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Simple Summary: Aquaculture has been the fastest-growing production segment in recent years,
and as such, it is necessary to have clear guidelines on how fish are reared, stunned and slaughtered,
always taking into account their welfare. By aiming for the stunning stage to be efficient, quick and
practical before the fish are finally slaughtered in the fish farming process, we propose to verify and
validate dorsal fin erection as a painless visual indicator of sensibility in Nile tilapia, ensuring that
animals do not suffer during the stunning and slaughtering processes. Our results have validated
the method as an effective indicator to assess the state of fish sensibility, and is simple to be carried
out in large-scale production systems. The presence/absence of an erect dorsal fin alone does not
totally ensure fish insensibility, and must be used together with other well-established visual
sensibility indicators, for a better assessment of the state of fish sensibility, such as fish equilibrium,
vestibulo-ocular reflex and opercular beats.

Abstract: In aquaculture, to ensure animal welfare in pre-slaughter and slaughter stages, it is
fundamental that fish are insensible. A method for evaluating fish insensibility is based on visual
sensibility indicators (VSI) assessment (i.e., self-initiated behavior, responses to stimuli and
reflexes). However, many stimuli used to assess fish responses are painful. Therefore, this study
verifies whether the presence/absence of a dorsal fin erection (DFE) response can be used as a
painless VSI in Nile tilapia (Oreochromis niloticus). Three stunning protocols were applied to fish:
benzocaine anesthesia (40 mg/L and 80 mg/L), ice water immersion (0-1, 2-3 and 5-6 °C) and CO:
stunning. After these stunning methods were applied in fish, the time of loss and return of DFE was
observed, along with the vestibulo-ocular reflex (VOR). All fish stunned using benzocaine and ice
water immersion lose both VSIs, while 95% of fish stunned using CO: lose these VSIs. In all
treatments, DFEs return quicker than VOR. Therefore, DFE can be used as a VSI in Nile tilapia,
which is simple for producers to assess and does not require a painful stimulus. However, the DFE
alone does not totally ensure fish insensibility and must be used together with other well-
established VSIs at fish farms.

Keywords: animal welfare; aquaculture; sensibility state; pre-slaughter; fish stunning

1. Introduction

Aquaculture represents one of the major meat production systems for human
consumption [1]. The accelerated growth and the high levels of production each year has
been attracting the world’s attention to this segment, which is not exempt from criticism
and pressure from the industry, consumers, interest groups and authorities [2-5]. More
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recently, the public is increasingly more aware of the importance of animal welfare and
the existence of sentience in fish [6-9]. This current attitude is changing the traditional
production model that has been used for years [10]. Therefore, it is necessary to have well-
established protocols with clear guidelines that ensure fish welfare in all farming stages,
from rearing the fish to slaughtering them [11].

In the last stage of production, slaughtering, it is well-established that for good
welfare, fish must be stunned before killing, thus avoiding any pain and suffering [12,13].
Stunning methods that immediately cause a loss of sensibility and/or the consciousness of
fish are considered humane and are the most recommended, such as electrical and
mechanical stunning [12]. However, with electrical stunning, it is difficult to standardize
and implement because there must be adequate intensity, frequency and duration for each
species to cause immediate insensibility or killing. Moreover, for electrical stunning to be
successful, it depends on several factors such as animal size, species, the position of the
animal the tank and number of individuals per procedure [12]. This stunning method
generally induces a short period of insensibility; as such, the chosen killing method must
be applied quickly after stunning the fish to ensure that they die before sensibility returns
[13]. Regarding mechanical stunning protocols, such as percussive stunning, spiking
coring and free bullet, they result in both stunning and killing simultaneously. These
methods also have some disadvantages; for example, they are applicable to a limited
number of fish and require precision in the execution, since the animals usually are
agitated and move in a disorderly manner. If they are not stunned correctly, it may cause
partial insensibility and/or injuries to the animals [12].

Even with humane stunning methods, which are the most recommended for
commercial fish slaughtering, other stunning protocols that do not immediately cause fish
insensibility are still widely used worldwide given their practicality in being applied in
large scale productions and since they are long lasting, such as the carbon dioxide (CO2)
stunning in several Europe countries [5,13,14] and immersion in ice water in Brazil [15].
With CO:z stunning, water acidification caused by CO2 saturation is stressful to fish and
causes aversive reactions, such as vigorous attempts to escape, that can sometimes result
in damaging the fish as they hit other fish or the sides of the tank [16]. Regarding
immersion in ice water, this is usually recommended for warm water species, and besides
being used as a stunning method, it is also used as a killing procedure [13,16]. However,
the time taken until the fish become insensible and/or die can be prolonged and stressful,
increasing fish plasma cortisol levels and heart rate, as well causing averse behavior in
some species until reaching insensibility or death [13]. Therefore, these methods are
controversial, since they cause unnecessary prolonged suffering and stress until the fish
are stunned [12,16,17]. As such, whether fish insensibility is gradually induced, it must be
as fast as possible to avoid prolonged stress, suffering and other negative states [18,19].

Therefore, it is important to determine how fast a stunning protocol can induce fish
insensibility, which could be a difficult task in practice. Electroencephalographic (EEG)
methods provide reliable measurements about the brain function in animals, allowing the
sensibility state in individuals to be measured in many farm animals, including fish
[13,19]. However, an EEG can be an invasive method, demanding time, and as such, it is
difficult to be used in fish production [18]. Thus, a field protocol to assess fish brain
function before slaughter was developed, and so, any pain and suffering was avoided in
this stage of production [18]. This protocol is based on the observation of the
presence/absence of self-initiated behavior, responses to stimuli and reflexes. Clinical
reflexes mediated by the brainstem (e.g., the vestibulo-ocular reflex—VOR) are extensively
accepted to assess brain function in many animals, including fish [18,20]. Regarding self-
initiated behavior and responses to stimuli, whether fish are able to detect and react to
external events, they retain sufficient brain function to perceive strong and painful
external stimulus, such as the slaughter [18]. However, all the behavioral responses used
to assess the state of sensibility in fish depend on a painful stimulus, such as a tail pinch,
prick or shock on a lip [11,18]. Therefore, behavioral responses that allow us to assess the
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state of sensibility in fish that do not depend on a painful stimulus must be investigated
and incorporated into protocols that have been developed to assess fish insensibility
before slaughter [11,18], avoiding any unnecessary pain and suffering in this procedure.

A behavioral response to a tactile stimulus present in many fish species is the dorsal
fin erection (DFE) [21]. The DFE is a defensive behavior in some species, since extending
fish spines may hurt a predator or act as a threat [22,23]. As such, it is expected that any
possible threat to fish, such as quick and low-intensity handling, can set off this behavioral
response, even for a painless handling. Thus, the aim of this study is to verify whether the
presence/absence of a DFE response can be used as a visual indicator for the state of
sensibility of Nile tilapia (Oreochromis niloticus) submitted to different stunning protocols.
The Nile tilapia is an African cichlid, which presents DFE behavior in aggressive displays
during hierarchical and territorial confrontations [23,24] and when a threat or predation
risk is perceived [23]. In addition, the Nile tilapia is the third most-farmed fish species
globally [1] and has a welfare assessment protocol for production systems, including the
assessment of the state of fish sensibility pre-slaughter using visual indicators [11]. As
such, the continuous refinement of welfare protocols is important for a better assessment
of the welfare of Nile tilapia during all the production stages.

2. Materials and Methods
2.1. Fish and Rearing Conditions

We used a total of 140 Nile Tilapia from a stock population obtained from a
commercial fish farm. Fish were kept in a 1200 L tank (6 L fish™) during the experiment,
with an average temperature of 25 + 1 °C. The tank was supplied with continuously
aerated, constantly dechlorinated water, with biological filters and thermostats. To
maintain the physical-chemical water parameters, the tank was cleaned four times a week.
The pH level was kept at 7 and ammonia and nitrite levels at <0.5 ppm and <0.05 ppm,
respectively. The photoperiod was 12 h of light and 12 h of dark, and fish were fed once
daily with commercial food (Presence Nutripiscis Si Crescimento, 28% protein). Fish used
in experiment had an average weight of 42.9 + 12.99 g and size of 13.85 + 1.39 cm. All
procedures used in this project were approved by the CEUA (Committee on Ethics in the
Use of Animals) of Sao Paulo State University (UNESP), protocol #678/2014.

2.2. Experimental Design and Procedures

Initially, we tested whether Nile tilapia (N = 30) presented a DFE when handled
(Figures 1 and 2A,C—described in detail below), and all fish presented this response, each
minute for 20 consecutive minutes (Appendix A). Fish were submitted to three stunning
protocols: benzocaine anesthesia (positive control —two concentrations: 40 mg/L and 80
mg/L, N = 15), immersion in ice water (three temperatures ranges: 0-1 °C, 2-3 °C and 5-6
°C, N = 30) and CO:2 stunning (N = 20). Although immersion into ice water and CO:
stunning are considered non-humane stunning protocols [12], we used these stunning
methods since they are still the most used in Brazil and some European countries [5,14,15].
After the fish were submitted to one of these three stunning methods, we assessed the
time for the VOR (Figure 2B,D) to be lost and its return, a clinical reflex and well-
established indicator of unconsciousness/insensibility in fish [11,18,25], and the DFE,
aiming to test whether this response to a stimulus presented in Nile tilapia (Appendix A)
could be used as a visual sensibility indicator (VSI). To test the presence/absence of both
VSI, we removed fish from the water using a dip net. The fish were not exposed to the air
for more than 10 s to avoid any stress and painful stimuli for the fish [26]. To test the
presence/absence of the VOR, we followed the protocol described by [18], and tested the
presence/absence of the DFE (Figure 2A,C) by holding the fish with both hands and turn-
ing it 90° (Figure 1).
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(A)
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Figure 1. The handling needed to check whether the dorsal fin erection response is present or absent. (A) Dorsal fin erec-
tion present in a fish after handling. (B) Dorsal fin erection absent in a fish after handling.

Figure 2. Presence and absence of responses and reflexes. (A) Presence of dorsal fin erection (DFE)
indicated by the red rectangle and (B) presence of vestibulo-ocular reflex (VOR) indicated by the
red line (“eye roll”). (C) Absence of DFE indicated by the red rectangle and (D) absence of VOR
(“eye roll”) indicated by the red line.

To apply the stunning protocols, fish were individually transferred to glass aquaria
(20 L —40 x 23 x 25 cm). For benzocaine stunning, we added benzocaine to the aquarium
water in 40 mg/L or 80 mg/L concentrations. For stunning by immersion in ice water, we
prepared a mixture of water and ice. We added ice until it reached the temperature ranges
for the treatment (0-1 °C, 2-3 °C and 5-6 °C). The temperature was controlled by a ther-
mometer, and when necessary, more ice was added to the water. Immediately afterwards,
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the fish were placed in an aquarium. We started to time how long it took for both VSIs to
be lost. Each minute, we took fish from the water and tested the presence of the VOR and
DFE (Figure 1). We stopped timing when both VSIs were absent. Inmediately after the
loss of both VSIs, the fish were transferred to aquariums of the same size, with continuous
aeration and temperature of 25 °C, and we started to time how long both VSIs took to
return. This procedure of timing how long the VSIs took to return was equal for all stun-
ning protocols.

In COz stunning, fish were individually transferred to a 20 L aquarium (40 x 23 x 25
cm) equipped with a thermometer and hose with porous stone connected to a CO2 cylin-
der. Using a different method to the other stunning protocols, fish VSIs were assessed
each minute, defined as three different times to assess the fish DFE: 5, 8 and 10 min. We
set these assessment times because 5 min before the amount of CO:z in the water was too
low (Table S1) and did not cause any loss of VSIs. We bubbled CO: into the water until
near saturation. When fish lost both VSIs or when they remained in the water that was
bubbled with CO: for 10 min, they were transferred to the recovery aquaria. The water
from the test aquarium was replaced between each fish to avoid CO2 accumulation. Dur-
ing the experiments, we collected water samples at the three times set to assess fish VSI to
quantify the amount of free and total CO:2 at these times (Table S1). These water samples
were analyzed through titration with sulfuric acid, as described by [27].

2.3. Statistical Analysis

All statistical analyses were performed in the R environment (v3.6.0.) The Kaplan-
Meier test was used to estimate the probability to the occurrence of the desired event over
time (loss and return of VOR and DFE) by applying the survfit and ggsurvplot functions
in R. For each stunning protocol, namely, benzocaine anesthesia and immersion in ice
water, two Kaplan—-Meier tests were performed for each VSI separately (VOR and DFE):
one to compare the probability of losing the VSI over time between treatments of each
stunning protocol (benzocaine anesthesia: 40 mg/L vs. 80 mg/L; immersion in ice water:
0-1 °C vs. 2-3 °C vs. 5-6 °C) and another to compare the probability of the VSI returning
over time between treatments of each stunning protocol. For the CO2 stunning protocol,
Kaplan-Meir tests were performed to compare the probability for the loss and return of
different VSIs over time (VOR vs. DFE). Pairwise comparisons were performed using log-
rank tests with the Bonferroni p value adjustment method by applying the pairwise_sur-
vdiff function in R. The significance level for all tests was set at a = 0.05.

3. Results and Discussion

In this study, the presence/absence of DFEs as a VSl in fish were investigated. Firstly,
the efficiency of common stunning protocols was verified to induce the loss of a clinical
reflex that is well-established to assess the state of fish sensibility, VOR [18,25]. All fish
submitted to benzocaine anesthesia and immersion in ice water lost the VOR (Table 1,
Figure 3A,C). COz stunning induced the loss of VOR in 95% of individuals. Regarding the
DFE loss, similar results were observed, since 100% of fish stunned with benzocaine an-
esthesia and immersion in ice water lost this behavioral response, and 95% of individuals
stunned with CO: lost the DFE (Table 1, Figure 3B,D,E). Fish from all treatments showed
a faster return of DFEs than VORs (Tables 1 and 2). Therefore, the results showed that a
DFE can be used as a VSI in Nile tilapia. However, the absence of a DFE alone does not
ensure that fish have been totally stunned, and it must be used together with other well-
established VSIs to obtain a more accurate assessment of the state of fish sensibility before
slaughter in fish farms.
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Table 1. Data summary table. Time for the loss and return (range and median) of the VOR and DFE and the percentage of
fish where these visual stunning indicators were lost and returned, following the different stunning protocols.

VOR'! DFE 2
Stunning Lost Return Lost Return
Protocol Range Median Fish Range Median Fish Range Median Fish Range Median Fish
(min) (min) (%) (min) (min) (%) (min) (min) (%) (min) (min) (%)
Benzocaine ) o 100  0-8 4 100  2-8 4 100  0-7 3 93.33
(40 mg/L)
Benzocaine 5 10 100  2-6 4 100 1-5 3 100  1-2 2 100
(80 mg/L)
leewater ) 2 100 1-6 4 9667 1-6 3 100 1-4 25  96.67
(0-1°C)
Ice water
1- 2 1 1-7 4 67 1- 1 1- 2 67
23 °0) 3 00 96.6 5 3 00 5 96.6
Ice water
2-8 3 100  2-9 4 96.67 3-12 6 100  1-4 2 96.67
(5-6 °C)
co 8-10 9 95 55 5 100  5-10 5 95 5-5 5 100
stunning

1 VOR — Vestibulo-ocular-reflex. 2 DFE—Dorsal Fin Erection.

Table 2. Percentage of fish that lost and recovered none/only one/both VSIs and percentage of fish that lost and recovered
DFEs before VORs and vice versa.

Lost Return
. 2 ho. -
Stunning None Only Both VOR? be DFE before Both VSI None VSI Only Both VSI VOR be DFE before Both VSI
Protocol VST (%) One VSI VSI (%) fore DFE 3 VOR (%) at Same %) One VSI %) fore DFE VOR (%) at Same
R ) * Time(%) " %) ° %) °" Time (%)
Benzocaine
0 0 100 0 100 0 0 0 100 0 93.33 6.67
(40 mg/L)
Benzocaine
1 1 1 86.67 13.
(80 mg/L) 0 0 00 0 00 0 0 0 00 0 6.6 3.33
Ice water (0-1 °C) 0 0 100 66.67 6.67 26.67 0 0 100 10.35 58.62 31.03
Ice water (2-3 °C) 0 0 100 80 3.3 16.67 0 0 100 3.45 86.21 10.34
Ice water (5-6 °C) 0 0 100 83.33 0 16.67 0 0 100 3.45 79.31 17.24
CO.Z 5 0 95 0 90 10 0 0 100 0 0 100
stunning

1VSI—Visual sensibility indicator.2 VOR — Vestibulo-ocular-reflex. 3 DFE—Dorsal Fin Erection.

The VOR is a clinical reflex that has been well-established to assess the state of fish
sensibility [11,18,25]. Usually, the VOR is lost in stage 4 of anesthesia, along with the re-
sponses to external stimuli and opercular beats decreasing [25]. All fish stunned with ben-
zocaine and immersion in ice water lost the VOR (Table 1). The highest dose of benzocaine
(80 mg/L) induced the VOR lost quicker (median = 10 min, Table 1) than the lower dose
(40 mg/L), (p < 0.01, Figure 3A). Lower temperature ranges (0-1 °C and 2-3 °C) also in-
duced the loss of VOR quicker (median = 2 min, Table 1) than the highest temperature
range of 5-6 °C (p < 0.01, Figure 3C). Regarding the CO: stunning protocol, 95% of fish lost
the VOR, and the median time to lose the reflex was 9 min (Table 1; Figure 3E). The quick
loss of VOR induced by immersion in ice water can be related to fish immobilization be-
fore insensibility, usually caused by this stunning method [19,28].
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Figure 3. Kaplan-Meier survival curves of the probability of losing the reflexes and behaviors by different stunning pro-
tocols. (A) Probability of losing the VOR and the (B) DFE by benzocaine anesthesia (N = 15). (C) Probability of losing the VOR
and the (D) DFE by immersion in ice water (N = 30). (E) Probability of losing the VOR and DFE by CO: stunning (N = 20). Mean
+ SE are shown. Statistical differences between the groups in log-rank tests are indicated in the graphs (p < 0.05).

In addition to the VOR loss, some anesthetics in the stage 4 of anesthesia also induce
the loss of responses to strong external stimuli, particularly behavioral responses to pres-
sure on the caudal fin or peduncle (e.g., escape attempt on first pinch) [18,25]. Other re-
sponses to tactile external stimuli are lost in stage 3 of anesthesia [25,29]. A response to
tactile stimulation present in some fish species (e.g., Nile tilapia) when they are handled
is the DFE [21] that occurs without needing a painful stimulus. To verify whether the DFE
was absent after handling (Figures 1 and 2) anesthetized fish (positive control), and thus,
check whether a response can be used as a VSI in stunning protocols applied at pre-
slaughter production stage, we submitted fish to benzocaine anesthesia in two concentra-
tions (40 mg/L and 80 mg/L). All fish submitted to benzocaine anesthesia lost the DFE.
The highest dose induced a loss of the DFE quicker (median = 3 min, Table 1) than the
lower dose (p < 0.01, Figure 3B). Stunning by immersion into ice water, a common stun-
ning protocol for fish [12,17], also induced the loss of DFE in 100% of fish tested. Lower
temperature ranges (0-1 °C and 2-3 °C) induced the loss of the DFE quicker (median = 3
min, Table 1) than a temperature range of 5-6 °C (p < 0.01, Figure 3D). Regarding CO:
stunning, this insensibility method induced the loss of the DFE in 95% of fish (Table 1),
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and the loss of the DFE was quicker in a higher percentage of fish than the loss of the VOR
(p < 0.01, Figure 3E). The absence of clinical reflexes, such as the VOR and “breathing”,
could already determine whether fish are insensible [18]. However, to ensure that a fish
is completely insensible is difficult, and so, observing the presence/absence of responses
to stimulus, such as the DFE, can provide a more accurate assessment, since fish are able
to respond to a painless and low-intensity stimulus. They probably have sufficient brain
function to perceive and suffer during the slaughter.

Regarding behavioral responses and the recovery of reflexes, these are usually the
first overt signs that a fish has recovered after stunning [30]. Indeed, when fish are
stunned, the first sign to return is the VOR [25]. However, our results show that in all
experimental groups, DFE returned quicker than the VOR (Tables 1 and 2; Figure 4). A
DFE is characterized as a response to stimulus, since fish present the DFE in response to
different stimulus, such as new stimuli (e.g., a tap on the aquarium lateral wall or a
shadow moving overhead [31]), a threat (e.g., other conspecific or intraspecific disputes)
or the presence of a predator [23], and when they are handled (Figures 1 and 2A,B; Ap-
pendix A). However, our results regarding the return of the VSI suggest that maybe the
DFE also could be a sensory reflex caused by external stimuli besides being a behavioral
response caused by brain signals. Further studies can investigate the underlying neuro-
mechanisms in fish DFE to determine whether it is indeed a response, a reflex or both.
Besides this, the highest dose of benzocaine (80 mg/L) induced the DFE to return quicker
(median = 2 min, Table 1) than the lower dose (40 mg/L) (p <0.01, Figure 4B). The VSI that
returns the quickest, such as the DFE, is important to be evaluated, given that once fish
have presented a return of at least one VSI, they are able to perceive and react to any
painful stimuli that are applied when they are stunned and/or unconscious [18].

(A) (B)
= 100~ — 100~
) - 40mgl = - 40 mgn
E B0 - 80 mgil 5"‘ 80 -o- 80 mgll
ZE -1
3 60+ S 60+
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o o
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Figure 4. Kaplan-Meier survival curves of the probability that reflexes and behavior returns using different stunning
protocols. (A) Probability of return of VOR and (B) DFE using benzocaine anesthesia (N = 15). (C) Probability of return of VOR
and (D) DFE by immersion into ice water (N = 30). (E) Probability of return of VOR and DFE using CO2 stunning (N = 20). Mean
+ SE are shown. Statistical differences between the groups in log-rank tests are indicated in the graphs (p < 0.05).

4. Conclusions

Our results suggest that the DFE can be used as a VSI in fish. Assessing if the DFE is
present/absent is easy, simple and quick for use in fish production. Moreover, the pres-
ence/absence of the DFE can be checked without applying painful stimuli to fish, which is
different from other common responses to stimuli used to assess fish insensibility, such as
a tail pinch, prick and shock on lip [11,18,32]. Assessing responses without the need for a
painful stimulus to infer the state of fish sensibility has to be prioritized, since good wel-
fare in fish needs to be free from fear and pain in all production stages, including the
stunning, the assessment of insensibility and/or unconsciousness pre-slaughter and
slaughter [11,28]. Another advantage of using the DFE as a VSl is their fast recovery. VSIs
that return first are important to be evaluated so that fish do not suffer. It is important that
they do not present VSIs immediately before slaughter. However, the absence of the DFE
alone does not ensure that fish are totally insensible, so it must to be used together with
other painless VSIs that are well-established for fish and the Nile tilapia, such as the VOR,
opercular beats and self-initiated behavior (e.g., swimming and equilibrium) [11,18]. Fur-
ther studies must evaluate the efficiency of the DFE as a VSI in other fish species and using
other stunning protocols, such as electrical and percussive stunning methods considered
humane for fish stunning [12].

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/ani11103007/s1, Table S1: Water saturation by free and total CO: over time.
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Appendix A
Fish Not Submitted to Any Stunning Protocol-DFE and VOR Presence Control

We verified whether Nile tilapia (N = 30) presents both visual sensibility indicators
assessed in this study, the VOR and the DFE, when not submitted to any stunning proto-
col. Fish were individually transferred to glass aquaria (20 L —40 x 23 x 25 cm) with a water
temperature of 25 + 1 °C and constant aeration. Immediately after fish were placed into
the aquarium, we started timing, and at every minute, for 20 consecutive minutes, we
removed fish from the water and tested the presence or absence of both visual sensibility
indicators. The time that fish were exposed to air was less than 10 s. The VOR was assessed
following the protocol described by [18], and to verify DFE presence, we held the fish in
both hands and turned them 90° (Figure 1). All fish that were not submitted to any stun-
ning protocol (N = 30) presented both visual stunning indicators, the VOR and the DFE,
for each minute, over 20 consecutive minutes.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

FAO. The State of Food and Agriculture 2020. Overcoming Water Challenges in Agriculture; FAO: Rome, Italy, 2020; p. 210,
d0i:10.4060/CB1447EN.

Ashley, PJ. Fish welfare: Current issues in aquaculture. Appl. Anim. Behav. Sci. 2007, 104, 199-235, doi:10.1016/j.appla-
nim.2006.09.001.

European Food Safety (EFSA). General approach to fish welfare and to the concept of sentience in fish. EFSA ]. 2009, 954, 1-27,
doi:10.2903/j.efsa.2009.954.

Frewer, LJ.; Kole, A.; Kroon, SM.A. Van de; De Lauwere, C. Consumer Attitudes Towards the Development of Animal-
Friendly Husbandry Systems. J. Agric. Environ. Ethics 2005, 18, 345-367, d0i:10.1007/510806-005-1489-2.

Brijs, J.; Sandblom, E.; Axelsson, M.; Sundell, K.; Sundh, H.; Huyben, D.; Brostrom, R.; Kiessling, A.; Berg, C.; Grans, A. The
final countdown: Continuous physiological welfare evaluation of farmed fish during common aquaculture practices before and
during harvest. Aquaculture 2018, 495, 903-911, doi:10.1016/]. AQUACULTURE.2018.06.081.

Saraiva, ].L.; Arechavala-Lopez, P. Welfare of fish—No longer the elephant in the room. Fishes 2019, 4, 39,
d0i:10.3390/fishes4030039.

Clark, B.; Stewart, G.B.; Panzone, L.A.; Kyriazakis, I.; Frewer, L.]. Citizens, consumers and farm animal welfare: A meta-analysis
of willingness-to-pay studies. Food Policy 2017, 68, 112-127, d0i:10.1016/].FOODPOL.2017.01.006.

Sneddon, L.U.; Lopez-Luna, J.; Wolfenden, D.C.C.; Leach, M.C.; Valentim, A.M.; Steenbergen, P.].; Bardine, N.; Currie, A.D.;
Broom, D.M.; Brown, C. Fish sentience denial: Muddying the waters. Anim. Sentience 2018, 3, 1, doi:10.51291/2377-7478.1317.
Brown, C. Fish intelligence, sentience and ethics. Anim. Cogn. 2014 181 2014, 18, 1-17, d0i:10.1007/510071-014-0761-0.

Branson, E.J. Fish Welfare, 1st ed.; Blackwell Publishing: Oxford, UK, 2008; p.312.

Pedrazzani, A.S.; Quintiliano, M.H.; Bolfe, F.; Sans, E.C.D.O.; Molento, C.F.M. Tilapia on-farm welfare assessment protocol for
semi-intensive production systems. Front. Vet. Sci. 2020, 7, 991.

OIE Welfare aspects of stunning and killing of farmed fish for human consumption. In OIE Aquatic Animal Health Code, 22th ed.;
OIE: Paris, France, 2019; Chapter 7, pp. 1-4.

European Food Safety Authority (EFSA). Welfare aspects of the main systems of stunning and killing the main commercial
species of animals. EFSA ]. 2004, 45, 1-29.

IBF; VetEffecT; Wageningen University; SANTE. Welfare of Farmed Fish: Common Practices during Transport and at Slaughter; Eu-
ropean Commission: Luxembourg, 2017, doi:10.2875/708396. Available online: http://publications.europa.eu/resource/cel-
lar/facddd32-cda6-11e7-a5d5-01aa75ed71a1.0001.01/DOC_1 (accessed on 18 of September 2021).

Oliveira Filho, P.R.C.; Oliveira, C.A.F.; Sobral, P.J.A.; Balieiro, ].C.C.; Natori, M.M.; Viegas, EM.M. How stunning methods
affect the quality of Nile tilapia meat. CYTA J. Food 2015, 13, 5662, d0i:10.1080/19476337.2014.911211.

Poli, B.M.; Parisi, G.; Scappini, F.; Zampacavallo, G. Fish welfare and quality as affected by pre-slaughter and slaughter man-
agement. Aquac. Int. 2005, 13, 29-49, doi:10.1007/s10499-004-9035-1.

Acerete, L.; Reig, L.; Alvarez, D.; Flos, R.; Tort, L. Comparison of two stunning/slaughtering methods on stress response and
quality indicators of European sea bass (Dicentrarchus labrax). Aquaculture 2009, 287, 139-144, doi:10.1016/].AQUACUL-
TURE.2008.10.012.



Animals 2021, 11, 3007 11 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kestin, S.C.; van de Vis, ].W.; Robb, D.H.F. Protocol for assessing brain function in fish and the effectiveness of methods used
to stun and kill them. Vet. Rec. 2002, 150, 302-307, d0i:10.1136/vr.150.10.302.

Brijs, J.; Sundell, E.; Hjelmstedt, P.; Berg, C.; Senci¢, I; Sandblom, E.; Axelsson, M.; Lines, J.; Bouwsema, J.; Ellis, M.; et al. Hu-
mane slaughter of African sharptooth catfish (Clarias gariepinus): Effects of various stunning methods on brain function. Aqua-
culture 2021, 531, 735887, d0i:10.1016/j.aquaculture.2020.735887.

Gregory, N.G.; Wotton, S.B. Studies on the central nervous system: Visually evoked cortical responses in sheep. Res. Vet. Sci.
1983, 34, 315-319, d0i:10.1016/S0034-5288(18)32230-6.

Davis, M.W. Fish stress and mortality can be predicted using reflex impairment. Fish Fish. 2010, 11, 1-11, doi:10.1111/j.1467-
2979.2009.00331.x.

Colgan, P. The Motivational Basis of Fish Behaviour. In The Behaviour of Teleost Fishes, 1st ed.; Pitcher, T., Ed.; Chapman and
Hall: London, UK, 1993; pp. 23—46.

Freitas, R.H.A.; Volpato, G.L. Behavioral response of Nile tilapia to an allopatric predator. Mar. Freshw. Behav. Physiol. 2008, 41,
267-272, doi:10.1080/10236240802509767.

Giaquinto, P.C.; Volpato, G.L. Chemical Communication, Aggression, and Conspecific Recognition in the Fish Nile Tilapia.
Physiol. Behav. 1997, 62, 1333-1338, d0i:10.1016/S0031-9384(97)00347-8.

Rucinque, D.S.; Ferreira, P.F.; Leme, P.R.P.; Lapa-Guimaraes, J.; Viegas, EM.M. Ocimum americanum and Lippia alba essential
oils as anaesthetics for Nile tilapia: Induction, recovery of apparent unconsciousness and sensory analysis of fillets. Aquaculture
2021, 531, 735902, doi:10.1016/j.aquaculture.2020.735902.

Algers, B.; Blokhuis, H.J.; Betner, A.; Broom, D.M.; Costa, P.; Domingo, M.; Greiner, M.; Hartung, J.; Koenen, F.; Miiller-Graf,
C.; et al. Scientific opinion. Species-specific welfare aspects of the main systems of stunning and killing of farmed carp Scientific
Opinion of the Panel on Animal Health andWelfare (Question No EFSA-Q-2008-439). EFSA J. 2009, 1013, 1-37.

Mackerth, F. Water analysis : Some revised methods for limnologists. Freshw. Biol. Assoc. Sci. Publ. 1978, 36, 117.

Van De Vis, H.; Kestin, S.; Robb, D.; Oehlenschlager, J.; Lambooij, B.; Miinkner, W.; Kuhlmann, H.; Kloosterboer, K.; Tejada, M.;
Huidobro, A.; et al. Is humane slaughter of fish possible for industry? Aquac. Res. 2003, 34, 211-220, doi:10.1046/j.1365-
2109.2003.00804.x.

Zahl, L.H.; Samuelsen, O.; Kiessling, A. Anaesthesia of farmed fish: Implications for welfare. Fish Physiol. Biochem. 2012, 38, 201—
218, d0i:10.1007/s10695-011-9565-1.

Anil, M.H. Studies on the return of physical reflexes in pigs following electrical stunning. Meat Sci. 1991, 30, 13-21,
d0i:10.1016/0309-1740(91)90030-T.

Laming, P.R. Behavioural arousal and its habituation in the squirrel fish, Holocentrus rufus: The role of the telecephalon. Behav.
Neural Biol. 1987, 47, 80-104, doi:10.1016/S0163-1047(87)90178-6.

Noble, C.; Gismervik, K.; Iversen, M.H.; Kolarevic, J.; Nilsson, ].; Stien, L.H.; Turnbull, J.F. Welfare Indicators for Farmed Atlantic
Salmon: Tools for Assessing Fish Welfare; Nofima: Tromse, Norway, 2018; p. 351, ISBN 9788282965569.



