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ABSTRACT 16 

Current European Union regulation explicitly states that farmed fish should be spared 17 

any avoidable pain, distress or suffering at the time of slaughter. It has been shown that 18 

fish suffer when they are killed in an ice slurry, the most common method of killing 19 

farmed fish in the Mediterranean. Thus, it is necessary to find a method of slaughtering 20 

Mediterranean fish that is, (1) efficient in inducing unconsciousness with minimal pain 21 

and distress, (2) practical to be applied to a large group of animals at the same time, and 22 

(3) feasible to be used at sea. The present study assesses the welfare of Gilthead 23 

seabream (Sparus aurata) stunned by two different gas mixtures authorised for stunning 24 

other farmed species.  25 

 26 

To achieve this objective, commercial sized seabream were stunned and /or sacrificed 27 

under different protocols: a) killed directly in ice slurry, b) exposed to a mixture of 30% 28 

CO2 + 70% N2, and then moved to ice slurry and c) exposed to a mixture of 40% CO2 + 29 

30% N2 + 30% O2 and then moved to ice slurry. Electroencephalograms (EEG) were 30 

recorded to evaluate the state of consciousness of seabream during stunning, while 31 

blood and brains were sampled to obtain acute stress indicators and relative gene 32 

expression, respectively.  Additionally, dead fish were kept for in situ meat quality 33 

evaluation. 34 

 35 

When exposed to the gas mixtures, fish lost balance at 1min 23s ± 31s with CO2 + N2 36 

and 1min 12s ± 32s, with CO2 + N2 + O2, respectively. Cortisol, lactate and glucose 37 

levels were significantly lower in all fish exposed to gas prior to ice slurry than in fish 38 

slaughtered directly in ice slurry (p < 0.05). Electroencephalogram records indicated 39 
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that fish started to lose consciousness when they lost balance and sank to the bottom of 40 

the tank. No differences were found in the meat quality (pH and rigor mortis) among 41 

the three treatments.  42 

 43 

Altogether, the study concludes that the use of carbon dioxide together with nitrogen 44 

prior to immersion in ice slurry is more humane than ice slurry alone.   45 

 46 

Keywords: Stunning, stress indicators, electroencephalogram, unconsciousness, Sparus 47 

aurata  48 

49 



 

 

4 

 

1. INTRODUCTION  50 

Aquaculture currently provides almost 50% of all aquatic products consumed by the 51 

world’s population (FAO 2018), and this proportion is rising due to an increase in the 52 

demand for fishery products when the catches obtained from extractive fishing stagnant 53 

or decline. The Mediterranean species, gilthead seabream (Sparus aurata) is one of the 54 

five most cultured species in Europe and the total aquaculture production of sea bream 55 

in 2018 was 89,523 tonnes (FAO 2005-2020). This production is mainly from floating 56 

sea cages. 57 

 58 

At present, there is no legislation in the European Union (EU) to specifically protect the 59 

welfare of farmed fish at slaughter. However, the European Regulation on the protection 60 

of animal welfare during slaughter and killing (Council Regulation EC 1099/2009) 61 

states that animals, including fish, should be spared any avoidable pain, or suffering 62 

during stunning and slaughter. An effective stunning leads to a brain state that is 63 

incompatible with this capacity and persistence of consciousness (EFSA, 2004). If 64 

insensibility is gradually induced, then it should be insured that fish do not the above 65 

mentioned negative states during the induction phase. To date and in accordance with 66 

the scientific literature and EFSA report (2009), there are two alternative methods that 67 

induce immediate loss of consciousness and meet the requirements of the Regulation 68 

1099/2009: (1) stunning by mechanical percussion method followed by bleeding (Van 69 

der Vis et al. 2003) and (2) electrical stunning followed by killing (Van der Vis et al. 70 

2003, Lambooij et al. 2008). The main problem for automated percussive stunning is 71 

variation in the size of fish within the population, which can cause a mis- stun in fish, 72 

especially those weighing less than 1 kg (EFSA, 2009). Electrical stunning is the 73 

method commonly used in trout farms throughout the United Kingdom (HSA, 2018) 74 
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and, which has been evaluated as safe for workers on these land-based trout farms 75 

(Morzel et al. 2003, Knowles et al. 2007). 76 

 77 

Mediterranean fish farmers, working on the deck of a boat where the harvest is collected 78 

favour a method that requires reduced space and simplicity to safely perform on 79 

thousands of individuals at a time with minimum handling. EFSA (2009) mentioned 80 

that the most common practice of slaughtering sea bream is in ice water ("ice slurry") 81 

and indicated that this method is associated with a long period (minutes) during which 82 

the animal is conscious before unconsciousness and death are achieved. During this 83 

period until unconsciousness, the fish suffers from suffocation, inferred through 84 

physiological and behavioural responses (Kestin et al. 2002, Robb and Kestin 2002, 85 

Van der Vis et al. 2003, Acerete et al. 2009). An alternative stunning method with 86 

potential to be used on boats would be the exposure to water saturated with gas mixtures 87 

such as carbon dioxide (CO2) or nitrogen (N2).  Gas mixtures containing CO2 induce 88 

hypercapnic hypoxia and inhibit neurones through acidosis. However, CO2 narcosis is 89 

aversive to fish, which react with violently to high concentrations of with quick 90 

accelerated swimming, thrashing and attempts to escape (Marx et al. 1997, Robb and 91 

Kestin 2002, van de Vis et al. 2003, Sanderson and Hubert 2007). Immobility is reached 92 

within 2-4 minutes, however, fish would experience pain and distress even if unable to 93 

demonstrate it behaviourally (Kiessling et al. 2004). Sea bass (Dicentrarchus labrax) 94 

exposed to CO2 remain conscious for 7-10 min and after this period, unconsciousness 95 

was demonstrated by complete cessation of rhythmic opercular respiratory movements 96 

and heartbeat, absence of VOR (vestibulo-ocular reflex) and pin-prick response (EFSA, 97 

2009). No information was found for seabream exposed to CO2, nevertheless an adverse 98 

reaction would be expected and has been observed (personal observation by the 99 
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authors). The gases argon (Ar), oxygen (O2) and nitrogen (N2) have been experimentally 100 

used in mixtures with CO2 in animals almost always terrestrial, such as pigs, broilers or 101 

rats, in an attempt to reduce the stress caused by hypercapnia (Gerritzen et al. 2000, 102 

McKeegan et al. 2007, Kirkden et al. 2008, Coenen et al. 2009, Dalmau et al. 2010, Xu 103 

et al. 2011). These studies concluded that these gas mixtures could be used as stunning 104 

methods which induced fewer signs of aversion and breathlessness than only CO2 where 105 

gas mixtures are already accepted for poultry and pigs (Council Regulation 106 

EC1099/2009). In land animals, it is known that stunning with CO2 –based gas mixture 107 

has some advantages: meat quality is better than with using electrical stunning (Dich-108 

Jørgensen et al. 2016), it is cheaper and readily available and it is compatible with the 109 

speed of operation in large slaughterhouses as animals are stunned in groups 110 

(Europgroup for animals, 2019).  Nevertheless, it is necessary to evaluate and validate 111 

whether the use of these gas mixtures represents an alternative and more humane 112 

method for fish. 113 

 114 

Currently, there is very little information on the assessment of welfare and stress during 115 

the slaughter of Mediterranean species and its impact on meat quality (Van der Vis et al. 116 

2003, Knowles et al. 2007, Acerete et al. 2009, Matos et al. 2010), as there are no 117 

feasible and scientifically validated measures. Conscious animals have the capacity to 118 

receive, process and respond to information from internal and external environments 119 

(EFSA, 2004). Therefore, in general, consciousness is associated with the awake state 120 

and the ability to perceive, interact and communicate with the environment and others 121 

(Zeman, 2001). The opposite state, that is, unconsciousness, is defined as: “a state of 122 

unawareness (loss of consciousness) in which there is temporary or permanent 123 

disruption to brain function”. As a consequence of this disruption, the unconscious 124 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4299535/#ref84


 

 

7 

 

animal is unable to respond to normal stimuli (EFSA, 2006). Disruption of brain 125 

function can occur as a result of brain concussion, administration of anaesthetics, anoxia 126 

or an electroconvulsive shock (Lopes da Silva, 1982). To establish whether the 127 

application of gas mixtures can be considered humane, a range of behavioural indicators 128 

(e.g. coordinated swimming and escape behaviours, ability to maintain equilibrium, 129 

“eye roll” reflex, and ventilatory reflexes) can be implemented to evaluate the degree of 130 

consciousness/sensibility in fish (Kestin 2002). However, it has become increasingly 131 

clear that behavioural measures alone are not sufficient to assess insensibility, as some 132 

commercially used methods may induce sedation and/or paralysis without analgesia or 133 

anaesthesia prior to insensibility. Therefore, it is necessary to obtain neurophysiological 134 

or neurochemical evidence of insensibility to ascertain the impact of various 135 

commercial slaughter procedures. One of the most reliable methods of assessing the 136 

state of consciousness is monitoring the brain activity by recording of the 137 

electroencephalogram or EEG (Raj et al. 1997, Rodriguez et al. 2008, Bowman et 2019, 138 

2020, Brijs et al. 2021).  139 

 140 

Measurement of indices of stress can indicate the welfare status of fish (Pickering, 141 

1992). A typical stress response includes plasma glucose and lactate increase (Lowe-142 

Linde and Niimi 1984, Rotllant and Tort 1997). High levels of cortisol have often been 143 

associated with increases in glycemia and plasma lactate, therefore, blood glucose and 144 

lactate are considered reliable markers of stress in fishes (Pickering et al. 1982, 145 

Simontacchi et al. 2008, Roque et al. 2010). Cortisol is the most informative and 146 

accessible marker of stress in fish (Reddy and Leatherland 1998). Elevated cortisol 147 

levels are thought to have knock-on effects on blood cells and plasma glucose and 148 

lactate; therefore, these variables are also considered representative of the stress status 149 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4299535/#ref28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4299535/#ref55
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of fish (Rottlant and Tort 1997). Plasma electrolytes are the most commonly measured 150 

indicators of the secondary phase stress response in fish and may provide indirect 151 

measurement of altered cortisol (Reddy and Leatherland, 1998). 152 

 153 

In addition to optimising fish welfare, it is also necessary to evaluate the impacts of the 154 

stunning/slaughter methods on meat quality. From the time of slaughter, the fish carcass 155 

starts a process of deterioration that will condition its commercial possibilities. 156 

Considering that the loss of quality related to the perception of freshness attributes will 157 

be inevitable, efforts should be aimed at delaying the process as much as possible. 158 

Minimizing peri-mortem stress will reduce the degradation of ATP-related products 159 

(Erikson et al. 1997) and delay the time of occurrence of rigor mortis (Erikson 2001) to 160 

improve the characteristics of fillets (Robb et al. 2000) and texture (Roth et al. 2002). 161 

Therefore, a stunning method that induces loss of consciousness quickly and minimizes 162 

adverse reactions by fish will be favourable not only from the point of view of fish 163 

welfare, but also on the quality of the final product (Marx et al. 1997). The effects on 164 

the quality of the fish according to the method of stunning and slaughter have been 165 

studied in several species, mainly salmonids (Skjervold et al. 1999, 2001, Bahuaud et al. 166 

2010), although there are also studies on gilthead seabream (Panebianco et al. 2006, 167 

Giuffrida et al. 2007, Campus et al. 2010, Matos et al. 2010). 168 

 169 

The present study assesses the welfare of seabream stunned with gas mixes that have 170 

been used in other species (chickens, pigs and trout) for the slaughtering of animals in 171 

group. It responds to the legislative requirements as well as a demand from a productive 172 

sector. The effects of exposing seabream to CO2+O2+N2 and to CO2+N2 were evaluated 173 

by recording behaviour (loss of equilibrium) and EEG (to assess consciousness) and by 174 
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measuring acute stress indicators (cortisol, glucose and lactate). A final evaluation was 175 

made on the meat quality to validate the slaughter protocol verifying if the fillet quality 176 

was maintained or improved.  177 

 178 

2.  MATERIAL AND METHODS 179 

2.1. Ethics statement 180 

The housing, husbandry and use of animals for the procedures described in this 181 

manuscript were carried out according to Spanish and European legislation. The project, 182 

including this experimental procedure, was approved by IRTA’s (Institute of Agrifood 183 

Research and Technology, Caldes de Montbui, Spain) Ethics Committee and the 184 

Catalan government (approval number: 6722). 185 

 186 

2.2. Experimental fish: 187 

Seabream came to IRTA from a commercial facility at nursery size (2-5 g wet weight) 188 

and were grown for 18 to 24 months in a recirculation aquaculture system (RAS) 189 

(IRTAmar®) at 20-21 ºC with 100% saturation of dissolved oxygen and full-strength 190 

seawater. Fish were fed daily with a Skretting diet for their size and species. A total of 191 

72 fish were used for the different experiments which weighed a minimum of 250 g wet 192 

weight and the average size was 303 ± 58 g.   193 

 194 

2.3. Experimental procedure: 195 

2.3.1. Baseline study (Control fish) 196 

Ten seabream were directly chilled in ice slurry to have a baseline control, mimicking 197 

commercial conditions. Time to unconsciousness was not monitored as we considered 198 

that this procedure did not adequately stun and kill the fish. Blood was collected from 199 
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the caudal vein five minutes after the cessation of breathing, loss of body movements 200 

and absence of reaction during handling. Brains from eight fish were extracted 201 

immediately after blood sampling and kept in -80 ºC for further molecular analysis. 202 

After sampling, dead fish were kept inside a 4 ºC chamber in ice in perforated recipients 203 

to drain water and used for the in situ meat quality analysis. EEG was also performed on 204 

three fish (see below). 205 

 206 

2.3.2.  Experimental procedure 1: exposure to CO2+N2+O2  207 

The experiment was performed with 15 fish exposed to a gas mixture of 40% CO2 + 208 

30% N2 + 30% O2 (Freshline 3 Mix 50/20, Carburos Metalicos, Spain). Gas mixtures 209 

were selected in these proportions because the mixture was commercially available and 210 

had previously been used in land animals (Llonch et al. 2013).  In order to define the 211 

concentrations of gas to be used, we measured the level of CO2 in the water when the O2 212 

was <2 mg /L when using only CO2+N2. Then the concentration of gas to be used with 213 

the cylinder of CO2+N2+O2 was defined by using the same level of CO2.  214 

A 60 L container with 35-40 L of seawater was used. The gas mixture was bubbled in 215 

the seawater from a gas cylinder attached to a manometer with an airline and an air 216 

stone until the required concentration of gas mixture in the water was achieved. and 217 

Temperature, dissolved oxygen (WTW Oxi 3210) and CO2 (Handheld OxyGuard CO2 l) 218 

were continuously measured throughout the experiment. The conditions in the water 219 

were in the range of 36 - 50 ppm CO2, 3.8 - 6.1 mg / L O2. Temperature of the water in 220 

all experimental procedures was maintained at 21 - 22ºC. Fish were exposed to this gas 221 

mixture individually and were left an additional 5 min after having lost balance and 222 

turned belly up. Blood was then collected. A further group of 10 fish was exposed to the 223 



 

 

11 

 

gas mixture at the same time for meat quality analysis (more details below) following 224 

the same procedure. Conditions in this case were 38 ppm CO2 and 7.7 mg / L O2.  225 

 226 

2.3.3.  Experimental procedure 2: exposure to CO2+N2  227 

For this experiment a combination of 30% CO2 + 70% N2 (Freshline 30 Alimentacion; 228 

Carburos Metalicos, Spain) was used. The same containers as in experiment 1 were 229 

used and gas was dissolved in the water as previously described. The experiment was 230 

performed in two groups of 15 and 16 fish. First group (N = 15) was used in a similar 231 

exposure as experimental procedure 1 and the second group was used to record the 232 

EEG. The conditions in the water for both groups were in the range of 41 - 57 ppm CO2, 233 

0.6 - 1.2 mg / L O2, and 69 ppm CO2, 2.2 mg / L O2 respectively for the first and second 234 

group. All the fish were left in the gas mixture 5 min after having rotated belly up and 235 

blood samples were then collected. A further group of eight fish was used in situ meat 236 

quality analysis. Conditions in this case were 32 ppm CO2 and 1.7 mg / L O2. 237 

 238 

All treatments, number of fish and samples taken are specified in Table 2 (see Results 239 

section). 240 

 241 

2.4. Behavioural responses 242 

For the screening experiments, behaviour was the response used to assess whether a fish 243 

was unconscious using the following criteria: 244 

- The fish lost balance and turned belly up (onset of unconsciousness) (Raj and 245 

Gregory 1996, Dalmau et al. 2016). 246 

- The fish did not react when strongly grabbed by the caudal fin (Schoettger and 247 

Julin 1967) 248 
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From when fish lost balance, we waited between 3 and 10 min before transferring the 249 

fish to ice slurry where it died. The exposure to anaesthetic gas was initially 10 min 250 

from the moment when the fish turned belly up. Afterwards, we observed that 5 min 251 

exposure did not change the result, i.e., no fish would react being moved from the water 252 

supplemented with gas to the ice slurry indicating they were in a non-return condition. 253 

Finally, we observed that 3 min was the minimum period of exposure after loss of 254 

equilibrium and turning belly-up to observe no return.  255 

 256 

2.5. Electroencephalogram (EEG) 257 

To ensure the behavioural responses assessed were synchronised with the 258 

electroencephalographic record, we first evaluated that fish behaved similarly when 259 

exposed to the same conditions. It was verified that the degree of variation in behaviour 260 

and time to perform these behaviours (loss of balance and duration of aversion) among 261 

individuals were not different. For this purpose, groups of three fish, which were not 262 

previously used in any experimental procedure, were exposed to a mixture of CO2+N2 at 263 

the same time, and the latency to turn belly up was measured. The timing when fish 264 

turned belly up within each group was similar and within a 1-2 s period.  265 

 266 

Once we verified the response times were not different between fish exposed to the 267 

same gas mixture, a single water mixture with CO2+N2 was prepared and divided into 268 

two equal tanks for the exposure. Two fish were exposed to the gas mixture at the same 269 

time. One immobilised fish with the EEG record already started (see below) was placed 270 

in one tank at the same time the other fish was liberated in the water of the other tank. 271 

Both fish were treated similarly before being introduced into the tanks with the gas 272 

mixture, netting and time of air exposure were the same, but only the EEG fish was 273 
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attached to the EEG (see below). The fish liberated to swim freely in the tank was 274 

filmed, therefore obtaining in parallel a behaviour video and an EEG record to correlate 275 

the EEG with the screening behaviour (lose balance and turning belly up). This 276 

experimental design had previously been used and loss of posture was established as the 277 

onset of unconsciousness (Dalmau et al. 2016). The water conditions were: 17.7 ºC; 69 278 

ppm CO2, 2.2 mg / L O2. The experiment was repeated 8 times (8 fish in EEG and 8 fish 279 

free in a tank, N = 16). 280 

The QCON Monitor® (Quantum Medical, Spain) is a cerebral consciousness monitor 281 

based on wireless technology that assesses brain activity. From the QCON Monitor® 282 

(QCON Manual version 6, Valencia et al. 2012), the Index of Consciousness (IoC) and 283 

the burst suppression index (BS%) can be estimated to assess unconsciousness during 284 

states of anaesthesia (Litvan et al. 2002).  The IoC is an algorithm that analyses the raw 285 

EEG with a unitless scale from 0 (isoelectric EEG, coma) to 99 (awake) (Revuelta et al. 286 

2008).  The BS% indicates the percentage of isoelectric activity during the preceding 30 287 

s and also ranges from 0 to 100 (Litvan et al. 2002). The QCON® monitor is currently 288 

used in human patients (Valencia et al. 2012), rabbits (Silva et al. 2011) and pigs 289 

(Llonch et al. 2011). 290 

 291 

In order to record brain activity through EEG, fish were restrained individually by tying 292 

or strapping the fish to a division that was placed in the exposure tank.  Two electrodes 293 

(Contell Asset Support, Netherlands) were placed on the animal’s skull either side of 294 

the middle line at the point where the brain is located and separated 5 mm from each 295 

other for a transhemispherical electroencephalography (EEG) recording. The reference 296 

electrode was placed in the muscle 2-3 cm below the dorsal fin on the right-hand side of 297 

the fish. Subsequently, the 3 electrodes were connected to a computer by means of a 298 
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150 cm coaxial cable (QCON monitor; Quantum Medical; Barcelona, Spain) to record 299 

brain activity using EEG as described in EFSA (2013) and Llonch et al. (2015). The 300 

QCON® monitor was then fitted to the electrodes to record EEG data. The data was 301 

transferred to a Personal Computer (Acer, Aspire One) for data to be analysed. The 302 

moment when the fish became unconscious was identified by plotting the log readings 303 

of the brain suppression rate (BS%) and the index of consciousness (IoC) in the same 304 

graph and finding the exact moment where the two lines crossed, which indicated the 305 

point the fish became unconscious. Baseline EEG activity of the animals was recorded 306 

for 1 min, before the animals were placed into the tank and exposed to the gas treatment 307 

and the record was maintained 5 min after the free fish lost balance and turned belly up. 308 

The fish tied to the division were immersed in the exposure tank once the baseline EEG 309 

record was verified to be of good quality. The fish were immersed in the exposure tank 310 

leaving only the top of the head out, where the electrodes entered the skull. As 311 

previously mentioned, the other fish was released in a second exposure tank at the exact 312 

same time EEG fish was placed into an exposure tank, after having been air exposed for 313 

the same amount of time as the EEG fish. EEG is a painful and stressful method for fish 314 

that for ethical reasons should be used on as few fish as possible. Therefore, it was 315 

decided to only perform EEG for the CO2+N2 group that was clearly demonstrated to 316 

induce loss of consciousness and because the results showed no significant difference 317 

between the two gas treatments (see results section). EEG fish were manipulated in the 318 

same manner and after the basal EEG was recorded, they were carefully placed under 319 

the ice slurry leaving the top of the head out. 320 

 321 

2.6. Blood analysis 322 
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At the end of the two experiments (procedures 1 and 2) and baseline study, blood was 323 

collected (≈ 1 ml) from the caudal vein with 5 mL heparinised syringes with a needle 324 

21Gx 1 ½”. Once the blood samples were collected, the haematocrit was measured and 325 

the plasma was obtained by centrifugation, and subsequently frozen at -80 ºC until 326 

further analysis. The parameters analysed were cortisol (meditec kit, ELISA method), 327 

lactate (Abcam kit), glucose (Cromotest kit), magnesium (Cromotest kit) and total 328 

protein (Bradford microplate method). All the kits were used according to the 329 

manufacturer's instructions and if the reaction was to be developed in volumes higher 330 

than 300 μL, at the end processed samples were loaded in microplates to facilitate the 331 

reading of the optical density in a plate reader (Tecan, Infinite M200 Series). Each fish 332 

was sampled 5 min after the fish turned belly up. 333 

 334 

2.7. Molecular analysis 335 

In the end of the two experiments (procedures 1 and 2) and baseline study, whole brains 336 

were extracted from the dead fish and immersed in RNA later and placed for 48h at 4 337 

ºC. Brains were then frozen at -80 ºC for further analysis. The RNA was extracted from 338 

100 mg of the preserved brains using TRI Reagent RNA Isolation Reagent 339 

(SigmaAldrich, Germany) following manufacturer’s instructions. The cDNA was 340 

synthetized using 1 μg of total RNA and oligo dT (20) in 20 μL reactions and the 341 

SuperScript1 III First-Strand Synthesis SuperMix 50 rxn kit (Invitrogen, Life 342 

technologies, USA) following the manufacturer’s protocol. Before performing the rt-343 

qPCR, primers (Table 1) were validated by conventional PCR using a cDNA pool from 344 

all the samples. 345 

 346 

Table 1. Primers used in this study specific for seabream species.  347 
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 348 

Gene 

name 

Amplicon 

size 

Primer sequence (5’3’) Accession 

number 

Reference 

18s 

rRNA 

 

134 bp F: GCA TTT ATC AGA CCC AAA ACC  

R: AGT TGA TAG GGC AGA CAT TCG 

AY993930 Perez Sanchez 

et al. 2011 

ef1α 134 bp F: CCC GCC TCT GTT GCC TTC G 

R: CAG CAG TGT GGT TCC GTT AGC 

AF184170 Perez Sanchez 

et al. 2011 

gapdh 111 bp F: ATCAAGAAGGTCGTCAAGGC 

R: AGATGGAGGAGTGGCTGTC 

DQ641630 Malandrakis et 

al. 2014 

hsp70 174 bp F: ATT GTT CTG CGC ATC ATC AA 

R: GCC TCC ACC AAG ATC AAA GA 

EU805481 Benhamed et 

al. 2016  

COX2  192 bp F: GAG TAC TGG AAG CCG AGC AC 

R: GAT ATC ACT GCC GCC TGA GT 

AM296029 Sepulcre et al. 

2007 

 349 

MyTaq™ HS Mix (Bioline) was used to run the conventional PCR with the following 350 

conditions: initial activation step at 95˚C for 3 min, followed by 40 cycles: denaturation 351 

at 95 ˚C for 5 s, annealing at Tm (58–60˚C) 95 ˚C for 15 s and extension at 60˚C for 1 352 

min and 95 ˚C 15 s, hold 50 ˚C 10 min. Primer efficiency was evaluated by serial 353 

dilutions to ensure that it was close to 100% performing real time PCR. Target 354 

transcripts (gapdh, ef1a and hsp70) were analysed by real-time quantitative PCR (rt-355 

qPCR) (see primers in Table 1). The qPCR was run using a Biometra Optical 356 

Thermocycler (Analytik Jena, Goettingen, Germany) in 96-well plates in duplicate 20 357 

μL reaction volumes containing 10 μL of Luminaris Color HiGreen qPCR Master Mix 358 
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(Thermo Scientific), 1 μL of the primer corresponding to the analysed gene (10 pmol), 3 359 

μL of RNA/DNA water free and 5 μL of cDNA in its corresponding dilution. 360 

Furthermore, amplifications were carried out with a systematic negative control (NTC; 361 

no template control) containing no cDNA. Standard amplification conditions contained 362 

an UDG pre-treatment at 50˚C for 2 min, an initial activation step at 95˚C for 10 min, 363 

followed by 35 cycles: 15 s at 95˚C, 30 s at the annealing Tm and 30 s at 72˚C. 364 

Elongation 1 min 95 ˚C, 30 s 55 ˚C and 30s 95 ˚C. Results were normalised using the 365 

housekeeping gene 18S. The mRNA abundance for each gene was determined using the 366 

Pfaffl method (Pfaffl, 2001) on relative quantification. 367 

 368 

2.8. In situ meat quality analysis 369 

In situ meat quality analysis data was collected from 8 fish per treatment where two 370 

parameters were assessed: 371 

a) pH. Measurements were made with a pH meter (pHmeter Crison pH25+) 372 

attached to a probe which was inserted in a cut made in the muscle with a 373 

scalpel. The side of the fish where the cut was made was changed at each 374 

measurement. Measurements were taken at 0, 2, 6, 10, 24, 48 and 72h 375 

postmortem.  376 

b) Rigor mortis (RM). Measurements were made at the same time as pH 377 

measurements. Rigor development was monitored by carefully placing the fish 378 

on a plane surface with two thirds of its length beyond the edge of the surface, 379 

i.e. without support provided by the surface. The sag of the tail from the 380 

horizontal plane was recorded after five seconds and the rigor index calculated: 381 

Rigor index (%) = 100 (current height − height before entering rigor) / height 382 
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before entering rigor. The fish was then carefully replaced back inside their box 383 

until the next measurement.  384 

 385 

For the in situ meat analysis fish were kept in polystyrene boxes and placed inside a 4ºC 386 

camera, but the actual measurements were performed at room temperature 387 

 388 

2.9. Statistical analysis 389 

The data obtained from the QCON monitor (IoC and BS%) were analysed using linear 390 

general models, with Proc Mixed proceeding for repeated measures of SAS (SAS 9.4). 391 

In both cases, the variables were submitted to symmetrical composition covariance 392 

structure (CS). When the variance analysis showed significant differences (p < 0.05), 393 

the comparison of least square mean values (LSMEANS) was adjusted to Tukey 394 

multiple comparison test (Rodriguez et al. 2008, Dalmau et al. 2016).  395 

One-way ANOVA on ranks was used to detect differences among treatments for the 396 

blood parameters analysed. Multiple comparisons were made with the Dunn’s method. 397 

Although time to loss of balance could be assessed as an independent variable for the 398 

gas treatments, this was not possible for the control group thus a t-test was made to see 399 

if the time take to lose balance was significantly different between the two gas 400 

treatments. Another t –test was also performed for the moment when the values of the 401 

IoC and the BS% in the EEG crossed versus the moment when the free fish lost balance.  402 

Alle these variables fulfilled the requisites for the use of a parametric test.  403 

A repeated measures (RM) two-way ANOVA was performed to verify the meat quality 404 

indexes did not change with the stunning with gases. The two factors were treatment 405 

and time. Meat quality values were not normally distributed and the homoscedasticity 406 

test was not passed for either parameter, we still preferred to this test instead of ranked 407 



 

 

19 

 

one way ANOVA for each point in time. All ANOVAs and t-tests were performed 408 

using Sigmaplot (version 12.0). 409 

Level of significance in all statistical tests was considered lower than 0.05 (P-value < 410 

0.05). 411 

  412 

3. RESULTS 413 

Fish were successfully stunned and killed by both gas treatments. Average times per 414 

treatment for fish to lose balance and turn belly up varied from 1 to 3 minutes with 415 

gases to 52 minutes in ice slurry (Table 2). The longest and shortest periods of time 416 

passed between exposure to treatment and loss of posture are shown in table 2. This 417 

table also lists the type of samples taken from each group of fish. In the case of ice 418 

slurry, it was difficult to evaluate when fish were unconscious and therefore, we decided 419 

to present the results of when fish were dead. In the case of exposure to gas mixtures, 420 

fish started to swim calmly around the tank and between 30 to 80 seconds later, all fish 421 

became aware of their situation displaying signs of aversion for periods of around 10 to 422 

12 seconds just immediately before losing balance and turning upside down. Signs of 423 

aversion were a very strong acceleration of swimming and raising the head out of the 424 

water, but not jumping. Once fish had turned belly up and did not move, tail grabbing 425 

was applied without any reaction from the fish. Time elapsed from entering the tank 426 

until loss of posture and balance was 01:12 ± 00:32 for fish exposed to CO2+N2+O2 and 427 

01:23 ± 0:31 for fish exposed to CO2+N2. A t-test indicated no differences (P > 0.1) 428 

between the time elapsed until loss of balance in both gas treatments.429 
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Table 2: Time elapsed for fish to turn belly up according to the experimental procedure. 

Treatment Ice slurry (N=10) CO2+N2+O2   

(N= 15) 

CO2+N2+O2  

(N=8) (a) 

CO2+N2   

 (N=15) 

CO2+N2          

(N=8) (a) 

CO2+N2             

(N=16) 

Concentration 

(ppm) 

__ 36 - 50 CO2,3.8 

- 6.1 O2 

38 CO2,   

7.7 O2 

41 – 57 CO2,  

0.6 - 1.2 O2 

32 CO2,  

1.7 O2 

69 CO2,   

2.2 O2 

Mean± SD 

(mm:ss) 

52:00 ± 10:00* 01:12 ± 00:32 01:23 01:23 ± 0:31 01:29 03:03± 0:38 

Max (hh:mm:ss) 01:13:00 02:15 01:23 02:45 01:29 04:12 

min (mm:ss) 36:00 00:25 00:59 00:40 00:50 02:15 

seltmaO rehtO Meat, Blood, RNA Blood and RNA Meat Blood and RNA Meat EEG 

 

(a) This group was exposed at the same time and this value corresponds to the last fish that moved.  

* Time until death. 

Max = the longest period recorded in a fish to turn belly up in a particular treatment. 
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min = the shortest period recorded in a fish to turn belly up in a particular treatment. 

SD = standard deviation.
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The IoC-view® recordings were successful in 7 animals assessed out of 8 exposed to 328 

CO2+N2. One pair of fish from the exposure to CO2+N2 was discarded due to bad 329 

reading. The mean (± SD) basal IoC was 90.2 (± 11). The IoC started to decrease 330 

significantly (P < 0.05) at 63 (± 20.2) s after placing the fish in the water saturated with 331 

the gas mixture (IoC = 89 [± 3.7]). It continued decreasing and reached its lowest value 332 

on average (IoC = 2) at 343 (± 203.99) s after the start of the exposure to the saturated 333 

water (Table 3). 334 

 335 

The mean (± SD) basal BS% was 0. The BS% started to increase significantly (P < 336 

0.05) at 63 (± 20.2) s after placing the fish in the water saturated with the gas mixture. It 337 

continued increasing and reached its highest value on average (BS% = 94) at 379 (± 338 

182) s after the start of the exposure to the saturated water.  339 

All basal EEG were significantly different from the final readings for both IoC and 340 

BS% (p < 0.05). 341 

 342 

Time of unconsciousness by EEG was 3:07 ± 1:17 and to loss of balance (turning belly 343 

up) was 3:03 ± 0:38 which was statistically the same with P = 0.89. 344 

 345 

Table 3 Time elapsed to loss of consciousness (EEG) of seabream exposed to CO2+N2. 346 

 347 

Fish IoC value 

at start 

1) IoC decrease 

(mm:ss) 

2) Loss of 

consciousness (mm:ss) 

3) Loss of balance 

(mm:ss) 

1 67 02:57 05:00 04:12 

2  95 01:10 02:45 02:15 
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3 88 00:01 02:30 03:04 

4  91 00:11 03:00 03:04 

5  99 00:20 02:38 02:52 

6  98 00:50 01:20 02:30 

7  97 01:57 04:42 03:25 

8 99 00:50 07:50 NA 

9 91 00:10 02:50 NA 

10 99 01:01 08:11 NA 

 348 

The moment when fish lost consciousness was estimated by plotting the log of the 349 

readings as shown in Figure 1. Values of BS% would raise sharply from 0 to close more 350 

than 80 in seconds as the IoC started decreasing (see Figure 1).  351 

1) Moment when IoC starts to decrease significantly (mm:ss) 352 

2) Moment when fish lost consciousness according to EEG signal (mm:ss) 353 

3) Moment when the free fish lost balance and turned belly- up (mm:ss) 354 

NA- Fish were under a layer of ice slurry and could not be observed. 355 

For the 7 pairs of fish exposed in parallel, a t-test indicated the moment where the 356 

values of IoC crossed the BS% values was not significantly different from the moment 357 

when fish lost posture and balance (p > 0.1). 358 

 359 

Blood parameters mean values exhibited variation between treatments. Haematocrit 360 

varied from 71.4 % (CO2+O2+N2) to 40.3 % (ice slurry); Glucose from 14.09 (CO2+N2) 361 

to 247.3 g/dL (Ice slurry); Cortisol from 2.48 (CO2+N2) to 474.1 nmol/uL (Ice slurry); 362 

Lactate from 0.464 (CO2+O2+N2) to 12.44 nmol/mL (ice slurry); Protein from 5.29 363 

(CO2+N2) to 18.26 mg/mL (CO2+O2+N2); Magnesium from non-detected (ND, CO2+N2 364 
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and CO2+O2+N2) to 9.86 mg/dL (CO2+O2+N2). Statistical analysis showed that in 365 

general treatment with ice slurry was significantly different from exposure to gas 366 

mixtures for the following parameters: cortisol, glucose, lactate and magnesium (P < 367 

0.05, Table 4).  368 

 369 

Table 4 Biochemical plasmatic parameters measured in fish from the different 370 

treatments and control. 371 

 372 

Treatment Haematocrit 

% 

Glucose 

g/dL 

Cortisol 

nmol/uL 

Lactate 

nmol/mL 

Protein 

mg/mL 

Magnesium 

mg/dL 

Ice slurry 51.0±1.7 145.8±16.5 109.5±38.9 521±28.6 14.6±0.31 2.7±0.7 

CO2+O2+N2 52.4±6.8 135.3±41.9 41.9±41.1* 60.6±34.1* 15.5±1.67 4.36±2.11* 

CO2+N2 50.8±4.9 79.1±14.1* 35.7±32.2* 132.5±31.5* 13.7±3.2 5.02±1.76* 

* indicates the treatment is significantly different from the direct exposure to ice slurry (control). 373 

 374 

Relative gene expressions were estimated using 18S gene as the housekeeping gene. 375 

Relative gene expression had a very high variation both intra and inter groups and no 376 

differences were obtained between treatments. The gene expression results have been 377 

included as supplementary material.  378 

 379 

The pH started descending as soon as the fish were dead although in the fish killed with 380 

ice slurry this decrease was slower. Initial values of pH were 7.21 ± 0.14, 6.83 ± 0.16 381 

and 6.74 ± 0.15, and they decreased until 72h where pH values were 6.41 ± 0.07, 6.38 ± 382 

0.12, 6.35 ± 0.05 for slaughtering in ice slurry, exposure to CO2+N2+O2 and exposure to 383 

CO2+N2, respectively. Meat will be of better quality when the pH is lower (Love, 1980), 384 
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after 72h there were no differences among treatments (Figure 2A). Again from 8 hours 385 

onwards all treatments showed a parallel pH progress. 386 

 387 

The experimental gas mixture treatments used induced a faster instauration of rigor 388 

mortis (RM) when compared to killing directly in ice slurry. The later the instauration 389 

of RM the better, so that there is time to process fish (Figure 2B). At 2 hours, RM was 390 

the following 37.94 ± 20.12, 79.22 ± 20.41, 81.87 ± 5.66 for killing in ice slurry, 391 

exposure to CO2+N2+O2 and exposure to CO2+N2, respectively. This meant that, after 392 

2h the group of fish placed directly in ice slurry was the only group that had not entered 393 

RM phase, however from 8h onwards all groups showed a parallel RM evolution.  At 394 

72h, RM values were 68.03 ± 8.91, 67.67 ± 17.74, 71.63 ± 7.22 for slaughtering in ice 395 

slurry, exposure to CO2+N2+O2 and exposure to CO2+N2, respectively. 396 

 397 

4. DISCUSSION  398 

The aim of this study was to evaluate the effectiveness of two gas mixtures to be used as 399 

a method to stun Mediterranean fish from aquaculture production using seabream as a 400 

model species. Most fish took less than 1 minute and 30 seconds to initiate loss of 401 

equilibrium, irrelevant of the gas mixture. In the exposure to CO2+N2, an EEG 402 

demonstrated that fish start losing consciousness at the point they lose balance and turn 403 

upside down. Thus, fish losing balance and turning upside down might be defined as the 404 

moment when fish start losing consciousness. In practice, these behavioural responses 405 

can be used an operational indicator for stunning and killing fish. Nevertheless, fish can 406 

only be considered properly stunned 3 minutes after having lost balance, since it is 407 

important to ensure they will not recover when moved to the ice slurry, in order to 408 

ensure the welfare of all fish.  However, this suggestion must be taken with caution due 409 
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to the reduced number of fish used in the experiment. At this point, soon (5 minutes) 410 

after losing balance and consciousness some fish were blood sampled for primary 411 

indicators of stress (glucose, cortisol and lactate) and significant differences were found 412 

between fish killed directly in ice slurry versus fish exposed to the gas mixture. In 413 

addition, in situ meat analysis was not different among treatments leading us to 414 

conclude that flesh quality is not affected by introducing this stunning method. Both 415 

mixtures seemed to induce similar reactions and no differences between treatments were 416 

perceived. 417 

 418 

To our knowledge, there is no data available on stunning seabream with gas mixtures. 419 

However, Zampacavallo and collaborators (2003, 2015) stun-killed seabass in ice water 420 

saturated with 60% CO2 + 40% N2 and with 30% CO2 + 70% N2, respectively. In their 421 

studies, the authors confirmed a significant reduction in the time take to achieve death 422 

from 20 minutes to 6 and 10 minutes respectively.  423 

 424 

In the present study, no treatment rendered the fish unconscious in an immediate 425 

manner. Nevertheless, fish only displayed aversion to their situation for 10-12 seconds 426 

immediately before turning belly up and showing signs of losing consciousness. This 427 

aversion moment has been observed in other species where gas mixtures were used for 428 

stunning (Llonch et al. 2013, Dalmau et al. 2016, Verhoeven et al. 2016). The time 429 

which fish were, most likely, in a situation that impaired their welfare were those 10 430 

seconds before the fish started to lose consciousness. In the beginning of the exposure, 431 

fish swam calmly around the tank. Exposure to CO2 alone is problematic since fish 432 

display several signs of aversion (Van der Vis et al. 2003, Erikson 2011, Roque 433 

personal observation), however, adding N2 and / or O2 has been suggested to mitigate 434 



 

 

27 

 

this aversion (Gerritzen et al. 2000, McKeegan et al. 2007, Kirkden et al. 2008, Coenen 435 

et al. 2009, Dalmau et al. 2010, Xu et al. 2011). All these studies showed that mixing 436 

gases with N2 worked better than CO2 alone for the species concerned (EFSA, 2009). 437 

The addition of oxygen (O2) for Artic char did not increase time to loss of balance 438 

showing that O2 does not antagonise the anaesthetic capacity of CO2 (Sandblom et al. 439 

2013).  440 

 441 

Rodríguez et al. (2008) and Llonch et al. (2011) concluded that a significant decrease in 442 

the electrical activity of the brain is considered a sign of the onset of unconsciousness in 443 

pigs. This is also the case for rabbits (Dalmau et al. 2016). Moreover, EFSA’s review 444 

(2013) clearly states that changes in EEG power are considered a good indicator of 445 

brain activity in studies where animals were stunned with gas. In the present study, an 446 

IoC significantly lower than basal values occurred from a few seconds to nearly 3 447 

minutes after the immersion in a bath containing a mixture of CO2 and N2. The 448 

experiment showed that fish lose consciousness, with the IoC decreasing as the BS% 449 

increased. According to the manufacturer’s manual a IoC between 0 and 40 corresponds 450 

to deep anaesthesia in humans, but as the device was not developed for fish species, we 451 

never finished the record with a IoC < 5 to ensure the fish was at a point of no return. 452 

Van der Vis et al. (2003) observed a difference of approximately 5 minutes between a 453 

salmon exposed to CO2 losing balance and being declared unconscious by losing the 454 

VER. In the present study, the mean time difference between loss of balance and IoC 455 

value being lower than BS% was 4.87 s. Nevertheless, we still used loss of balance as 456 

the operational indicator of unconsciousness as it is very easy to appreciate even when 457 

observing a group of fish instead of individual fish, where other indicators such as VER 458 

would be difficult to appreciate. Still, as stated in material and methods section, fish 459 
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were left in the exposure tanks for a minimum period after having lost balance, in order 460 

to ensure they could not react or recover. Timings in this experiment were longer than 461 

those when just observing fish and this is most likely explained by a longer handling 462 

procedures.  Both fish (free swimming and EEG fish) were outside the water for more 463 

than one minute (setting up of the EEG and one-minute record) and this increases the 464 

level of stress in the fish making it more difficult for them to anesthetise (Zahl et al. 465 

2013).  466 

 467 

Acute stress parameters (glucose, cortisol and lactate) were significantly higher in fish 468 

sacrificed directly in ice slurry implying that this treatment was more stressful for fish.  469 

A typical stress response includes plasma glucose and lactate increase (Lowe-Linde and 470 

Niimi, 1984; Rotllant and Tort 1997). High levels of cortisol have often been associated 471 

with increases in glycemia and plasma lactate; therefore, blood glucose and lactate are 472 

considered reliable markers of stress in fishes (Pickering et al., 1982; Simontacchi et al. 473 

2008; Roque et al. 2010). Cortisol response peaks after 2.5 to 60 minutes (Pankhurst 474 

2011) and present experimental design follows previous literature demonstrating 475 

significant differences among treatments (Zampacavallo et al. 2003, 2015, Daskalova et 476 

al. 2016, Gräns et al. 2016).  In Artic char exposed to a mixture of CO2 + O2 (50-50), 477 

cortisol increased significantly from basal levels only 30 minutes post exposure 478 

(Sandblom et al. 2013), which would not be a problem in the present study since fish 479 

would be dead by then. This delayed cortisol response could be related to long deep 480 

anaesthesia (Sandblom et al. 2013) which makes these mixes fit for the purpose of this 481 

study. In the present study, no recovery investigation was made since the purpose was 482 

an irreversible stunning method and personal observations established that seabream 483 

weighing between 250-500 g (commercial size) do not recover if exposed to the gas 484 
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mixture for at least 3 minutes after they lost the balance. In the present study, stress 485 

parameters were measured 5 minutes after fish had lost balance and consciousness and 486 

demonstrated that fish in ice slurry had higher levels of stress at this point. However, the 487 

time period to this point was different in different treatments and show to be much 488 

longer in ice slurry (52:00 ± 10:00 m). It cannot be discounted that the stress response 489 

was similar across treatments but had more time to develop in the ice slurry treatment. 490 

This also seems to be the case with seabass where fish stunned in ice water saturated 491 

with CO2+N2 and sampled 30 to 60 minutes later, presented much higher values than in 492 

present case (Zampavallo et al. 2003, 2015). However, clearly at the point of loss of 493 

consciousness ice slurry fish had higher levels that can indicate higher stress and these 494 

ice slurry fish had a considerably longer period (52:00 ± 10:00 m) in this stressful state 495 

before losing consciousness compared to the < 4 minutes registered in gas treatments. 496 

Magnesium was significantly higher in the fish exposed to gases, and this is most likely 497 

due to acidification of water and blood by the CO2 (Shrivastava et al. 2019) and fish 498 

must compensate for the blood acidosis. The significant alteration in plasma ions as 499 

magnesium in fish exposed to gas mixture might represent disturbances in acid-base 500 

balance, oxygen and carbon dioxide transport (Roque et al. 2010). This result was in 501 

accordance with the findings of Tort et al. (2003).  502 

 503 

Longer awareness of the fish killed in ice slurry is probably the explanation of the 504 

increase in glucose, since this results as a response to the release of stress-induced 505 

hormones in the blood circulation, which trigger muscle or liver glycogenolysis, 506 

releasing glucose for the increased energy requirement during stress (Eslamloo et al. 507 

2014). This increased energy demand also leads to the increment of blood lactate, 508 

caused by the anaerobic activity of muscles (Wang and Richards 2011, Zampacavallo et 509 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5076619/#ref7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5076619/#ref17
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al. 2003) and hypoxic stress (Eslamloo et al. 2014) in the case where the gas mix did not 510 

contain oxygen.  511 

 512 

The gene expression (supplementary data) in relation to the treatments was very 513 

variable and no conclusions could be drawn. On reflexion, we realise the very short-514 

term exposure to the experimental treatments (stunning lasting less than 2 minutes) 515 

most likely did not induce a marked response on the synthesis of mRNA and thus we 516 

would be measuring more than anything the pre-stunning antemortem period which was 517 

common to all the fish. The differences would then be explained by the individuality of 518 

the fish (Jolles et al. 2020) where even though the fish had been exposed to the same 519 

circumstances, the individual fish varied either the response or at least the abundance of 520 

the response. The mRNA had high quality when measured by spectrophotometry and 521 

visualised in a gel, however, it must be pointed that some mRNA are very short lived, 5 522 

to 10 minutes (Guaniyogi and Brewer 2001), and the fish were kept in the water five 523 

minutes before sampling. Another aspect to potentially contribute to this situation, was 524 

that the fish were stunned in a very hypoxic environment which leads to an increase of 525 

ATP and consequently to cellular degradation, including the mRNA. Many studies use 526 

sacrifice in anaesthesia as the negative control, a decision was taken that for the present 527 

study such control would not be used because there is a vast amount of literature 528 

demonstrating the use of anaesthesia is not without stress for the fish (Toni et al. 2015, 529 

Bodur et al. 2018, Freitas Souza et al. 2019, Teles et al. 2019). Slaughtering the fish by 530 

hitting them on the head would be a solution to this, unfortunately this is not feasible 531 

when you need to sample the brain and cutting of the spinal cord leaves the heart and 532 

the brain in most cases on the same half of the fish which is not a good situation from a 533 

consciousness perspective.  534 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5076619/#ref7
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 535 

In the present study, the treatment did not seem to affect the meat quality. This was 536 

slightly surprising because the fish in the ice slurry treatment were more stressed than 537 

the ones submitted to gas exposure according to the blood parameters. In fact, at the 538 

beginning (2 hours), both meat quality parameters had better values for the fish killed 539 

directly in ice slurry (pH: 7.01 versus 6.75 and 6.79, rigor mortis: 37.94 versus 79.22 540 

and 81.87 for ice slurry, CO2+N2+O2 and CO2+N2, respectively). For both parameters, 541 

these values are similar to those previously reported in the literature for seabream 542 

(Tejada and Huidobro 2002) and similar to seabass (Zampacavallo et al. 2003, 2015). 543 

When fish are stressed during crowding, they deplete their energy reserves prior to 544 

slaughter and rigor mortis occurs sooner than when the fish have been crowded 545 

carefully. A delayed rigor mortis allows processing to take place before rigor occurs 546 

(Sigholt et al. 1997). With early  rigor mortis the flesh can be difficult to process, 547 

reducing both the yield and flesh quality and resulting in a shorter shelf‐life (Morzel et 548 

al. 2003). Rigor mortis is characterised by a progressive rigidity of the body due to a 549 

reduction of ATP levels in the muscle. Thus, an intense stress antemortem will increase 550 

the anaerobic metabolism which will consume energy reserves and will accelerate both 551 

the start and the resolution of the  rigor mortis (Nakayama et al. 1992, Eriksson et al. 552 

1997, Sigholt et al. 1997, Robb 2001). Under stressful conditions, there will be an 553 

accumulation of lactic acid in the muscle that will induce a reduction of the pH during 554 

sacrifice. This pH reduction will contribute to a faster postmortem drop of the muscle 555 

pH in the stressed fish. However, this was not the case in the present study. Even 556 

though, the muscle pH in ice slurry treatment was higher for the first 2 hours 557 

postmortem, from 8 hours onwards there were no differences among treatments 558 

indicating that if stunning was not improving the quality of the meat, it did not 559 
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significantly deteriorate it, which was also in accordance with studies in other fish 560 

species, such as Atlantic salmon (Sigholt et al. 1997) and eels (Morzel and Van der Vis, 561 

2003). Flesh pH is considered a good indicator of the muscle texture (Love, 1980) and 562 

of the shelf-life of the fish (Foegeding et al. 1996, Zampacavallo et al. 2003, 2015). 563 

Postmortem muscle pH is around 7 and then it decreases to 6.5 or less due to lactic acid 564 

accumulation.   565 

 566 

Altogether, the results obtained in the present study suggested that both gas mixture 567 

treatments, CO2+N2+O2 and CO2+N2, have a high feasibility to be used as stunning 568 

method by the aquaculture industry to preserve the welfare of a Mediterranean fish 569 

species like gilthead seabream. 570 

 571 

5. CONCLUSIONS 572 

Although stunning with gas mixtures is not an immediate stunning method for 573 

seabream, the exposure to either 30% CO2 and 70% N2, or 40% CO2, 30% N2 and 30% 574 

O2 induce less suffering than ice slurry treatment alone (EFSA 2009) which is a clear 575 

advantage to the seabream production.  576 

  577 

6. AKNOWLEDGEMENTS 578 

This study was funded with Instituto Nacional Investigación y Tecnología Agraria y 579 

Alimentária (Spain) project number RTA2012-00046-00-00 with FEDER funds, 580 

awarded to AR. The authors are grateful to Josep Lluis Celades for looking after the fish 581 

and to Xenia Moles for helping with the EEG.  All authors declare no conflict of 582 

interests or competing interests and consent to be co-authors.  583 

584 



 

 

33 

 

 585 

7. REFERENCES 586 

Acerete, L., Reig, L., Alvarez, D., Flos, R., Tort, L., 2009. Comparison of two 587 

stunning/slaughtering methods on stress response and quality indicators of European sea 588 

bass (Dicentrarchus labrax). Aquaculture 287, 139–144. 589 

 590 

Bahuaud, D., Mørkøre, T., Ostbye, T.K., Veiseth-Kent, E., Thomassen, M.S., Ofstad, R., 591 

2010. Muscle structure responses and lysosomal cathepsins B and L in farmed Atlantic 592 

salmon (Salmo salar L.) pre- and post-rigor fillets exposed to short and long-term 593 

crowding stress. Food Chemistry 118, 602-615.  594 

 595 

Benhamed, S., Guardiola, F.A., Martínez, S., Martínez-Sánchez Pérez-Sirvent, C., 596 

Marsa, M., Esteban, M.A., 2016. Exposure of the gilthead seabream (Sparus aurata) to 597 

sediments contaminated with heavy metals down-regulates the gene expression of stress 598 

biomarkers Toxicology Reports 3 364–372. 599 

 600 

Bodur, T., León-Bernabeu, S., Navarro, A., Tort, L., Afonso, J.M., Montero, D., 2018. 601 

Effects of new plant based anesthetics Origanum sp. and Eucalyptus sp. oils on stress 602 

and welfare parameters in Dicentrarchus labrax and their comparison with clove oil. 603 

Aquaculture 495 402–408. 604 

 605 

Bowman, J., Hjelmstedt, P., Gräns, A., 2019. Non‐ invasive recording of brain function 606 

in rainbow trout: Evaluations of the effects of MS‐ 222 anaesthesia induction. 607 

Aquaculture Research, 50, 3420-3428. 608 

 609 



 

 

34 

 

Bowman, J., van Nuland, N., Hjelmstedt, P., Berg, C., Gräns, A., 2020. Evaluation of 610 

the reliability of indicators of consciousness during CO2 stunning of rainbow trout and 611 

the effects of temperature. Aquaculture Research, 51, 5194–5202. 612 

 613 

Brijs, J., Sundell, E., Hjelmstedt, P., Berg, C., Senčić, I., Sandblom, E., Axelsson, M., 614 

Lines, J., Bouwsema, J., Ellis, M., Saxer, A., Grans, A., 2021. Humane slaughter of 615 

African sharptooth catfish (Clarias gariepinus): Effects of various stunning methods on 616 

brain function. Aquaculture, 531, 735887.  617 

 618 

Campus, M., Addis, M.F., Capuccinelli, R., Porcu, M.C., Pretti, L., Tedde, V., Secchi, 619 

N., Stara, G., Roggio, T., 2010. Stress relaxation behaviour and structural changes of 620 

muscle tissues from Gilthead Sea Bream (Sparus aurata L.) following high pressure 621 

treatment. Journal of Food Engineering 96, 192-198. 622 

 623 

Coenen, A.M.L., Lankhaar, J., Lowe, J.C., McKeegan, D.E.F., 2009. Remote monitoring 624 

of electroencephalogram, electrocardiogram, and behaviour during controlled 625 

atmosphere stunning in broilers: Implications for welfare Poultry Science 88, 10–19. 626 

 627 

COUNCIL REGULATION (EC) No 1099/2009 of 24 September 2009 on the protection 628 

of animals at the time of killing. 629 

 630 

Dalmau, A., Llonch, P., Rodríguez, P., Ruíz-de-la-Torre, J.L., Manteca, X., Velarde, A., 631 

2010.  Stunning pigs with different gas mixtures: gas stability.  Animal Welfare 19, 315-632 

323. 633 



 

 

35 

 

Dalmau, A., Pallisera, J., Pedernera, C., Muñoz, I., Carreras, R., Casal, N., Mainau, E., 634 

Rodriguez, P., Velarde, A., 2016. Use of high concentrations of carbon dioxide for 635 

stunning rabbits reared for meat production. World rabbit science 24, 25-37.  636 

 637 

Daskalova, A., Pavlov, A., Kyuchukova, R., Daskalov, H., 2016. Humane Slaughter of 638 

Carp – A comparison between three stunning procedures. Turkish Journal of Fisheries 639 

and Aquatic Sciences 16, 753-758. 640 

 641 

Dich-Jørgensen, K., McEvoy, F.J., Daugaard, Larsen H., Leifsson, P.S., Elvang Jensen, 642 

H., 2016. Characterization of hemorrhages in the tenderloins of slaughter pigs. Meat 643 

Science 121, 250-252. 644 

 645 

EFSA 2004. Opinion of the Scientific Panel on Animal Health and Welfare (AHAW) 646 

on a request from the Commission related to welfare aspects of the main systems of 647 

stunning and killing the main commercial species of animals. EFSA. Journal 45, 1-81. 648 

 649 

EFSA, 2006. The welfare aspects of the main systems of stunning and killing applied to 650 

commercially farmed deer, goats, rabbits, ostriches, ducks, geese and quail. EFSA 651 

Journal 326, 1–18. 652 

 653 

EFSA 2009. Species-specific welfare aspects of the main systems of stunning and 654 

killing of farmed seabass and seabream. (Question N° EFSA-Q-2008-441). The EFSA 655 

Journal 1010, 1-52. 656 

 657 



 

 

36 

 

EFSA 2013. Guidance on the assessment criteria for studies evaluating the effectiveness 658 

of stunning interventions regarding animal protection at the time of killing EFSA 659 

Journal  11 (12), 3486 660 

 661 

Erikson, U., 2001. Potential effects of preslaughter fasting, handling and transport. In: 662 

Kestin S, Wariss P (Eds.), Farmed Fish Quality. Blackwell Science, Oxford, pp. 202-663 

219. 664 

 665 

Erikson, U., Sigholt T., Seland A., 1997. Handling stress and water quality during live 666 

transportation and slaughter of Atlantic salmon (Salmo salar). Aquaculture 149, 243-667 

252. 668 

 669 

Erikson, U., 2011. Assessment of different stunning methods and recovery of farmed 670 

Atlantic salmon (Salmo salar): isoeugenol, nitrogen and three levels of carbon dioxide 671 

Animal Welfare 20, 365-375. 672 

 673 

Eslamloo, K., Akhavan, S.R., Fallah, F.J., Henry, M.A., 2014.Variations of 674 

physiological and innate immunological responses in goldfish (Carassius auratus) 675 

subjected to recurrent acute stress. Fish and Shellfish Immunology 37, 147-53. 676 

 677 

Eurogroup for animals (2019) Stunning/killing of pigs with high concentrations of CO2. 678 

Position paper 5pp. Accessed on 31st july 2020. 679 

https://www.eurogroupforanimals.org/sites/eurogroup/files/2020-680 

03/CO2%20stunning%20EfA%20position%20paper%202019.pdf 681 

 682 

https://www.eurogroupforanimals.org/sites/eurogroup/files/2020-03/CO2%20stunning%20EfA%20position%20paper%202019.pdf
https://www.eurogroupforanimals.org/sites/eurogroup/files/2020-03/CO2%20stunning%20EfA%20position%20paper%202019.pdf


 

 

37 

 

FAO., 2018. The State of World Fisheries and Aquaculture 2018 - Meeting the 683 

sustainable development goals. Rome. 684 

 685 

FAO., 2005-2020. Cultured Aquatic Species Information Programme. Sparus aurata. 686 

Cultured Aquatic Species Information Programme. 687 

 688 

Foegeding, E.A., Lanier, T.C., Hultin, H.O., 1996. Characteristics of edible muscle 689 

tissues. In: Fennema OR (Ed.), Food Chemistry (3ª ed., pp. 879-942). New York, USA: 690 

Marcel Dekker Inc. 691 

 692 

Freitas Souza, C., Descovi, S.,  Dellaméa Baldissera, M., Bertolin, K.,  Bianchini, A.E., 693 

Veraz Mourão, R.H., Schmidt, D.,  Heinzmann, B.M., Antoniazzi, A.,  Baldisserotto, B., 694 

Martinez-Rodríguez, G., 2019. Involvement of HPI-axis in anesthesia with Lippia alba 695 

essential oil citral and linalool chemotypes: gene expression in the secondary responses 696 

in silver catfish. Fish Physiology and Biochemistry 45,155–166. 697 

 698 

Gerritzen, M.A., Lambooij, E., Hillebrand, S.J.W., Lankhaar, J.A.C., Pieterse, C., 2000. 699 

Behavioral responses of broilers to different gaseous atmospheres.  Poultry Science 79, 700 

928–933. 701 

 702 

Giuffrida, A., Pennisi, L., Ziino, G., Fortino, L., Valvo, G., Marino, S., Panebianco, A., 703 

2007. Influence of Slaughtering Method on Some Aspects of Quality of Gilthead 704 

Seabream and Smoked Rainbow Trout. Veterinary Research Communications 31, 437–705 

446. 706 

 707 



 

 

38 

 

Gräns, A., Niklasson, L., Sandblom, E., Sundell, K., Algers, B., Berg, C., Lundh T., 708 

Axelsson, M., Sundh, H., Kiessling, A., 2016. Stunning fish with CO2 or electricity: 709 

contradictory results on behavioural and physiological stress responses. Animal 10, 294-710 

301. 711 

 712 

Guhaniyogi, J., Brewer, G., 2001. Regulation of mRNA stability in mammalian cells. 713 

Gene 265, 11–23. 714 

 715 

HSA 2018. Humane slaughter of fish around the world. Humane Slaughter Association 716 

Report 70pp 2018. Accessed on 31st july 2020. 717 

https://www.hsa.org.uk/downloads/hsafishslaughterreportfeb2018.pdf 718 

 719 

Jolles, J.W., King, A.J., Killen, S.S. 2020. The Role of Individual Heterogeneity in 720 

Collective Animal Behaviour. Trends in Ecology & Evolution 35, 721 

https://doi.org/10.1016/j.tree.2019.11.001 722 

 723 

 Kestin, S.C., van de Vis, J.W., Robb, D.H.F., 2002. Protocol for assessing brain 724 

function in fish and the effectiveness of methods used to stun them. Veterinary Record 725 

150, 302–307. 726 

 727 

Kiessling, A., Espe, M., Ruohonen, K., Mørkøre, T., 2004. Texture, gaping and color of 728 

fresh and frozen Atlantic salmon flesh as affected by pre-slaughter iso-eugenol or CO2 729 

anaesthesia. Aquaculture 236, 645-657. 730 

 731 

https://www.hsa.org.uk/downloads/hsafishslaughterreportfeb2018.pdf


 

 

39 

 

Kirkden, R.D., Niel, L., Stewart, S.A., Weary, D.M., 2008 Gas killing of rats: the effect 732 

of supplemental oxygen on aversion to carbon dioxide Animal Welfare 17, 79-87 733 

 734 

 Knowles, T.G., Brown, S.N., Warriss, P.D., Lines, J., Tinarwo, A., Bravo, A., Carvalho, 735 

H., Goncalves, A., 2007. Effect of electrical stunning at slaughter on the carcass, flesh 736 

and eating quality of farmed sea bass (Dicentrarchus labrax). Aquaculture Research 38, 737 

1732-1741. 738 

 739 

Lambooij, B., Gerritzen, M.A., Reimert, H., Burggraaf, D., Andre, G., van de Vis, H., 740 

2008.  Evaluation of electrical stunning of sea bass (Dicentrarchus labrax) in seawater 741 

and killing by chilling: welfare aspects, product quality and possibilities for 742 

implementation. Aquaculture Research 39, 50-58. 743 

 744 

Litvan, H., Jensen, E.W., Revuelta, M., Henneberg, S.W., Paniagua, P., Campos, J.M., 745 

Martínez, P., Caminal, P., Villar Landeira, J.M., 2002, Comparison of Auditory Evoked 746 

Potentials and the A-line ARX index for monitoring the hypnotic level during 747 

sevoflurane and propofol induction. Acta Anaesthetic Scandinavica 46, 245-252.  748 

 749 

Llonch, P., Andaluz, A., Rodríguez, P., Dalmau, A., Jensen, E.W., Manteca, X., Velarde, 750 

A., 2011. Assessment of consciousness during propofol anaesthesia in pigs. Veterinary 751 

Record 169, 496a  doi: 10.1136/vr.d5643. 752 

 753 

Llonch, P., Rodrıguez, P., Jospin, M., Dalmau, A., Manteca, X., Velarde, A., 2013.  754 

Assessment of unconsciousness in pigs during exposure to nitrogen and carbon dioxide 755 

mixture. Animal 7, 492–498. 756 



 

 

40 

 

 757 

Llonch, P., Rodríguez, P., Casal, N., Carreras, R., Muñoz, I., Dalmau, A., Velarde, A., 758 

2015. Electrical stunning effectiveness with current levels lower than 1 A in lambs and 759 

kid goats.  Research in Veterinary Science 98, 154–161. 760 

 761 

Lopes da Silva, F.H. 1982. The assessment of unconsciousness: general principles 762 

and practical aspects. In Stunning of animals for slaughter (ed Eikelenboom G), 763 

pp. 3–12. Martinus Nijhoff Publishers, Zeist, The Netherlands. 764 

 765 

Love, R.M., 1980. Biological factors affecting processing and utilization. In: Connell JJ 766 

(Ed.), Advances in Fish Science and Technology (pp. 130-138). Farnham, Ireland: 767 

Fishing News Books Ltd. 768 

 769 

Lowe-Linde, L., Niimi, A.J., 1984. Short-term and long-term effects of cadmium on 770 

glycogen reserves and liver size in rainbow trout (Salmo gairdneri Richardson). 771 

Archives of Environmental Contamination and Toxicology, 13, 759–764. 772 

 773 

Malandrakis, E.E., Exadactylos, A., Dadali, O., Golomazou, E., Klaoudatos, S., 774 

Panagiotaki, P., 2014. Molecular cloning of four glutathione peroxidase (GPx) 775 

homologs and expression analysis during stress exposure of the marine teleost Sparus 776 

aurata. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular 777 

Biology 168, 53-61. 778 

 779 

https://www.sciencedirect.com/science/journal/10964959
https://www.sciencedirect.com/science/journal/10964959


 

 

41 

 

Marx, H., Brunner, B., Weinzierl, W., Hoffmann, R., Stolle, A., 1997. Methods of 780 

stunning freshwater fish: impact on meat quality and aspects of animal welfare. 781 

Zeitschrift Fur Lebensmittel-Untersuchung Und-Forschung 204, 282–286. 782 

 783 

Matos, E., Gonçalves, A., Nunes, M.L., Dinis, M.T., Dias, J., 2010.  Effect of harvesting 784 

stress and slaughter conditions on selected flesh quality criteria of gilthead seabream 785 

(Sparus aurata). Aquaculture 305, 66–72. 786 

 787 

McKeegan, D.E.F., McIntyre, J.A., Demmers, T.G.M., Lowe, J.C., Wathes, C.M., van 788 

den Broek, P.L.C., Coenen, A.M.L., Gentle, M.J., 2007. Physiological and behavioural 789 

responses of broilers to controlled atmosphere stunning: implications for welfare. 790 

Animal Welfare 16, 409-426. 791 

 792 

Morzel, M., Sohier, D., Van de Vis, H., 2003. Evaluation of slaughtering methods for 793 

turbot with respect to animal welfare and flesh quality Journal of the Science of Food 794 

and Agriculture 82, 19–28. 795 

 796 

Morzel, M., Van der Vis, H., 2003. Effect of the slaughter method on the quality of raw 797 

and smoked eels (Anguilla anguilla L.).  Aquaculture Research 34, 1-11. 798 

 799 

Nakayama, T., Liu, D.J., Ooi, A., 1992. Tension change of stressed and unstressed carp 800 

muscles in isometric rigor contraction and resolution. Nippon Suisan Gakkaishi 58, 801 

1517-1522. 802 

 803 



 

 

42 

 

Panebianco, A., Ilacqua, I., Fortino, G.L., Ziino, G., Giuffrida, A., 2006. The influence 804 

of capture method on the quality of reared Gilthead Seabream. Veterinary Research 805 

Communications 30 (Supplement 1), 361–364. 806 

 807 

Pankhurst, N.W., 2011. The endocrinology of stress in fish: An environmental 808 

perspective. General and Comparative Endocrinology 170, 265-275. 809 

 810 

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time 811 

RT-PCR. Nucleic Acids Research 29, e45. PMID: 11328886. 812 

 813 

Pérez-Sánchez, J., Bermejo-Nogales, A., Calduch-Giner, J.A., Kaushik, S., Sitjà-814 

Bobadilla, A., 2011. Molecular characterization and expression analysis of six 815 

peroxiredoxin paralogous genes in gilthead sea bream (Sparus aurata): Insights from 816 

fish exposed to dietary, pathogen and confinement stressors. Fish and shelfish 817 

immunology 31, 294-302. 818 

 819 

Pickering, A.D., 1992. Rainbow trout husbandry: management of the stress response. 820 

Aquaculture 100, 125–139. 821 

 822 

Pickering, A.D., Pottinger, T.G., Christie, P., 1982. Recovery of the Brown trout, Salmo 823 

trutta L., from acute handling stress: a time-course study. Journal of Fish Biology, 20, 824 

229–244 825 

 826 

Raj, A.B.M., Gregory, N.G., 1996 Welfare implications of gas stunning of pigs 2. Stress 827 

induction of anaesthesia. Animal Welfare 5, 71-78. 828 

https://www.sciencedirect.com/science/article/pii/S1050464811001896
https://www.sciencedirect.com/science/article/pii/S1050464811001896
https://www.sciencedirect.com/science/article/pii/S1050464811001896


 

 

43 

 

 829 

Raj, A.B.M., Johnson, S.P., Wotton, S.B., McKinstry, J.L. 1997. Welfare implications of 830 

gas stunning pigs: The time to loss of somatosensory evoked potentials and spontaneous 831 

electroencephalogram of pigs during exposure to gases. Veterinary Journal 153, 329–832 

340. 833 

 834 

Reddy, P.K., Leatherland, J.F. 1998. Stress physiology, fish diseases and disorders. In: 835 

Leatherland, J.F., Woo, P. (Eds.), Fish Diseases and Disorders, Non-infectious 836 

Disorders, vol. 2. CABI Publishing, Oxon, pp. 279–302. 837 

 838 

Revuelta, M., Paniagua Campos, J.M., Fernandez, J.A., Martinez, A., Jospin, M., 839 

Litvan, H. 2008. Validation of the index of consciousness during sevoflurane and 840 

remifentanil anaesthesia: a comparison with the bispectral index and the cerebral state 841 

index. British Journal of Anaesthesia 101, 653-658. 842 

 843 

Robb, D.H.F., 2001. The relationship between killing methods and quality. In: Kestin 844 

SC, Warris PD (Eds), Farmed Fish Quality (pp. 220-233). London: Fishing News 845 

Books, Blackwell Science. 846 

 847 

Robb, D.H.F., Kestin, S.C., 2002. Methods Used to Kill Fish: Field Observations and 848 

Literature Reviewed. Animal Welfare 11,269-282 849 

 850 

Robb, D.H.F., Wotton, S.B., McKinstry, J.L., Sorensen, N.K., Kestin, S.C., 2000. 851 

Commercial slaughter methods used on Atlantic salmon: determination of the onset of 852 

brain failure by electroencephalography. Veterinary Record 147, 298–303. 853 



 

 

44 

 

 854 

Rodríguez, P., A Dalmau, A., Manteca, X.,  Litvan, H., Jensen, E.W. Velarde, A. 2016. 855 

Assessment of aversion and unconsciousness during exposure to carbon dioxide at high 856 

concentration in lambs.  Animal Welfare 25, 73-82. 857 

 858 

Rodríguez, P., Dalmau, A., Ruiz-de-la-Torre, J.L., Manteca, X., Jensen, E.W., 859 

Rodríguez, B., Litvan, H., Velarde, A., 2008. Assessment of unconsciousness during 860 

carbon dioxide stunning in pigs. Animal Welfare 17, 341-349. 861 

 862 

Roque, A., Yildiz, H.Y., Carazo, I., Duncan, N., 2010. Physiological stress responses of 863 

sea bass (Dicentrarchus labrax) to hydrogen peroxide (H2O2) exposure. Aquaculture 864 

304, 104-107. 865 

 866 

Roth, B., Moeller, D., Veland, J.O., Imsland, A., Slinde, E. 2002. The effect of stunning 867 

methods on rigor mortis and texture properties of Atlantic salmon (Salmo salar). Journal 868 

of Food Science 67, 1462-1466. 869 

 870 

Rottlant, J., Tort, L. 1997. Cortisol and glucose responses after acute stress by net 871 

handling in the sparid red porgy previously subjected to crowding stress. Journal of Fish 872 

Biology, 51, 21–28 873 

 874 

Sandblom, E., Seth, H., Sundh, H., Sundell, K., Axelsson, M., Kiessling, A., 2013.  875 

Stress responses in Arctic char (Salvelinus alpinus L.) during hyperoxic 876 

carbon dioxide immobilization relevant to aquaculture. Aquaculture 414–415, 254–259. 877 

 878 



 

 

45 

 

Sanderson, T.B., Hubert, W.A., 2007. Assessment of gaseous CO2 and AQUI-S as 879 

anesthetics when surgically implanting radio transmitters into cutthroat trout. North 880 

American Journal of Fisheries Management 27, 1053-1057. 881 

 882 

Schoettger, R.A., Julin, A.M., 1967 Efficacy of ms-222 as an anesthetic on four 883 

salmonids. U.S. Fish Wildlife Series Invest. Fish Control 13, 1–15. 884 

 885 

Sepulcre, M.P., López-Castejón, G., Meseguer, J.,  Mulero, V., 2007.  The activation of 886 

gilthead seabream professional phagocytes by different PAMPs underlines the 887 

behavioural diversity of the main innate immune cells of bony fish. Molecular 888 

Immunology 44, 2009-2016. 889 

 890 

Shrivastava, J., Ndugwa, M., Caneos, W., De Boeck, G., 2019. Physiological trade-offs, 891 

acid-base balance and ion-osmoregulatory plasticity in European sea bass 892 

(Dicentrarchus labrax) juveniles under complex scenarios of salinity variation, ocean 893 

acidification and high ammonia challenge. Aquatic Toxicology 212, 54–69. 894 

 895 

Sigholt, T., Erikson, U., Rustad, T., Johansen, S., Nordtvedt, T.S., Seland, A., 1997. 896 

Handling stress and storage temperature affect meat quality of farmed-raised Atlantic 897 

salmon (Salmo Salar). Journal of Food Science 62, 898- 905. 898 

 899 

Silva, A., Ferreira, D.A., Venâncio, C., Souza, A.P., Antunes, L.M., 2011. Performance 900 

of electroencephalogram-derived paràmetres in prediction of depth of anaesthesia in a 901 

rabbit model. British Journal of Anaesthesia 106, 540-547.  902 

 903 

https://www.sciencedirect.com/science/article/pii/S0161589006006298
https://www.sciencedirect.com/science/article/pii/S0161589006006298
https://www.sciencedirect.com/science/article/pii/S0161589006006298
https://www.sciencedirect.com/science/journal/01615890
https://www.sciencedirect.com/science/journal/01615890


 

 

46 

 

Simontacchi, C., Poltronieri, C., Carraro, C., Bertotto, D., Xiccato, G., Trocino, A., 904 

Radaelli, G., 2008. Alternative stress indicators in sea bass Dicentrarchus labrax. 905 

Journal of Fish Biology,72, 747–752. 906 

 907 

Skjervold, P.O., Fjæra, S.O., Østby, P.B., 1999. Rigor in Atlantic salmon as affected by 908 

crowding stress prior to chilling before slaughter. Aquaculture 175, 93-101. 909 

 910 

Skjervold, P.O., Fjæra, S.O., Østby, P.B., Einen, O., 2001. Live-chilling and crowding 911 

stress before slaughter of Atlantic salmon (Salmo salar). Aquaculture 192, 265–280. 912 

 913 

Tejada, M., Huidobro, A., 2002. Quality of farmed gilthead seabream (Sparus aurata) 914 

during ice storage related to the slaughter method and gutting. European Food Research 915 

Technology 215, 1-7.  916 

 917 

Teles, M., Oliveira, M., Jerez-Cepa, I., Franco-Martínez, L., Tvarijonaviciute, A., Tort, 918 

L., Mancera, J.M. 2019., Transport and recovery of Gilthead Sea Bream (Sparus aurata 919 

L.) sedated with clove oil and MS222: Effects on oxidative stress status. Frontiers in 920 

Physiology 10, 523. doi: 10.3389/fphys.2019.00523. 921 

 922 

Toni, C., Martos-Sitcha, J.A., Baldisserotto, B., Heinzmann, B.M., Lima Silva, L., 923 

Martínez-Rodríguez, G., Mancera, J.M., 2015. Sedative effect of 2-phenoxyethanol and 924 

essential oil of Lippia alba on stress response in gilthead sea bream (Sparus aurata). 925 

Research in Veterinary Science 103, 20–27.  926 

 927 



 

 

47 

 

Tort, M.J., Wooster, G.A., Bowser, P.R., 2003. Effects of Hydrogen Peroxide on 928 

Hematology and Blood Chemistry Parameters of Walleye Stizostedion vitreum. Journal 929 

of the World Aquaculture Society 34, 236-242 930 

 931 

Valencia, J.F., Borrat, X., Gambus, P.L., 2012. Validation of a new qCON for 932 

assessment of the level of consciousness during sedation. The anesthesiolgy anual 933 

Meeting A640. American Socienty of anesthesiologists. Accessed on  31st of july 2020. 934 

http://www.asaabstracts.com/strands/asaabstracts/abstract.htm?absnum=4789&index=8935 

&year=2012 936 

 937 

Van der Vis, H., Kestin, S., Robb, D., Oehlenschlager, J., Lambooij, B., Munkener, W., 938 

Kulhmann, H., Kloosterboer, K., Tejada, M., Huidobro, A., Ottera, H., Roth, B., 939 

Sorensen, N.K., Akse, L., Byrne, H., Nesvadba, P., 2003. Is humane slaughter of fish 940 

possible for industry? Aquaculture Research 34, 211-220.  941 

 942 

Verhoeven, M., Gerritzen, M., Velarde, A., Hellebrekers, L., Kemp, B., 2016. Time to 943 

Loss of Consciousness and Its Relation to Behavior in Slaughter Pigs during Stunning 944 

with 80 or 95% Carbon Dioxide. Frontiers in Veteterinary Science 3, 38. doi: 945 

10.3389/fvets.2016.00038. 946 

  947 

Wang Y, Richards JG, 2011. Hypoxia: anaerobic metabolism in fish. Farrell 948 

A, Encyclopedia of fish physiology. Academic Press, Waltham, MA, USA, pp 1757-63 949 

 950 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tort%2C+Maria+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wooster%2C+Gregory+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bowser%2C+Paul+R
http://www.asaabstracts.com/strands/asaabstracts/abstract.htm?absnum=4789&index=8&year=2012
http://www.asaabstracts.com/strands/asaabstracts/abstract.htm?absnum=4789&index=8&year=2012


 

 

48 

 

 Xu, L., Yue, H.Y., Wu, S.G., Zhang, H.J., Ji, F., Zhang, L., Qi, G.H., 2011. Comparison 951 

of blood variables, fibre intensity, and muscle metabolites in hot-boned muscles from 952 

electrical- and gas-stunned broilers. Poultry Science 90, 1837–1843 953 

 954 

Zahl, I.H., Samuelsen, O., Kiessling, A., 2012.  Anaesthesia of farmed fish: implications 955 

for welfare. Fish Physiology and Biochemistry 38, 201–218. 956 

 957 

Zampacavallo, G., Scappini, F., Mecatti, M., Iurzan, F., Mosconi, G., Poli, B. M., 2003. 958 

Study on methods to decrease stress at slaughter in farmed seabass (Dicentrarchus 959 

labrax). Italian Journal of Animal Science 2, sup1, 616-618. 960 

 961 

Zampacavallo, G., Parisi, G., Mecatti, M., Lupi, P., Giorgi, G., Poli, B.M., 2015. 962 

Evaluation of different methods of stunning/killing seabass (Dicentrarchus labrax) by 963 

tissue stress/quality indicators. Journal of Food Science Technology 5, 2585-2597. 964 

 965 

Zeman, A., 2001. Consciousness. Brain 124, 1263–1289. 966 

967 



 

 

49 

 

List of figures 968 

Figure 1A Evolution of an electroencephalogram (EEG) record along time in seabream. 969 

The Index of consciousness (IoC) represented in continuous line can be seen decreasing 970 

whereas the brain suppression rate (BSR), in dash line, can be seen increasing. Fish 971 

were immersed in the water with gas approximately 1 minute after starting the record.  972 

Green arrow indicates when lines crossed and the moment when the fish is defined to 973 

become unconscious. 974 

 975 

Figure 1B Example of the general EEG of a seabream. Time 0 line indicates when the 976 

exposure to the gases started. 977 

 978 

Figure 2 Evolution of the pH (A) and rigor mortis (B) for 72h at 4ºC in seabream. 979 

Measurements were made at room temperature, but samples were kept refrigerated 980 

outside the brief moments of measurement. Error bars represent the standard deviation 981 

of the mean of the fish at that point in time. Graph lines represent the mean of 8 fish per 982 

treatment. 983 
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Figure 1A 987 
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Supplementary material 1000 

Relative gene expressions were estimated using 18S gene as the house keeping gene. A 1001 

one way ranked ANOVA to search for differences among treatments showed that the 1002 

expression was different for gapdh, hsp70, cox2 and ef2α, where: 1003 

Fish exposed to CO2+O2+N2 differentially expressed gapdh (P = 0.014) from fish 1004 

exposed directly to ice slurry; fish exposed to CO2+N2 differentially express hsp70 (P = 1005 

0.002) and ef2α (P = 0.005) from fish exposed directly to ice slurry (Figure S1). 1006 

 1007 

Figure S1: 1008 

 1009 


