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Introduction 
Farmed fish are reared in a variety of systems, differing in location (on land or in natural 

bodies of water), intensity, feed input, water use (circulation and degree of water reuse), and 

levels of biosecurity, among other defining characteristics. The type of system used also 

depends on the species (defined by their biological requirements), life stage (with systems 

providing higher biosecurity favoured for early life stages) and economic feasibility. 

Nowadays, the grow-out production phase (to final market size) of most aquaculture species 

takes place in floating cages, raceways or tanks, or ponds, but there is growing momentum 

within the industry towards implementing land-based systems with significantly higher 

densities and water reuse: recirculating aquaculture systems (RAS). RAS have been promoted 

as solutions to certain environmental problems affecting traditional aquaculture systems, 

including geographical restrictions, water use, land use, biosecurity and effluent 

management1,2. However, the evidence supporting these benefits is conflicting. There are also 

serious concerns raised about the welfare of fish kept in these systems, given the highly 

intensive and barren conditions.  

The welfare of any farmed animal can only be as good as is allowed by the characteristics 

intrinsic to the farming system, i.e. the systems welfare potential3. The welfare potential of 

RAS systems needs to be assessed on a species-specific basis, holistically, taking into account 

mental wellbeing and expression of natural behaviours.  

A variety of aquaculture species have been reared at the grow-out stage in RAS, with the 

production of some already commercially established and that of others still at an 

earlier/experimental stage of development. The commercial success of these operations 

depends on the economic value (market price) and the biological characteristics (growth 

performance in RAS) of the species2. However, behavioural needs and the potential to 

experience good welfare within the farming environment, which is generally barren due to 

functional requirements and the need to maintain hygiene and biosecurity, are not usually 

considered.  

The vulnerability of young fish makes biosecurity and environmental control particularly 

advantageous for maximising survival at the hatchery and juvenile stages, meaning that the 

use of RAS for hatchery production is widespread. The higher profit margins received for 

juvenile fish also mean that production is not driven as intensively as for the grow-out stages. 

This document reviews the vulnerabilities and challenges faced by RAS in terms of welfare 

and sustainability and outlines the concerns that CIWF has with this form of production, 

particularly when used for the grow-out phase of species whose biological and behavioural 

needs are unlikely to be met.
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The scientific literature available on this topic is heavily focussed on salmon production. 

Although some welfare impacts may be species specific, many are consequences of the 

functioning of the system itself and therefore will impact welfare similarly. The welfare 

potential of less intensive lower trophic forms of RAS should be given consideration.  

What is  a Recirculating Aquaculture 
System (RAS)? 
Recirculating Aquaculture Systems (RAS) are production systems used to rear aquatic animals 

based on passing water through a circuit of filtration and treatment components, which 

restore the water quality sufficiently for it to be returned to the rearing tanks and reused. 

New water is still required to replace water lost through evaporation or extracted to remove 

waste, however, the recirculated flow is generally between 90 and 99% of the total flow1,4, 

with some authors suggesting 95.9% as the minimum2.  

The small proportion of water which is not recirculated, and requires replacement, is 

discharged through various processes in RAS, such as removal of solids, cleaning procedures, 

husbandry and transport procedures, and drainage of circuits at the end of a production 

cycle. Wastewater containing solid waste, i.e. from drum filters, is normally the major 

wastewater stream. This is generally subjected to further filtration and sedimentation 

processes leaving a concentrated sludge for removal by truck, and a water free of solid 

matter, for discharge, or in some cases, recirculation back into the system. Where and how 

final discarded water is discharged will depend on farm location and regulations that aim to 

maintain the water quality of the area.  
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Figure 1: Basic scheme of a RAS system. Grey arrows indicate the main water circuit. The blue arrow represents the 
new water income and red arrow represent the discharge of wastewater and sludge. 

Typically, water is pumped from a collection tank (sump) at the lowest point in the system to 

the rearing tanks via oxygenation and disinfection units, if these are present (not all systems 

utilise them). The water then flows from the rearing tanks through the rest of the circuit and 

the water treatment steps by gravity. The basic design (Figure 1) of a RAS has been 

conservative over time, but each system design shows variances based on need and expertise 

of designers and management staff. Additional components are often included in RAS, such 

as oxygenation chambers supplying pure oxygen, heating and cooling elements for 

temperature control, ultraviolet or ozone disinfection components. The main feature of RAS - 

the capacity of restoring water quality  to appropriate parameters  - is achieved by 

passing the water through the treatment circuit at a sufficient flow rate.  The three main 

steps or subsystems in the treatment circuit in their most basic form are: 

▪ Mechanical filtration: removal of particulate waste matter to leave the water

physically clean. 

• Biological filtration: use of bacteria to process harmful nitrogen products.
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▪ Degassing and aeration: removal of harmful gases such as carbon dioxide, nitrogen 

gas or hydrogen sulphide, and addition of oxygen, if needed through aeration and/or 

injection of oxygen into the water. 

The growth of the RAS industry has generally been based on the use of technology, and the 

intensification of production facilitated by increasingly complex treatment systems. However, 

the principle of recirculation can be applied to a wide range of farming systems by a variety 

of methods to perform the same role, such as constructed wetlands, including those which 

are less intensive, and with a greater degree of integration of aquatic animals from lower 

trophic levels, algae or plants5,6,7 such as in multi-trophic and aquaponic systems. 

The complete control over environmental parameters that is theoretically possible in RAS 

makes the rearing of any species of aquatic animal theoretically possible. However, many 

species are particularly poorly suited, physiologically, behaviourally, and/or economically to 

being farmed in RAS.  

This document describes potential issues with RAS as an intensive production system. It is 

important to note that from a welfare perspective, the impact on different species will 

depend on their biological and behavioural needs and tolerance to the rearing conditions. As 

such, the welfare potential of a RAS may differ between species, for example, tuna and 

shrimp. 
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Potential issues  

Stocking Density  

Significantly higher stocking densities are used in RAS than in open systems like cages, or 

closed systems with less filtering capacity such as ponds. This is due to the increased biological 

carrying capacity of RAS8, and the need for profitability9 in such a high tech system. For 

example, salmon in open cages are generally reared at maximum densities between 15 and 

25 kg/m3 while in RAS systems the minimum density that is economically viable is between 50 

kg/m3 to 80 kg/m3,9.  

Building a recirculation system demands a very high initial investment which, on average, will 

require a period of 8 years to recover1. Additionally, RAS systems incur much larger 

operational costs than regular farms, principally due to the higher energy demand required 

to circulate water and operate subsystems. Efforts to reduce the time to recover initial 

investments and operational costs, leads operators to push for greater output via 

intensification and higher stocking densities9. 

The pressure to intensify production increases for grow-out of large market-size species that 

have longer production cycles, increased cost2, and tighter profit margins. This further 

exacerbates risks to health, technical failures and loss of stock, which further increases the 

pressure to intensify production.  

Increasing stocking densities generally presents greater risks to animal welfare. There is a 

misconception that high stocking density only negatively impacts the welfare of farmed 

aquatic animals through reducing water quality, and that in RAS, where water quality is 

properly maintained, high stocking densities do not impact welfare. However, there is 

abundant evidence that welfare is impacted by stocking density independently from its effect 

on water quality; high densities have been found to increase stress indicators10,11,12,13, to 

impair growth,14,15 appetite16 and digestion15, and to increase fin damage17. Stress responses 

to other husbandry procedures such as crowding are also potentially increased13, as well as 

aggression and cannibalism in some species e.g. tuna and octopus18, 19. 

Technical Failure 

RAS rely on interdependent components to maintain water quality and recirculate the water 

through the rearing enclosure. While the level of technology of a system does not need to be 

high, most RAS projects undertaken by high-profile aquaculture companies feature high-tech 

components, which in turn require access to a reliable power source. 

There are multiple critical points of failure in a RAS. Of these, failure of either the power 

supply, solids filters, degassing chambers, or oxygenation equipment are all likely to cause 
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rapid mass mortality due to asphyxiation. The interdependence of the proper functioning of 

system components makes such systems inherently vulnerable to failure.  

The first phase of water treatment is invariably the removal of solid wastes by mechanical 

filtration, and the efficacy of all further downstream treatment processes depend on the 

success of this process. Solid wastes in RAS leach phosphorus, organic carbon and ammonia 

(ammonia), which degrades the water quality20. The proliferation of respiring bacteria 

growing on the surface of the particles leads to higher oxygen demand, and higher carbon 

dioxide levels21. Suspended solids also impact biofiltration downstream by clogging the 

biomedia22 and promoting the growth of unwanted competitive heterotrophic bacteria23. 

Pathogenic bacteria may also proliferate on the surface of suspended solids24,25, and ozone 

and UV disinfection is hindered by the presence of suspended solid particles26,27. Drum filters 

are the technological equipment typically employed for this and are reported to be a typical 

point of system failure28. 

Badiola et al. (2012) investigated, by way of a survey that included several companies 

operating RAS, the major technological issues that were faced. Unfortunately, there does not 

appear to be a more recent source of the kind of information in this survey available, 

however, despite its age it continues to be valid. The report found that ammonia, nitrite 

(nitrite), oxygen, carbon dioxide, and suspended solids levels were challenging to control 

consistently. The management of biofilters and solids removal units was cited as being 

problematic for most operators. The impact of suspended solids on the system, particularly in 

terms of their impact on biofilters, which were often undersized, was reported by most 

respondents as a commonplace issue. A further theme was the lack of expertise in both the 

management and the initial design of the systems, which was a particular issue when the 

designers were not the final operators. Poor design involving overly optimistic assumptions to 

cut costs at the investment stage was cited as leading to operational problems, where 

components were undersized, or of suboptimal quality or improper specification, and where 

back-up systems or components were not provided. 

As mass mortality events sometimes occur in cage farming, one of the major claimed 

advantages of RAS is the ability to avoid such events through complete environmental 

control; however, the events described in Table 1 demonstrate the vulnerability of aquatic 

animals to a multitude of potential points of failure in intensive RAS farms. Technical 

failure can easily  lead to mass  mortality , with huge numbers  of fish suffering s low 

and painful deaths from asphyxiation, carbon dioxide poisoning or ammonia 

poisoning. Where technical failure is less sudden, poor conditions may still force emergency 

(or earlier than initially planned) harvests, and these conditions are likely to cause chronic 

stress and poor welfare.   
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Table 1: Summary of publications describing RAS failures that caused high mortality or reduced fish welfare. 

Species  Country  Year Issue Cause 

Salmon Denmark 2020 Mortality of 227,000 fish29 High nitrogen levels due 

to unknown issue. 

2021 Mortality of 400 tons of 

near harvest sized fish30 

Stagnant water exposure 

due to human error 

2021 Mortality of all remaining 

stock31 

Fire, cause unknown. 

USA 2021 Mortality of 500,000 fish32 Fouling of biofilters and 

trickling filters with solids 

2022 Elevated mortality and 

emergency harvesting33 

Unknown 

2024 Harvesting of undersized 

fish34 

Failed growth forecasts 

and environmental 

conditions 

Canada 2023 Mortality of 100,000 fish35 Collapse of degassing unit 

Japan 2025 Mortality of 170,000 fish36 Asphyxia due to 

circulation stopping 

caused by automation and 

human error 

Salmon 

smolts 

  

Norway 2023 Mortality of 1.9 million 

fish37 

Unknown 

2024 Mortality of 500,000 fish38 Water quality issue 

Salmon 

post-

smolts 

Japan 2024 Mortality of 50,000 fish39 Unstable foundations 

caused tank breakage 

Arctic 

charr 

Canada 2023 Mortality of 100,000 fish40 Asphyxia from main and 

back-up power failure 
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Water quality and flow, and biosecurity  

The welfare of aquatic animals is highly dependent on the quality of the water they live in. 

Temperature, suspended solids, oxygen and carbon dioxide levels, ammonia, nitrite and 

nitrate levels are of critical importance to welfare as they have a direct influence on health 

and physiological functioning. Aquatic animals can only thrive physically in water in which 

parameters remain within certain thresholds.   

In RAS, most suspended solids are organic in origin, comprised of faeces, feed, and bacterial 

biomass41,42. Most of the negative impacts of suspended solids on fish welfare in RAS are 

indirect, harming the fish through their impact on the functioning of other critical water 

treatment processes. However, excessive turbidity caused by suspended solids reduces 

visibility, which can lead to reduced feeding43,44,45.  

Pure oxygen is typically supplied to fish in RAS using specialised equipment. While such 

systems may be mechanically very reliable, reduced flow of water due to blockages in pipes 

can reduce the oxygen supply to the fish. In such cases it is typical for alarms linked to oxygen 

sensors to alert staff, or for automated systems to activate a back-up supply of oxygen. 

Although prolonged hypoxia may be generally avoided, there is an inherent risk in RAS of 

exposure to periods of acute hypoxia, which is known to cause stress, and impact immune 

status46,47,48. 

RAS commonly use pressurized oxygenation systems49. There is strong economic incentive for 

this, as such systems can significantly raise (supersaturate) dissolved oxygen levels, thereby 

supporting higher stocking densities. However, when oxygen is supplied under pressure, a 

situation can arise where gas bubbles form within the blood or body tissue of the fish50,51. 

Espmark et al. (2010) found that exposure to oxygen supersaturated water caused increased 

panic episodes in juvenile Atlantic salmon, which they suggested to be indicative of 

physiological stress or pain.  

Aeration methods, such as trickle filters, air bubbles, or surface agitators, equilibrate the gas 

composition of water and air, but where pure oxygen is used, a separate “degassing” phase is 

required to remove carbon dioxide49. Safe operation of RAS using pure oxygen therefore 

requires carbon dioxide as well as oxygen to be monitored, however the technology for this is 

generally not reliable or available52,53. 

Exposure to sublethal concentrations of carbon dioxide (hypercapnia) suppresses appetite in 

fish54. It has also been associated with nephrocalcinosis, whereby mineral deposits form on 

the kidney, which can ultimately lead to kidney failure55. This has been well documented in 

salmonids54 and has also been demonstrated in seabass56 and spotted wolffish57. Hypercapnia 

has also been shown to impede swim bladder inflation in the larval stages of white grouper58 

and has been associated with cataracts in Atlantic cod59,60. 

The impact of hypercapnia on fish health is exacerbated by simultaneous excess oxygen 

(hyperoxia)61. This is of particular concern for RAS where elevated oxygen levels are common. 



 

 

12 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

Another cause for concern is reduced efficacy of degassing due to elevated carbon dioxide 

levels within indoor farms, which are often poorly ventilated in the interest of heat 

conservation49.  

Biofiltration takes place in the biofilter which provides a large surface area upon which 

nitrifying bacteria live and reproduce. The bacterial colony in the biofilter takes a 

considerable time to become established (a process called “priming”). During this time, the 

biofilter is either connected to a fish rearing unit stocked at a very low density62, or has 

water, absent of fish, circulated through it with the addition of ammonia63. Therefore, each 

time a biofilter is newly configured, or sterilised requiring subsequent priming, there is strong 

economic incentive to introduce the fish stock too soon, risking exposure to ammonia and/or 

nitrite. In RAS most water parameters are subject to constant change which affects 

nitrification rates, meaning the reduction of ammonia and nitrite is also not always 

immediate, and the frequent exposure of the fish is likely64. 

Despite larger systems being more stable in terms of water quality, producers tend to operate 

multiple modules of limited size to facilitate husbandry procedures, and to mitigate against 

catastrophic economic loss in the event of system failure28, thus, a degree of fluctuation of 

water quality parameters is generally a feature in RAS. 

The most efficient biofilter designs are those in which the biomedia is moving65 such as 

fluidised sand filters or moving bed bioreactors with plastic media. Fluidised sand filters are 

very complex to design65, while for moving bed bioreactors, the constant abrasive movement 

of plastic bio-media is likely to produce microplastic waste66. 

Ammonia is produced as a metabolic waste product by aquatic animals, and is toxic to all 

vertebrates, causing convulsions, coma and death67. As well as neurological dysfunction, 

sublethal effects of chronic exposure to ammonia include damage and physiological 

alterations to the gills resulting in compromised ion regulation68,69,70,71,72. Ammonia toxicity is 

also well documented in crustaceans71. 

Nitrite is produced as an intermediate nitrogen component from the oxidation of ammonia, 

and prior to its further oxidation to nitrate. It is toxic to aquatic organisms because it reduces 

the oxygen carrying capacity of blood73. Further negative impacts include gill lesions and 

oedema in the skeletal muscles of fish73. The toxicity of nitrite is far greater in freshwater 

than saltwater, as chloride in saltwater competes with nitrite for uptake in the gills 74. It is 

important to note that the principal mitigating factor used in RAS management to reduce 

levels of these toxic metabolites is to reduce feed rate, entailing a further negative impact on 

welfare. 

The final product in the nitrification process is the far less toxic compound nitrate. Nitrate 

toxicity follows the same mechanism as nitrite toxicity75. The reason for its reduced toxicity is 

due to it having a much lower uptake rate in the gills76. High nitrate caused side-swimming 

behaviour and a 4% increase in mortality in juvenile rainbow trout77. Adaptive responses 



13 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

including elevated plasma chloride, haematocrit, and haemoglobin levels and heart rate have 

also been observed in post-smolt Atlantic salmon78 and elevated rates of protein catabolism 

have been observed in pike perch79. Nitrate levels exceeding 50mg/l also led to reduced 

growth, health status, and survival in juvenile turbot80.  

In most RAS systems the accumulation of nitrate, the final product of biofiltration, is only 

controlled through water exchange81, therefore nitrate typically accumulates, reaching levels 

far exceeding anything found in natural bodies of water if not removed by renewing the 

water in the circuit. While methods to remove nitrate through its conversion to inert nitrogen 

gas do exist and have been applied to RAS, they are not yet widespread82.  

Flow rate of water through fish tanks in RAS is calculated as the minimum required flow that 

ensures the maintenance of the controlling water quality parameter (normally oxygen), 

within acceptable thresholds for fish culture81. This is an economic imperative as the chosen 

flow rate directly determines the energy cost of water pumping. The inherent issue with such 

an approach is due to the compounding negative impacts of reduced water quality 

parameters, despite their being within established safety thresholds individually. For 

example, Sun et al. (2016) found juvenile turbot welfare, growth and survival was 

significantly improved by increasing flow to rates beyond that which were deemed necessary 

to ensure the maintenance of all major water quality parameters within established safe 

thresholds for turbot culture. The selection of flow rate therefore represents an inherent 

conflict of interests between welfare and profitability. Where system design is inadequate, 

insufficient flow rates can also cause the settlement of solids within the fish tanks, leading to 

deterioration of water quality1. 

As RAS are closed systems, it is theoretically possible to isolate the cultured fish from all 

pathogenic organisms present in natural aquatic environments. To this end it is crucial for 

intensive RAS systems to adhere to a strict biosecurity protocol81. While open farming systems 

rely on the immune system of the fish, RAS aims for the total exclusion of pathogenic 

organisms through complete biosecurity. In this way, biosecurity facilitates maximal 

production despite poor welfare, and consequential reduced immune function resulting from 

stressful conditions caused by high stocking densities and barren environments. Where 

complete biosecurity is achieved, there is little economic incentive to consider fish welfare, as 

the degree to which it influences productivity is greatly reduced.  

Despite the theoretical possibility of completely effective biosecurity, and the obvious 

incentive for producers to implement it in RAS farms, the proliferation of pathogenic 

organisms including parasites, bacteria, fungi and viruses is well documented26,84,85,86. 

Pathogenic organisms may enter a RAS farm via staff (particularly on footwear), via incoming 

eggs, fry or fingerlings and their transport water, or via infected feed87. Once a pathogenic 

organism becomes established, the organically enriched water in RAS often favours its 
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proliferation88. Furthermore, compromised immunity of the cultured animals due to stress is 

conducive to the rapid and severe infection of the population.  

The treatment options are also limited in RAS; chemical treatments are problematic as they 

are likely to harm the bacterial colony in the biofilters26. Ozone treatment and UV radiation 

of the water are treatments often employed for pathogen control, however, ozone 

treatment dosage is very complex to calculate and byproducts and residual levels are harmful 

to fish26, and UV radiation has limited ability to completely destroy bacteria, and its efficacy is 

compromised by the presence of particulate matter27,88. A further complication is posed by 

the potential for pathogenic microbes to reside in the biofilm in significant numbers in 

biofilters, causing recurrent infections84.  

A problematic issue regarding biosecurity that has been reported in RAS is the escape of fish 

from tanks via entering water inlet pipes. Fish have been reported to enter pipework, and 

even filters and oxygenation chambers, where they are able to survive, and potentially act as 

disease vectors, thereby impacting the welfare of subsequent batches as well as suffering 

confinement and isolation themselves89.  

To summarise, water quality parameters in RAS are highly interdependent, and tend to 

fluctuate, impacting welfare. The maintenance of water quality parameters within good 

thresholds is a delicate balance which requires the continuous functioning of all the 

treatment components involved and is therefore highly vulnerable to failure. Flow rate 

represents a significant proportion of cost of production, meaning there is a strong economic 

incentive to operate at the minimum level required, which increases the risk of poor water 

quality. Finally, the health of the animals is highly dependent on biosecurity, which serves to 

facilitate growth and production despite stressful rearing conditions, and puts the animals at 

severe risk of virulent infection when breached.  

Rearing environment 

The expression of natural behaviours is a key component of good welfare for any animal. 

How much an animal in captivity is able to express such behaviours is determined by its 

surrounding environment and the opportunities that this provides. Where captive 

environments most mimic the natural environment, an animal typically inhabits in the wild, 

the greater the opportunity to express natural behaviours. RAS typically utilise circular tanks 

because of their enhanced self-cleaning characteristics compared to tanks of other shapes49. 

This is because water injected into circular tanks tangentially at pressure travels round the 

tanks creating a spiralling vortex motion, which concentrates settleable solids at the centre of 

the floor of the tank (provided that it is smooth) where a drainage point is located49,81.  

Smooth bottomed circular tanks such as those used in RAS are ultimately barren 

environments devoid of structural complexity. Barren environments have been linked with 

poor welfare in aquaculture. The absence of structures or substrate in the rearing 
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environment has been shown to be chronically stressful and to result in increased aggression, 

stress response, and reduced immune function and growth rates89,90,91. Physical enrichment, as 

any other type of environmental enrichment, should be suited to the species, and their 

implementation and design should be carefully researched90. The design of this enrichment 

for RAS should also carefully consider relevant points such as hydrodynamics of the rearing 

space and biosecurity. For example, Huysman et al. (2019) and Crank et al. (2019) found that 

environmental enrichment in the form of suspended shapes improved the growth of juvenile 

rainbow trout in circular tanks compared to those kept in control tanks devoid of stimuli. 

However, both studies also concluded that the presence of the suspended objects interfered 

with self-cleaning hydrodynamics in the tanks. 

In the case of substrates, the presence of sand has been demonstrated to improve the welfare 

of farmed sole, whereby stress, aggression and susceptibility to disease are reduced94,95,96 as 

they can perform their natural behaviour of partially burying themselves in the sand97. 

However, this species is seen as an ideal candidate for, and increasingly produced in RAS, 

where operational requirements dictate that sand is not provided due to difficulties of 

maintaining good cleanliness98,99.  

In RAS, continuous noise from pumps and aerators, and irregular noises from operational 

procedures and the movement of equipment within the farm may cause stress to the fish. 

Hang et al. (2021) exposed largemouth bass to a level of noise simulating a commercial RAS. 

They found that feed conversion ratio (FCR) and immune system was negatively affected in 

the fish exposed to this noise as compared to a control group experiencing quieter ambient 

noise levels. Experiments exposing fish to playback of both random and continuous 

anthropogenic noises resulted in elevated stress levels in koi carp101 and gilthead seabream102 

and impacted larval development in Atlantic cod103. However, it appears that the effect of 

noise on fish varies with acclimation and according to species104,105.  

It is important to note that the potential deleterious effects of noise induced stress can be 

serious in extreme cases. For example, in 2020, a Miami based salmon RAS farm had to carry 

out the emergency harvest of 200,000 fish, of which nearly two thirds were too small to be 

marketed, because the fish were deemed unable to recover from the chronic stress induced 

by noises of nearby construction work being carried out to complete the facility106.  

Another environmental parameter known to influence welfare in indoor systems such as RAS 

is the intensity and regime of artificial lighting. Of particular concern is the use of constant 

light, which has been associated with faster growth in some species, but also causes chronic 

stress and behavioural alterations through the disruption of circadian rhythms107,108,109. 

Environmental is sues  

In conventional aquaculture, the production of the feed is the major contributor to 

greenhouse gas emissions110. In RAS however, the energy used for the operation of the farm; 



 

 

16 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

water pumps, air pumps, heating etc, is considerable, and can account for a greater 

proportion of the environmental impact than the feed111.  

As can be seen in Table 2, the energy consumption, and resultant global warming potential 

of RAS is significantly higher than farming the same species using conventional methods. In 

the case of salmon, the difference can be between 2x and 13x higher global warming 

potential in kg carbon dioxide equivalent for RAS. In the case of tilapia, the difference may 

up to 5x, for trout it may be between 4x and 6x, and for sea bass and sea bream it may be 

between 2x and 4x. The significant variation in the extent of increase across studies 

represents context specific differences, particularly relating to the impacts of electricity 

generation and whether renewable sources were considered. 

Table 2: Carbon emissions for different species in farmed in RAS compared to conventional methods. 

Species  

Kg carbon dioxide equivalent emiss ion/kg 

liveweight 

RAS farmed Non-RAS farmed 

Salmon 7.01 3.39 112 

28.2* 2.07 113 

16.7  - 111 

 - 2.16 110 

Tilapia 5.15  - 114 

 - 0.96 - 6.13 115 

 - 1.52 - 2.1 116 

 - 2.96 107 

Trout 13.62 2.24 - 3.56 118 

6.1 1.16 119 

 - 1.18 120 

Seabass and seabream 9.66 (land based) 

7.25 (land based) 

2.44 121 

3.31 121 

Cod 21.64  - 122 

* This study compared production of Arctic Charr in RAS to salmon in cages. 
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One of the aspects of RAS that is cited as an environmental benefit is the reduced land use 

compared with other forms of land-based aquaculture81. While it is clearly true that RAS uses 

less land than extensive systems operating at much lower stocking densities, the same is not 

necessarily true of intensive flow-through systems. Compared to a conventional river or 

spring fed flow-through system, the assertion that RAS has higher production per unit area is 

based on assumed higher stocking densities. Moreover, the additional infrastructure required 

in RAS (solids filters, biofilters, degassing chambers, oxygenation units, pumps etc) inevitably 

occupies additional space.  

Often, flow-through systems are converted to RAS to increase production from a limited 

quantity of water that a company is permitted to use. Similarly, reduced availability of water 

due to reasons such as climate change may necessitate the conversion to RAS to maintain 

production at a given level. Such developments inevitably imply spatial expansion and a 

change of land character, as more infrastructure and buildings for housing equipment are 

required.  

Greatly reduced water use is one of the major cited benefits of RAS81. This is certainly true in 

a sense but comparing RAS to other aquaculture methods regarding water use is not 

straightforward. In the case of net cage aquaculture, water is not used at all, but degraded 

with organic waste, and the environmental sustainability of the operation depends on the 

ability of the surrounding aquatic environment to assimilate the waste. In the case of 

intensive flow-through systems the water is generally abstracted from a river or spring and 

returned further downstream, with the sustainability of the system again depending on the 

ability of the downstream environment to assimilate the organic waste, which is normally 

somewhat reduced through solids removal filters and settlement reservoirs downstream of 

the fish tanks.  

In this sense, flow through systems have a much greater requirement of water than RAS, but 

it is borrowed rather than used. In the case of both flow-through and RAS, the water that is 

truly used, i.e. not returned to the body of water it was taken from, is the water present in 

discarded waste sludge. There is no inherent reason why flow through systems cannot 

employ the same technologies used for solids removal as RAS and therefore use just as little 

water. 
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Fishmeal and fish oil 

One of the economic advantages proposed for RAS for grow out is the ability to produce 

fresh fish close to market, when wild caught or conventionally farmed fish is inevitably 

transported long distances, frozen, or with reduced shelf-life123. For this reason much of the 

growth of the RAS industry has been based on high value carnivorous species such as salmon, 

trout, turbot and seriola123 which require high levels of fishmeal and fish oil in their feed. 

From a welfare perspective, the rearing of carnivorous species on manufactured feeds limits 

their welfare potential, as they are denied the opportunity to exhibit the hunting behaviours 

intrinsic to their natural lifestyle. The secondary impact on the welfare of the vast numbers of 

wild fish, estimated at 490-1,100 billion globally124, used for feed must also be considered.  

The use of wild caught fish for farmed fish feed is inherently unsustainable124, and 

responsible for the depletion of wild fish stocks severely impacting marine food webs and 

biodiversity. In addition, where fishmeal and fish oil is produced from fisheries in developing 

regions, nutritional and/or economic wealth is removed from people that may rely on these 

resources for their livelihoods. 

Conclus ion 
RAS requires considerable capital investment and a high operational cost, leading to highly 

intensive conditions for grow-out production in order to attain acceptable profit margins. 

High densities have been extensively linked to poor welfare in farmed aquatic animals.  

Due to the highly complex interdependent chemical-biological balances at play, water quality 

fluctuates and is vulnerable to deterioration in the case of poor system functioning and/or 

technical failure. Accounts of mass mortality as well as emergency/earlier than planned 

harvests are frequently reported. Enclosure design results in barren rearing environments, 

which have been extensively linked to higher levels of stress, and poor mental welfare in 

aquaculture species.  

Carbon dioxide emissions per kg produced may be anywhere from 2 to 13 times higher in RAS 

than for non-RAS farming methods, bringing into question claims regarding their enhanced 

sustainability. In addition, RAS tends to be used to produce high-value carnivorous species, a 

practice which is questionable from an environmental, social, and animal welfare perspective. 

It is clear that intensive RAS systems severely limit the welfare potential of most aquaculture 

species. For this reason and those outlined above, RAS should not be used for the grow -

out of high trophic level species  with behavioural needs that cannot be met.  

  



 

 

19 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

References  
1. Maddi Badiola, Diego Mendiola, John Bostock. Recirculating Aquaculture Systems (RAS) analysis: 

Main issues on management and future challenges. Aquacultural Engineering, Volume 51, 2012, 

Pages 26-35. 

https ://doi.org/10.1016/j.aquaeng.2012.07.004. 

2. Bregnballe, J. 2022. A guide to recirculation aquaculture – An introduction to the new 

environmentally friendly and highly productive closed fish farming systems. Rome. FAO and 

Eurofish International Organisation. https ://doi.org/10.4060/cc2390en 

3. Murphy, E., & Legrand, A. (2023). Introduction to the concept of “welfare potential” of 

production systems and its practical relevance to welfare labelling. Frontiers in Animal Science, 4, 

1225839. https ://doi.org/10.3389/fanim.2023.1225839 

4. Aich, N., Nama, S., Biswal, A., & Paul, T. (2020). A review on recirculating aquaculture systems: 

Challenges and opportunities for sustainable aquaculture. Innovative Farming, 5(1), 17-24. 

https ://bioticapublications .com/journal-backend/articlePdf/273efa7b82.pdf   

5. Fernández-Rodríguez, M. J., Milstein, A., Jiménez-Rodríguez, A., Mazuelos, N., Medialdea, M., & 

Serrano, L. (2018). Multivariate factor analysis reveals the key role of management in integrated 

multitrophic aquaculture of veta la Palma (Spain). Aquaculture, 495, 484-495. 

https ://www.sciencedirect.com/science/article/pii/S0044848616311504  

6. Schuenhoff, A., Shpigel, M., Lupatsch, I., Ashkenazi, A., Msuya, F. E., & Neori, A. (2003). A semi-

recirculating, integrated system for the culture of fish and seaweed. Aquaculture, 221(1-4), 167-

181. https ://doi.org/10.1016/S0044-8486(02)00527-6  

7. Zhang, S. Y., Li, G., Wu, H. B., Liu, X. G., Yao, Y. H., Tao, L., & Liu, H. (2011). An integrated 

recirculating aquaculture system (RAS) for land-based fish farming: The effects on water quality 

and fish production. Aquacultural Engineering, 45(3), 93-102. 

https ://doi.org/10.1016/j.aquaeng.2011.08.001   

8. Mugwanya, M., Dawood, M. A., Kimera, F., & Sewilam, H. (2022). A review on recirculating 

aquaculture system: Influence of stocking density on fish and crustacean behavior, growth 

performance, and immunity. Annals of Animal Science, 22, 873. https ://doi.org/10.2478/aoas -

2022-0014  

9. ISFA (2015) The evolution of land based Atlantic salmon farms. Available at: 

https ://s tatic1.squarespace.com/static/56c20b66e707eb013dc65bab/t/582cf4ee29687f90c

2f3c500/1479341303532/is fa_landfarmingreport_web.pdf   

10. Di Marco, P., Petochi, T., Marino, G., Priori, A., Finoia, M. G., Tomassetti, P., Porrello, S., Giorgi, G., 

Lupi, P., Bonelli, A., Parisi, G. and Poli, B. M. (2017). Insights into organic farming of European sea 

bass Dicentrarchus  labrax and gilthead sea bream Sparus aurata through the assessment of 

environmental impact, growth performance, fish welfare and product quality. Aquaculture, 471, 

92–105. https ://doi.org/10.1016/J.AQUACULTURE.2017.01.012  

https://doi.org/10.1016/j.aquaeng.2012.07.004
https://doi.org/10.4060/cc2390en
https://doi.org/10.3389/fanim.2023.1225839
https://bioticapublications.com/journal-backend/articlePdf/273efa7b82.pdf
https://www.sciencedirect.com/science/article/pii/S0044848616311504
https://doi.org/10.1016/S0044-8486(02)00527-6
https://doi.org/10.1016/j.aquaeng.2011.08.001
https://doi.org/10.2478/aoas-2022-0014
https://doi.org/10.2478/aoas-2022-0014
https://static1.squarespace.com/static/56c20b66e707eb013dc65bab/t/582cf4ee29687f90c2f3c500/1479341303532/isfa_landfarmingreport_web.pdf
https://static1.squarespace.com/static/56c20b66e707eb013dc65bab/t/582cf4ee29687f90c2f3c500/1479341303532/isfa_landfarmingreport_web.pdf
https://doi.org/10.1016/J.AQUACULTURE.2017.01.012


 

 

20 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

11. Gornati, R., Papis, E., Rimoldi, S., Terova, G., Saroglia, M., & Bernardini, G. (2004). Rearing density 

influences the expression of stress-related genes in sea bass (Dicentrarchus labrax, L.). Gene, 

341(1–2), 111–118. https ://doi.org/10.1016/j.gene.2004.06.020 

12. Sangiao-Alvarellos, S., Guzmán, J. M., Láiz-Carrión, R., Míguez, J. M., Martín Del Río, M. P., 

Mancera, J. M., & Soengas, J. L. (2005). Interactive effects of high stocking density and food 

deprivation on carbohydrate metabolism in several tissues of gilthead sea breamSparus auratus. 

Journal of Experimental Zoology Part A: Comparative Experimental Biology, 303A(9), 761–775. 

https ://doi.org/10.1002/jez.a.203 

13. Yarahmadi, P., Miandare, H. K., Hoseinifar, S. H., Gheysvandi, N., & Akbarzadeh, A. (2015). The 

effects of stocking density on hemato-immunological and serum biochemical parameters of 

rainbow trout (Oncorhynchus mykiss). Aquaculture International, 23, 55-63. 

https ://doi.org/10.1007/s10499-014-9797-z 

14. Sánchez-Muros, M. J., Sánchez, B., Barroso, F. G., Toniolo, M., Trenzado, C. E., & Sanz Rus, A. 

(2017). Effects of rearing conditions on behavioural responses, social kinetics and physiological 

parameters in gilthead sea bream Sparus aurata. Applied Animal Behaviour Science, 197, 120–

128. https ://doi.org/10.1016/J.APPLANIM.2017.08.004 

15. Trenzado, C. E., Carmona, R., Merino, R., García-Gallego, M., Furné, M., Domezain, A., & Sanz, A. 

(2018). Effect of dietary lipid content and stocking density on digestive enzymes profile and 

intestinal histology of rainbow trout (Oncorhynchus mykiss). Aquaculture, 497, 10-16. 

https ://doi.org/10.1016/j.aquaculture.2018.07.031 

16. Stien, Lars H., Bracke, M. B. M., Folkedal, O., Nilsson, J., Oppedal, F., Torgersen, T., Kittilsen, S., 

Midtlyng, P.J., Vindas, M.A., Øverli, Ø. and Kristiansen, T. S. (2013). Salmon Welfare Index Model 

(SWIM 1.0): A semantic model for overall welfare assessment of caged Atlantic salmon: Review of 

the selected welfare indicators and model presentation. Reviews in Aquaculture, 5(1), 33–57. 

https ://doi.org/10.1111/j.1753-5131.2012.01083.x   

17. Turnbull, J., Bell, A., Adams, C., Bron, J., & Huntingford, F. (2005). Stocking density and welfare 

of cage farmed Atlantic salmon: application of a multivariate analysis. Aquaculture, 243(1–4), 

121–132. https ://doi.org/10.1016/J.AQUACULTURE.2004.09.022  

18. Takeda, T., Okada, T., & Ishibashi, Y. (2024). Effects of stocking density and rearing factors on 

aggressive behaviour and cannibalism in the Pacific bluefin tuna Thunnus orientalis 

larvae. Aquaculture Science, 72(2), 103-113. https ://doi.org/10.21203/rs .3.rs -1717636/v1 

19. Zheng, J., Qian, Y., & Zheng, X. (2023). Effects of stocking density on juvenile Amphioctopus 

fangsiao (Mollusca: Cephalopodasca: Cephalopoda): Survival, growth, behavior, stress tolerance 

and biochemical response. Aquaculture, 567, 739243. 

https ://doi.org/10.1016/j.aquaculture.2023.739243 

20. Stewart, N. T., Boardman, G. D., & Helfrich, L. A. (2006). Characterization of nutrient leaching 

rates from settled rainbow trout (Oncorhynchus mykiss) sludge. Aquacultural engineering, 35(2), 

191-198. https ://doi.org/10.1016/j.aquaeng.2006.01.004  

21. Bureau, D.P. and Hua, K. (2010), Towards effective nutritional management of waste outputs in 

aquaculture, with particular reference to salmonid aquaculture operations. Aquaculture 

Research, 41: 777-792. https ://doi.org/10.1111/j.1365-2109.2009.02431.x  

https://doi.org/10.1016/j.gene.2004.06.020
https://doi.org/10.1002/jez.a.203
https://doi.org/10.1007/s10499-014-9797-z
https://doi.org/10.1016/J.APPLANIM.2017.08.004
https://doi.org/10.1016/j.aquaculture.2018.07.031
https://doi.org/10.1111/j.1753-5131.2012.01083.x
https://doi.org/10.1016/J.AQUACULTURE.2004.09.022
https://doi.org/10.21203/rs.3.rs-1717636/v1
https://doi.org/10.1016/j.aquaculture.2023.739243
https://doi.org/10.1016/j.aquaeng.2006.01.004
https://doi.org/10.1111/j.1365-2109.2009.02431.x


21 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

22. Schumann, M., & Brinker, A. (2020). Understanding and managing suspended solids in intensive

salmonid aquaculture: a review. Reviews in Aquaculture, 12(4), 2109-2139.

https ://doi.org/10.1111/raq.12425

23. Satoh, H., Okabe, S., Norimatsu, N., & Watanabe, Y. (2000). Significance of substrate C/N ratio on

structure and activity of nitrifying biofilms determined by in situ hybridization and the use of

microelectrodes. Water science and technology, 41(4-5), 317-321.

https ://doi.org/10.2166/wst.2000.0461

24. Becke C, Schumann M, Steinhagen D, Rojas-Tirado P, Geist J, Brinker A (2019) Effects of

unionized ammonia and suspended solids on rainbow trout(Oncorhynchus mykiss) in

recirculating aquaculture systems. Aquaculture 499: 348–357

https ://orbit.dtu.dk/files /154114267/Postprint.pdf

25. Pedersen PB, von Ahnen M, Fernandes P, Naas C, Pedersen L-F, Dalsgaard J (2017) Particle surface

area and bacterial activity in recirculating aquaculture systems. Aquacultural Engineering 78: 18–

23. https ://www.sciencedirect.com/science/article/pii/S0144860917300092

26. Noble, A. C., & Summerfelt, S. T. (1996). Diseases encountered in rainbow trout cultured in

recirculating systems. Annual Review of Fish Diseases, 6, 65-92. https ://doi.org/10.1016/S0959-

8030(96)90006-X

27. Sharrer, M. J., Summerfelt, S. T., Bullock, G. L., Gleason, L. E., & Taeuber, J. (2005). Inactivation of

bacteria using ultraviolet irradiation in a recirculating salmonid culture system. Aquacultural

Engineering, 33(2), 135-149. https ://doi.org/10.1016/j.aquaeng.2004.12.001

28. Summerfelt, S.T. (1996). Engineering design of a water reuse system, Chapter 11, pp. 277-309, In

Walleye culture manual (ed. S.T. Summerfelt).

https ://www.ncrac.org/files /page/files /Chapter11.pdf

29. Fish Farming Expert (2020) 227,000 fish die in Atlantic Sapphire’s Denmark RAS.

https ://www.fishfarmingexpert.com/atlantic-sapphire-denmark-die-off/227000-fish-die-

in-atlantic-sapphires -denmark-ras /1137896 Date of access: 21/11/2024

30. Fish Site (2021) Atlantic Sapphire reports another mass mortality.

https ://thefishs ite.com/articles /atlantic-sapphire-reports -another-mass -mortality  Date of

access: 21/11/2024 

31. Hicks B (2021) Viewpoint: Fallout from the fire at Atlantic Sapphire in Denmark.

https ://www.aquaculturenorthamerica.com/viewpoint-fallout-from-the-fire-at-atlantic-

sapphire-in-denmark/ Date of access: 21/11/2024

32. White (2021) Atlantic Sapphire suffers mass salmon mortality at its Florida RAS farm.

https ://www.seafoodsource.com/news/aquaculture/atlantic -sapphire-suffers -mass -

salmon-mortality -at-its -florida-ras -farm Date of access: 21/11/2024

33. Outram R (2022) Atlantic Sapphire shares plunge after mortalities warning.

https ://www.fishfarmermagazine.com/2022/10/17/atlantic -sapphire-shares -plunge-after-

mortalities -warning/ Date of access: 21/11/2024

34. Chase C (2024) Atlantic Sapphire increased harvest in Q2 2024, but harvest weight dropped due

to crowded tanks. https ://www.seafoodsource.com/news/aquaculture/atlantic -sapphire-

https://doi.org/10.1111/raq.12425
https://doi.org/10.2166/wst.2000.0461
https://orbit.dtu.dk/files/154114267/Postprint.pdf
https://www.sciencedirect.com/science/article/pii/S0144860917300092
https://doi.org/10.1016/S0959-8030(96)90006-X
https://doi.org/10.1016/S0959-8030(96)90006-X
https://doi.org/10.1016/j.aquaeng.2004.12.001
https://www.ncrac.org/files/page/files/Chapter11.pdf
https://www.fishfarmingexpert.com/atlantic-sapphire-denmark-die-off/227000-fish-die-in-atlantic-sapphires-denmark-ras/1137896
https://www.fishfarmingexpert.com/atlantic-sapphire-denmark-die-off/227000-fish-die-in-atlantic-sapphires-denmark-ras/1137896
https://thefishsite.com/articles/atlantic-sapphire-reports-another-mass-mortality
https://www.aquaculturenorthamerica.com/viewpoint-fallout-from-the-fire-at-atlantic-sapphire-in-denmark/
https://www.aquaculturenorthamerica.com/viewpoint-fallout-from-the-fire-at-atlantic-sapphire-in-denmark/
https://www.seafoodsource.com/news/aquaculture/atlantic-sapphire-suffers-mass-salmon-mortality-at-its-florida-ras-farm
https://www.seafoodsource.com/news/aquaculture/atlantic-sapphire-suffers-mass-salmon-mortality-at-its-florida-ras-farm
https://www.fishfarmermagazine.com/2022/10/17/atlantic-sapphire-shares-plunge-after-mortalities-warning/
https://www.fishfarmermagazine.com/2022/10/17/atlantic-sapphire-shares-plunge-after-mortalities-warning/
https://www.seafoodsource.com/news/aquaculture/atlantic-sapphire-increased-harvest-in-q2-2024-but-harvest-weight-dropped-due-to-crowded-tanks


 

 

22 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

increased-harvest-in-q2-2024-but-harvest-weight-dropped-due-to-crowded-tanks  Date 

of access: 21/11/2024 

35. Withers P (2023) Equipment failure kills 100,000 salmon worth $5M at advanced land-based fish 

farm in N.S. https ://www.cbc.ca/news/canada/nova-scotia/equipment-failure-salmon-

killed-land-based-farm-1.7042712 

https ://www.fishfarmermagazine.com/2022/10/17/atlantic -sapphire-shares -plunge-after-

mortalities -warning/ Date of access: 21/11/2024 

36. Spampinato, E. (2025) Proximar cites human error in mortality event that killed 170,000 fish. 

https ://www.seafoodsource.com/news/aquaculture/proximar-cites -human-error-in-

mortality -event-that-killed-170-000-fish Date of access: 05/06/2025 

37. Marøy J M (2023) 1.9 million young fish die at Lerøy smolt facility. 

https ://www.fishfarmingexpert.com/leroy -smolt-die-off/19-million-young-fish-die-at-

leroy-smolt-facility /158092 Date of access: 21/11/2024 

38. Outram R (2024) Lerøy loses 490,000 young salmon to ‘water quality’ issues. 

https ://www.fishfarmermagazine.com/2024/03/19/leroy -loses -490000-young-salmon-to-

water-quality -is sues / Date of access: 21/11/2024 

39. McDonagh, V. (2024) Proximar suffers loss after leak at Mount Fuji site. 

https ://www.fishfarmermagazine.com/2024/02/05/proximar-suffers -loss -after-leak-at-

mount-fuji-s ite/ Date of access: 21/11/2024 

40. Sapin R (2023) Brutal cold snap wipes out 100,000 fish at Canada land-based farm. 

https ://www.intrafish.com/salmon/brutal-cold-snap-wipes -out-100-000-fish-at-canada-

land-based-farm/2-1-1400591 Date of access: 21/11/2024 

41. Becke, C., Steinhagen, D., Schumann, M., & Brinker, A. (2017). Physiological consequences for 

rainbow trout (Oncorhynchus mykiss) of short-term exposure to increased suspended solid load. 

Aquacultural Engineering, 78, 63-74. https ://doi.org/10.1016/j.aquaeng.2016.11.001  

42. Becke, C., Schumann, M., Steinhagen, D., Geist, J., & Brinker, A. (2018). Physiological 

consequences of chronic exposure of rainbow trout (Oncorhynchus mykiss) to suspended solid 

load in recirculating aquaculture systems. Aquaculture, 484, 228-241. 

https ://doi.org/10.1016/j.aquaculture.2017.11.030  

43. Barrett JC, Grossman GD, Rosenfeld J (1992) Turbidity-induced changes in reactive distance of 

rainbow trout. Transactions of the American Fisheries Society 121: 437–443 

https ://www.academia.edu/download/31648149/1992Barrettetal.pdf   

44. Gregory, R. S., & Northcote, T. G. (1993). Surface, planktonic, and benthic foraging by juvenile 

chinook salmon (Oncorhynchus tshawytscha) in turbid laboratory conditions. Canadian Journal 

of Fisheries and Aquatic Sciences, 50(2), 233-240. 

https ://cdnsciencepub.com/doi/abs /10.1139/f93-026  

45. De Robertis, A., Ryer, C. H., Veloza, A., & Brodeur, R. D. (2003). Differential effects of turbidity on 

prey consumption of piscivorous and planktivorous fish. Canadian Journal of Fisheries and 

Aquatic Sciences, 60(12), 1517-1526. 

https ://citeseerx.is t.psu.edu/document?repid=rep1&type=pdf&doi=e5bfd1cfd0f1ff3772f

726a3d1a817e8d5da36d6 

https://www.seafoodsource.com/news/aquaculture/atlantic-sapphire-increased-harvest-in-q2-2024-but-harvest-weight-dropped-due-to-crowded-tanks
https://www.cbc.ca/news/canada/nova-scotia/equipment-failure-salmon-killed-land-based-farm-1.7042712
https://www.cbc.ca/news/canada/nova-scotia/equipment-failure-salmon-killed-land-based-farm-1.7042712
https://www.fishfarmermagazine.com/2022/10/17/atlantic-sapphire-shares-plunge-after-mortalities-warning/
https://www.fishfarmermagazine.com/2022/10/17/atlantic-sapphire-shares-plunge-after-mortalities-warning/
https://www.seafoodsource.com/news/aquaculture/proximar-cites-human-error-in-mortality-event-that-killed-170-000-fish
https://www.seafoodsource.com/news/aquaculture/proximar-cites-human-error-in-mortality-event-that-killed-170-000-fish
https://www.fishfarmingexpert.com/leroy-smolt-die-off/19-million-young-fish-die-at-leroy-smolt-facility/158092
https://www.fishfarmingexpert.com/leroy-smolt-die-off/19-million-young-fish-die-at-leroy-smolt-facility/158092
https://www.fishfarmermagazine.com/2024/03/19/leroy-loses-490000-young-salmon-to-water-quality-issues/
https://www.fishfarmermagazine.com/2024/03/19/leroy-loses-490000-young-salmon-to-water-quality-issues/
https://www.fishfarmermagazine.com/2024/02/05/proximar-suffers-loss-after-leak-at-mount-fuji-site/
https://www.fishfarmermagazine.com/2024/02/05/proximar-suffers-loss-after-leak-at-mount-fuji-site/
https://www.intrafish.com/salmon/brutal-cold-snap-wipes-out-100-000-fish-at-canada-land-based-farm/2-1-1400591
https://www.intrafish.com/salmon/brutal-cold-snap-wipes-out-100-000-fish-at-canada-land-based-farm/2-1-1400591
https://doi.org/10.1016/j.aquaeng.2016.11.001
https://doi.org/10.1016/j.aquaculture.2017.11.030
https://www.academia.edu/download/31648149/1992Barrettetal.pdf
https://cdnsciencepub.com/doi/abs/10.1139/f93-026
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=e5bfd1cfd0f1ff3772f726a3d1a817e8d5da36d6
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=e5bfd1cfd0f1ff3772f726a3d1a817e8d5da36d6


 

 

23 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

46. Abdel-Tawwab, M., Monier, M. N., Hoseinifar, S. H., & Faggio, C. (2019). Fish response to hypoxia 

stress: growth, physiological, and immunological biomarkers. Fish physiology and biochemistry, 

45, 997-1013. https ://link.springer.com/article/10.1007/s10695-019-00614-9  

47. Sundh, H., Kvamme, B. O., Fridell, F., Olsen, R. E., Ellis, T., Taranger, G. L., & Sundell, K. (2010). 

Intestinal barrier function of Atlantic salmon (Salmo salar L.) post smolts is reduced by common 

sea cage environments and suggested as a possible physiological welfare indicator. BMC 

physiology, 10, 1-13. https ://link.springer.com/content/pdf/10.1186/1472-6793-10-22.pdf  

48. Welker, T. L., Mcnulty, S. T., & Klesius, P. H. (2007). Effect of sublethal hypoxia on the immune 

response and susceptibility of channel catfish, Ictalurus punctatus, to enteric septicemia. Journal 

of the world aquaculture society, 38(1), 12-23. https ://doi.org/10.1111/j.1749-

7345.2006.00069.x   

49. Malone, R. (2013). Recirculating aquaculture tank production systems: a review of current design 

practice. https ://agrilife.org/fisheries /files /2013/09/SRAC-Publication-No.-453-

Recirculating-Aquaculture-Tank-Production-Systems-A-Review-of-Current-Des ign-

Practice.pdf 

50. Lemarié, G., Hosfeld, C. D., Breuil, G., & Fivelstad, S. (2011). Effects of hyperoxic water conditions 

under different total gas pressures in European sea bass (Dicentrarchus labrax). Aquaculture, 

318(1-2), 191-198. 

https ://www.academia.edu/download/54019126/j.aquaculture.2011.03.03320170731 -

26475-1s7cbk3.pdf 

51. Espmark, Å. M., Hjelde, K., & Baeverfjord, G. (2010). Development of gas bubble disease in 

juvenile Atlantic salmon exposed to water supersaturated with oxygen. Aquaculture, 306(1-4), 

198-204. https ://www.sciencedirect.com/science/article/pii/S0044848610002875  

52. Lindholm-Lehto, P. (2023) Water quality monitoring in recirculating aquaculture 

systems. Aquaculture, Fish and Fisheries, 3, 113–131. 

https ://doi.org/10.1002/aff2.102 

53. Moran, D., Tirsgård, B., & Steffensen, J. F. (2010). The accuracy and limitations of a new meter 

used to measure aqueous carbon dioxide. Aquacultural engineering, 43(3), 101-107. 

https ://www.mbl.ku.dk/jfsTEFFENSEN/Publications /Aquacult%20Engin%20-%20DM%20-

%202010.pdf 

54. Skov, P. V. (2019). carbon dioxide in aquaculture. In Fish physiology (Vol. 37, pp. 287-321). 

Academic Press. https ://www.sciencedirect.com/science/article/pii/S1546509819300044  

55. Fivelstad, S., Hosfeld, C. D., Medhus, R. A., Olsen, A. B., & Kvamme, K. (2018). Growth and 

nephrocalcinosis for Atlantic salmon (Salmo salar L.) post-smolt exposed to elevated carbon 

dioxide partial pressures. Aquaculture, 482, 83-89. 

https ://doi.org/10.1016/j.aquaculture.2017.09.012 

56. Petochi, T., Di Marco, P., Priori, A., Finoia, M. G., Mercatali, I., & Marino, G. (2011). Coping 

strategy and stress response of European sea bass Dicentrarchus labrax to acute and chronic 

environmental hypercapnia under hyperoxic conditions. Aquaculture, 315(3-4), 312-320. 

https ://doi.org/10.1016/j.aquaculture.2011.02.028 

https://link.springer.com/article/10.1007/s10695-019-00614-9
https://link.springer.com/content/pdf/10.1186/1472-6793-10-22.pdf
https://doi.org/10.1111/j.1749-7345.2006.00069.x
https://doi.org/10.1111/j.1749-7345.2006.00069.x
https://agrilife.org/fisheries/files/2013/09/SRAC-Publication-No.-453-Recirculating-Aquaculture-Tank-Production-Systems-A-Review-of-Current-Design-Practice.pdf
https://agrilife.org/fisheries/files/2013/09/SRAC-Publication-No.-453-Recirculating-Aquaculture-Tank-Production-Systems-A-Review-of-Current-Design-Practice.pdf
https://agrilife.org/fisheries/files/2013/09/SRAC-Publication-No.-453-Recirculating-Aquaculture-Tank-Production-Systems-A-Review-of-Current-Design-Practice.pdf
https://www.academia.edu/download/54019126/j.aquaculture.2011.03.03320170731-26475-1s7cbk3.pdf
https://www.academia.edu/download/54019126/j.aquaculture.2011.03.03320170731-26475-1s7cbk3.pdf
https://www.sciencedirect.com/science/article/pii/S0044848610002875
https://doi.org/10.1002/aff2.102
https://www.mbl.ku.dk/jfsTEFFENSEN/Publications/Aquacult%20Engin%20-%20DM%20-%202010.pdf
https://www.mbl.ku.dk/jfsTEFFENSEN/Publications/Aquacult%20Engin%20-%20DM%20-%202010.pdf
https://www.sciencedirect.com/science/article/pii/S1546509819300044
https://doi.org/10.1016/j.aquaculture.2017.09.012
https://doi.org/10.1016/j.aquaculture.2011.02.028


 

 

24 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

57. Foss, A., Røsnes, B. A., & Øiestad, V. (2003). Graded environmental hypercapnia in juvenile 

spotted wolffish (Anarhichas minor Olafsen): effects on growth, food conversion efficiency and 

nephrocalcinosis. Aquaculture, 220(1-4), 607-617. https ://doi.org/10.1016/S0044-

8486(02)00613-0 

58. Elsadin, S., Nixon, O., Mozes, N., Allon, G., Gaon, A., Kiflawi, M., ... & Koven, W. (2018). The effect 

of dissolved carbon dioxide (carbon dioxide) on white grouper (Epinephelus aeneus) 

performance, swimbladder inflation and skeletal deformities. Aquaculture, 486, 81-89. 

https ://doi.org/10.1016/j.aquaculture.2017.11.011 

59. Moran, D., Tubbs, L., & Støttrup, J. G. (2012). Chronic carbon dioxide exposure markedly increases 

the incidence of cataracts in juvenile Atlantic cod Gadus morhua L. Aquaculture, 364, 212-216. 

https ://doi.org/10.1016/j.aquaculture.2012.08.044 

60. Neves, K. J., & Brown, N. P. (2015). Effects of Dissolved Carbon Dioxide on Cataract Formation 

and Progression in Juvenile Atlantic Cod, Gadus morhua L. Journal of the World Aquaculture 

Society, 46(1), 33-44. https ://doi.org/10.1111/jwas .12166 

61. Brauner, C. J., Seidelin, M., Madsen, S. S., & Jensen, F. B. (2000). Effects of freshwater hyperoxia 

and hypercapnia and their influences on subsequent seawater transfer in Atlantic salmon (Salmo 

salar) smolts. Canadian Journal of Fisheries and Aquatic Sciences, 57(10), 2054-2064. 

https ://cdnsciencepub.com/doi/abs /10.1139/f00-161 

62. Roalkvam, I., Drønen, K., Dahle, H., & Wergeland, H. I. (2021). A case study of biofilter activation 

and microbial nitrification in a marine recirculation aquaculture system for rearing Atlantic 

salmon (Salmo salar L.). Aquaculture Research, 52(1), 94-104. 

https ://onlinelibrary .wiley.com/doi/pdf/10.1111/are.14872 

63. Keuter, S., Beth, S., Quantz, G., Schulz, C., & Spieck, E. (2017). Longterm monitoring of 

nitrification and nitrifying communities during biofilter activation of two marine recirculation 

aquaculture systems (RAS). International Journal of Aquaculture and Fishery Sciences, 3(3), 051-

061. https ://www.agriscigroup.us /articles /IJAFS -3-129.pdf 

64. Mortensen, H. S., Jacobsen, E., Kolarevic, J., & Vang, A. (2022). Exposing atlantic salmon post-

smolts to fluctuating sublethal nitrite concentrations in a commercial recirculating aquaculture 

system (RAS) may have negative consequences. Frontiers in Animal Science, 3, 886071. 

https ://doi.org/10.3389/fanim.2022.886071 

65. Malone, R. F., & Pfeiffer, T. J. (2006). Rating fixed film nitrifying biofilters used in recirculating 

aquaculture systems. Aquacultural engineering, 34(3), 389-402. 

https ://doi.org/10.1016/j.aquaeng.2005.08.007 

66. Munubi, R. N., Pedersen, L. F., & Chenyambuga, S. W. (2022). Evaluation of biofilter performance 

with alternative local biomedia in pilot scale recirculating aquaculture systems. Journal of 

Cleaner Production, 366, 132929. https ://doi.org/10.1016/j.jclepro.2022.132929 

67. Randall, D. J., & Tsui, T. K. N. (2002). Ammonia toxicity in fish. Marine pollution bulletin, 45(1-12), 

17-23. https ://www.sciencedirect.com/science/article/pii/S0025326X02002278  

68. Ferguson, H. W., Morrison, D., Ostland, V. E., Lumsden, J., & Byrne, P. (1992). Responses of mucus-

producing cells in gill disease of rainbow trout (Oncorhynchus mykiss). Journal of Comparative 

Pathology, 106(3), 255-265. https ://doi.org/10.1016/0021-9975(92)90054-X 

https://doi.org/10.1016/S0044-8486(02)00613-0
https://doi.org/10.1016/S0044-8486(02)00613-0
https://doi.org/10.1016/j.aquaculture.2017.11.011
https://doi.org/10.1016/j.aquaculture.2012.08.044
https://doi.org/10.1111/jwas.12166
https://cdnsciencepub.com/doi/abs/10.1139/f00-161
https://onlinelibrary.wiley.com/doi/pdf/10.1111/are.14872
https://www.agriscigroup.us/articles/IJAFS-3-129.pdf
https://doi.org/10.3389/fanim.2022.886071
https://doi.org/10.1016/j.aquaeng.2005.08.007
https://doi.org/10.1016/j.jclepro.2022.132929
https://www.sciencedirect.com/science/article/pii/S0025326X02002278
https://doi.org/10.1016/0021-9975(92)90054-X


 

 

25 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

69. Twitchen, I. D., & Eddy, F. B. (1994). Effects of ammonia on sodium balance in juvenile rainbow 

trout Oncorhynchus mykiss Walbaum. Aquatic Toxicology, 30(1), 27-45. 

https ://www.sciencedirect.com/science/article/pii/0166445X94900043  

70. Maetz, J. (1973). Na+/NH4+, Na+/H+ exchanges and ammonia movement across the gill of 

Carassius auratus. Journal of Experimental Biology, 58(1), 255-275. 

https ://journals .biologists .com/jeb/article-abstract/58/1/255/21823 

71. Lin, Y. C., & Chen, J. C. (2001). Acute toxicity of ammonia on Litopenaeus vannamei Boone 

juveniles at different salinity levels. Journal of experimental marine biology and ecology, 259(1), 

109-119. 

72. Daoust, P. Y., & Ferguson, H. W. (1984). The pathology of chronic ammonia toxicity in rainbow 

trout, Salmo gairdneri Richardson. Journal of Fish Diseases, 7(3), 199-205. 

https ://onlinelibrary .wiley.com/doi/abs /10.1111/j.1365-2761.1984.tb00924.x  

73. Boyd, C. E. (2014). Nitrite toxicity affected by species susceptibility, environmental conditions. 

Glob Aquac Advocate, 17, 34-36. 

https ://www.academia.edu/download/112828402/boyd2014nitritetoxicity_gaa.pdf  

74. Lewis Jr, W. M., & Morris, D. P. (1986). Toxicity of nitrite to fish: a review. Transactions of the 

American fisheries society, 115(2), 183-195. 

https ://www.tandfonline.com/doi/abs /10.1577/1548-

8659(1986)115%3C183%3ATONTF%3E2.0.CO%3B2 

75. Grabda, E., Einszporn-Orecka, T., Felińska, C., & Zbanyszek, R. (1974). Experimental 

methemoglobinemia in rainbow trout. Acta Ichthyologica et Piscatoria, 4, 43-71. 

https ://aiep.pensoft.net/article/24813/download/pdf/ 

76. Camargo, J. A., Alonso, A., & Salamanca, A. (2005). Nitrate toxicity to aquatic animals: a review 

with new data for freshwater invertebrates. Chemosphere, 58(9), 1255-1267. 

https ://golias .net/akvaris tika/docs /Nitrate%20toxicity%20to%20aquatic%20animals .pdf  

77. Davidson, J., Good, C., Welsh, C., & Summerfelt, S. T. (2014). Comparing the effects of high vs. 

low nitrate on the health, performance, and welfare of juvenile rainbow trout Oncorhynchus 

mykiss within water recirculating aquaculture systems. Aquacultural Engineering, 59, 30-40. 

https ://doi.org/10.1016/j.aquaeng.2014.01.003 

78. Davidson, J., Crouse, C., Lepine, C., & Good, C. (2024). Evaluating the suitability of nitrate-

nitrogen levels for post-smolt Atlantic salmon Salmo salar production in RAS with assistance from 

heart rate bio-loggers. Aquacultural Engineering, 107, 102461. 

https ://doi.org/10.1016/j.aquaeng.2024.102461 

79. Steinberg, K., Zimmermann, J., Stiller, K. T., Nwanna, L., Meyer, S., & Schulz, C. (2018). Elevated 

nitrate levels affect the energy metabolism of pikeperch (Sander lucioperca) in RAS. Aquaculture, 

497, 405-413. https ://doi.org/10.1016/j.aquaculture.2018.08.017  

80. Yu, J., Wang, Y., Xiao, Y., Li, X., Zhou, L., Wang, Y., ... & Li, J. (2021). Investigating the effect of 

nitrate on juvenile turbot (Scophthalmus maximus) growth performance, health status, and 

endocrine function in marine recirculation aquaculture systems. Ecotoxicology and 

environmental safety, 208, 111617. 

https ://www.sciencedirect.com/science/article/pii/S0147651320314548   

https://www.sciencedirect.com/science/article/pii/0166445X94900043
https://journals.biologists.com/jeb/article-abstract/58/1/255/21823
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2761.1984.tb00924.x
https://www.academia.edu/download/112828402/boyd2014nitritetoxicity_gaa.pdf
https://www.tandfonline.com/doi/abs/10.1577/1548-8659(1986)115%3C183%3ATONTF%3E2.0.CO%3B2
https://www.tandfonline.com/doi/abs/10.1577/1548-8659(1986)115%3C183%3ATONTF%3E2.0.CO%3B2
https://aiep.pensoft.net/article/24813/download/pdf/
https://golias.net/akvaristika/docs/Nitrate%20toxicity%20to%20aquatic%20animals.pdf
https://doi.org/10.1016/j.aquaeng.2014.01.003
https://doi.org/10.1016/j.aquaeng.2024.102461
https://doi.org/10.1016/j.aquaculture.2018.08.017
https://www.sciencedirect.com/science/article/pii/S0147651320314548


 

 

26 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

81. Ebeling, J. M., & Timmons, M. B. (2012). Recirculating aquaculture systems. Aquaculture 

production systems, 245-277. https ://doi.org/10.1002/9781118250105.ch11 

82. Gupta, S., Makridis, P., Henry, I., Velle-George, M., Ribicic, D., Bhatnagar, A., ... & Netzer, R. 

(2024). Recent Developments in Recirculating Aquaculture Systems: A Review. Aquaculture 

Research, 2024(1), 6096671.  https ://onlinelibrary .wiley.com/doi/pdf/10.1155/are/6096671 

83. Sun, G., Li, M., Wang, J., & Liu, Y. (2016). Effects of flow rate on growth performance and 

welfare of juvenile turbot (Scophthalmus maximus L.) in recirculating aquaculture systems. 

Aquaculture research, 47(4), 1341-1352. https ://doi.org/10.1111/are.12597 

84. King, R. K., Flick Jr, G. J., Pierson, D., Smith, S. A., Boardman, G. D., & Coale Jr, C. W. (2004). 

Identification of bacterial pathogens in biofilms of recirculating aquaculture systems. Journal of 

Aquatic Food Product Technology, 13(1), 125-133. https ://doi.org/10.1300/J030v13n01_11 

85. Lightner, D., Redman, R., Mohney, L., Dickenson, G., & Fitzsimmons, K. (1988). Major disease 

encountered in controlled environment culture of tilapias in fresh-and brackishwater over a 

three-year period in Arizona. In ICLARM Conference Proceedings (Philippines) (No. 15). 

https ://agris .fao.org/search/en/providers /122430/records /6471d3ab2a40512c710e7833  

86. Mellergaard, S., & Dalsgaard, I. (1987). Disease problems in Danish eel farms. Aquaculture, 67(1-

2), 139-146. https ://doi.org/10.1016/0044-8486(87)90019-6 

87. Yanong, R. P. (2003). Fish health management considerations in recirculating aquaculture 

systems–part 2: pathogens. Circular, 121, 1-8. 

https ://www.academia.edu/download/40381714/fishhealth2.pdf  

88. Rurangwa, E., & Verdegem, M. C. (2015). Microorganisms in recirculating aquaculture systems 

and their management. Reviews in aquaculture, 7(2), 117-130. 

https ://doi.org/10.1111/raq.12057 

89. Sterud, E., Lund, M., Finne-Fridell, F., (2024) Rørfisk - den skjulte biosikkerhetstrusselen 

https ://www.landbasedaq.no/pure-salmon-technology-ris iko-i-landbasert-oppdrett-

rorfisk/rorfisk-den-skjulte-bios ikkerhetstrusselen/1725805  

90. Arechavala‐Lopez, P., Cabrera‐Álvarez, M. J., Maia, C. M., & Saraiva, J. L. (2022). Environmental 

enrichment in fish aquaculture: A review of fundamental and practical aspects. Reviews in 

Aquaculture, 14(2), 704-728. https ://doi.org/10.1111/raq.12620 

91. Zhang, Z., Gao, L., & Zhang, X. (2022). Environmental enrichment increases aquatic animal 

welfare: A systematic review and meta‐analysis. Reviews in Aquaculture, 14(3), 1120-1135. 

https ://doi.org/10.1111/raq.12641 

92. Huysman, N., Krebs, E., Voorhees, J. M., & Barnes, M. E. (2019). Use of two vertically-suspended 

environmental enrichment arrays during rainbow trout rearing in circular tanks. International 

Journal of Innovative Studies in Aquatic Biology and Fisheries, 5(1). 

http://dx.doi.org/10.20431/2454-7670.0501005 

93. Crank, K. M., Kientz, J. L., & Barnes, M. E. (2019). An evaluation of vertically suspended 

environmental enrichment structures during rainbow trout rearing. North American Journal of 

Aquaculture, 81(1), 94-100. https ://doi.org/10.1002/naaq.10064 

https://doi.org/10.1002/9781118250105.ch11
https://onlinelibrary.wiley.com/doi/pdf/10.1155/are/6096671
https://doi.org/10.1111/are.12597
https://doi.org/10.1300/J030v13n01_11
https://agris.fao.org/search/en/providers/122430/records/6471d3ab2a40512c710e7833
https://doi.org/10.1016/0044-8486(87)90019-6
https://www.academia.edu/download/40381714/fishhealth2.pdf
https://doi.org/10.1111/raq.12057
https://www.landbasedaq.no/pure-salmon-technology-risiko-i-landbasert-oppdrett-rorfisk/rorfisk-den-skjulte-biosikkerhetstrusselen/1725805
https://www.landbasedaq.no/pure-salmon-technology-risiko-i-landbasert-oppdrett-rorfisk/rorfisk-den-skjulte-biosikkerhetstrusselen/1725805
https://doi.org/10.1111/raq.12620
https://doi.org/10.1111/raq.12641
http://dx.doi.org/10.20431/2454-7670.0501005
https://doi.org/10.1002/naaq.10064


 

 

27 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

94. Almeida, M. M., Cabrita, E., & Fatsini, E. (2023). The Use of Sand Substrate Modulates Dominance 

Behaviour and Brain Gene Expression in a Flatfish Species. Animals, 13(6), 978. 

https ://www.mdpi.com/2076-2615/13/6/978 

95. Howell, B. R., & Canario, A. V. M. (1987). The influence of sand on the estimation of resting 

metabolic rate of juvenile sole, Solea solea (L.). Journal of Fish Biology, 31(2), 277-280. 

https ://doi.org/10.1111/j.1095-8649.1987.tb05231.x  

96. McVicar, A. H., & White, P. G. (1982). The prevention and cure of an infectious disease in 

cultivated juvenile Dover sole, Solea solea (L.). Aquaculture, 26(3-4), 213-222. 

https ://doi.org/10.1016/0044-8486(82)90157-0 

97. Reig, L., Duarte, S., Valero, J., & Oca, J. (2010). Preference of cultured sole (Solea senegalensis) for 

different substrates differing in material, texture and colour. Aquacultural engineering, 42(2), 

82-89. 

98. Howell, B. R. (1997). A re-appraisal of the potential of the sole, Solea solea (L.), for commercial 

cultivation. Aquaculture, 155(1-4), 355-365. https ://doi.org/10.1016/S0044-8486(97)00103-8 

99. Morais, S., Aragão, C., Cabrita, E., Conceição, L. E., Constenla, M., Costas, B., ... & Dinis, M. T. 

(2016). New developments and biological insights into the farming of Solea senegalensis 

reinforcing its aquaculture potential. Reviews in Aquaculture, 8(3), 227-263. 

https ://doi.org/10.1111/raq.12091 

100. Hang, S., Zhao, J., Ji, B., Li, H., Zhang, Y., Peng, Z., ... & Ye, Z. (2021). Impact of underwater 

noise on the growth, physiology and behavior of Micropterus salmoides in industrial 

recirculating aquaculture systems. Environmental Pollution, 291, 118152. 

https ://doi.org/10.1016/j.envpol.2021.118152 

101. Kusku, H., Ergun, S., Yilmaz, S., Guroy, B., & Yigit, M. (2019). Impacts of urban noise and 

musical stimuli on growth performance and feed utilization of koi fish (Cyprinus carpio) in 

recirculating water conditions. Turkish Journal of Fisheries and Aquatic Sciences, 19(6), 513-523. 

https ://www.trjfas .org/pdf.php?id=1353 

102. Filiciotto, F., Cecchini, S., Buscaino, G., Maccarrone, V., Piccione, G., & Fazio, F. (2017). Impact of 

aquatic acoustic noise on oxidative status and some immune parameters in gilthead sea bream 

Sparus aurata (Linnaeus, 1758) juveniles. Aquaculture research, 48(4), 1895-1903. 

https ://onlinelibrary .wiley.com/doi/abs /10.1111/are.13027 

103. Nedelec, S. L., Simpson, S. D., Morley, E. L., Nedelec, B., & Radford, A. N. (2015). Impacts of 

regular and random noise on the behaviour, growth and development of larval Atlantic cod 

(Gadus morhua). Proceedings of the Royal Society B: Biological Sciences, 282(1817), 20151943. 

https ://royalsocietypublishing.org/doi/abs /10.1098/rspb.2015.1943  

104. Davidson, J., Bebak, J., & Mazik, P. (2009). The effects of aquaculture production noise on the 

growth, condition factor, feed conversion, and survival of rainbow trout, Oncorhynchus mykiss. 

Aquaculture, 288(3-4), 337-343. 

https ://www.sciencedirect.com/science/article/pii/S0044848608008934  

105. Filiciotto, F., Giacalone, V. M., Fazio, F., Buffa, G., Piccione, G., Maccarrone, V., ... & Buscaino, G. 

(2013). Effect of acoustic environment on gilthead sea bream (Sparus aurata): Sea and onshore 

https://www.mdpi.com/2076-2615/13/6/978
https://doi.org/10.1111/j.1095-8649.1987.tb05231.x
https://doi.org/10.1016/0044-8486(82)90157-0
https://doi.org/10.1016/S0044-8486(97)00103-8
https://doi.org/10.1111/raq.12091
https://doi.org/10.1016/j.envpol.2021.118152
https://www.trjfas.org/pdf.php?id=1353
https://onlinelibrary.wiley.com/doi/abs/10.1111/are.13027
https://royalsocietypublishing.org/doi/abs/10.1098/rspb.2015.1943
https://www.sciencedirect.com/science/article/pii/S0044848608008934


 

 

28 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

aquaculture background noise. Aquaculture, 414, 36-45. 

https ://www.sciencedirect.com/science/article/pii/S0044848613003803  

106. Chase, C. (2020) Atlantic Sapphire forced to "initiate emergency harvest" of 200,000 fish. 

Online. Accessed on 28/11/2024. Available et:  Atlantic Sapphire forced to "initiate emergency 

harvest" of 200,000 fish | SeafoodSource 

107. Taylor, J. F., North, B. P., Porter, M. J. R., Bromage, N. R., & Migaud, H. (2006). Photoperiod can 

be used to enhance growth and improve feeding efficiency in farmed rainbow trout, 

Oncorhynchus mykiss. Aquaculture, 256(1-4), 216-234. 

https ://doi.org/10.1016/j.aquaculture.2006.02.027 

108. Leonardi, M. O., & Klempau, A. E. (2003). Artificial photoperiod influence on the immune 

system of juvenile rainbow trout (Oncorhynchus mykiss) in the Southern 

Hemisphere. Aquaculture, 221(1-4), 581-591. https ://doi.org/10.1016/S0044-8486(03)00032-2 

109. Ceinos, R. M., Chivite, M., Lopez-Patino, M. A., Naderi, F., Soengas, J. L., Foulkes, N. S., & 

Miguez, J. M. (2019). Differential circadian and light-driven rhythmicity of clock gene expression 

and behaviour in the turbot, Scophthalmus maximus. PLoS One, 14(7), e0219153. 

https ://doi.org/10.1371/journal.pone.0219153 

110. Pelletier, N., Tyedmers, P., Sonesson, U., Scholz, A., Ziegler, F., Flysjo, A., ... & Silverman, H. 

(2009). Not all salmon are created equal: life cycle assessment (LCA) of global salmon farming 

systems. https ://pubs .acs .org/doi/abs /10.1021/es9010114 

111. Song, X., Liu, Y., Pettersen, J. B., Brandão, M., Ma, X., Røberg, S., & Frostell, B. (2019). Life cycle 

assessment of recirculating aquaculture systems: A case of Atlantic salmon farming in China. 

Journal of industrial ecology, 23(5), 1077-1086. 

https ://onlinelibrary .wiley.com/doi/abs /10.1111/jiec.12845 

112. Liu, Y., Rosten, T. W., Henriksen, K., Hognes, E. S., Summerfelt, S., & Vinci, B. (2016). 

Comparative economic performance and carbon footprint of two farming models for producing 

Atlantic salmon (Salmo salar): Land-based closed containment system in freshwater and open net 

pen in seawater. Aquacultural Engineering, 71, 1-12. 

https ://www.sciencedirect.com/science/article/pii/S0144860916300036  

113. Ayer, N. W., & Tyedmers, P. H. (2009). Assessing alternative aquaculture technologies: life cycle 

assessment of salmonid culture systems in Canada. Journal of Cleaner production, 17(3), 362-373. 

https ://www.sciencedirect.com/science/article/pii/S0959652608001820  

114. Bergman, K., Henriksson, P. J., Hornborg, S., Troell, M., Borthwick, L., Jonell, M., ... & Ziegler, F. 

(2020). Recirculating aquaculture is possible without major energy tradeoff: life cycle assessment 

of warmwater fish farming in Sweden. Environmental science & technology, 54(24), 16062-16070. 

https ://pubs .acs .org/doi/abs /10.1021/acs .est.0c01100 

115. Yacout, D. M., Soliman, N. F., & Yacout, M. M. (2016). Comparative life cycle assessment (LCA) 

of Tilapia in two production systems: semi-intensive and intensive. The International Journal of 

Life Cycle Assessment, 21, 806-819. https ://link.springer.com/article/10.1007/s11367-016-

1061-5 

116. Pelletier, N., & Tyedmers, P. (2010). Life cycle assessment of frozen tilapia fillets from 

Indonesian lake‐based and pond‐based intensive aquaculture systems. Journal of Industrial 

https://www.sciencedirect.com/science/article/pii/S0044848613003803
https://doi.org/10.1016/j.aquaculture.2006.02.027
https://doi.org/10.1016/S0044-8486(03)00032-2
https://doi.org/10.1371/journal.pone.0219153
https://pubs.acs.org/doi/abs/10.1021/es9010114
https://onlinelibrary.wiley.com/doi/abs/10.1111/jiec.12845
https://www.sciencedirect.com/science/article/pii/S0144860916300036
https://www.sciencedirect.com/science/article/pii/S0959652608001820
https://pubs.acs.org/doi/abs/10.1021/acs.est.0c01100
https://link.springer.com/article/10.1007/s11367-016-1061-5
https://link.springer.com/article/10.1007/s11367-016-1061-5


 

 

29 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

Ecology, 14(3), 467-481. https ://onlinelibrary .wiley.com/doi/abs /10.1111/j.1530-

9290.2010.00244.x  

117. Pongpat, P., & Tongpool, R. (2013). Life cycle assessment of fish culture in Thailand: Case study 

of Nile Tilapia and Striped Catfish. International Journal of Environmental Science and 

Development, 4(5), 608. 

https ://citeseerx.is t.psu.edu/document?repid=rep1&type=pdf&doi=ea6d0bee099228c35

476564d545200173d09ffd1 

118. Samuel-Fitwi, B., Nagel, F., Meyer, S., Schroeder, J. P., & Schulz, C. (2013). Comparative life cycle 

assessment (LCA) of raising rainbow trout (Oncorhynchus mykiss) in different production systems. 

Aquacultural Engineering, 54, 85-92. 

https ://www.sciencedirect.com/science/article/pii/S0144860912000994  

119. Dekamin, M., Veisi, H., Safari, E., Liaghati, H., Khoshbakht, K., & Dekamin, M. G. (2014). Life 

cycle assessment for rainbow trout (Oncorhynchus mykiss) production systems: a case study for 

Iran. Journal of Cleaner Production, 91, 43-55. 

https ://www.sciencedirect.com/science/article/pii/S0959652614012906  

120. Wind, T., Schumann, M., Hofer, S., Schulz, C., & Brinker, A. (2022). Life cycle assessment of 

rainbow trout farming in the temperate climate zone based on the typical farm concept. Journal 

of Cleaner Production, 380, 134851. 

https ://www.sciencedirect.com/science/article/pii/S0959652622044249  

121. Zoli, M., Rossi, L., Fronte, B., Aubin, J., Jaeger, C., Wilfart, A., ... & Bacenetti, J. (2024). 

Environmental impact of different Mediterranean technological systems for European sea bass 

(Dicentrarchus labrax) and Gilthead sea bream (Sparus aurata) farming. Aquacultural 

Engineering, 107, 102457. 

https ://www.sciencedirect.com/science/article/pii/S0144860924000682  

122. Badiola, M., Basurko, O. C., Gabiña, G., & Mendiola, D. (2017). Integration of energy audits in 

the Life Cycle Assessment methodology to improve the environmental performance assessment 

of Recirculating Aquaculture Systems. Journal of Cleaner Production, 157, 155-166. 

https ://www.sciencedirect.com/science/article/pii/S0959652617308673  

123. EUMOFA (2020). Recirculating Aquaculture Systems. 

https ://eumofa.eu/documents /20178/84590/RAS+in+the+EU.pdf  

124. Mood, A., & Brooke, P. (2024). Estimating global numbers of fishes caught from the wild 

annually from 2000 to 2019. Animal Welfare, 33, e6. https ://doi.org/10.1017/awf.2024.7 

 

 

 

 

 

https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1530-9290.2010.00244.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1530-9290.2010.00244.x
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=ea6d0bee099228c35476564d545200173d09ffd1
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=ea6d0bee099228c35476564d545200173d09ffd1
https://www.sciencedirect.com/science/article/pii/S0144860912000994
https://www.sciencedirect.com/science/article/pii/S0959652614012906
https://www.sciencedirect.com/science/article/pii/S0959652622044249
https://www.sciencedirect.com/science/article/pii/S0144860924000682
https://www.sciencedirect.com/science/article/pii/S0959652617308673
https://eumofa.eu/documents/20178/84590/RAS+in+the+EU.pdf
https://doi.org/10.1017/awf.2024.7


30 © 2025 Compassion in World Farming International. Company Registered in England and Wales Number 04590804. Registered 

Charity Number 1095050. 

Compass ion in World Farming International is a registered charity in England and Wales, 

registered charity number 1095050, and a company limited by guarantee in England and Wales, 

registered company number 4590804.  

The registered office is at River Court, Mill Lane, Godalming, Surrey, GU7 1EZ, UK. 

Web compassioninfoodbusiness.com Email food.bus iness@ciwf.org Phone: +44 (0) 1483 521 

953 


	Introduction
	What is a Recirculating Aquaculture System (RAS)?
	Potential issues
	Stocking Density
	Technical Failure
	Water quality and flow, and biosecurity
	Rearing environment
	Environmental issues
	Fishmeal and fish oil


	Conclusion
	References

