.a 26 182 0.510 5.27 171.490 177.74 174.58 

27.04.15.4D.b 26 182 0.518 5.27 173.233 176.78 173.63 

27.04.15.4D.c 26 182 0.525 5.27 174.752 175.95 172.82 

27.04.15.4D.d 26 182 0.525 5.27 174.752 175.95 172.82 

27.04.15.4D.e 26 182 0.525 5.27 174.752 175.95 172.82 

27.04.15.4D.f 26 182 0.520 5.27 173.668 176.54 173.40 

27.04.15.4D.g 26 182 0.520 5.27 173.668 176.54 173.40 

04.05.15.4D.a 27 189 0.530 5.21 177.856 177.39 174.23 

04.05.15.4D.b 27 189 0.528 5.21 177.420 177.62 174.46 

                                                           
5
 The particular fish used in the example model validation simulation of Appendix K. 
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Table J-1 (continued) 

04.05.15.4D.c 27 189 0.528 5.21 177.420 177.62 174.46 

04.05.15.4D.d 27 189 0.530 5.21 177.856 177.39 174.23 

04.05.15.4D.e 27 189 0.540 5.21 180.031 176.23 173.10 

04.05.15.4D.f 27 189 0.550 5.21 182.191 175.10 171.99 

10.05.15.4D.a 28 195 0.584 5.38 183.448 166.05 163.09 

10.05.15.4D.b 28 195 0.584 5.38 183.448 166.05 163.09 

10.05.15.4D.c 28 195 0.590 5.38 184.671 165.45 162.51 

10.05.15.4D.d 28 195 0.590 5.38 184.671 165.45 162.51 

10.05.15.4D.e 28 195 0.605 5.38 187.710 164.01 161.09 

10.05.15.4D.f 28 195 0.611 5.38 188.918 163.44 160.53 

17.05.15.4D.a 29 201 0.650 4.90 215.936 175.61 172.48 

17.05.15.4D.b 29 201 0.660 4.90 218.090 174.67 171.56 

17.05.15.4D.c 29 201 0.660 4.90 218.090 174.67 171.56 

17.05.15.4D.d 29 201 0.695 4.90 225.539 171.54 168.49 

17.05.15.4D.e 29 201 0.680 5.75 189.492 147.30 144.68 

22.05.15.4D.a 30 207 0.710 5.14 218.013 162.31 159.43 

22.05.15.4D.b 30 207 0.715 5.14 219.010 161.91 159.03 

22.05.15.4D.c 30 207 0.730 5.14 221.986 160.74 157.88 

22.05.15.4D.d 30 207 0.730 5.14 221.986 160.74 157.88 

22.05.15.4D.e 30 207 0.726 5.14 221.194 161.05 158.19 

22.05.15.4D.f 30 207 0.735 5.14 222.973 160.36 157.51 

22.05.15.4D.g 30 207 0.721 5.14 220.203 161.44 158.57 

01.06.15.4D.a 31 217 0.740 5.14 223.957 159.98 157.13 

01.06.15.4D.b 31 217 0.755 5.14 226.898 158.86 156.03 

01.06.15.4D.c 31 217 0.755 5.14 226.898 158.86 156.03 

01.06.15.4D.d 31 217 0.760 5.14 227.873 158.49 155.67 

01.06.15.4D.e 31 217 0.762 5.14 228.263 158.35 155.53 

01.06.15.4D.f 31 217 0.765 5.14 228.847 158.13 155.32 

07.06.15.4D.a 32 223 0.780 5.75 207.168 140.40 137.90 

07.06.15.4D.b 32 223 0.785 5.75 208.030 140.08 137.59 

07.06.15.4D.c 32 223 0.775 5.75 206.303 140.71 138.21 

07.06.15.4D.d 32 223 0.784 5.75 207.857 140.14 137.65 

07.06.15.4D.e 32 223 0.792 5.75 209.234 139.65 137.16 

07.06.15.4D.f 32 223 0.795 5.75 209.748 139.46 136.98 

07.06.15.4D.g 32 223 0.800 5.75 210.605 139.16 136.68 

07.06.15.4D.h 32 223 0.790 5.75 208.890 139.77 137.29 

15.05.15.4D.a 33 231 0.820 4.81 255.836 164.92 161.99 

15.05.15.4D.b 33 231 0.824 4.81 256.647 164.64 161.71 

15.05.15.4D.c 33 231 0.824 4.81 256.647 164.64 161.71 

15.05.15.4D.d 33 231 0.810 4.81 253.804 165.63 162.69 

15.05.15.4D.e 33 231 0.815 4.81 254.821 165.27 162.34 

22.06.15.4D.a 34 238 0.865 5.14 247.871 151.47 148.78 

22.06.15.4D.b 34 238 0.854 5.14 245.817 152.15 149.45 

22.06.15.4D.c 34 238 0.845 5.14 244.130 152.72 150.00 

22.06.15.4D.d 34 238 0.855 5.14 246.004 152.09 149.39 

22.06.15.4D.e 34 238 0.865 5.14 247.871 151.47 148.78 

29.06.15.4D.a 35 245 0.880 5.02 256.648 154.16 151.42 

29.06.15.4D.b 35 245 0.895 5.02 259.483 153.25 150.53 

29.06.15.4D.c 35 245 0.885 5.02 257.595 153.86 151.12 

29.06.15.4D.a 35 245 0.875 5.02 255.699 154.47 151.72 
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Table J-2 Calculated model inputs k1 for GSM and MIB in fish from commercial-scale  

treated tank using mf, COX and GV values 

  

Sample Week Days mf COX GV k1 

number 

 

(t) (kg) (mg L
-1

) (L day
-1

) (L kg
-1

day
-1

) 

      

GSM MIB 

17.11.14.2B.a 3 21 0.033 4.62 33.000 528.61 519.21 

17.11.14.2B.b 3 21 0.028 4.62 29.658 559.90 549.94 

17.11.14.2B.c 3 21 0.027 4.62 28.965 567.07 556.98 

24.11.14.2B.a 4 27 0.038 4.64 36.014 500.97 492.06 

24.11.14.2B.b 4 27 0.035 4.64 34.139 515.60 506.43 

24.11.14.2B.c 4 27 0.032 4.64 32.208 532.03 522.57 

24.11.14.2B.d 4 27 0.040 4.64 37.356 491.20 482.46 

05.12.14.2B.a 5 35 0.043 5.24 34.558 424.82 417.27 

05.12.14.2B.b 5 35 0.044 5.24 35.078 421.42 413.93 

05.12.14.2B.c 5 35 0.045 5.24 35.595 418.12 410.68 

05.12.14.2B.d 5 35 0.045 5.24 35.595 418.12 410.68 

06.12.14.2B.a 6 42 0.047 4.72 40.649 457.17 449.04 

06.12.14.2B.b 6 42 0.047 4.72 40.649 457.17 449.04 

06.12.14.2B.c 6 42 0.047 4.72 40.649 457.17 449.04 

15.12.14.2B.a 7 49 0.050 5.07 39.396 416.49 409.09 

15.12.14.2B.b 7 49 0.051 5.07 39.906 413.62 406.26 

15.12.14.2B.c 7 49 0.053 5.07 40.917 408.09 400.83 

15.12.14.2B.d 7 49 0.055 5.07 41.914 402.83 395.67 

15.12.14.2B.e 7 49 0.055 5.07 41.914 402.83 395.67 

15.12.14.2B.f 7 49 0.051 5.07 39.906 413.62 406.26 

21.12.14.2B.a 8 55 0.058 4.71 46.702 425.63 418.06 

21.12.14.2B.b 8 55 0.053 4.71 44.044 439.28 431.46 

21.12.14.2B.c 8 55 0.055 4.71 45.117 433.62 425.91 

29.12.14.2B.a 9 63 0.060 4.40 51.106 450.25 442.24 

29.12.14.2B.b 9 63 0.060 4.40 51.106 450.25 442.24 

29.12.14.2B.c 9 63 0.063 4.40 52.753 442.62 434.75 

29.12.14.2B.d 9 63 0.065 4.40 53.836 437.81 430.02 

29.12.14.2B.e 9 63 0.065 4.40 53.836 437.81 430.02 

29.12.14.2B.f 9 63 0.065 4.40 53.836 437.81 430.02 

29.12.14.2B.g 9 63 0.067 4.40 54.907 433.19 425.48 

05.01.15.2B.a 10 70 0.070 4.31 57.672 435.51 427.76 

05.01.15.2B.b 10 70 0.070 4.31 57.672 435.51 427.76 

05.01.15.2B.c 10 70 0.073 4.31 59.267 429.16 421.52 

05.01.15.2B.d 10 70 0.074 4.31 59.793 427.12 419.52 

05.01.15.2B.e 10 70 0.075 4.31 60.317 425.12 417.56 

05.01.15.2B.f 10 70 0.075 4.31 60.317 425.12 417.56 

05.01.15.2B.g 10 70 0.077 4.31 61.358 421.22 413.73 

05.01.15.2B.h 10 70 0.081 4.31 63.411 413.82 406.46 

05.01.15.2B.i 10 70 0.085 4.31 65.429 406.89 399.66 

12.01.15.2B.a 11 77 0.100 4.08 76.819 406.06 398.84 

12.01.15.2B.b 11 77 0.105 4.08 79.294 399.19 392.09 

12.01.15.2B.c 11 77 0.105 4.08 79.294 399.19 392.09 

12.01.15.2B.d 11 77 0.106 4.08 79.784 397.87 390.79 

12.01.15.2B.e 11 77 0.107 4.08 80.273 396.56 389.51 

12.01.15.2B.f 11 77 0.107 4.08 80.273 396.56 389.51 

12.01.15.2B.g 11 77 0.109 4.08 81.245 394.00 386.99 

19.01.15.2B.a 12 84 0.117 3.95 87.872 397.00 389.94 

19.01.15.2B.b 12 84 0.119 3.95 88.846 394.65 387.64 

19.01.15.2B.c 12 84 0.121 3.95 89.813 392.36 385.38 

19.01.15.2B.d 12 84 0.121 3.95 89.813 392.36 385.38 
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Table J-2 (continued) 

26.01.15.2B.a 13 88 0.122 4.68 76.211 330.20 324.33 

26.01.15.2B.b 13 88 0.124 4.68 77.020 328.33 322.49 

26.01.15.2B.c 13 88 0.124 4.68 77.020 328.33 322.49 

26.01.15.2B.d 13 88 0.126 4.68 77.826 326.50 320.69 

26.01.15.2B.e 13 88 0.127 4.68 78.227 325.60 319.81 

02.02.15.2B.a 14 98 0.142 4.52 87.092 324.20 318.44 

02.02.15.2B.b 14 98 0.142 4.52 87.092 324.20 318.44 

02.02.15.2B.c 14 98 0.145 4.52 88.283 321.84 316.12 

02.02.15.2B.d 14 98 0.145 4.52 88.283 321.84 316.12 

02.02.15.2B.e 14 98 0.150 4.52 90.250 318.04 312.39 

02.02.15.2B.f 14 98 0.153 4.52 91.420 315.85 310.23 

02.02.15.2B.g 14 98 0.153 4.52 91.420 315.85 310.23 

02.02.15.2B.h 14 98 0.153 4.52 91.420 315.85 310.23 

02.02.15.2B.i 14 98 0.153 4.52 91.420 315.85 310.23 

09.02.15.2B.a 15 105 0.160 5.02 84.743 279.97 274.99 

09.02.15.2B.b 15 105 0.160 5.02 84.743 279.97 274.99 

09.02.15.2B.c 15 105 0.160 5.02 84.743 279.97 274.99 

09.02.15.2B.d 15 105 0.162 5.02 85.430 278.75 273.80 

09.02.15.2B.e 15 105 0.162 5.02 85.430 278.75 273.80 

09.02.15.2B.f 15 105 0.162 5.02 85.430 278.75 273.80 

09.02.15.2B.g 15 105 0.162 5.02 85.430 278.75 273.80 

14.02.15.2B.a 16 110 0.164 4.47 96.709 311.71 306.17 

14.02.15.2B.b 16 110 0.164 4.47 96.709 311.71 306.17 

14.02.15.2B.c 16 110 0.165 4.47 97.092 311.05 305.52 

14.02.15.2B.d 16 110 0.165 4.47 97.092 311.05 305.52 

14.02.15.2B.e 16 110 0.165 4.47 97.092 311.05 305.52 

14.02.15.2B.f 16 110 0.168 4.47 98.236 309.09 303.60 

19.02.15.2B.a 17 115 0.172 4.78 93.281 286.68 281.58 

19.02.15.2B.b 17 115 0.172 4.78 93.281 286.68 281.58 

19.02.15.2B.c 17 115 0.173 4.78 93.633 286.10 281.01 

19.02.15.2B.d 17 115 0.173 4.78 93.633 286.10 281.01 

19.02.15.2B.e 17 115 0.176 4.78 94.685 284.38 279.32 

19.02.15.2B.f 17 115 0.176 4.78 94.685 284.38 279.32 

02.03.15.2B.a 18 126 0.182 5.02 92.145 267.62 262.87 

02.03.15.2B.b 18 126 0.182 5.02 92.145 267.62 262.87 

02.03.15.2B.c 18 126 0.199 5.02 97.651 259.39 254.78 

02.03.15.2B.d 18 126 0.199 5.02 97.651 259.39 254.78 

02.03.15.2B.e 18 126 0.201 5.02 98.288 258.48 253.89 

02.03.15.2B.f 18 126 0.201 5.02 98.288 258.48 253.89 

02.03.15.2B.g 18 126 0.209 5.02 100.814 254.98 250.44 

02.03.15.2B.h 18 126 0.209 5.02 100.814 254.98 250.44 

02.03.15.2B.i 18 126 0.213 5.02 102.064 253.29 248.79 

02.03.15.2B.j 18 126 0.213 5.02 102.064 253.29 248.79 

02.03.15.2B.k 18 126 0.213 5.02 102.064 253.29 248.79 

06.03.15.2B.a 19 130 0.217 5.25 98.780 240.62 236.34 

06.03.15.2B.b 19 130 0.219 5.25 99.370 239.85 235.59 

06.03.15.2B.c 19 130 0.219 5.25 99.370 239.85 235.59 

06.03.15.2B.d 19 130 0.225 5.25 101.132 237.59 233.37 

06.03.15.2B.e 19 130 0.233 5.25 103.455 234.70 230.53 

06.03.15.2B.f 19 130 0.233 5.25 103.455 234.70 230.53 

06.03.15.2B.g 19 130 0.245 5.25 106.887 230.62 226.51 

06.03.15.2B.h 19 130 0.245 5.25 106.887 230.62 226.51 

17.03.15.2B.a 20 141 0.250 4.80 118.453 250.46 246.00 

17.03.16.2B.b 20 141 0.250 4.80 118.453 250.46 246.00 

17.03.17.2B.c 20 141 0.255 4.80 119.988 248.73 244.31 

17.03.18.2B.d 20 141 0.255 4.80 119.988 248.73 244.31 

17.03.19.2B.d 20 141 0.255 4.80 119.988 248.73 244.31 
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Table J-2 (continued) 

17.03.20.2B.e 20 141 0.265 4.80 123.026 245.40 241.04 

24.03.15.2B.a 21 148 0.269 5.01 119.023 233.89 229.73 

24.03.15.2B.b 21 148 0.272 5.01 119.884 232.98 228.84 

24.03.15.2B.c 21 148 0.280 5.01 122.164 230.63 226.53 

24.03.15.2B.d 21 148 0.295 5.01 126.379 226.45 222.43 

24.03.15.2B.e 21 148 0.295 5.01 126.379 226.45 222.43 

03.04.15.2B.a 22 159 0.298 4.72 135.029 239.52 235.26 

03.04.15.2B.b 22 159 0.305 4.72 137.082 237.58 233.35 

03.04.15.2B.c 22 159 0.318 4.72 140.852 234.13 229.97 

03.04.15.2B.d 22 159 0.333 4.72 145.136 230.39 226.29 

03.04.15.2B.e 22 159 0.334 4.72 145.419 230.15 226.05 

08.04.15.2B.a 23 163 0.340 5.08 136.686 212.51 208.73 

08.04.15.2B.b 23 163 0.335 5.08 135.377 213.61 209.81 

08.04.15.2B.c 23 163 0.351 5.08 139.545 210.15 206.42 

08.04.15.2B.d 23 163 0.354 5.08 140.319 209.53 205.80 

13.04.15.2B.a 24 169 0.358 5.01 143.322 211.62 207.86 

13.04.15.2B.b 24 169 0.341 5.01 138.861 215.26 211.43 

13.04.15.2B.c 24 169 0.375 5.01 147.710 208.21 204.51 

13.04.15.2B.d 24 169 0.380 5.01 148.987 207.25 203.56 

20.04.15.2B.a 25 175 0.390 4.77 159.148 215.71 211.87 

20.04.15.2B.b 25 175 0.390 4.77 159.148 215.71 211.87 

20.04.15.2B.c 25 175 0.390 4.77 159.148 215.71 211.87 

20.04.15.2B.d 25 175 0.390 4.77 159.148 215.71 211.87 

27.04.15.2B.a 26 182 0.450 4.67 178.401 209.56 205.84 

27.04.15.2B.b 26 182 0.475 4.67 184.783 205.63 201.98 

27.04.15.2B.c 26 182 0.490 4.67 188.555 203.41 199.79 

04.05.15.2B.a 27 189 0.504 4.55 197.104 206.73 203.05 

04.05.15.2B.b 27 189 0.504 4.55 197.104 206.73 203.05 

04.05.15.2B.c 27 189 0.504 4.55 197.104 206.73 203.05 

04.05.15.2B.d 27 189 0.504 4.55 197.104 206.73 203.05 

10.05.15.2B.a 28 195 0.545 4.77 197.818 191.87 188.45 

10.05.15.2B.b 28 195 0.565 4.77 202.507 189.46 186.09 

10.05.15.2B.c 28 195 0.570 4.77 203.670 188.88 185.52 

10.05.15.2B.d 28 195 0.580 4.77 205.986 187.73 184.39 

10.05.15.2B.e 28 195 0.578 4.77 205.524 187.96 184.62 

17.05.15.2B.a 29 201 0.610 3.98 255.099 221.06 217.13 

17.05.15.2B.b 29 201 0.621 3.98 258.080 219.68 215.77 

17.05.15.2B.c 29 201 0.645 3.98 264.520 216.78 212.93 

22.05.15.2B.a 30 207 0.675 3.65 297.086 232.65 228.51 

22.05.15.2B.b 30 207 0.685 3.65 299.939 231.46 227.34 

22.05.15.2B.c 30 207 0.665 3.65 294.218 233.87 229.71 

22.05.15.2B.d 30 207 0.705 3.65 305.659 229.11 225.04 

01.06.15.2B.a 31 217 0.735 4.40 260.472 187.33 184.00 

01.06.15.2B.b 31 217 0.743 4.40 262.312 186.62 183.30 

01.06.15.2B.c 31 217 0.740 4.40 261.623 186.88 183.56 

01.06.15.2B.d 31 217 0.742 4.40 262.082 186.71 183.39 

07.06.15.2B.a 32 223 0.755 5.21 223.810 156.74 153.95 

07.06.15.2B.b 32 223 0.775 5.21 227.686 155.30 152.53 

07.06.15.2B.c 32 223 0.768 5.21 226.347 155.79 153.02 

07.06.15.2B.d 32 223 0.775 5.21 227.686 155.30 152.53 

15.05.15.2B.a 33 231 0.780 5.78 206.092 139.67 137.18 

15.05.15.2B.b 33 231 0.795 5.78 208.659 138.74 136.27 

15.05.15.2B.c 33 231 0.801 5.78 209.682 138.37 135.91 

22.06.15.2B.a 34 238 0.830 6.02 206.030 131.21 128.88 

22.06.15.2B.b 34 238 0.815 6.02 203.602 132.05 129.71 

22.06.15.2B.c 34 238 0.820 6.02 204.414 131.77 129.43 

22.06.15.2B.d 34 238 0.825 6.02 205.223 131.49 129.15 
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29.06.15.2B.a 35 245 0.857 5.80 218.342 134.67 132.28 

29.06.15.2B.b 35 245 0.860 5.80 218.838 134.51 132.12 

29.06.15.2B.c 35 245 0.843 5.80 216.017 135.45 133.04 

29.06.15.2B.d 35 245 0.864 5.80 219.499 134.29 131.90 
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Table J-3 Calculated model inputs k2 and kg for GSM and MIB in fish from  

commercial-scale control tank 

 

Sample Week Days mf k2 kg 

number   (kg) (day
-1

) (day
-1

) 

    GSM MIB GSM MIB 

17.11.14.4D.a 3 21 0.035 1.475 2.627 0.0055 0.0055 

17.11.14.4D.b 3 21 0.036 1.458 2.597 0.0055 0.0055 

17.11.14.4D.c 3 21 0.037 1.442 2.569 0.0055 0.0055 

24.11.14.4D.a 4 27 0.045 1.333 2.376 0.0053 0.0053 

24.11.14.4D.b 4 27 0.048 1.300 2.315 0.0052 0.0052 

24.11.14.4D.c 4 27 0.051 1.268 2.260 0.0052 0.0052 

05.12.14.4D.a 5 35 0.055 1.231 2.192 0.0051 0.0051 

05.12.14.4D.b 5 35 0.053 1.249 2.225 0.0051 0.0051 

05.12.14.4D.c 5 35 0.051 1.268 2.260 0.0052 0.0052 

06.12.14.4D.a 6 42 0.067 1.137 2.026 0.0049 0.0049 

06.12.14.4D.b 6 42 0.061 1.181 2.103 0.0050 0.0050 

06.12.14.4D.c 6 42 0.062 1.173 2.090 0.0050 0.0050 

06.12.14.4D.d 6 42 0.065 1.151 2.051 0.0050 0.0050 

06.12.14.4D.e 6 42 0.064 1.158 2.063 0.0050 0.0050 

06.12.14.4D.f 6 42 0.066 1.144 2.038 0.0050 0.0050 

06.12.14.4D.g 6 42 0.066 1.144 2.038 0.0050 0.0050 

15.12.14.4D.a 7 49 0.068 1.131 2.014 0.0049 0.0049 

15.12.14.4D.b 7 49 0.068 1.131 2.014 0.0049 0.0049 

15.12.14.4D.c 7 49 0.071 1.111 1.979 0.0049 0.0049 

15.12.14.4D.d 7 49 0.071 1.111 1.979 0.0049 0.0049 

15.12.14.4D.e 7 49 0.073 1.099 1.958 0.0049 0.0049 

15.12.14.4D.f 7 49 0.075 1.087 1.937 0.0048 0.0048 

15.12.14.4D.g 7 49 0.074 1.093 1.947 0.0049 0.0049 

15.12.14.4D.h 7 49 0.074 1.093 1.947 0.0049 0.0049 

15.12.14.4D.i 7 49 0.077 1.076 1.916 0.0048 0.0048 

15.12.14.4D.j 7 49 0.078 1.070 1.906 0.0048 0.0048 

21.12.14.4D.a 8 55 0.081 1.054 1.878 0.0048 0.0048 

21.12.14.4D.b 8 55 0.085 1.034 1.842 0.0047 0.0047 

21.12.14.4D.c 8 55 0.085 1.034 1.842 0.0047 0.0047 

21.12.14.4D.d 8 55 0.088 1.020 1.817 0.0047 0.0047 

21.12.14.4D.e 8 55 0.089 1.015 1.808 0.0047 0.0047 

29.12.14.4D.a 9 63 0.093 0.997 1.777 0.0047 0.0047 

29.12.14.4D.b 9 63 0.095 0.989 1.762 0.0046 0.0046 

29.12.14.4D.c 9 63 0.095 0.989 1.762 0.0046 0.0046 

05.01.15.4D.a 10 70 0.108 0.940 1.674 0.0045 0.0045 

05.01.15.4D.b 10 70 0.108 0.940 1.674 0.0045 0.0045 

05.01.15.4D.c 10 70 0.108 0.940 1.674 0.0045 0.0045 

05.01.15.4D.d 10 70 0.108 0.940 1.674 0.0045 0.0045 

05.01.15.4D.e 10 70 0.112 0.926 1.650 0.0045 0.0045 

05.01.15.4D.f 10 70 0.112 0.926 1.650 0.0045 0.0045 

05.01.15.4D.g 10 70 0.115 0.916 1.632 0.0045 0.0045 

05.01.15.4D.h 10 70 0.117 0.910 1.621 0.0045 0.0045 

05.01.15.4D.i 10 70 0.117 0.910 1.621 0.0045 0.0045 

12.01.15.4D.a 11 77 0.120 0.901 1.605 0.0045 0.0045 

12.01.15.4D.b 11 77 0.125 0.886 1.579 0.0044 0.0044 

12.01.15.4D.c 11 77 0.125 0.886 1.579 0.0044 0.0044 

12.01.15.4D.d 11 77 0.127 0.881 1.569 0.0044 0.0044 

19.01.15.4D.a 12 84 0.135 0.859 1.531 0.0044 0.0044 

19.01.15.4D.b 12 84 0.135 0.859 1.531 0.0044 0.0044 
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Table J-3 (continued) 

19.01.15.4D.c 12 84 0.135 0.859 1.531 0.0044 0.0044 

26.01.15.4D.a 13 88 0.142 0.842 1.500 0.0043 0.0043 

26.01.15.4D.b 13 88 0.143 0.840 1.496 0.0043 0.0043 

26.01.15.4D.c 13 88 0.147 0.831 1.480 0.0043 0.0043 

26.01.15.4D.d 13 88 0.147 0.831 1.480 0.0043 0.0043 

26.01.15.4D.e 13 88 0.147 0.831 1.480 0.0043 0.0043 

02.02.15.4D.a 14 98 0.175 0.775 1.380 0.0042 0.0042 

02.02.15.4D.b 14 98 0.179 0.768 1.367 0.0042 0.0042 

02.02.15.4D.c 14 98 0.179 0.768 1.367 0.0042 0.0042 

02.02.15.4D.d 14 98 0.180 0.766 1.364 0.0042 0.0042 

02.02.15.4D.e 14 98 0.180 0.766 1.364 0.0042 0.0042 

02.02.15.4D.f 14 98 0.183 0.761 1.355 0.0042 0.0042 

02.02.15.4D.g 14 98 0.183 0.761 1.355 0.0042 0.0042 

02.02.15.4D.h 14 98 0.182 0.763 1.358 0.0042 0.0042 

02.02.15.4D.i 14 98 0.185 0.758 1.350 0.0041 0.0041 

09.02.15.4D.a 15 105 0.205 0.727 1.295 0.0041 0.0041 

09.02.15.4D.b 15 105 0.198 0.737 1.313 0.0041 0.0041 

09.02.15.4D.c 15 105 0.207 0.724 1.290 0.0041 0.0041 

09.02.15.4D.d 15 105 0.210 0.720 1.283 0.0041 0.0041 

14.02.15.4D.a 16 110 0.219 0.708 1.261 0.0040 0.0040 

14.02.15.4D.b 16 110 0.225 0.700 1.248 0.0040 0.0040 

14.02.15.4D.c 16 110 0.228 0.697 1.241 0.0040 0.0040 

14.02.15.4D.d 16 110 0.233 0.691 1.231 0.0040 0.0040 

19.02.15.4D.a 17 115 0.245 0.677 1.206 0.0040 0.0040 

19.02.15.4D.b 17 115 0.245 0.677 1.206 0.0040 0.0040 

19.02.15.4D.c 17 115 0.250 0.672 1.196 0.0039 0.0039 

19.02.15.4D.d 17 115 0.255 0.666 1.187 0.0039 0.0039 

19.02.15.4D.e 17 115 0.248 0.674 1.200 0.0039 0.0039 

19.02.15.4D.f 17 115 0.243 0.679 1.210 0.0040 0.0040 

19.02.15.4D.g 17 115 0.240 0.683 1.216 0.0040 0.0040 

02.03.15.4D.a 18 126 0.259 0.662 1.180 0.0039 0.0039 

02.03.15.4D.b 18 126 0.261 0.660 1.176 0.0039 0.0039 

02.03.15.4D.c 18 126 0.265 0.656 1.169 0.0039 0.0039 

02.03.15.4D.d 18 126 0.263 0.658 1.172 0.0039 0.0039 

02.03.15.4D.e 18 126 0.259 0.662 1.180 0.0039 0.0039 

06.03.15.4D.a 19 130 0.275 0.646 1.152 0.0039 0.0039 

06.03.15.4D.b 19 130 0.275 0.646 1.152 0.0039 0.0039 

06.03.15.4D.c 19 130 0.285 0.637 1.135 0.0039 0.0039 

06.03.15.4D.d 19 130 0.290 0.633 1.127 0.0038 0.0038 

06.03.15.4D.e 19 130 0.294 0.629 1.121 0.0038 0.0038 

17.03.15.4D.a 20 141 0.310 0.616 1.098 0.0038 0.0038 

17.03.15.4D.b 20 141 0.310 0.616 1.098 0.0038 0.0038 

17.03.15.4D.c 20 141 0.320 0.608 1.084 0.0038 0.0038 

17.03.15.4D.d 20 141 0.320 0.608 1.084 0.0038 0.0038 

17.03.15.4D.e 20 141 0.345 0.590 1.052 0.0037 0.0037 

17.03.15.4D.f 20 141 0.345 0.590 1.052 0.0037 0.0037 

17.03.15.4D.g 20 141 0.335 0.597 1.064 0.0038 0.0038 

24.03.15.4D.a 21 148 0.357 0.582 1.037 0.0037 0.0037 

24.03.15.4D.b 21 148 0.360 0.580 1.034 0.0037 0.0037 

24.03.15.4D.c 21 148 0.357 0.582 1.037 0.0037 0.0037 

24.03.15.4D.d 21 148 0.365 0.577 1.028 0.0037 0.0037 

24.03.15.4D.e 21 148 0.365 0.577 1.028 0.0037 0.0037 

24.03.15.4D.f 21 148 0.357 0.582 1.037 0.0037 0.0037 

03.04.15.4D.a 22 159 0.372 0.573 1.021 0.0037 0.0037 

03.04.15.4D.b 22 159 0.378 0.569 1.014 0.0037 0.0037 

03.04.15.4D.c 22 159 0.378 0.569 1.014 0.0037 0.0037 

03.04.15.4D.d 22 159 0.380 0.568 1.012 0.0037 0.0037 
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Table J-3 (continued) 

03.04.15.4D.e 22 159 0.385 0.565 1.007 0.0014 0.0037 

03.04.15.4D.f 22 159 0.390 0.562 1.001 0.0037 0.0037 

08.04.15.4D.a 23 163 0.425 0.543 0.968 0.0036 0.0036 

08.04.15.4D.b 23 163 0.410 0.551 0.982 0.0036 0.0036 

08.04.15.4D.c 23 163 0.415 0.548 0.977 0.0036 0.0036 

08.04.15.4D.d 23 163 0.425 0.543 0.968 0.0036 0.0036 

08.04.15.4D.e 23 163 0.415 0.548 0.977 0.0036 0.0036 

13.04.15.4D.a
6
 24 169 0.435 0.538 0.959 0.0036 0.0036 

13.04.15.4D.b 24 169 0.440 0.536 0.954 0.0036 0.0036 

13.04.15.4D.c 24 169 0.440 0.536 0.954 0.0036 0.0036 

13.04.15.4D.d 24 169 0.440 0.536 0.954 0.0036 0.0036 

13.04.15.4D.e 24 169 0.455 0.529 0.942 0.0036 0.0036 

13.04.15.4D.f 24 169 0.458 0.527 0.939 0.0036 0.0036 

13.04.15.4D.g 24 169 0.465 0.524 0.933 0.0036 0.0036 

20.04.15.4D.a 25 175 0.478 0.518 0.923 0.0035 0.0035 

20.04.15.4D.b 25 175 0.486 0.515 0.917 0.0035 0.0035 

20.04.15.4D.c 25 175 0.479 0.518 0.922 0.0035 0.0035 

20.04.15.4D.d 25 175 0.479 0.518 0.922 0.0035 0.0035 

20.04.15.4D.e 25 175 0.495 0.511 0.910 0.0035 0.0035 

20.04.15.4D.f 25 175 0.495 0.511 0.910 0.0035 0.0035 

20.04.15.4D.g 25 175 0.493 0.512 0.912 0.0035 0.0035 

20.04.15.4D.h 25 175 0.475 0.520 0.925 0.0035 0.0035 

27.04.15.4D.a 26 182 0.510 0.505 0.900 0.0035 0.0035 

27.04.15.4D.b 26 182 0.518 0.502 0.894 0.0035 0.0035 

27.04.15.4D.c 26 182 0.525 0.499 0.889 0.0035 0.0035 

27.04.15.4D.d 26 182 0.525 0.499 0.889 0.0035 0.0035 

27.04.15.4D.e 26 182 0.525 0.499 0.889 0.0035 0.0035 

27.04.15.4D.f 26 182 0.520 0.501 0.893 0.0035 0.0035 

27.04.15.4D.g 26 182 0.520 0.501 0.893 0.0035 0.0035 

04.05.15.4D.a 27 189 0.530 0.497 0.886 0.0035 0.0035 

04.05.15.4D.b 27 189 0.528 0.498 0.887 0.0035 0.0035 

04.05.15.4D.c 27 189 0.528 0.498 0.887 0.0035 0.0035 

04.05.15.4D.d 27 189 0.530 0.497 0.886 0.0035 0.0035 

04.05.15.4D.e 27 189 0.540 0.494 0.879 0.0035 0.0035 

04.05.15.4D.f 27 189 0.505 0.490 0.873 0.0035 0.0035 

10.05.15.4D.a 28 195 0.584 0.478 0.852 0.0034 0.0034 

10.05.15.4D.b 28 195 0.584 0.478 0.852 0.0034 0.0034 

10.05.15.4D.c 28 195 0.590 0.476 0.849 0.0034 0.0034 

10.05.15.4D.d 28 195 0.590 0.476 0.849 0.0034 0.0034 

10.05.15.4D.e 28 195 0.605 0.472 0.840 0.0034 0.0034 

10.05.15.4D.f 28 195 0.611 0.470 0.837 0.0034 0.0034 

17.05.15.4D.a 29 201 0.650 0.458 0.816 0.0034 0.0034 

17.05.15.4D.b 29 201 0.660 0.455 0.811 0.0034 0.0034 

17.05.15.4D.c 29 201 0.660 0.455 0.811 0.0034 0.0034 

17.05.15.4D.d 29 201 0.695 0.446 0.795 0.0033 0.0033 

17.05.15.4D.e 29 201 0.680 0.450 0.802 0.0033 0.0033 

22.05.15.4D.a 30 207 0.710 0.442 0.788 0.0033 0.0033 

22.05.15.4D.b 30 207 0.715 0.441 0.786 0.0033 0.0033 

22.05.15.4D.c 30 207 0.730 0.437 0.779 0.0033 0.0033 

22.05.15.4D.d 30 207 0.730 0.437 0.779 0.0033 0.0033 

22.05.15.4D.e 30 207 0.726 0.438 0.781 0.0033 0.0033 

22.05.15.4D.f 30 207 0.735 0.436 0.777 0.0033 0.0033 

22.05.15.4D.g 30 207 0.721 0.440 0.783 0.0033 0.0033 

01.06.15.4D.a 31 217 0.740 0.435 0.775 0.0033 0.0033 

                                                           
6
 The particular fish used in the example model validation simulation of Appendix K. 
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Table J-3 (continued) 

01.06.15.4D.b 31 217 0.755 0.432 0.769 0.0033 0.0033 

01.06.15.4D.c 31 217 0.755 0.432 0.769 0.0033 0.0033 

01.06.15.4D.d 31 217 0.760 0.430 0.767 0.0033 0.0033 

01.06.15.4D.e 31 217 0.762 0.430 0.766 0.0033 0.0033 

01.06.15.4D.f 31 217 0.765 0.429 0.765 0.0033 0.0033 

07.06.15.4D.a 32 223 0.780 0.426 0.759 0.0033 0.0033 

07.06.15.4D.b 32 223 0.785 0.425 0.757 0.0033 0.0033 

07.06.15.4D.c 32 223 0.775 0.427 0.761 0.0033 0.0033 

07.06.15.4D.d 32 223 0.784 0.425 0.757 0.0033 0.0033 

07.06.15.4D.e 32 223 0.792 0.423 0.754 0.0033 0.0033 

07.06.15.4D.f 32 223 0.795 0.423 0.753 0.0033 0.0033 

07.06.15.4D.g 32 223 0.800 0.422 0.751 0.0033 0.0033 

07.06.15.4D.h 32 223 0.790 0.424 0.755 0.0033 0.0033 

15.05.15.4D.a 33 231 0.820 0.418 0.744 0.0032 0.0032 

15.05.15.4D.b 33 231 0.824 0.417 0.742 0.0032 0.0032 

15.05.15.4D.c 33 231 0.824 0.417 0.742 0.0032 0.0032 

15.05.15.4D.d 33 231 0.810 0.420 0.748 0.0032 0.0032 

15.05.15.4D.e 33 231 0.815 0.419 0.746 0.0032 0.0032 

22.06.15.4D.a 34 238 0.865 0.409 0.728 0.0032 0.0032 

22.06.15.4D.b 34 238 0.854 0.411 0.732 0.0032 0.0032 

22.06.15.4D.c 34 238 0.845 0.413 0.735 0.0032 0.0032 

22.06.15.4D.d 34 238 0.855 0.411 0.732 0.0032 0.0032 

22.06.15.4D.e 34 238 0.865 0.409 0.728 0.0032 0.0032 

29.06.15.4D.a 35 245 0.880 0.406 0.723 0.0032 0.0032 

29.06.15.4D.b 35 245 0.895 0.403 0.718 0.0032 0.0032 

29.06.15.4D.c 35 245 0.885 0.405 0.722 0.0032 0.0032 

29.06.15.4D.a 35 245 0.875 0.407 0.725 0.0032 0.0032 
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Table J-4 Calculated model inputs k2 and kg for GSM and MIB in fish from  

commercial-scale treated tank 

  

Sample Week Days mf k2 kg 

number 
 

(t) (kg) (day
-1

) (day
-1

) 

    
GSM MIB GSM MIB 

17.11.14.2B.a 3 21 0.033 1.510 2.689 0.0056 0.0056 

17.11.14.2B.b 3 21 0.028 1.612 2.872 0.0058 0.0058 

17.11.14.2B.c 3 21 0.027 1.636 2.914 0.0058 0.0058 

24.11.14.2B.a 4 27 0.038 1.427 2.542 0.0055 0.0055 

24.11.14.2B.b 4 27 0.035 1.475 2.627 0.0055 0.0055 

24.11.14.2B.c 4 27 0.032 1.528 2.723 0.0056 0.0056 

24.11.14.2B.d 4 27 0.040 1.395 2.490 0.0054 0.0054 

05.12.14.2B.a 5 35 0.043 1.358 2.419 0.0053 0.0053 

05.12.14.2B.b 5 35 0.044 1.346 2.397 0.0053 0.0053 

05.12.14.2B.c 5 35 0.045 1.333 2.376 0.0053 0.0053 

05.12.14.2B.d 5 35 0.045 1.333 2.376 0.0053 0.0053 

06.12.14.2B.a 6 42 0.047 1.310 2.335 0.0053 0.0053 

06.12.14.2B.b 6 42 0.047 1.310 2.335 0.0053 0.0053 

06.12.14.2B.c 6 42 0.047 1.310 2.335 0.0053 0.0053 

15.12.14.2B.a 7 49 0.050 1.278 2.277 0.0052 0.0052 

15.12.14.2B.b 7 49 0.051 1.268 2.260 0.0052 0.0052 

15.12.14.2B.c 7 49 0.053 1.249 2.225 0.0051 0.0051 

15.12.14.2B.d 7 49 0.055 1.231 2.192 0.0051 0.0051 

15.12.14.2B.e 7 49 0.055 1.231 2.192 0.0051 0.0051 

15.12.14.2B.f 7 49 0.051 1.268 2.260 0.0052 0.0052 

21.12.14.2B.a 8 55 0.058 1.205 2.146 0.0051 0.0051 

21.12.14.2B.b 8 55 0.053 1.249 2.225 0.0051 0.0051 

21.12.14.2B.c 8 55 0.055 1.231 2.192 0.0051 0.0051 

29.12.14.2B.a 9 63 0.060 1.189 2.117 0.0050 0.0050 

29.12.14.2B.b 9 63 0.060 1.189 2.117 0.0050 0.0050 

29.12.14.2B.c 9 63 0.063 1.166 2.076 0.0050 0.0050 

29.12.14.2B.d 9 63 0.065 1.151 2.051 0.0050 0.0050 

29.12.14.2B.e 9 63 0.065 1.151 2.051 0.0050 0.0050 

29.12.14.2B.f 9 63 0.065 1.151 2.051 0.0050 0.0050 

29.12.14.2B.g 9 63 0.067 1.137 2.026 0.0049 0.0049 

05.01.15.2B.a 10 70 0.070 1.117 1.991 0.0049 0.0049 

05.01.15.2B.b 10 70 0.070 1.117 1.991 0.0049 0.0049 

05.01.15.2B.c 10 70 0.073 1.099 1.958 0.0049 0.0049 

05.01.15.2B.d 10 70 0.074 1.093 1.947 0.0049 0.0049 

05.01.15.2B.e 10 70 0.075 1.087 1.937 0.0048 0.0048 

05.01.15.2B.f 10 70 0.075 1.087 1.937 0.0048 0.0048 

05.01.15.2B.g 10 70 0.077 1.076 1.916 0.0048 0.0048 

05.01.15.2B.h 10 70 0.081 1.054 1.878 0.0048 0.0048 

05.01.15.2B.i 10 70 0.085 1.034 1.842 0.0047 0.0047 

12.01.15.2B.a 11 77 0.100 0.969 1.726 0.0046 0.0046 

12.01.15.2B.b 11 77 0.105 0.950 1.693 0.0046 0.0046 

12.01.15.2B.c 11 77 0.105 0.950 1.693 0.0046 0.0046 

12.01.15.2B.d 11 77 0.106 0.947 1.686 0.0046 0.0046 

12.01.15.2B.e 11 77 0.107 0.943 1.680 0.0046 0.0046 

12.01.15.2B.f 11 77 0.107 0.943 1.680 0.0046 0.0046 

12.01.15.2B.g 11 77 0.109 0.936 1.668 0.0045 0.0045 

19.01.15.2B.a 12 84 0.117 0.910 1.621 0.0045 0.0045 

19.01.15.2B.b 12 84 0.119 0.904 1.610 0.0045 0.0045 

19.01.15.2B.c 12 84 0.121 0.898 1.599 0.0045 0.0045 
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Table J-4 (continued) 

19.01.15.2B.d 12 84 0.121 0.898 1.599 0.0045 0.0045 

26.01.15.2B.a 13 88 0.122 0.895 1.594 0.0045 0.0045 

26.01.15.2B.b 13 88 0.124 0.889 1.584 0.0044 0.0044 

26.01.15.2B.c 13 88 0.124 0.889 1.584 0.0044 0.0044 

26.01.15.2B.d 13 88 0.126 0.883 1.574 0.0044 0.0044 

26.01.15.2B.e 13 88 0.127 0.881 1.569 0.0044 0.0044 

02.02.15.2B.a 14 98 0.142 0.842 1.500 0.0043 0.0043 

02.02.15.2B.b 14 98 0.142 0.842 1.500 0.0043 0.0043 

02.02.15.2B.c 14 98 0.145 0.835 1.488 0.0043 0.0043 

02.02.15.2B.d 14 98 0.145 0.835 1.488 0.0043 0.0043 

02.02.15.2B.e 14 98 0.150 0.824 1.468 0.0043 0.0043 

02.02.15.2B.f 14 98 0.153 0.817 1.456 0.0043 0.0043 

02.02.15.2B.g 14 98 0.153 0.817 1.456 0.0043 0.0043 

02.02.15.2B.h 14 98 0.153 0.817 1.456 0.0043 0.0043 

02.02.15.2B.i 14 98 0.153 0.817 1.456 0.0043 0.0043 

09.02.15.2B.a 15 105 0.160 0.803 1.430 0.0043 0.0043 

09.02.15.2B.b 15 105 0.160 0.803 1.430 0.0043 0.0043 

09.02.15.2B.c 15 105 0.160 0.803 1.430 0.0043 0.0043 

09.02.15.2B.d 15 105 0.162 0.799 1.423 0.0042 0.0042 

09.02.15.2B.e 15 105 0.162 0.799 1.423 0.0042 0.0042 

09.02.15.2B.f 15 105 0.162 0.799 1.423 0.0042 0.0042 

09.02.15.2B.g 15 105 0.162 0.799 1.423 0.0042 0.0042 

14.02.15.2B.a 16 110 0.164 0.795 1.416 0.0042 0.0042 

14.02.15.2B.b 16 110 0.164 0.795 1.416 0.0042 0.0042 

14.02.15.2B.c 16 110 0.165 0.793 1.413 0.0042 0.0042 

14.02.15.2B.d 16 110 0.165 0.793 1.413 0.0042 0.0042 

14.02.15.2B.e 16 110 0.165 0.793 1.413 0.0042 0.0042 

14.02.15.2B.f 16 110 0.168 0.787 1.403 0.0042 0.0042 

19.02.15.2B.a 17 115 0.172 0.780 1.389 0.0042 0.0042 

19.02.15.2B.b 17 115 0.172 0.780 1.389 0.0042 0.0042 

19.02.15.2B.c 17 115 0.173 0.778 1.386 0.0042 0.0042 

19.02.15.2B.d 17 115 0.173 0.778 1.386 0.0042 0.0042 

19.02.15.2B.e 17 115 0.176 0.773 1.377 0.0042 0.0042 

19.02.15.2B.f 17 115 0.176 0.773 1.377 0.0042 0.0042 

02.03.15.2B.a 18 126 0.182 0.763 1.358 0.0042 0.0042 

02.03.15.2B.b 18 126 0.182 0.763 1.358 0.0042 0.0042 

02.03.15.2B.c 18 126 0.199 0.736 1.311 0.0041 0.0041 

02.03.15.2B.d 18 126 0.199 0.736 1.311 0.0041 0.0041 

02.03.15.2B.e 18 126 0.201 0.733 1.305 0.0041 0.0041 

02.03.15.2B.f 18 126 0.201 0.733 1.305 0.0041 0.0041 

02.03.15.2B.g 18 126 0.209 0.721 1.285 0.0041 0.0041 

02.03.15.2B.h 18 126 0.209 0.721 1.285 0.0041 0.0041 

02.03.15.2B.i 18 126 0.213 0.716 1.276 0.0040 0.0040 

02.03.15.2B.j 18 126 0.213 0.716 1.276 0.0040 0.0040 

02.03.15.2B.k 18 126 0.213 0.716 1.276 0.0040 0.0040 

06.03.15.2B.a 19 130 0.217 0.711 1.266 0.0040 0.0040 

06.03.15.2B.b 19 130 0.219 0.708 1.261 0.0040 0.0040 

06.03.15.2B.c 19 130 0.219 0.708 1.261 0.0040 0.0040 

06.03.15.2B.d 19 130 0.225 0.700 1.248 0.0040 0.0040 

06.03.15.2B.e 19 130 0.233 0.691 1.231 0.0040 0.0040 

06.03.15.2B.f 19 130 0.233 0.691 1.231 0.0040 0.0040 

06.03.15.2B.g 19 130 0.245 0.677 1.206 0.0040 0.0040 

06.03.15.2B.h 19 130 0.245 0.677 1.206 0.0040 0.0040 

17.03.15.2B.a 20 141 0.250 0.672 1.196 0.0039 0.0039 

17.03.16.2B.b 20 141 0.250 0.672 1.196 0.0039 0.0039 

17.03.17.2B.c 20 141 0.255 0.666 1.187 0.0039 0.0039 

17.03.18.2B.d 20 141 0.255 0.666 1.187 0.0039 0.0039 
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Table J-4 (continued) 

17.03.19.2B.d 20 141 0.255 0.666 1.187 0.0039 0.0039 

17.03.20.2B.e 20 141 0.265 0.656 1.169 0.0039 0.0039 

24.03.15.2B.a 21 148 0.269 0.652 1.162 0.0039 0.0039 

24.03.15.2B.b 21 148 0.272 0.649 1.157 0.0039 0.0039 

24.03.15.2B.c 21 148 0.280 0.642 1.143 0.0039 0.0039 

24.03.15.2B.d 21 148 0.295 0.629 1.120 0.0038 0.0038 

24.03.15.2B.e 21 148 0.295 0.629 1.120 0.0038 0.0038 

03.04.15.2B.a 22 159 0.298 0.626 1.115 0.0038 0.0038 

03.04.15.2B.b 22 159 0.305 0.620 1.105 0.0038 0.0038 

03.04.15.2B.c 22 159 0.318 0.610 1.087 0.0038 0.0038 

03.04.15.2B.d 22 159 0.333 0.599 1.067 0.0038 0.0038 

03.04.15.2B.e 22 159 0.334 0.598 1.065 0.0038 0.0038 

08.04.15.2B.a 23 163 0.340 0.594 1.058 0.0037 0.0037 

08.04.15.2B.b 23 163 0.335 0.597 1.064 0.0038 0.0038 

08.04.15.2B.c 23 163 0.351 0.586 1.045 0.0037 0.0037 

08.04.15.2B.d 23 163 0.354 0.584 1.041 0.0037 0.0037 

13.04.15.2B.a 24 169 0.358 0.582 1.036 0.0037 0.0037 

13.04.15.2B.b 24 169 0.341 0.593 1.057 0.0037 0.0037 

13.04.15.2B.c 24 169 0.375 0.571 1.017 0.0037 0.0037 

13.04.15.2B.d 24 169 0.380 0.568 1.012 0.0037 0.0037 

20.04.15.2B.a 25 175 0.309 0.562 1.001 0.0037 0.0037 

20.04.15.2B.b 25 175 0.390 0.562 1.001 0.0037 0.0037 

20.04.15.2B.c 25 175 0.390 0.562 1.001 0.0037 0.0037 

20.04.15.2B.d 25 175 0.390 0.562 1.001 0.0037 0.0037 

27.04.15.2B.a 26 182 0.450 0.531 0.946 0.0036 0.0036 

27.04.15.2B.b 26 182 0.475 0.520 0.925 0.0035 0.0035 

27.04.15.2B.c 26 182 0.490 0.513 0.914 0.0035 0.0035 

04.05.15.2B.a 27 189 0.504 0.507 0.904 0.0035 0.0035 

04.05.15.2B.b 27 189 0.504 0.507 0.904 0.0035 0.0035 

04.05.15.2B.c 27 189 0.504 0.507 0.904 0.0035 0.0035 

04.05.15.2B.d 27 189 0.504 0.507 0.904 0.0035 0.0035 

10.05.15.2B.a 28 195 0.545 0.492 0.876 0.0035 0.0035 

10.05.15.2B.b 28 195 0.565 0.485 0.863 0.0034 0.0034 

10.05.15.2B.c 28 195 0.570 0.483 0.860 0.0034 0.0034 

10.05.15.2B.d 28 195 0.580 0.480 0.854 0.0034 0.0034 

10.05.15.2B.e 28 195 0.578 0.480 0.856 0.0034 0.0034 

17.05.15.2B.a 29 201 0.610 0.470 0.837 0.0034 0.0034 

17.05.15.2B.b 29 201 0.621 0.467 0.831 0.0034 0.0034 

17.05.15.2B.c 29 201 0.645 0.460 0.819 0.0034 0.0034 

22.05.15.2B.a 30 207 0.675 0.451 0.804 0.0033 0.0033 

22.05.15.2B.b 30 207 0.685 0.449 0.799 0.0033 0.0033 

22.05.15.2B.c 30 207 0.665 0.454 0.809 0.0034 0.0034 

22.05.15.2B.d 30 207 0.705 0.444 0.790 0.0033 0.0033 

01.06.15.2B.a 31 217 0.735 0.436 0.777 0.0033 0.0033 

01.06.15.2B.b 31 217 0.743 0.434 0.774 0.0033 0.0033 

01.06.15.2B.c 31 217 0.740 0.435 0.775 0.0033 0.0033 

01.06.15.2B.d 31 217 0.742 0.435 0.774 0.0033 0.0033 

07.06.15.2B.a 32 223 0.754 0.432 0.769 0.0033 0.0033 

07.06.15.2B.b 32 223 0.775 0.427 0.761 0.0033 0.0033 

07.06.15.2B.c 32 223 0.768 0.429 0.764 0.0033 0.0033 

07.06.15.2B.d 32 223 0.775 0.427 0.761 0.0033 0.0033 

15.05.15.2B.a 33 231 0.780 0.426 0.759 0.0033 0.0033 

15.05.15.2B.b 33 231 0.795 0.423 0.753 0.0033 0.0033 

15.05.15.2B.c 33 231 0.801 0.422 0.751 0.0033 0.0033 

22.06.15.2B.a 34 238 0.830 0.416 0.740 0.0032 0.0032 

22.06.15.2B.b 34 238 0.815 0.419 0.746 0.0032 0.0032 

22.06.15.2B.c 34 238 0.820 0.418 0.744 0.0032 0.0032 
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Table J-4 (continued) 

22.06.15.2B.d 34 238 0.825 0.417 0.742 0.0032 0.0032 

29.06.15.2B.a 35 245 0.857 0.410 0.731 0.0032 0.0032 

29.06.15.2B.b 35 245 0.860 0.410 0.730 0.0032 0.0032 

29.06.15.2B.c 35 245 0.843 0.413 0.736 0.0032 0.0032 

29.06.15.2B.d 35 245 0.864 0.409 0.729 0.0032 0.0032 

 

J.2 Concluding remarks 

The calculated model input parameters together with experimental values were carefully 

computed for the new model (Chapter 3) simulations. 
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APPENDIX K - An example simulation of the new model validation for both GSM and 

MIB taste-taint chemicals from the commercial-scale RAS studies  

 

K.1 Introduction  

An overall example simulation of the new model of Chapter 3 for both GSM and MIB taste-

taint chemicals using the experimentally determined data from the commercial-scale RAS 

studies with the barramundi data of Chapter 8 is presented in this Appendix.  

The total number of model simulations used for validation (N) is the sum of each of the 

predictions of Figs. 8-18 through 8-21, to give N = 706 (i.e. ∑n = 167 + 186 + 167 + 186). 

This number is considered more than sufficient for the purpose of model validation. 

 

K.2 Model simulation  

A (average) fish (0.435 kg) from the commercial-scale control tank is used as an example to 

demonstrate the model simulation using the data derived from the RAS commercial-scale 

studies.  

The computed model inputs for the particular fish (Appendix J, Tables J-1 and J-3, rows 

113, respectively - i.e. 13.04.15.4D.a) were chosen for illustration. The particular sample 

number of the fish, 13.04.15.4D.a, refers to, respectively, the date of sampling, tank number, 

and; number of replicates (reading from L to R).  

The new model Eq. 3.8 (Chapter 3) was set-up in Microsoft Excel™ spread sheet and 

simulations carried out for the fish with calculated model inputs derived from the experimental 

data. 

This simulation procedure is conveniently summarised as Table K-1.  

Lines 1 through 6 of the table are the input parameters and corresponding check on units. 

Lines 7 through 20 are the calculations, results and the relevant equation used. Line 21 is the 

level of predicted taint. 

A similar procedure was carried out for fingerlings to harvested fish at 240 days. 
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Table K-1 Example model simulation showing inputs, calculations and output for predicted 

taste-taint as both GSM and MIB in barramundi fish-flesh from an average fish 

(0.435 kg) from the commercial-scale RAS studies†  

 

Parameter and units Taint taste as 

  GSM MIB 

Inputs     

line     

1 t day 169 169 

2 kOW dimensionless 3.57 3.31 

3 km day
-1

 0.00063 0.00063 

4 CW µg L
-1

 0.0121 0.0548 

5 T 
O
C 27

 
27 

6 e dimensionless
 

0.1 0.1 

Calculations     

7 COX mg L
-1

 5.04 5.04  

8 GV L day
-1

 161.70 (Eq.3-11) 161.70 (Eq.11) 

9 EW dimensionless 0.528 (Eq.3-10) 0.519 (Eq.3-10) 

10 k1 L kg
-1

day
-1

 196.50 (Eq.3-9) 193.00 (Eq.3-9) 

11 QW day
-1

 53.58 (Eq.3-14) 53.58 (Eq.3-14) 

12 QL day
-1

 0.53 (Eq.3-15) 0.53 (Eq.3-15) 

13 VL kg 0.026(Eq.3-16) 0.026 (Eq.3-16) 

14 k2 day
-1

 0.538 (Eq.3-13) 0.959 (Eq.3-13) 

15 kG day
-1

 0.0029 (Eq.3-18) 0.0029 (Eq.3-18) 

16 kg day
-1

 0.0036 (Eq.3-17) 0.0036 (Eq.3-17) 

17 mf kg 0.435 (Eq.3-19) 0.435 (Eq.3-19) 

18 a day
-1

 0.5417 (Eq.3-5) 0.9621 (Eq.3-5) 

19 b µg kg
-1

day
-1

 0.0544 (Eq.3-4) 0.2422 (Eq.3-4) 

20 ɣ dimensionless 0.0161 (Eq.3-19) 0.0161 (Eq.3-19) 

Output     

21 y µg kg
-1

 1.3876 (Eq.3-8) 3.0057 (Eq.3-8) 
 
†
 The particular fish is given in Appendix J, Tables J-1 and J-2, rows 113, respectively i.e. 13.04.15.4D.a. 

 

K.3 Concluding remarks 

Because model simulations were stable and based on those established in Chapter 3 it was 

concluded the simulations were free of programming and computational errors.  
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NOMENCLATURE  

The equation given in parentheses after description refers to that in which the symbol is first 

used or defined. 

 

a taint elimination coefficient, day
-1

 (3-5) 

b taint accumulation coefficient, µg kg
-1

 day
-1

 (3-4) 

COX concentration of dissolved oxygen (DO), mg L
-1

 (3-11) 

CW taint concentration (as GSM or MIB) in water, µg L
-1

  

d exponent of length-mass relationship for VBGF equation, dimensionless ((3-22) 

dt

dy
 rate of change of taint in fish flesh, µg kg

-1
, day

-1
  (3-1) 

e lipid mass ratio, dimensionless fraction  (3-16) 

EW chemical uptake efficiency across the gill, dimensionless fraction (3-9) 

GV gill ventilation rate, L day 
-1

 (3-9) 

k1 taint accumulation through gills , L kg
-1

 day
-1

 (3-2) 

k2 taint elimination through gills, day
-1

 (3-2) 

kg growth dilution plus metabolic transformation, day
-1

  (3-2 & 3-17) 

kG rate constant for growth dilution, day
-1

  (3-17) 

km rate constant for metabolic transformation, day
-1

 (3-17) 

K  growth co-efficient for VBGF equation, day
-1

 (3-22) 

KOW octanol- water partition coefficient, dimensionless (3-10) 

mf mass of the fish, kg (3-2) 

fm  mass the fish will grow indefinitely, kg (3-22) 

n number of data 

p taint chemical risk factor, dimensionless (8-19b) 

QW rate of chemical transport in the aqueous phase, L day
-1

 (3-13) 

QL rate of chemical transport in the lipid phase, L day
-1

 (3-13)
 

R
2 

correlation coefficient 

T temperature, 
O
C (3-12) 

t time, day (3-1) 

to scaling constant, day (3-22)  

VBGF von Bertalanffy Growth Function, (3-22) 

VL lipid mass (weight), kg (3-13) 

y taint (as GSM or MIB) concentration, µg kg
-1

  (3-1) 

y’ taint (as GSM or MIB) concentration in each Fr 13 simulation, µg kg
-1

 (8-19a) 
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y critical  taint (as GSM or MIB) consumer threshold concentration, µg kg
-1

 (8-19) 

Y initial taint (as GSM or MIB) concentration, µg kg
-1

 (B-8) 

 

Greek symbols  

  pre-exponential growth constant, = 0.0519 kg for barramundi (3-3) 

  exponential growth constant, = 0.0133 day
-1

 for barramundi (3-3) 

 

Other 

r-MC Monte Carlo simulation with Latin Hypercube sampling  

%tolerance practical tolerance about threshold taint chemical concentration, % (8-19) 

  



235 
 

 
 

REFERENCES  

 

ABARE-2011Australian Bureau of Agricultural and Resources Economics, Australian 

Fisheries Statistics 2010, viewed 25 June 2015. http://www.agriculture.gov.au/abares/ 

ABARE-2010 Australian Bureau of Agricultural and Resources Economics, Australian 

Fisheries Statistics 2009, viewed 25 June 2015. http://www.agriculture.gov.au/abares/ 

Abdul-Halim, N., Davey, K.R., 2015. A new Friday 13
th

 risk assessment of UV irradiation for 

potable water in turbulent flow. Food Control 50, 770 -777. 

http://dx.doi.org/10.1016/j.foodcont.2014.10.036 

Aguilar, G., Guzman, R., 2013. Hydrogen peroxide detection, application and health 

implications, Nova Science Publishers Inc, New York. ISBN 1622574141 

Anon. 2012a. Feasibility Assessment of Freshwater Arctic Char and Rainbow trout Grow-Out 

in New Brunswick, viewed 18 March 2015. 

http://www.gnb.ca/0027/Aqu/pdfs/NB%20%20FreshwaterTrout%20%20Charr%20Study%

20-Final%20Report%20_Ev_-1.pdf  

Anon., 2012b. Blackett review of high impact low probability risks. Government Office for 

Science, UK, viewed 5 March 2015. (Chpt. 8) 

http://www.bis.gov.uk/assets/goscience/docs/b/12-519-blackett-review-high-impact-low-

probability-risks.pdf  

Antoniou, M.G., de la Cruz, A.A., Dionysiou, D.D., 2005. Cyanotoxin: new generation of water 

contaminant. Environmental Engineering 131, 1239-1243. 

APHA, 2005. Standard methods for the examination of water and wastewater, seventeenth ed. 

American Public Health Association, Washington D.C.  

Arnot, J.A., Gobas, F. A.P.C., 2004. A food web bioaccumulation model for organic chemicals 

in aquatic ecosystems. Environmental Toxicology and Chemistry 23 (10), 2343-2355. 

http://dx.doi.org/.10.1897/03-438 

Arnot, J.A., Gobas, F.A.P.C., 2003. A generic QSAR for assessing the bioaccumulation 

potential of organic chemicals in aquatic food webs. QSAR and Combinational Science 22, 

337-345. http://dx.doi.org/10.1002/qsar.200390023 

AS 4863.1, 2000. Australian Standard Test methods, Particle size analysis – Laser diffraction 

method. Standards Australia International Ltd, Streatfield, NSW, Australia. ISBN 

0733734626  

Badiola, M., Mendiola, D., Bostock, J., 2012. Recirculating aquaculture systems (RAS) 

analysis: main issues on management and future challenges. Aquacultural Engineering 51, 

26-35. http://dx.doi.org/10.1016/j.aquaeng.2012.07.004 

http://www.agriculture.gov.au/abares/
http://www.agriculture.gov.au/abares/
http://dx.doi.org/10.1016/j.foodcont.2014.10.036
http://www.gnb.ca/0027/Aqu/pdfs/NB%20%20FreshwaterTrout%20%20Charr%20Study%20-Final%20Report%20_Ev_-1.pdf
http://www.gnb.ca/0027/Aqu/pdfs/NB%20%20FreshwaterTrout%20%20Charr%20Study%20-Final%20Report%20_Ev_-1.pdf
http://www.bis.gov.uk/
http://www.bis.gov.uk/
http://dx.doi.org/.10.1897/03-438.
http://dx.doi.org/10.1002/qsar.200390023
http://dx.doi.org/10.1016/j.aquaeng.2012.07.004


236 
 

 
 

Bai, Z., Pilote, A., Sarker, P.K., Vandenberg, G., Pawliszyn, J., 2013. In vivo solid-Phase 

micro-extraction with in vitro calibration: determination of off-flavor components in live 

fish. Analytical Chemistry 85 (4), 2328-2332. http://dx.doi.org/10.1021/ac3033245 

Balant, L.P., Gex-fabry, M., 1990. Review of physiological pharmacokinetic modelling. 

Xenobiotica 20 (11), 1241-1257. http://dx.doi.org/10.3109/00498259009046841 

Bailey, J., Ollis, D.F., 1986. Biochemical Engineering Fundamentals, second ed. McGraw-Hill, 

New York.  

Barany, J., 2002. Stochastic modelling of bacterial lag phase. International Journal of Food 

Microbiology 73, 203-206. http://dx.doi.org/10.1016/S0168-1605(01)00650-X 

Barber, M.C., Suarez, L.A., Lassiter, R.R., 1991. Modelling bioaccumulation of organic 

pollutants in fish with an application to PCBs in Lake Ontario salmonoids. Journal of 

Fisheries and Aquatic Science 48, 318-3317. 

Barramundi aquaculture prospect, 2015. Primary industries fishing and aquaculture, NSW 

Department of Primary Industries. viewed 17 March 2015. 

http://www.dpi.nsw.gov.au/fisheries/aquaculture/publications/species-

freshwater/barramundi-aquaculture-prospects 

Barron, M.G., Stehly, G.R., Hayton, W.L., 1990. Pharmacokinetic modelling in aquatic animals 

1. Models and concepts. Aquatic Toxicology 18, 61-86. 

Bartels, J.H.M., Brady, B.M., Suffet, I.H., 1989. Taste and odor in drinking water and 

wastewater supplies. AWWA Research Foundation, Denver, Colorado. 

Bellu, E., Lawton, L.A., Robertson, P.K.J., 2008. Photocatalytic destruction of geosmin using 

novel pelleted titanium dioxide. Advanced Oxidation Technology 11 (2), 384-388. 

Blevins, W.T., Schrader, K.K., Saadoun, L., 1995. Comparative  physiology of geosmin 

production by Streptomyces Halstedll and Anabaena sp. Water Science and Technology 31 

(11), 127-133.  

Brandhuber, P.J., Korshin, G., 2009. Methods for the detection of residual concentration of 

hydrogen peroxide in advanced oxidation processes, WaterReuse Foundation, Alexandria, 

VA. ISBN 978-1-394183-15-1 

Brett, K.L., Johnsen, P.B., 1996. Challenges of evaluating sensory attributes in the presence of 

off-flavours (geosmin and 2- methylisoborneol). Journal of Sensory Studies 11, 1-17. 

Bowmer, K.H., Padovan, A., Oliver, R.L., Korth, W., Ganf, G.G., 1992. Physiology of geosmin 

production by Anabaena circinalis isolated from the Murrumbidgee River. Australia. 

Water Science and Technology 25 (2), 259-267. 

Buttery, R.G., Guadagni, D.G., Ling, L., 1976. Geosmin, a musty off-flavor of dry beans. 

Journal of Agricultural Food Chemistry 24, 419-420.  

http://dx.doi.org/10.1021/ac3033245
http://dx.doi.org/10.1016/S0168-1605(01)00650-X
http://www.dpi.nsw.gov.au/fisheries/aquaculture/publications/species-freshwater/barramundi-aquaculture-prospects
http://www.dpi.nsw.gov.au/fisheries/aquaculture/publications/species-freshwater/barramundi-aquaculture-prospects


237 
 

 
 

CAC (Codex Alimentarius Commission). 1998. Joint FAO/WHO Food standards programme. 

Codex Committee on Food Hygiene. Draft Principles and Guidelines for the Conduct oF 

Microbiological Risk Assessment. ALINORM 99/13A. Appendix 11. 

Campfens, J., Mackay, D., 1997. Fugacity-based model of PCB bioaccumulation in complex 

aquatic food webs. Environmental Science & Technology 31 (2), 577-583. 

Cerf, O., Davey, K.R., 2001. An explanation of non-sterile (leaky) milk packs in well-operated 

UHT plant. Transactions of the Institution of Chemical Engineers, Part C, Food and 

Bioproducts Processing 79 (4), 219-222. http://dx.doi.org/10.1205/096030801753252289 

Chandrakash, S., Davey, K.R., O’Neill, B.K., 2015. An Fr 13 risk analysis of failure in a global 

food process – illustration with milk processing. Asia-Pacific Journal of Chemical 

Engineering 10 (4), 526-541. http://dx.doi.org/10.1002/apj.1887 

Choi, H.J., Kim, B.H., Kim, J.D., Han, M.S., 2005. Streptomyces neyagawaensis as a control 

the hazards biomass of Microcystis aeruginosa (cyanobacteria) in eutrophic freshwaters. 

Journal of Biological Control 33, 335-343. 

http://dx.doi.org/10.1016/j.biocontrol.2005.03.007  

Clark, K.E., Gobas, F.A.P.C., Mackay, D., 1990. Model of organic chemical uptake and 

clearance by fish from food and water. Journal of Environmental Science & Technology 

24, 1203-1213. http://dx.doi.org/10.1021/es00078a008 

Conte, E.D., Shen, C.Y., Miller, D.W., Perschbacher, P.W., 1996. Microwave distillation–solid 

phase adsorbent trapping for the determination of off-flavors, geosmin and 

methylisoborneol, in catfish tissue below their rejection levels. Analytical Chemistry 68, 

2713-2716. 

Danzer, K., 2007. Analytical chemistry: Theoretical and metrological fundamentals, Springer, 

Dordrecht. 342 p. ISBN 9783540359906 

Davey, K.R., 2015. A novel Friday 13
th

 risk assessment of fuel-to-steam efficiency of a coal-

fired boiler. Chemical Engineering Science 127, 133-142. 

http://dx.doi.org/10.1016/j.ces.2015.01.031 

Davey, K.R., 2011. Introduction to fundamentals and benefits of Friday 13
th

 risk modelling 

technology for food manufactures. Food Australia 63 (5), 192-197. ISSN 1032598 

Davey, K. R., 2010. A novel proposal to advance the discipline and to quantitatively safeguard 

important hygenic bio-processes. In: Proc. 40
th

 Australasian Chemical Engineering 

Conference (Engineering at the Edge) - CHEMECA 2010, Adelaide, Australia. Sept. 26 - 

29. 

 

http://dx.doi.org/10.1205/096030801753252289
http://dx.doi.org/10.1002/apj.1887
http://dx.doi.org/10.1016/j.biocontrol.2005.03.007
http://dx.doi.org/10.1021/es00078a008
http://dx.doi.org/10.1016/j.ces.2015.01.031


238 
 

 
 

Davey, K.R., Chandrakash, S., O’Neill, B.K., 2015. A Friday 13
th

 failure assessment of clean-

in-place removal of whey protein deposits from metal surfaces with auto-set cleaning 

times. Chemical Engineering Science 126, 106-115. 

http://dx.doi.org/10.1016/j.ces.2014.12.013 

Davey, K.R., Hathurusingha, P.I., 2014. A new transient predictive model to quantify taint as 

either geosmin (GSM) and 2-methylisoborneol (MIB) in Rainbow Trout (Oncorhynchus 

mykiss) farmed in Recirculating Aquaculture Systems (RAS). In: Proc. 26
th

 European 

Modeling and Simulation Symposium (EMSS), Bordeaux, France, Sept. 10-12, pp. 490-

497. ISBN 978-88-9799-38-6  

Davey, K.R., Chandrakash, S., O’Neill, B.K., 2013. A new risk analysis of Clean-In-Place milk 

processing. Food Control 29 (1), 248-254. 

http://dx.doi.org/10.1016/j.food.cont.2012.06.014 

Davey, K.R., Cerf, O., 2003. Risk modelling - An explanation of Friday 13
th 

syndrome (failure) 

in well-operated continuous sterilisation plant. In: Proc. 31
st
 Australian Chemical 

Engineering Conference, Adelaide, Australia, Sept. 28 – Oct. 1, paper 61. ISBN 

0863968295 

Davis, T.L.O., Kirkwood, G.P., 1984. Age and growth studies on barramundi, Lates calcarifer 

(Bloch), in Northern Australia. Australian Journal of Marine and Freshwater Research 35 

(6), 673-689. http://dx.doi.org/10.1071/MF9840673 

Di Cesare, L.F., Riva, M., Sansovini, G., Schiraldi, A., 1994. Isolation and concentration of 

flavour compounds by microwave treatment. In: Maarse, H., Heij, D.G., (Eds.), Trends in 

flavour research. Elsevier Science B.V, Amsterdam, The Netherland, pp. 121-127.  

Drabkova, M., Matthijs, H.C.P., Admiraal, W., Marsalek, B., 2007a. Selective effects of H2O2 

on cyanobacterial photosynthesis. Journal of Photosynthetica 45 (3), 363-369. 

Drabkova, M., Admirral, W., Marsalek, B., 2007b. Combined exposure to hydrogen peroxide 

and light-selective effects on cyanobacteria, green algae and diatoms. Journal of 

Environmental Science & Technology 41, 309-314. 

dos Santos, V.B., Mareco, E.A., Silva, M.D.P., 2013. Growth curves of Nile tilapia 

(Oreochromis niloticus) strains cultivated at different temperatures. Acta Scientiarum 35 

(2), 235-242. http://dx.doi.org/10.4025/actascianimsci.v35i3.19443 

dos Santos,V.B., Yoshihara,E., de Freitas, R.T.F., Neto, R.V.R., 2008. Exponential growth 

model of Nile tilapia (Oreochromis niloticus) strains considering heteroscedastic variance. 

Aquaculture 274, 96-100. http://dx.doi.org/10.1016/j.aquaculture.2007.11.005 

Ebeling, J.M., Timmons, M.B., 2012. Recirculating Aquaculture Systems. In: Tidwell, J.H., 

(Ed.), Aquaculture production systems. Wiley-Blackwell, Hoboken, NJ, USA. pp. 245-277. 

http://dx.doi.org/10.1016/j.ces.2014.12.013
http://dx.doi.org/10.1016/j.food.cont.2012.06.014
http://dx.doi.org/10.1071/MF9840673
http://dx.doi.org/10.4025/actascianimsci.v35i3.19443
http://dx.doi.org/10.1016/j.aquaculture.2007.11.005


239 
 

 
 

Eding, E.H., Kamstra, A., Verreth, J.A.J., Huisman, E.A., Klapwijk, A., 2006. Design and 

operation of nitrifying trickling filters in recirculating aquaculture: A review. Aquacultural 

Engineering 34, 234-260. 

Egashira, K, Ito, K. Yoshiy, Y., 1992. Removal of musty odour compound in drinking water by 

biological filter. Water Science and Technology 25, 307-314. 

Evans, L.C., 2010. Partial Differential Equations (Graduate Studies in Mathematics, Vol. 19), 

second ed. American Mathematical Society, USA. pp. 749. 

Ferguson, D. W., McGuire. M.J., Koch, B., Wolfe, R.L., Aieta, E.M., 1990. Comparing 

peroxone and ozone for controlling taste and odour compounds, disinfection by-products, 

and micro-organisms. American Water Works Association 82 (4), 181-191. 

Foust, S.A., Wenzel, L.A., Clump, C.W., Andersen, L.B., 1980. Principles of Unit Operations, 

second ed. John Wiley and Sons Inc., New York. ISBN0471268976 

Frauke, C. P., Berger, R.G., 1996. Geosmin and related volatiles in bioreactor-cultured 

Streptomyces citreus CBC 109.60. Applied Environmental Microbiology 57, 3429-3432. 

From, J., Hørlyck, V., 1984. Sites of uptake of geosmin, a cause of earthy flavor, in Rainbow 

Trout (Salmo gairdeneri). Canadian Journal of Fisheries and Aquatic Sciences 41 (8), 

1224-1226. http://dx.doi.org/10.1139/f84-144 

Fuks, D., Radic, T., Najdek, M., Blazina, M., Degobbs, D., Smodlaka, N., 2005. Relationships 

between heterotrophic bacteria and cyanobacteria in the northern Adriatic in relation to the 

mucilage phenomenon. Science Total Environment 335, 178-188. 

http://dx.doi.org/10.1016/jscitotenv.2005.09.015 

Garcia-Villada, L., Rico, M., Altamirano, M., Sanchez-Martin, L., Lopez-Rodas, V., Costas, E., 

2004. Occurrence of copper resistant mutants in the toxic cyanobacteria Microcystis 

aeruginosa; characterization and future implications in the use of copper sulphate as 

algaecide. Water Research 38, 2207-2213. http://dx.doi.org/10.1016/j.watres.2004.01.036 

Gibaldi, M., Perrier, D., 1982. Pharmacokinetics, second ed. Marcel Dekker, Inc. New York/ 

Basel.  

Gibson, C.E., Smith, R.V., 1982. Freshwater plankton. In: Car, N.G., Whitton, B.A., (Eds.), 

The Biology of Cyanobacteria. University of California Press. pp.677. 

Glaze, W.H., Schep, R., Chauncey, W., Ruth, E.C., Zarnoch, J.J, Aieta, E.M., Tate, C.H., 

McGuire, M.J., 1990. Evaluating oxidants for the removal of model taste and odor 

compounds from a municipal water supply. Journal of American Water Works Association 

(AWWA) 82 (5), 79-84. 

 

http://dx.doi.org/10.1139/f84-144
http://dx.doi.org/10.1016/jscitotenv.2005.09.015
http://dx.doi.org/10.1016/j.watres.2004.01.036


240 
 

 
 

Glencross, B., Percival, S., Jones, B., Hughes, J., 2007. Sustainable development of barramundi 

cage aquaculture at Lake Argyle. Final report Department of Fisheries Research & 

Development Corporation – Kimberly Sustainable Regions Program Project 2003/026, pp. 

50.  

Glenn, S., Bosmans, J., Humphrey, J., 2007. Northern Territory Barramundi Farming 

Handbook. Department of Primary Industries and Mines, Australia. pp. 38, viewed 6 

March 2015. http://www.nt.gov.au/d/Primary_Industry/ 

Gobas, F.A.P.C., 1998. Bioaccumulation of hydrophobic organic chemicals in fish. PhD Thesis. 

University of Toronto, ON, Canada. 

Gobas, F.A.P.C., Pasternak, J.P., Lien, K., Duncan, R.K., 1998. Development and field 

validation of a multimedia exposure assessment model for waste load allocation in aquatic 

ecosystem: application to TCDD and TCDF in the Fraser River watershed. Environmental 

Science & Technology 32, 2441-2449. 

Gobas, F.A.P.C., Z’Graggen, M.N., 1995. Time response of the Lake Ontario ecosystem to 

virtual elimination of PCBs. Environmental Science & Technology 29, 2038-2046. 

Gobas, F.A.P.C., 1993. A model for predicting the bio-concentration of hydrophobic organic 

chemicals in aquatic food-webs: application to Lake Ontario. Ecological Modelling 69, 1-

17.  

Gobas, F.A.P.C., Mackay, D., 1987. Dynamic of Hydrophobic (sic) organic chemical bio- 

concentration in fish. Journal of Environmental Toxicological Chemistry 6, 495-504. 

Grimm, C.C., Lloyd, S.W., Zimba, P.V., 2004. Instrumental versus sensory detection of off-

flavors in farm-raised channel catfish. Aquaculture 236, 309-319. 

http://dx.doi.org/10.1016/j.aquaculture.2004.02.020 

Guttman, L., van Rijn, J., 2009. 2-Methylisoborneol and geosmin uptake by organic sludge 

derived from a recirculating aquaculture system. Water Research 43, 474-480. 

http://dx.doi.org/10.1016/j.watres.2008.10.018 

Guttman, L., van Rijn, J., 2008. Identification of conditions underlying production of geosmin 

and 2-methyliosborneol in a recirculating system. Aquaculture 279, 85-91. 

http://dx.doi.org/10.1016/j.aquaculture.2008.03.047 

Harmsen, 2013. Industrial process scale-up: A practical guide from idea to commercial 

implementation. Elsevier, UK, pp. 116. ISBN: 978-0-444-62726-1 

Hathurusingha P.I., Davey K.R., 2016. Chemical taste-taint accumulation in RAS farmed fish - 

a Fr 13 risk assessment demonstrated with geosmin (GSM) and 2-methylisoborneol (MIB) 

in barramundi (Lates calcarifer). Food Control 60, 309-319. 

http://dx.doi.org/10.1016/j.foodcont.2015.08.014 

http://www.nt.gov.au/d/Primary_Industry/
http://dx.doi.org/10.1016/j.aquaculture.2004.02.020
http://dx.doi.org/10.1016/j.watres.2008.10.018
http://dx.doi.org/10.1016/j.aquaculture.2008.03.047
http://dx.doi.org/10.1016/j.foodcont.2015.08.014


241 
 

 
 

Hathurusingha, P.I., Davey, K.R., 2014. A predictive model for taste-taint accumulation in 

Recirculating Aquaculture Systems (RAS) farmed-fish - demonstrated with geosmin 

(GSM) and 2-methylisoborneol (MIB). Ecological Modelling 291, 242-249. 

http://dx.doi.org/10.1016/j.ecolmodel.2014.08.009 

Hathurusingha, P.I., Davey, K.R., 2013. A new transient-state model for quantitative prediction 

of taint in farmed barramundi fish (Lates calcarifer). In: Proc. 34
th

 International 

Conference on Marine Science & Aquaculture–ICMSA 2013, Amsterdam, The 

Netherlands, May 15-16, pp. 380-382. eISBN 2010-3778  

Hawker, D.W., Connell, D.W., 1988. Influence of partition co-efficient of lipophilic 

compounds on bio-concentration kinetics with fish. Water Research 22 (6), 701-707. 

http://dx.doi.org/10.1016/0043-1354(88)90181-9 

Hendriks, J.A., van der Linde, A., Cornelissen, G., Sijm, D.T.H.M., 2001. The power of size 1. 

Rate constants and equilibrium rates for accumulation of organic substances related to 

octanol-water partition ratio and species weight. Environmental Toxicological Chemistry 

20, 1399-1420.  

Helfrich, L.A., Libey, G., 1991. Fish farming in Recirculating Aquaculture Systems (RAS). 

Virginia cooperate extension publication 420-008, Virginia Polytechinical Institute 

Blacksburg, Virginia, USA, viewed 10 December 2014. 

http://fisheries.tamu.edu/files/2013/09/Fish-Farming-in-Recirculating-Aquaculture-

Systems-RAS.pdf 

Ho, L., Newcombe, G., Croue, J.P., 2002. Influence of the character of NOM on the ozonation 

of MIB and geosmin. Water Research 36, 511-518. 

Hobson, P., Fazekas, C., House, J., Daly, R., Kildea, T., Giglio, S., Burch, M., Lin, T.F., Chen, 

Y.M., 2010, Taste and odours in reservoirs: Research Report No 73, Water Quality 

Research Australia Limited, Australia. pp. 4-6. 

Hopkins, K.D., 1992. Reporting fish growth: A review of the basics. Journal of the World 

Aquaculture Society 23 (3), 173-179.  

http://dx.doi.org/10.1111/j.1749-7345.1992.tb00766.x 

Houle, S., Schrader, K.K., Francois, N.R., Comeau, Y., Kharoune, M., Summerfelt, S.T., 

Savoie, A., Vandenberg, G.W., 2011. Geosmin causes off-flavour in Arctic charr in 

recirculating aquaculture systems. Aquaculture Research 42, 360-365. 

http://dx.doi.org/10.1111/j.1365-2109.2010.02630.x 

Howieson, J., Hastings, K., Lawley, M., 2013. Creating value in the supply chain for Australian 

farmed barramundi: whole of chain perspective. International Food and Agribusiness 

Marketing 25, 287-297. http://dx.doi.org/10.1080/08974438.2013.728989  

http://dx.doi.org/10.1016/j.ecolmodel.2014.08.009
http://dx.doi.org/10.1016/0043-1354(88)90181-9
http://fisheries.tamu.edu/files/2013/09/Fish-Farming-in-Recirculating-Aquaculture-Systems-RAS.pdf
http://fisheries.tamu.edu/files/2013/09/Fish-Farming-in-Recirculating-Aquaculture-Systems-RAS.pdf
http://dx.doi.org/10.1111/j.1749-7345.1992.tb00766.x
http://dx.doi.org/10.1111/j.1365-2109.2010.02630.x
http://dx.doi.org/10.1080/08974438.2013.728989


242 
 

 
 

Howgate, P., 2004. Tainting of farmed fish by geosmin and 2-methylisoborneol: A review of 

sensory aspects and of uptake/depuration. Aquaculture 234, 155-181. 

http://dx.doi.org/10.1016/j.aquaculture.2003.09.032 

Hu, T. L., 1998. The odor production of Anabaena sp. isolated from the inlet of a water 

purification plant. In: Proc. 4
th

 International Workshop on Drinking Water Quality 

Management and Treatment Technology, Taiwan, R.O.C., March 4-5, pp. 149-153. 

Izaguirre, G., Taylor, W.D., 2004. A guide to geosmin and MIB producing cyanobacteria in the 

United States. Water Science and Technology 49 (9), 19-24. 

Izaguirre, G., Wolfe, R.L., Means ш, E.G., 1998. Degradation of 2-methylisoborneol by aquatic 

bacteria. Applied Environmental Microbiology 54, 2421-2431. 

Johnsen, P.B., Brett, K.L., 1996. Sensory evaluation of the off-flavors geosmin and 2-

methyliosborneol (MIB) in farmed-raised catfish. Journal of Applied Aquaculture 6, 21-37.  

Johnsen, P.B., Kuan, J.C., 1987. Simplified method to quantify geosmin and 2- 

methylisoborneol concentration in water and microbiological cultures. Journal of 

Chromatography A 409, 337-342. http://dx.doi.org/10.1016/S0021-9673(01)86810-2 

Johnsen, P.B., Lloyd, S.W., Vinyard, B.T., Dionigi, C.P., 1996. Effects of temperature on the 

uptake and depuration of 2-methylisoborneol (MIB) in channel catfish Ictalurus punctatus. 

Journal of World Aquaculture Society 27 (1), 15-20. http://dx.doi.org/10.1111/j.1749-

7345.1996.tb00589.x 

Johnsen P.B., Lloyd, S.W. 1992. Influence of fat content on uptake and depuration of the off-

flavor 2-methylisoborneol by channel catfish (Ictalurus punctatus). Canadian Journal of 

Fisheries and Aquatic Sciences 49 (11), 2406-2411. http://dx.doi.org/10.1139/f92-266 

Jones, B., Fuller, S., Carton, A.G., 2013. Earthy-muddy tainting of cultured barramundi linked 

to geosmin in tropical northern Australia. Aquaculture Environment Interactions 3, 117-

124. http://dx.doi.org/10.3354/aei00056 

Juttner, F., Watson, S., 2007. Biochemical and ecological control of geosmin and 2-

methylisoborneol in source waters. Applied and Environmental Microbiology 73, 4395-

4406. http://dx.doi.org/10.1128/AEM.02250-06 

Kim, S.C., Lee, D.K., 2005. Inactivation of algal blooms in eutrophic water of drinking water 

supplies with photocatalysis of TiO2 thin film on hollow glass beads. Water Science and 

Technology 52, 145-152. 

Klausen, M.M., Grønborg, O., 2010. Pilot scale testing of advanced oxidation process for 

degradation of geosmin and MIB in recirculated aquaculture. Water Science and 

Technology: Water Supply 10 (2), 217-225. http://dx.doi.org/10.2166/ws2010.246 

http://dx.doi.org/10.1016/j.aquaculture.2003.09.032
http://dx.doi.org/10.1016/S0021-9673(01)86810-2
http://dx.doi.org/10.1111/j.1749-7345.1996.tb00589.x
http://dx.doi.org/10.1111/j.1749-7345.1996.tb00589.x
http://dx.doi.org/10.1139/f92-266
http://dx.doi.org/10.3354/aei00056
http://dx.doi.org/10.1128%2FAEM.02250-06
http://dx.doi.org/10.2166/ws2010.246


243 
 

 
 

Koch, B, Gramith, J.T., Dale, M.S., Ferguson, D.W., 1992. Control of 2-methylisoborneols and 

geosmin by ozone and peroxone: a pilot study. Water Science and Technology 25 (2), 291-

298. 

Kohen, R., Nyska, A., 2002. Oxidation of biological systems: Oxidative stress phenomena, 

antioxidants, redox reactions and methods for their quantification: Invited review. 

Toxicologic Pathology 30 (6), 620-650. http://dx.doi.org/10.1080/01926230290166724 

Landrum, P.F., Lee II, H., Lydy, M.J., 1992. Toxicokinetics in aquatic systems: Model 

comparisons and use in hazard assessment. Environmental Toxicological Chemistry 11, 

1709-1725.  

Larkin, B., 2000. Recirculating aquaculture systems in Australia; a synthesis of systems, 

species and the networking approach. In: Libey, G.S., Timmons, M.B., Flick, G.J, 

Rakestaw T.T (Eds.). In: Proc. 3
rd

 International Conference on Recirculating Aquaculture. 

Roanoke, VA, USA, 20-23 July 2000.Virginia Tech, Blacksburg, VA, USA. pp. 251-266. 

Lalezary, S., Pirbazari, M., McGuire, M.J., 1986. Oxidation of five earthy-musty taste and odor 

compounds. American Water Works Association 78 (3), 62-69. 

Law, A.M., 2011. How to select simulation input probability distributions. In: Proc. 2011 

Winter Simulation Conference-WCS 2011. December 11-14, Phoenix, United States, 1394-

1406. ISBN 9781457721090 

Lawton, L.A., Robertson, P.K.J., Robertson, R.F., Bruce, F.G., 2003. The destruction of 2- 

methylisoborneol and geosmin using titanium dioxide photocatalysis. Applied Catalysis 

Bio Environmental 44, 9-13. http://dx.doi.org/10.1016/S0926-3373(0)0005-5 

Leonard, N., Guiraud, J.P., Gasset, E., Cailleres, J.P., Blancheton, J.P., 2002. Bacteria and 

nutrients-nitrogen and carbon - in a recirculating system for sea bass production. 

Aquacultural Engineering 26, 111-127.  

Lide, D.R., 2006. CRC Handbook of Chemistry and Physics. eighty-seventh ed. CRC Press, 

Taylor and Francis Group, Boca Raton, FL. 

Lillard, D.A., Powers, J.J., 1975. Aqueous odor thresholds of organic pollutants in industrial 

effluents. National Environmental Research Center. United States Environmental 

Protection Agency. Corvallis, Oregon, Environmental Monitoring Series, EPA-660/4/-75-

002.  

Liu, R., Zhao., D. Barnett, M.O., 2006. Fate and transport of copper applied in channel catfish 

ponds. Journal of Water Air & Soil Pollution 176, 139-162. 

http://dx.doi.org/10.1007/s11270-006-9155-5 

http://dx.doi.org/10.1080/01926230290166724
http://dx.doi.org/10.1016/S0926-3373(0)0005-5
http://dx.doi.org/10.1007/s11270-006-9155-5


244 
 

 
 

Lloyd, S.W., Grimm, C.C., 1999. Analysis of 2-methyliosborneol and gesomin in catfish by 

microwave -distillation solid-phase micro-extraction. Journal of Agricultural Food 

Chemistry 47, 164-169.  http://dx.doi.org/10.1021/jf980419x 

Lloyd, S.W., Lea, J.M., Zimba, P.V., Grimm, C.C., 1998. Rapid analysis of geosmin and 2-

methyliosborneol in water using solid phase micro extraction procedures. Water Research 

32 (7), 2140-2146. 

Mackay, D., 1991. Multimedia Environmental models: The Fugacity approach. Lewis Publisher 

CRC Press, Boca Raton, FL. USA.  

Mackay, D., 1982. Correlation of bio-concentration factors. Journal of Environmental Science 

& Technology 16, 274-278. http://dx.doi.org/10.1021/es00099a008 

Margolis, L., 1993. The efficacy of hydrogen peroxide against the salmon louse Lepeophtheirus 

salmonis, its toxicological effects on Atlantic and Chinook salmon, its stability in sea 

water, its toxic effects on some non-target marine species. Canada Department of Fisheries 

and Oceans, Pacific Biological Station, Aquaculture update 63, December 30, Nanaimo, 

British Columbia. 

Martin, J.F., 1992. The use of sodium carbonate peroxyhydrate to treat off flavour in 

commercial catfish ponds. Water Science and Technology 25 (2), 315-321. 

Martin, J.F., McCoy, C.P., Greenleaf, W., Bennett, L., 1987. Analysis of 2-methylisoborneol in 

water, mud and channel catfish from commercial culture ponds in Mississippi. Canadian 

Journal of Fisheries Aquatic Science 44, 909-912. 

Martins, C.I.M., Eding, E.H., Verdegem, M.C.J., Heinsbroek, L.T.N., Schneider, O., 

Blancheton, J.P., d’Orbcastel, E.R., Verreth, J.A.J., 2010. New developments in 

recirculating aquaculture systems in Europe: A perspective on environmental sustainability. 

Aquacultural Engineering 43, 83-93. http://dx.doi.org/10.1016/j.aquaeng.2010.09.02 

Martins, C.I.M., Pistrin, M.G., Ende, S.S.W., Eding, E.H., Verreth, J.A.J., 2009. The 

accumulation of substances in recirculating aquaculture systems (RAS) affects embryonic 

and larval development in common carp Cyprinus carpio. Aquaculture 291, 65-73.  

Martin, J.F., Plakas, S.M., Holley, J.H., Kitzman, J.V., Guarino, A.M., 1990. Pharmocokinetics 

and tissue disposition of the off-flavour compound 2-methyliosoborneol in the channel 

catfish (Ictalurus punctatus). Canadian Journal of Fisheries and Aquatic Science 47, 544-

546.  

Masuda, K., Boyd, C.E., 1993. Comparative evaluation of the solubility and algal toxicity of 

copper sulphate and chelated copper. Aquaculture 117, 287-302. 

http://dx.doi.10.1021/jf980419x
http://dx.doi.org/10.1021/es00099a008
http://dx.doi.org/10.1016/j.aquaeng.2010.09.02


245 
 

 
 

Masser, M.P., Rackocy, J., Losordo, T.M., 1999. Recirculating aquaculture tank production 

systems: management of recirculating systems. Southern Regional Aquaculture Center 

(SRAC), Publication no. 452, 12. 

Masser, M.P., Rakocy, J., Losordo, T.M., 1992. Recirculating aquaculture tank production 

systems-management of recirculating systems. Southern Regional  Aquaculture Center 

(SRAC), Publication 452, 1-12. 

McGuire, M.J., Krasner, S.W., Hwang, C.J., Izaguirre, G., 1981. Closed-loop stripping analysis 

as a tool for solving taste and odor problems. Journal of American Water Works 

Association 73, 530-537. 

McGuire, M.J., Suffet, I.H., 1980. The calculated net adsorption energy concept. In: Activated 

Carbon Adsorption of Organics from the Aqueous Phase, Suffet, I.H., McGuire, M.J. 

(Eds.), Ann Arbor Science, Ann Arbor, MI. Volume 1, pp. 91-115. 

McKim, J.M., Nichols, J.W., Lein, G.L., Hoffman, A.D., Gallinat, C.A., Stokes, G.N., 1996. 

Dermal absorption of three waterborne chloroethanes in rainbow trout (Oncorhynchus 

mykiss) and channel catfish (Ictalurus punctatus). Fundamental and Applied Toxicology 

31, 218-228. 

Medsker, L.L., Jenkins, D., Thomas, J.F., Koch, C., 1969. Odours compounds in natural waters. 

2-exo-hydroxy-2-methlybornane, the major odorous compound produced by several 

actinomycetes. Environmental Science & Technology 3, 476-477. 

Medsker, L.L., Jenkins, D., Thomas, J.F., 1968. Odorous compounds in natural waters. An 

earthy-smelling compound associated with blue-green algae and actinomycetes. 

Environmental Science & Technology 2, 461-464.  

Meylan, W.M., Howard, P.H., Boethling, R.S., Aronson, D., Printup, H., Gouchie, S., 1999. 

Improved method for estimating bioconcentration/bioaccumulation factor from 

octanol/water partition coefficient. Environmental Toxicology and Chemistry 18 (4), 664-

672. http://dx.doi.org/10.1002/etc.5620180412 

Michaud, L., Blancheton, J.P., Bruni, V., Piedrahita, R., 2006. Effect of particulate organic 

carbon on heterotrophic bacterial population and nitrification efficiency in biological 

filters. Aquacultural Engineering 34, 224-233. 

Mohren, S., Juttner, F., 1983. Odours compounds of different strains of Anabaena and Nostoc 

(Cyanobacteria). Water Science and Technology 20 (8/9), 197-203. 

Morrison, H.A., Gobas, F.A.P.C., Lazar, R., Whittle, D.M., Haffner, G.D., 1998. Projected 

changes to the trophodynamics of PCBs in the western Lake Erie ecosystem attributed to 

the presence of zebra mussels (Dreissena polymorpha). Environmental Science & 

Technology 32, 3862-3867. 

http://dx.doi.org/10.1002/etc.5620180412


246 
 

 
 

Morrison, H.A., Gobas, F.A.P.C., Lazar, R., Whittle, D.M., Haffner, G.D., 1997. Development 

and verification of a benthic/pelagic food web bioaccumulation model for PCB congeners 

in western Lake Erie. Environmental Science & Technology 31, 3267-3273. 

Moore, R. 1979. Natural sex inversion in the giant perch (Lates calcarifer). Australian Journal 

of Marine and Freshwater Research 30 (6), 803-13. http://dx.doi.org/10.1071/MF9790803. 

Murray, F., Bostock, J., Fletcher, D., 2014. Review of recirculation aquaculture system 

technologies and their commercial application - Final Report, Highlands and Islands 

Enterprise. University of Stirling Aquaculture. p. 31, viewed 11 April 2015. 

http://www.hie.co.uk/common/handlers/download-document.ashx?id=236008c4-f52a-

48d9-9084-54e89e965573 

Naes, H., Utkilen, H., Post, A.F., 1988. Factors influencing geosmin production by 

cyanobacterium Oscillatorai brevis. Water Science and Technology 20 (8/9), 125-131. 

Neely, W.B., 1979. Estimating rate constant for the uptake and clearance of chemicals by fish. 

Journal of Environmental Technology 13, 1506-1510. 

Neely, W.B., Branson, D.R., Blau, G.E., 1974. Partition coefficient bio-concentration potential 

of organic chemicals in fish. Journal of Environmental Science & Technology 8, 1113-

1115. 

Newman, M.C., 1995. Quantitative methods in aquatic ecotoxicology. CRC Press, Lewis 

Publishers. ISBN 0-87371-622-1 

Nichols, J.W., McKim, J.M., Lien, G. L., Hoffmann, A.D., Bertelsen, S.L., Elonen, C.M. 1996. 

A physiological based toxicokinetic model for dermal absorption of organic chemicals by 

fish. Journal of Fundamental and Applied Toxicology 31, 229-24. 

Noble, A.C., Summerfelt, S.T., 1996. Diseases encountered in rainbow trout cultured in 

recirculating systems. Annual Review of Fish Diseases 6, 65-92. 

NSW Department of Primary Industries-Fishing and Aquaculture 2012, Barramundi 

aquaculture prospect, viewed 26
 
May 2015. http://www.dpi.nsw.gov.au/fisheries/ 

aquaculture 

O’Connor, P.D.T., Newton, D., Bromley, R., 2002. Practical Reliability Engineering, fourth ed. 

Wiley and Sons, Chichester, England. ISBN 9780470844632 

Paerl, H. W., Tucker, C.S., 1995. Ecology of blue-green algae in aquaculture ponds. Journal of 

The World Aquaculture Society 26, 109-131. 

Palmeri, G., Turchini, G.M., Caprino, F., Keast, R., Moretti, V.M., Silva, S.S.De., 2008. 

Biometric, nutritional and sensory changes in intensity farmed Murray cod (Maccullochella 

peelii pelii, Mitchell) following different purging times. Food Chemistry 107, 1605-1615. 

http://dx.doi.org/10.1016/j.foodchem.2007.09.079 

http://dx.doi.org/10.1071/MF9790803
http://www.hie.co.uk/common/handlers/download-document.ashx?id=236008c4-f52a-48d9-9084-54e89e965573
http://www.hie.co.uk/common/handlers/download-document.ashx?id=236008c4-f52a-48d9-9084-54e89e965573
http://www.dpi.nsw.gov.au/fisheries/%20aquaculture
http://www.dpi.nsw.gov.au/fisheries/%20aquaculture
http://dx.doi.org/10.1016/j.foodchem.2007.09.079


247 
 

 
 

Park, G., Yu, M., Go, J., Kim, E., Kim, H., 2007. Comparison between ozone and ferrate in 

oxidising geosmin and 2-MIB in water. Water Science and Technology 55 (5), 117-125. 

Patil, R.A., 2006. Novel Application of quantitative risk assessment modelling to a continuous 

fermenter (MEngSc Research Thesis), The University of Adelaide, Australia.  

Patil, R.A., Davey, K.R., Daughtry, B.J., 2005. A new quantitative risk model of a fermenter for 

Friday 13
th

 syndrome. In: Proc. 33
rd

 Australasian Chemical Engineering Conference, 

Brisbane, Australia, Sept. 25 -28. ISBN 1864998326 

Paul, E.Z., Atiemo-Obeng, V.A., Kresta, S.M., 2014. Handbook of industrial mixing: science 

and practice, John Wiley and Sons, Inc., pp 1350. ISBN 9780471451440 

Pawliszyn, J., 1997. Solid phase micro-extraction: theory and practice. John Wiley & Sons, 

New York, ISBN 978-0-0471-19034-9  

Pedersen, L.F., Pedersen, P.B., 2012. Hydrogen peroxide application to a commercial 

recirculating aquaculture system. Aquacultural Engineering 46, 40-46. 

http://dx.doi.org/10.1016/j.aquaeng.2011.11.001  

Pedersen, L.F., Pedersen, P.B., Nielsen, J.L., Nielsen, P.H., 2009. Peracetic acid degradation 

and effects on nitrification in recirculating aquaculture systems. Aquaculture 296, 246-254. 

Percival, S., Drabsch, P., Glencross, B., 2008. Determining factors affecting muddy flavour 

taint in farmed barramundi (Lates calcarifer). Aquaculture 284, 136-143. 

http://dx.doi.org/10.1016/j.aquaculture.2008.07.056 

Perry, R.H., Green, D.W., 1997. Perry’s Chemical Engineers’, seventh ed. McGraw-Hill, USA. 

pp. 18.10-13. ISBN: 0070498415 

Persson, P.E., 1984. Uptake and release of environmentally occurring odorous compounds by 

fish: A Review. Water Research 18, 1263-1271. 

Persson, P.E., 1980. Sensory properties and analysis of two muddy odour compounds geosmin 

and 2-methylisoborneols in water and fish. Water Research 14, 1113-1118. 

Persson, P.E., York, R.K., 1978. Notes on muddy odour: 1. Sensory properties and analysis of 

2-methylisoborneol in water and fish. Journal of Aqua Fennica 8, 83-88. 

Peter, A., Koster, O., Schildknecht, A., von Gunten, U., 2009. Occurrence of dissolved and 

particle bound taste and odor compounds in Swiss Lake waters. Water Research, 

43, 2191-2200. 

Peters, R.H., 1991. A critique for ecology. Cambridge University Press, Cambridge. pp. 438. 

ISBN: 13-978-0521395885 

 

 

 

http://dx.doi.org/10.1016/j.aquaeng.2011.11.001
http://dx.doi.org/10.1016/j.aquaculture.2008.07.056


248 
 

 
 

Petersen, M.A., Hyldig, G., Strobel, B.W., Henriksen, N.H, Jorgensen, N.O.G., 2011. Chemical 

and sensory quantification of geosmin and 2-methylisoborneol in rainbow trout 

(Oncorhynchus mykiss) from recirculated aquacultures in relation to concentrations in basin 

water. Journal of Agriculture and Food Chemistry 59, 12561-12568. 

http://dx.doi.org/10.1021/jf2033494 

Petri, B.G., Watts, R.J., Teel, A.L., Huling, S.G., Brown, R.A., 2011. Fundamentals of ISCO 

hydrogen peroxide. In: Siegrist, R.L., Crimi, M, Simpkin, T.J. (Eds.), In-situ Chemical 

Oxidation for Groundwater Remediation, Springer Science and Business Media. 

http://dx.doi.org/10.1007/978-1-4419-7826-4 

Pirbazari, M., Borow, H.S., Craig,S., Ravindran,V., McGuire, M.J.,1992. Physical Chemical 

Characterization of five earthy–musty–smelling compounds. Water Science and 

Technology 25, 81-88. 

Poole, S., Mann, D., Exley, Paul., 2011. Mitigation of muddy flavour in farmed freshwater fish: 

A review of current knowledge. ASCRC project 2009/775 Report. Australian Seafood Co-

operative Research Centre, Australia. pp. 73. 

Prit, S.J., 1975. Principles of microbe and cell cultivation. Blackwell publisher, London. ISBN 

0-632-08150-3 

Pubchem open chemistry database. 2015. Hydrogen peroxide, NIH, U.S. National Library of 

Medicine, viewed on 10 April 2015. 

http://pubchem.ncbi.nlm.nih.gov/compound/hydrogen_peroxide#section=Top 

Quimby, P.C., Kay, J.R.S.H., Ouzts, J.D., 1988. Sodium carbonate peroxyhydrate as a potential 

algaecide. Journal of Aquatic Plant Management 26, 67-68. 

Rach, J.J., Schreier, T.M., Howe, G.E., Redman, S.D., 1997. Effect of species, life stage, and 

water temperature on the toxicity of hydrogen peroxide to fish. The Progress Fish Culturist 

51 (1), 41-46. http://dx.doi.org/10.1577/1548-8640(1997)059<0041:EOSLSA>2.3.CO;2  

Rashash, D.M.C., Dietrich, A.M., Hoehn, R.C., Parker, B.C. 1995. The influence of growth 

condition on odor-compound production by two chrysophytes and two cyanobacteria. 

Water Science and Technology 31 (11), 165-172. 

Reynolds, L. F., Moore, R., 1982. Growth Rates of Barramundi, Lates calcarifer (Bloch), in 

Papua New Guinea. Australian Journal of Marine and Freshwater Research 33, 663-670. 

Reynolds, L. F., 1978. Population dynamics of barramundi Lates calcarifer (Pisces: 

Centropomidae) in Papua New Guinea. M.Sc. Thesis. University of Papua New Guinea. 

Rimando, A.M., Schrader, K.K., 2003. Off-flavor in Aquaculture (Vol. 848). American 

Chemical Society, Washington, DC, USA. 

http://dx.doi.org/10.1021/jf2033494
http://dx.doi.org/10.1007/978-1-4419-7826-4
http://pubchem.ncbi.nlm.nih.gov/compound/hydrogen_peroxide%23section=Top
http://dx.doi.org/10.1577/1548-8640(1997)059%3c0041:EOSLSA%3e2.3.CO;2


249 
 

 
 

Rittman, B.E., Gantzer, C.J., Montiel., A., 1995. Biological treatment to control taste and odour 

compounds in drinking water treatmen. In: Suffet, I, H., Malleviable, J., Kawczynski, E. 

(Eds.), Advances in Taste and Odour treatment and Control. American Water Works 

Association Research foundation, Denver, USA. pp. 209-246. 

Robertson, R.F., Hammond, A., Jauncey, K., Beveridge, M.C.M., Lawton, L.A., 2006. An 

investigation into the occurrence of geosmin responsible for earthy-musty taints in UK 

farmed rainbow trout, Oncorhynchus mykiss. Aquaculture 259, 153-163. 

http://dx.doi.org/10.1016/j.aquaculture.2004.11.046 

Robertson, R.F., Jauncey, K., Beveridge, M.C.M., Lawton, L.A., 2005. Depuration rates and 

the sensory threshold of geosmin responsible for earthy-musty taint in rainbow trout, 

Oncorhynchus mykiss. Aquaculture 245, 89-99. 

http://dx.doi.org/10.1016/j.aquaculture.2004.11.045 

Rosen, B., Macledo, B., Simpson, M., 1992, Accumulation and release of geosmin during the 

growth phase of Anabaena circinalis (Kutz.) Rabenhorst. Water Science and Technology 

25 (2), 185-190. 

Saadoun, I. K., Schrader, K. K., Blevins, W.T., 2001. Environmental and nutritional factors 

affecting geosmin synthesis by Anabaena sp. Water Research 35 (5), 1209-1298.  

Saadoun, I., El-Migdadi, F., 1998. Degradation of geosmin-like compounds by selected species 

of Gram-positive bacteria. Letters in Applied Microbiology 26, 98-100. 

Safferman, R.S. Rosen, A.A., Mashni, C.I., Morris , M.E., 1967, Earthy-smelling substance 

from a blue green alga. Environmental Science & Technology 1, 429-430. 

Salemi, A., Lacorte, S., Bagheri, H., Barcelo, D., 2006. Automated trace determination of 

earthy-musty odorous compounds in water samples by on-line purge-and-trap–gas 

chromatography–mass spectrometry. Journal of Chromatography A 1136, 170-175. 

http://dx.doi.org/10.1016/j.chroma.2006.09.087 

Schlenk, D., Perkins, E.J., Hawkins, W.B., 1999. Effects of ethanol, clofibric acid and 

temperature on the uptake and elimination of 2-methlyisoborneol in channel catfish 

(Ictalurus punctatus). Fish Physiology and Biochemistry 21, 173-178.  

Schlenk, D., 1994. The effect of 2- methylisoborneol on cytochrome P450 expression in the 

channel catfish (Ictalurus punctatus). Aquaculture 120, 33-44. 

Schneider, O., Blancheton, J.P., Varadi, l., Eding, E.H., Verreth, J.A.J., 2006. Cost price and 

production strategies in European recirculation systems. In: Proc. Aqua 2006 (Linking 

tradition and technology highest quality for the consumers), Firenze, Italy, May 9-13. pp. 

855. 

http://dx.doi.org/10.1016/j.aquaculture.2004.11.046
http://dx.doi.org/10.1016/j.aquaculture.2004.11.045
http://dx.doi.org/10.1016/j.chroma.2006.09.087


250 
 

 
 

Schrader, K.K., Davidson, J.W., Rimando, A.M., Summerfelt, S.T., 2010. Evaluation of 

ozonation on levels of the off-flavor compounds geosmin and 2-methylisoborneol in water 

and rainbow trout Oncorhynchus mykiss from recirculating aquaculture systems. 

Aquacultural Engineering 43, 46-50. http://dx.doi.org/10.1016/j.aquaeng.2010.05.003  

Schrader, K.K., Piedrahita, R.H., Rubio., S.A., Rimando, A.G., 2005. Geosmin and 2-

methylisoborneol cause off-flavors in cultured Largemouth Bass and White sturgeon reared 

in recirculating-water systems. North American Journal of Aquaculture 67, 177-180. 

Schrader, K. K., Blevins, W.T., 2001. Effects of carbon source, phosphorus concentration and 

several micronutrients on biomass and geosmin production by Streptomyces halstedii. 

Journal of Industrial Microbiology and Biotechnology 26, 241-247. 

Schrader, K.K., de-Regt, M.Q., Tidwell, P.D., Tucker, C.S., Duke, S.O., 1998. Compounds 

with selective toxicity towards the off-flavour metabolite- producing cyanobacterium 

Oscillatoria cf. chalybea. Journal of Aquaculture 163, 85-99. 

Schwartz, M.F. Bullock, G.L., Hankins, J.A., Summerfelt, S.T., Mathias, J.A., 2000. Effects of 

selected chemo-therapeutants on nitrification in fluidized-sand bio-filters for cold water 

fish production. International Journal of Recirculating Aquaculture 1, 61-81. 

Selli, S., Prost, C., Serot, T., 2009. Odour-active and off-odour components in rainbow trout 

(Oncorhynchus mykiss) extracts obtained by microwave assisted distillation-solvent 

extraction. Food Chemistry 114, 317-322. http://dx.doi.org/10.1016/j.foodchem.2008.09.03 

Selli, S., Rannou, C., Prost, C, Robin, J., Serot, T., 2006. Characterization of aroma active 

compounds in rainbow trout (Oncorhynchus mykiss) eliciting an off-odor. Journal of 

Agricultural and Food Chemistry 54 (25), 9496–9502. http://dx.doi.org/10.1021/jf0619582 

Sijm, D.T.H.M., Selnen, W., Opperhuizen, A., 1992. Life-cycle biomagnification study in fish. 

Environmental Science & Technology 26 (11), 2162-2174. 

Sinnott, R.K., 2005. Chemical engineering design. Jordan Hill, Oxford, UK: Elsevier 

Butterworth-Heinemann. ISBN 0750665386  

Sivonen, K., 1982. Influencing odor production by actinomycetes. Hydrobilogia 86, 165-170.  

Sharpe, S., Mackay, D., 2000. A framework for evaluating bio-accumulation in food-webs. 

Environmental Science & Technology 34, 2373-2379.  

Shavyrina, O.B., Gapochka, L.D.,Azovskii, A.I., 2001. Development of tolerance for copper in 

cyanobacteria repeatedly exposed to its toxic effect. Biology Bulletin 28, 183-187. 

http://dx.doi.org/10.1023/A:1009423201364 

Smith, B.A., Teel, A.L, Watts, R.J., 2004. Identification of the reactive oxygen species 

responsible for carbon tetrachloride degradation in modified Fenton’s systems. 

Environmental Science & Technology 38, 5465-5469. 

http://dx.doi.org/10.1016/j.aquaeng.2010.05.003
http://dx.doi.org/10.1016/j.foodchem.2008.09.03
http://dx.doi.org/10.1021/jf0619582
http://dx.doi.org/10.1023/A:1009423201364


251 
 

 
 

Snedecor, G.W., Cochran, W.G., 1989. Statistical Methods, eighth ed. Iowa State University 

Press, Ames, lowa, USA. ISBN 0-8138-1561-6 

Sparkman, O.D., Penton, Z.E., Kitson, F.G., 2011. Gas chromatography and mass spectroscopy: 

A practical guide, Second ed. Academic Press Inc, UK. ISBN 13:978-0-12-373628-4  

Sugiura, N., Inamori, Y., Hosaka. Y., Sudo, R., Takahashi, G., 1994. Algae enhancing musty 

odor production by actinomycetes in Lake Kasumigaura. Hydrobiologia, 288 (1), 57-64. 

Summerfelt, S.T., 2006. Design and management of conventional fluidized-sand bio-filter. 

Aquacultural Engineering 34, 275-302. 

Svrcek, C., Smith, D.W., 2004. Cyanobacteria toxins and the current state of knowledge on 

water treatment option: A review. Journal of Environmental Engineering 33, 155-185. 

Sullivan, M., 2004. Statistics – informed decision making using data. Pearson Education, New 

Jersey, USA. ISBN 0130618640 

Thaysen, A.C., 1936. The origin of an earthy or muddy taint in fish .I. The nature and isolation 

of the taint. Annals of applied Biology 23, 99-104. 

Thomann, R.V., Connolly, J.P., Parkerton, T., 1992. Modelling accumulation of organic 

chemicals in aquatic food-webs. In: Gobas, F.A.P.C., McCorquodale, J.A. (Eds.), Chemical 

Dynamics in Aquatic Ecosystems. Lewis Publishers, Chelsea, USA, pp. 153-186.  

Thorne, T., 2002. The translocation of Barramundi (Lates Calcarifer) for aquaculture and 

recreational fishery enhancement in Western Australia. Journal of Fisheries Management 

159, 1-8. 

Thurston, R.V., Russo, R.C., Vinogradov, G.A., 1981. Ammonia toxicity to fishes. Effect of pH 

on the toxicity of the un-ionized ammonia species. Environmental Science & Technology 

15 (7), 837-840. http://dx.doi.org/10.1021/es00089a012 

Tidwell, J.H., Allan, G.L., 2001. Fish as food: aquaculture’s contribution – ecological and 

economic impacts and contributions of fish farming and capture fisheries. EMBO Reports 

2 (11), 958-963. 

Tierney, K.B., Kennedy, C.J., Gobas, F., Gledhill, M., Sekela, M., 2014. Organic contaminant 

and fish. In: Tierney, K.B., Farrell, A., Brauner, C.J. (Eds.), Organic chemical toxicology 

of fishes: volume 33 fish physiology. Academic Press Inc., San Diego. pp. 1-52. ISBN 

139780123982544 

Trudgill, P.W., 1984. Microbial degradation of the alicyclic ring: structural relationships and 

metabolic pathways. In: Gibson. D.T. (Ed.), Microbial Degradation of organic compound, 

Marcel Dekker Inc., New York, USA, pp.131-180.  

Tucker, C.S., 2000. Off-flavor problems in aquaculture. Journal of Reviews in Fisheries 

Science 8, 45-88. 

http://dx.doi.org/10.1021/es00089a012


252 
 

 
 

Tucker, C.S., Hargreaves, J.A., 2003. Copper sulphate to manage cyanobacterial off flavours in 

pond raised channel catfish. Off flavour Problem in Aquaculture 1, 133-145. 

Tucker, C.S., van der Ploeg, M., 1999. Managing off-flavor problems in pond raised catfish. 

Southern Regional Aquaculture Centre Fact sheet 192. Southern Regional Aquaculture 

Centre (SRAC), Stoneville, Mississippi, USA. 

van der Ploeg, M., Dennis, M.E., Regt, M.Q., 1995. Biology of Oscillatoria CF. Chalybea, a 2-

methyliosborneol producing blue-green alga of Mississippi catfish ponds. Water Science 

and Technology 31(11), 173-180. 

van Gemert, L.J., Nettenbreijer, A.H., 1977. Compilation of odour threshold values in air and 

water. National Institute of water supply. Voorburg, Netherlands and Central Institute for 

Nutrition and Food Research. Zeist, Netherlands. 

van Rijn, J., 2013. Waste treatment in recirculating aquaculture systems. Aquacultural 

Engineering 53, 49-56. http://dx.doi.org/10.1016/j.aquaeng.2012.11.010 

van Rijn, J., 1996. The potential for integrated biological treatment systems in recirculating fish 

culture - A review. Aquaculture 139, 181-201.  

http://dx.doi.org/10.1016/0044-8486(95)01151-X 

Vose, D., 2008. Risk analysis: Quantitative Guide, second ed. John Wiley & Sons. England. 

UK. pp. 64, 59, 41-43, 19,201-215ff, 379ff. ISBN 9780470512845 

Watson, S.B., Charlton, M., Yerubandi, R, Howell, T, Ridal, J., Brownlee, B., Marvin, C., 

Millard, S., 2007. Off flavour in large water bodies: physics, chemistry and biology in 

synchrony. Water Science and Technology 55, 1-8. http://dx.doi.org/10.2166/wst.2007.155 

Watson, S.B., Brownlee, B., Satchwill, T., Hargesheimer, E.E., 2000. Quantitative analysis of 

trace levels of geosmin and MIB in source and drinking water using headspace SPME. 

Water Research 34 (10), 2818-2828. http://dx.doi.org/10.1016/S0043-1354(00)00027-0 

Weete, J. D., Blevins, W.T., Wilt, G.R., Durham, D, 1977. Chemical, Biological and 

environmental factors responsible for the earthy odour in the Auburn City Water Supply. 

Bulleting. Agricultural Experiment Station, Alabma University 490, 1-48.  

Weisbrod, A.V., Burkhard, L.P., Arnot, J., Mekenyan, O., Howard, P.H., et al., 2007. 

Workgroup report: Review of fish bioacumulation databases used to identify persistent, 

bioaccumulative, toxic substances. Environmental Health Perspectives 115 (2), 255-261. 

Wen, H.Y., Kalf, J., Peters, R.H., 1999. Pharmacokinetic modelling in toxicology: A critical 

perspective. Journal of Environmental Reviews 7, 1-18. 

Widrig, D., Gray, K.A., McAuliffe, K.S., 1996. Removal of algal derived organic matter by 

preozonation and coagulation: Monitoring changes in organic quality by pyrolysis-GC-MS. 

Journal of Water Resources 30, 2621-2632. 

http://dx.doi.org/10.1016/j.aquaeng.2012.11.010
http://dx.doi.org/10.1016/0044-8486(95)01151-X
http://dx.doi.org/10.2166/wst.2007.155
http://dx.doi.org/10.1016/S0043-1354(00)00027-0


253 
 

 
 

White, R.E., McCarthy, M., Egeberg, K.D., Sligar, S.G., 1984. Regioselectivity in the 

cytochromes P450: control by protein constraints and by chemical relativities. Archives of 

Biochemistry and Biophysics 228, 493-502. 

Xie, Y., He, J., Huang, J., Zhang, J., Yu, Z., 2007. Determination of 2- methyliosborneol and 

geosmin produced by Streptomyces sp. and Anabaena PCC7120. Journal of Agricultural 

Food Chemistry 55, 6823-6828. http://dx.doi.org/10.1021/jf070125o 

Yagi, M., Nakashima, S, Muramoto, S, 1998. Biological degradation of musty odour 

compounds, 2-methylisoborneol and geosmin in a bio-activated carbon filter. Water 

Science and Technology 20, 255-260. 

Yagi, O., Sugiura, N., Sudo, R., 1987. Chemical and physical factors in the production of musty 

odor by Sterptomyces spp. isolated from Lake Kasumigaura. Agricultural and Biological 

Chemistry 51, 2081.  

Yamprayoon, J., Noomhorm, A., 2000. Effects of preservation method on geosmin content and 

off-flavour in Nile tilapia (Oreochromis niloticus). Journal of Aquatic Food Product 

Technology 9, 95-107. 

Zaitlin, B., Watson, S.B. 2006. Actinomycetes in relation to taste and odour in drinking water; 

myths, tenets and truths. Water Research 40 (9), 1741-1753. 

http://dx.doi.org/10.1016/j.watres.2006.02.024 

Zaho, D., Boyd, C., Barnet, M., 2005. Fate and transport of copper applied in channel catfish 

ponds. A pilot study, Auburn University Environmental Institute. pp. 41. 

Zimba, P.V., Schrader, K.K., Hyldig, G., Strobel, B.W., Jөrgensen, N.O.G., 2012. Short 

communication: Evaluation of geosmin and 2-methyliosborneol off-flavor in smoked 

rainbow trout fillets using instrumental and sensory analyses. Aquaculture Research 43, 

149-153. http://dx.doi.org/10.1111/j.1365-2109.2011.02795.x 

Zhao, M., Aviles, F.J., Conte, D. E., Miller, D.W., Perschbacher, P.W., 1999. Microwave 

mediated distillation with solid phase microextarction: determination of off flavours, 

geosmin, and methylisoborneol, in catfish tissue. Journal of Chromatography A 833, 223-

230. 

Zou, W., Davey, K.R., 2015. A two-step composite Fr 13 synthesis-demonstrated with 

membrane fouling in combined ultrafiltration-osmotic distillation (UF-OD) for 

concentrated pomegranate (Punica granatum) juice. Chemical Engineering Science – 

submitted September 2015. 

 

http://dx.doi.org/10.1021/jf070125o
http://dx.doi.org/10.1016/j.watres.2006.02.024
http://dx.doi.org/10.1111/j.1365-2109.2011.02795.x

	TITLE: Predictive modelling and experimental studies on taste-taint as geosmin (GSM) and 2-methylisoborneol (MIB) in farmed barramundi (Lates calcarifer)
	DECLARATION
	EXECUTIVE SUMMARY
	ACKNOWLEDGMENTS
	DEDICATION
	PUBLICATIONS FROM THIS RESEARCH
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES

	CHAPTER 1: INTRODUCTION
	CHAPTER 2: LITERATURE REVIEW
	CHAPTER 3: SYNTHESIS OF A NEW TIME-DEPENDENT MODEL
	CHAPTER 4: MATERIALS AND METHODS
	CHAPTER 5: PRELIMINARY PILOT-SCALE STUDIES WITH HYDROGEN PEROXIDE (H2O2) AS A BENIGN BIOCIDE
	CHAPTER 6: OPTIMISATION OF HYDROGEN PEROXIDE DOSING FOR COMMERCIAL-SCALE RAS APPLICATION
	CHAPTER 7: A Fr 13 CHEMICAL RISK ASSESSMENT FOR TASTE-TAINT ACCUMULATION AS GSM AND MIB IN BARRAMUNDI
	CHAPTER 8: APPLICATION OF LOW CONCENTRATION HYDROGEN PEROXIDE IN COMMERCIAL-SCALE RAS AND MODEL VALIDATION
	CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS
	APPENDIX A - A definition of some important terms used in this study
	APPENDIX B - Detailed solution to the model synthesis of Chapter 3
	APPENDIX C - Standard Operating Procedures (SOPs) for Microwave Distillation
	APPENDIX D - Standard Operating Procedures (SOPs) for low concentration H2O2 dosing
	APPENDIX E - Photographic documentation of the pilot-scale preliminary study with 5 mg L-1 H2O2
	APPENDIX F - Approvals from The University of Adelaide Animal Ethics Committee Science to research with barramundi fish
	APPENDIX G - Permit from Australian Pesticides and Veterinary Medicines Authority (APVMA) to use H2O2 in this research
	APPENDIX H - Fish mortalities in commercial-scale treated- and control- tanks during the first 9-week period
	APPENDIX I - Photographic documentation of commercial-scale application of H2O2 to RAS growth water
	APPENDIX J - Calculated model input parameters: k1, k2 and kg for GSM and MIB in fish-flesh from commercial-scale control- and treated- tanks
	APPENDIX K - An example simulation of the new model validation for both GSM and MIB taste-taint chemicals from the commercial-scale RAS studies
	NOMENCLATURE
	REFERENCES



