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Abstract:  Recent empirical studies have reported evidence that many aquatic species, including fish, 
cephalopods and crustaceans, have the capacity for nociception and pain, and that their welfare should be taken 
into consideration. Some sceptics, rejecting the precautionary principle, have denied that any study 
demonstrates pain or other aspects of sentience in fish. This target article discusses some of the scientific 
shortcomings of these critiques through a detailed analysis of a study exploring nociception and analgesia in 
larval zebrafish.
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Recent advances in our understanding of the complexity of their behaviour, physiology and neurobiology have 
suggested that fish and other aquatic species are far from being just reflexive automata. Indeed, they meet 
Broom’s (2014, 2016a) criteria for sentience, including the ability to experience positive and negative emotions.  

According to Broom’s definition, sentience includes some degree of awareness. This may seem 
challenging to demonstrate in non-human animals, but many studies of behaviour and cognition have reported 
evidence of perceptual, cognitive and higher-order awareness. Gerlach et al. (2008) have reported kin 
recognition in early larvae. Thunken et al. (2009) have shown that fish can distinguish their own odour from 
that of others and can hence recognise themselves. Manta rays perform self-directed behaviours in mirror self-
recognition tests (Ari & D’Agostino 2016), an ability considered indicative of awareness in mammals and other 
groups of animals (Sommerville and Broom 1998; Broom 2014). For various animals, sentience, and hence the 
ability to suffer, is denied by some because sentience is at the heart of the decision about whether to provide 
animals with legislative protection.  

Broom (2014) discusses some of the prejudices about sentience. Among these is the idea that despite 
sharing many aspects of brain and other biological functions, humans are different from all other animals, and 
that mammalian brain function is superior despite the fact that some brain functions of fish are just as good as 
those of mammals or even better. Some authors even feel the need to refer to “humans and animals,” as if humans 
were not themselves animals. In some countries this speciesism has led to obstacles and scepticism when it 
comes to the protection of aquatic animals in particular (e.g., Stevens et al. 2016; Diggles et al. 2017; Key et al. 
2017).  

The protection afforded to mammals fails to be applied to fish for many reasons, including the sense of 
phylogenetic distance of humans from fish, lack of knowledge regarding the welfare of fish, and the greater 
emotional attachment of humans to other mammals compared to fish (Ormandy & Schuppli 2014). Fish are more 
diverse than mammals. Complex processing linked to specialisation of the senses in fish brains occurs in 
different regions in different fish groups (Kotrschal et al. 1998). This diversity has resulted in legislation 
containing fewer details about the care of aquatic animals other than mammals (EU directive 2010/63).  

Evolution of brain function in mammals took the form of a shift of many processes to the multi-layered 
cerebral cortex in contrast to the singly laminated cortex of birds and fish, thus complicating direct comparisons 
between taxa regarding functional anatomy. All modern fish have sophisticated learning abilities, however. 
Bshary et al. (2002) found that almost all abilities reported for primates can also be found in fish, with 
homologous or analogous brain function in nearly all cases (Broglio et al. 2011). 

 Bony fish (Osteichthyes) split into two classes early in evolution producing the Sarcopterygii (lobe-
finned fishes) and the Actinopterygii (ray-finned fishes). The lobe-finned fish class led to the evolution of the 
tetrapods. So, it is not surprising that the sensory-processing regions, including those for pain, in mammals are 
not identical to those in all fish (Broom 2014), although their evolutionary origins may be found in fish. Studies 
have shown molecular, electrophysiological and in vivo activity changes in the fish forebrain and midbrain 
regions during painful stimulation that differ from the response to innocuous stimulation (Sneddon 2015). 
Processing is not restricted to hindbrain and spinal reflexes as sceptics have suggested (Rose 2002). It is the 
complexity of brain function that is the scientific issue (Woodruff 2017), not the idea that fish cannot feel pain 
because they do not have neocortico-thalamic links (Rose 2002).  

In some fish, the medial and lateral telencephalic pallium process emotion and learning, as they do in 
birds (Güntürkün & Bugnyar 2016; Iwaniuk 2017). Muto et al (2013) demonstrate neuronal activity in the optic 
tectum of larval zebrafish during active behaviour. Agetsuma et al. (2010) report that in zebrafish, as in 
mammals, the habenula is critical for fear-dependent learning. Fish do not have an amygdala and hippocampus 
that is anatomically homologous to those of humans, but they have analogous brain areas whose function is to 
control and learn from emotional responses (Broom 2016b). We hence cannot expect that the fish brain will 
process pain in the same way as a mammalian brain, but it is likely to be very similar in function (Woodruff 
2017). 
 Despite the empirical evidence (Sneddon 2015), sceptics still deny anything beyond reflex responses in 
fishes and state that they are incapable of complex cognitive abilities (Rose 2002; Rose et al. 2014). Recent 
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studies (Salwiczek et al. 2012; Pepperberg and Hartsfield 2014) on learning have shown that cleaner wrasse fish 
as well as parrots perform better than chimpanzees, orangutans or capuchin monkeys in a complex learning task 
in which they have to learn to discriminate reliable food sources from unreliable ones. Goldfish learn to avoid 
an area where they have received an electric shock (Dunlop et al. 2006). Even when food has been previously 
provided in this area and the fish are strongly motivated to spend time there, they avoid it for three days, at 
which time they trade off their hunger with the risk of receiving another shock (Millsopp & Laming 2009). This 
demonstrates complex decision-making beyond simple reflexes.  

Whenever there is doubt about an animal ability, such as that fish are sentient, it is prudent to use the 
precautionary principle. But even widespread calls for use of the precautionary principle (Jones 2016; Birch 
2017; Brown 2017) have been called into question by sceptics (e.g., Key 2016). The precautionary principle in 
this context is that a lack of full scientific certainty should not be used as a reason for postponing measures to 
prevent the possibility of serious negative animal welfare outcomes (Birch 2017). This approach is widely 
adopted in environmental (UN 1992) and public health management (John 2011) specifically to deal with 
scientific uncertainty. When discussing the ethical, moral and welfare implications of fish pain and suffering, the 
costs are measured by the potential impact on fish welfare that can be calculated using a risk-assessment matrix. 
The matrix is simply a function of the probability that fish are sentient multiplied by the very large number of 
animals involved (Brown 2017). Some sceptics have little interest in the animal welfare costs and concentrate 
instead on the perceived economic costs of possible management actions. Key (2016), for example, suggests that 
we should abandon the precautionary principle because the costs to industry would be too high. Similar 
arguments were made against the animal welfare movements of the late 20th century in the context of industrial 
farming in terrestrial systems. 

The arguments of those who are persistently critical of fish welfare findings are based on a failure to 
understand specific but important points about methodology and about mechanisms in animal function. By way 
of illustration, we will report some of the critics’ comments, especially regarding a study by Lopez-Luna et al. 
(2017a). This study demonstrated that five days after fertilisation (5dpf), larval zebrafish respond to noxious, 
potentially painful stimulation (acid) in the same way adult fish do, by decreasing activity. This response was 
then ameliorated by a range of analgesic or pain-relieving drugs. Diggles et al. (2017) do not contest that adult 
zebrafish experience pain, but they do criticise the use of 5dpf larvae to replace adults despite these findings, 
which demonstrate that the use of larval zebrafish could replace current protocols using adults as recommended 
by the concept of the 3Rs in the European legislation and in the guidelines for animal care in other countries. 
Fish larvae are not protected in some countries until they are free-feeding forms, and in the case of zebrafish, 
this is from 5dpf onwards (Strähle et al. 2012). However, due to the increasing number of studies regarding 
nociception in 5dpf larvae, should the age of protection be lowered? These studies demonstrate that 5dpf 
zebrafish respond to a noxious stimulus in the same way as adults, from gene expression to behavioural changes 
(Curtwright et al. 2015; Lopez-Luna et al. 2017a, b, c, d). Does this mean that they experience pain in the same 
way adults do or is it only a reflex? The fact that legislation in Europe and other countries only protects larval 
forms of fish once they are capable of independent feeding does not mean that they do not feel pain before then. 
Further studies are required to ensure that 5dpf larvae meet all the criteria for animal pain (Sneddon et al. 2014) 
before this decision can be taken. 

Sneddon et al. (2017) have responded to the critique of the Lopez-Luna et al. (2017a) study by Diggles et 
al., pointing out their methodological misunderstanding. Lopez-Luna et al. demonstrated that immersion in 
agents with analgesic properties, that is, 2.5 mg l−1 aspirin, 48 mg l−1 morphine and 5 mg l−1 lidocaine, prevented 
the reduction in activity after acid exposure, thus providing pain relief. The larval results mirror the adult 
response to acetic acid (Reilly et al. 2008; Schroeder and Sneddon 2017; Taylor et al. 2017; White et al. 2017). 
However, Diggles et al. assert that a lack of water chemistry data prevents Lopez-Luna et al. (2017a) from 
interpreting the results of acid exposure in zebrafish larvae. Sneddon et al. (2017) provide more water quality 
data to demonstrate that this assertion is incorrect. Water quality parameters were generally in the range of 
tolerance for this species (Avdesh et al. 2012) during the experiments. In another study under identical 
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conditions, heat was used as the noxious stimulus rather than acid, maintaining the water quality (Lopez-Luna 
et al. 2017b). The outcome of this study, identical to the one they criticised, was not referred to by Diggles et al.  

Also raised by Diggles et al. was the very important issue of the reproducibility crisis in science (e.g., 
McNutt 2014) whereby incomplete reporting of results can lead to disparate findings between laboratories 
because of unknown water quality parameters. Some authors do not follow these standards; they rarely report 
water parameters (e.g., Correia et al. 2011; Schroeder et al. 2016; Messmer et al. 2017). Yet in Lopez-Luna et al.’s 
(2017a) study, data on water quality are provided: pH, osmolarity, ammonia, nitrite and nitrate, all important in 
fish husbandry; see also Sneddon et al. (2017) for further measurements. Lopez-Luna et al. have published other 
studies using zebrafish larvae as a model (2017b, c, d), providing full methodological information, allowing other 
laboratories to either replicate the methods or assist in explaining any differences in results when these 
parameters differ. We urge authors to consider the ARRIVE guidelines (NC3Rs 2017), which provide a checklist 
of key facts to report when publishing empirical studies to allow reproducibility and avoid the unnecessary use 
of animals and time. 
 Diggles et al. also suggested that the concentrations of analgesics used by Lopez-Luna et al (2017a) were 
“high” and that this constituted a major flaw. Except for the highest dose of morphine (48 mg l-1), all doses were 
based upon published studies using fish models: aspirin for adult zebrafish (Schroeder and Sneddon 2017); 
morphine for trout (Sneddon 2003), morphine for goldfish (Newby et al. 2009), lidocaine for adult zebrafish 
(Schroeder and Sneddon 2017) and doses for veterinary clinical use in mammals (Smith et al. 2004). The higher 
morphine dose was selected using the published research of Stevens, one of the Diggles et al. co-authors (Newby 
et al. 2006; 2007; 2008; 2009; Stevens and Balahura 2007), who used at least 40mg/kg morphine via injection. 
These publications warn of the relatively slow uptake and deposition of morphine, which is affected by 
temperature and pH. Thus, the dose chosen by Lopez-Luna et al (2017a) was comparable to those used in the 
studies of Stevens and colleagues. Another independent laboratory has subsequently shown that morphine 
injected intramuscularly at 2.5 and 5 mg kg-1 in adult zebrafish effectively prevents the reduction in activity 
associated with acetic acid treatment (Taylor et al. 2017).  

Diggles et al. also cite the study of Currie (2014), which they claim contrasts with the findings of Lopez-
Luna et al. (2017a). They appear to have misinterpreted the findings of this study, as they state that in Currie’s 
study, activity increased in adult zebrafish exposed to acetic acid, whereas, Currie only measured and 
statistically analysed the incidence of top-dwelling behaviour by adult zebrafish in a beaker. To quote Currie: 
“top-dwelling behavior was the most commonly-observed response to 0.03% acetic acid.” Hence, contrary to the 
suggestion of Diggles et al., only an increase in top-dwelling behaviour was observed; general activity was not 
quantified. 
 Diggles et al. criticise a comparable study by Steenbergen and Bardine (2014), stating that the 
behavioural outcomes contradicted those of the Lopez-Luna et al. (2017a) study.  Steenbergen and Bardine 
showed that lower concentrations of acetic acid (0.0025, 0.005, 0.01, and 0.025%) increased larval activity, 
instead of decreasing it as in Lopez-Luna et al. However, Lopez-Luna et al. demonstrate that 0.1% acetic acid is 
the minimum effective threshold dose to induce a decline in activity in larval zebrafish. Steenbergen and Bardine 
only exposed larvae to 0.0025% to 0.025% acetic acid, which is sub-threshold. In both studies, however, 0.01% 
exposure to acetic acid increased larval activity, contradicting the assumption of Diggles et al. that the two 
studies disagreed. Moreover, Steenbergen and Bardine mention in their discussion that they exposed larvae to 
higher concentrations of acetic acid, 1% to 5%, which decreased larval locomotor activity. These concentrations 
were not used in the main study of the paper because they were too high and led to death.  

Steenbergen and Bardine showed that larvae treated with “buprenorphine, a post-operative morphine-
like analgesic used in mammals and humans,” did not change locomotor activity in response to acid. When 
naloxone (a morphine antagonist) was used as a pre-treatment prior to the addition of buprenorphine, the larvae 
exhibited an increase in locomotor activity upon acetic acid treatment, clearly demonstrating the involvement 
of the opioid pathway in this response. This demonstrates that this pathway is activated upon acetic acid 
treatment in larvae as young as 5 dpf. The opioid family includes the drugs that are most effective clinically for 
producing temporary analgesia and relief from pain (Dafny 1997). The evolutionary conservation of nociceptive 
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pathways in zebrafish is further evidence that these animals, like mammals, use these conserved genes and 
proteins for nociception (Echteler and Saidel 1981; Stevens 2009). Diggles et al. also suggest that the use of Cox-
2 is flawed in Steenbergen and Bardine, as they consider it a non-specific marker of several physiological 
processes. This enzyme is indeed expressed at sites of inflammation, infection, and cancer (Morita 2002; Kirby 
2016). However, a very large amount of data and many peer-reviewed articles have shown that Cox-2 expression 
is also a useful indicator strongly linked to pain and nociception in zebrafish (Grosser et al. 2002) as well as in 
other vertebrates, including humans (Chen et al. 2012; Ebersberger et al. 1999; Samad et al. 2001; Katz 2002; 
Lee et al. 2005; Sinatra 2002). Steenbergen and Bardine recognize that the locomotor activity may be influenced 
by “anxiety, handling stress, hyper arousal or altered sensitivity of side-line receptors.” The handling stress, 
however, is the same for all the groups; and buprenorphine and its antagonist induced the expected animal 
behaviour when an opioid pathway was active. The behavioural change in response to acid is supported by the 
increased expression of Cox-2. Together, these results are all evidence of nociception.  

Regarding the substance administration by immersion of larvae, Diggles et al. suggest that anaesthetising 
individual adult fish and injecting them with chemicals is a better approach. However, this contradicts what 
these authors previously said about injecting adult fish, stating that the requirement to use anaesthesia can be 
a confounding factor and that these studies using adult fish have a low sample size, even though they generate 
statistically significant results that have been subject to rigorous peer review (Rose et al. 2014).  
 Finally, Diggles et al. use quotation marks that appear to suggest that statements were taken from Lopez-
Luna et al. (2017a) when this was not the case, as we cannot find the terms “alleged pain behaviour” in this 
publication. Lopez-Luna et al. demonstrated quite clearly that larval zebrafish show behavioural responses 
(reduced activity) similar to those of adult zebrafish in the acetic acid test which are reversed by a range of drugs 
with documented analgesic or local anaesthetic properties. This demonstrates that the behavioural changes in 
response to noxious stimuli are modulated by nociceptive mechanisms: lidocaine, aspirin and morphine block 
the nociceptive system via different routes (Sneddon 2012), other than olfactory ones. Thus, there is compelling 
evidence that 5dpf zebrafish larvae are indeed a useful replacement for adult fish and that these can be assessed 
in a high-throughput manner with several larvae in a well plate analysed once rather than one adult per tank. 
Indeed, another independent laboratory has demonstrated that larval zebrafish exhibit thermal nociception; this 
avoidance of noxious heat was sensitised by the inflammatory compound and TRPA1 agonist allyl isothiocyanate 
(Curtwright et al. 2015). This study used formalin as a noxious stimulus. It induces a similar decrease in larvae 
activity, which is reversed by the use of morphine and indomethacin, an opioid and an NSAID, respectively 
(Magalhaes et al. 2017). These studies demonstrate the utility of zebrafish larvae in studies of nociception and 
analgesia.  
 Diggles et al. have previously criticised aquatic animal welfare studies (see: Stevens et al. 2016; Key et al. 
2017). Each critique has been answered with robust and scientifically sound rebuttals by the authors of the 
criticised papers (Elwood 2016; Rey et al. 2017) as well as by others (e.g., Broom 2016b) who point out fallacies 
that are implicit in the arguments of Diggles et al., Stevens et al. (2016), and Key et al. (2017). In the case of 
Elwood (2016), Stevens et al. (2016) claim that the study they were criticizing stated that stress was the same 
as pain. Elwood points out that Stevens et al. (2016) make a misleading statement: what was said was that the 
physiological stress response associated with noxious stimuli is one of the expected criteria for animal pain and 
that this criterion has been met by the European shore crab (Elwood & Adams 2015). In another case, Key et al. 
(2017) claim the statement that the expression of emotional fever in zebrafish proves that fish are conscious is 
flawed. Rey et al. (2017) stated only that their zebrafish exhibited emotional fever; hence the absence of 
emotional fever in fish can no longer be cited in support of the absence of consciousness in fish.  

The discussion of opposing opinions, when logical and well-formulated, is vital and helps progress in 
science. That is why we are happy to submit this persistent peer disagreement to open peer commentary in this 
journal. One important point on which we are in complete agreement with Diggles et al. (2017), however, is that 
more funding is needed in the area of fish welfare to provide robust empirical evidence we can use to inform 
the humane and ethical treatment of fish.  
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