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While global aquaculture is rapidly expanding, there remains little attention given to the assessment of animal welfare within aquacultural systems. It is crucial that animal welfare concerns are central in the development and implementation of aquaculture as if they are not prioritized early on, it becomes much more difficult to adapt in future. To this end, it is important to ensure the availability of high-quality welfare assessment schemes to evaluate the welfare of animals in aquaculture and promote and maintain high welfare standards. This paper will first discuss some of the current certification and assessment frameworks, highlighting the primary limitations that need to be addressed, before going on to describe the recommendations for a best-practice welfare assessment process for aquaculture; with the hope that these considerations can be taken on board and used to help improve welfare assessment for aquaculture and, ultimately, to ensure animals used in aquaculture have a higher level of welfare. Any aquacultural system should be assessed according to a suitable framework in order to be considered adequate for the welfare of the animals it contains, and thus to maintain social license to operate.

KEYWORDS
aquaculture, fish, welfare, assessment, certification


1. Introduction

Aquaculture is a rapidly expanding industry, with current estimates suggesting there are over 100 billion fish produced annually.1 This expansion is set to continue, with the recent Blue Foods movement2 pushing for a global expansion of aquaculture. While there are many potential issues with this movement, such as human health and environmental sustainability, one of the biggest problems it raises is of the welfare of the animals used in aquaculture. Importantly, the issue of welfare is currently given very little attention in the literature on Blue Foods production [e.g., (1)], but should play a much more central role in assessing the ethics and sustainability of aquacultural systems. Good welfare should be one of the core goals of the Blue Foods movement and of aquaculture more generally. The primary goal of this paper is to emphasize the importance of welfare considerations in the development and implementation of aquaculture, while demonstrating some of the primary shortcomings that need to be addressed for better welfare assessment moving forward. While the principles and recommendations described are not specific to aquaculture, I take them to be particularly relevant in this context due to the lacks in the current methods used.

Most animals used in aquaculture are finfish (e.g., salmon, trout).3 There has been much debate regarding whether fish are sentient—i.e., capable of experiencing feelings of pleasure or suffering—primarily due to differences in neural anatomy that may or may not be sufficient for conscious experience (3–9). However, evidence of their complex perception, cognition, learning, and behavioral responses, has led many to conclude they are sentient (10–16) and thus have a welfare that can be harmed by poor housing or husbandry practices. Precautionary reasoning suggests that this evidence should still be taken as sufficient for treating animals as sentient, to avoid causing inadvertent harm, even if certainty is lacking (17). With the large number of animals currently produced through aquaculture, and the even higher numbers predicted for the future, this is clearly a consequential issue. There are many aspects of commercial aquaculture that are likely to lead to poor welfare, such as poor water quality, overcrowding, starvation, disease, predation, exposure to environmental stressors, restricted behavior, and improper handling, transport, and killing (18, 19).

Part of considering animal welfare means being clear about what is meant by welfare. There are several commonly-used definitions of animal welfare—biological functioning (physical health and fitness), natural living (performance of natural behaviors), preferences (having what the animal wants), and affective state (the animal's feelings, or subjective experience). Some frameworks will use multiple components, such as the “tripartite” concept of feeling good, functioning well, and living naturally (20, 21), or Dawkins' “two questions” approach that looks at whether an animal is healthy and has what it wants (22, 23). There are also strong links between many of these aspects—for instance the ways feelings may guide animal preferences and behavioral motivation (24) or that evolved natural behaviors will often feel good and be strongly motivated (25)—and this can lead to disagreements about which component is primary. However, while there is still no widespread agreement about which of these, or which grouping of them, is best to use, it is becoming increasingly common for definitions of welfare to include affective state as at least part of what counts in defining and assessing welfare [for further discussion and defense of this view, see (26, 27)]. This is linked to the widespread idea that it is the capacity for suffering (and pleasure) that matters morally and grounds our ethical concern for animals in the first place. Accounts that lack this component risk disengaging themselves from the ethical relevance of welfare (28). Whether one takes the feelings-based account, or the more comprehensive multi-component account, it is clear that it is important to ensure that a welfare assessment takes into account the psychological wellbeing of the animals, not just their physical health.

As part of this, it is important also to consider not only potential negative feelings, but also positive, as welfare should be considered as a spectrum from good to poor. While traditional animal welfare science has focused on measurement and prevention of suffering, there is increasing recognition that the positive states of welfare are also important (29, 30). Positive feelings relevant to welfare could include comfort, satiation, sensory pleasures, social bonds, or the pleasures accompanying behaviors such as exploration or play. While different animals are likely to differ in exactly which of these feelings they can or do experience, they should not be overlooked when thinking about subjectively experienced welfare.

It is important that aquacultural systems ensure good welfare of the animals in their care. However, this can only be done through performing regular welfare assessments using valid indicators of fish welfare, to ensure the conditions of care are suitable, and the animals are doing well. Importantly, we can't ensure that animals have good welfare without having any means to monitor or assess it. Unfortunately, there are no current ongoing reliable methods of welfare monitoring in fish aquaculture (18). While there are currently several certification systems in use for aquaculture, welfare plays a relatively small part in almost all of these. What is needed is a more comprehensive welfare-focused assessment system that can be applied uniformly, to regulate animal welfare in aquaculture, and help inform consumer decisions. This paper aims to help provide some of the guiding principles that should underlie development of such a system. While these are applicable to all types of animal management systems, not just aquaculture, they are focused on where aquaculture in particular is currently lacking.

This paper will first discuss some of the current certification and assessment frameworks, highlighting their limitations, before going on to describe some recommendations for a best-practice welfare assessment process for aquaculture, such as providing a complete assessment of welfare (including valid measures of affective states), feasible for use within an aquaculture setting, and setting appropriate threshold levels for what counts as acceptable welfare. It is not my intention here to create or provide the details of such a framework, but rather to provide recommendations from which one can be created, or by which existing or future welfare assessment tools can be evaluated. The hope is that these considerations can be taken on board and used to help improve welfare assessment for aquaculture and, ultimately, to ensure animals used in aquaculture have good welfare. As is best practice for all systems of animal use, any aquacultural system should be assessed according to a suitable framework in order to be considered adequate for the welfare of the animals it contains, and thus to maintain social license to operate.



2. Current practice


2.1. Certification schemes

There are a variety of different certification programs used for aquaculture. Some of the more prominent of these include the Global Seafoods Alliance Best Aquaculture Practices (BAP),4 the Global Agricultural Practices Aquaculture certification,5 the Aquaculture Stewardship Program,6 and the UK's RSPCA Assured program.7

One of the first problems is that almost all of these programs have welfare as only one small part, alongside other considerations such as environmental impact, social impact, and food safety. Only the RSPCA Assured program focuses on welfare. The RSPCA standards are guidelines for the housing and husbandry of salmon (31) and rainbow trout (32) which describe the requirements for a range of management and environmental conditions for the animals, including the on-farm procedures, handling, transport, health management, water quality, feeding, and slaughter. They also list some “welfare assessment outcomes” (such as skin, deformities, eyes, abnormal behavior, and mortality rates) but say these are currently not formalized.

Secondly, it is difficult to find the details on most of these standards. Even where the specific certification requirements are provided, they often refer to “appropriate” or “adequate” conditions, or “minimal” or “unnecessary” stress and/or suffering, without specifying exactly what these are. There is thus a concern that this will mean different things in different contexts, lacking regularity across the industry, or that they can be set arbitrarily according to the interests of producers.

Finally, the biggest limitation of these programs is that they are formed almost entirely of input measures.8 It is common to divide measures of animal welfare into two categories—often called “input” and “outcome” measures, “environment” and “animal”, or “causal” and “effect” (33). Input measures are welfare indicators that measure some conditions within the environment that will have an impact on the physical or psychological state of the animal—examples include water quality, nutrition, and stocking density. These are then causal inputs to the state of welfare in the animals. Outcome measures are welfare indicators that track the changes in physiology and behavior of the animal in relation to its welfare state, such as poor health, or aggression. These are thus the effects of inadequate living conditions, or poor welfare.

Input measures are often used as they can be easier to collect—simply requiring measurement of pen sizes, temperature, or water sampling. However, they are limited in that they will only work well when a full set is present. For example, measuring only water quality will not tell us much about fish welfare if we don't know anything about the quality of their nutrition. These measures are often taken to assess potential risks to welfare, rather than as measures of welfare itself (34).

By contrast, outcome measures provide a more direct picture of the welfare of the animal, telling us how it is responding to the conditions in its environment. These measures can be more difficult or costly to collect, however. Where these measures are included within the certification schemes, they are only health-based measures, without consideration of the importance of mental states for welfare, as will be discussed further in the next section.



2.2. Assessment frameworks

There are a number of welfare assessment frameworks for aquaculture. The primary of these is the SWIM (salmon welfare index) model (35, 36), which has been built for salmon, but also adapted for sea bass (37) and lumpfish (38). There are also the FISHWELL models, for salmon and trout (39, 40), and the MyFishCheck system (41) which is intended as a more general model, with an app for use on farms. These systems have the benefit of being entirely welfare-focused, using a range of indicators for different aspects of welfare to output an overall welfare score. Importantly, they bring together both input and outcome measures, grouped around different welfare “needs”. These needs included physical needs such as respiration, osmotic balance, nutrition, and health, and behavioral needs such as feeding, social contact, and exploration, and were measured by a wide range of indicators. For example, the SWIM model uses environmental indicators such as water temp, salinity, density, and animal-based indicators including: mortality, appetite, sea lice, body condition, and fin/skin damage. The FISHWELL system focuses more strongly on animal indicators including emaciation, skin damage, scale loss, eye problems, gill problems, deformities, sea lice, fin damage. They also provide a set of context-specific environmental indicators for different management systems. MyFishCheck is divided up into modules covering farm management (e.g., personnel training, cleanliness, procedures, record keeping, feeding, lighting, stocking density), water quality (temp, O2, ammonia, etc.), fish group behavior (aggression, ventilation rate, isolation, fleeing, feeding), fish external appearance (deformations, injuries, body condition), and fish internal appearance (organs, physiology, pathogens).

These frameworks have the advantage of being entirely welfare focused. However, there are also several limitations with these systems. The first is the question of how scores are aggregated into a final grade, particularly how different components are weighted. This is a well-known problem within multi-criteria welfare frameworks such as these (42). Weightings can be highly subjective, and the procedures often opaque. The SWIM model acknowledges this and makes an attempt to be objective about weightings through a thorough literature review that allows a “somewhat subjective, but systematic, scoring based on an assessment of the intensity, duration and incidence of the welfare impact as implied by each scientific statement that has been linked to the [welfare indicator]” [(36), p. 35]. While this is the best currently available method, as the authors acknowledge, there is currently insufficient information available to reliably set weights.

The second problem is that they provide an incomplete picture. That is, while they do well at measuring physical health, they have little consideration of psychological wellbeing. While there are some mentions in the SWIM model of welfare needs such as social contact, and exploration, these are taken to be covered by environmental indicators, without direct validation that these indicators really do track fulfillment of these needs (the issue of validation will be discussed further in the next section). Fishwell describes behavioral measures, but its scoring scheme leaves them out. MyFishCheck includes a few behavioral measures intended to indicate poor psychological welfare (e.g., “apathy”, “fleeing”) but these are not well-defined and form only a small portion of the total assessment. More generally, this issue of selection of appropriate welfare indicators to provide a complete picture of total welfare experience relates back to the choice of definition of welfare. I have already discussed the different concepts of welfare and the importance of considering animal feelings alongside health or physical functioning. While good health is certainly necessary for good welfare, it is not sufficient on its own, without some consideration of the psychological needs of the animals, whether considered as behavioral needs, feelings, or what the animal wants. While many welfare assessment frameworks used for land-based agriculture—such as the Welfare Quality assessments commonly used for several species within the EU (43)—now explicitly include measures aimed at assessing feelings, or psychological wellbeing, its absence in aquaculture is notable and suggests that practitioners within the aquacultural context are focusing only on the physical or health-based aspects of welfare. Where the models do nominally describe behavioral needs, these are then operationalized only in terms of broad environmental provisions, rather than assessing the effects from the point of view of the fish.

Finally, there is the issue of setting appropriate thresholds. This applies to both the certification schemes and these welfare assessment frameworks. All of these have to set the levels at which a measure (or the set of measures) indicate that the animal has a poor, acceptable, or good level of welfare. These can be set for individual indicator scores (e.g., number of skin lesions) or for housing standards (e.g., stocking density). For a certification scheme, a certain minimum standard must be met in order to pass the checks and receive certification. For the assessment frameworks, it is not essential to set such levels, as a score can be assigned regardless of threshold, but it is common to do so—for instance, the SWIM model assigns threshold levels of welfare impact for each indicator (36) and in some uses takes the highest overall score to represent “good” welfare (37). However, the setting of thresholds for acceptable welfare is not an empirical process. It is instead a value-based decision, regarding what we think of as acceptable levels of welfare, and thus can be highly subjective.

It is thus important that there is input from multiple stakeholders in determining what should count as an acceptable welfare threshold. This could be accomplished through something like a Delphi process, in which a group of experts can discuss and refine their decisions to reach agreement (44–47). These should definitely not be set by industry alone, relative only to the conditions regularly seen on-farm—in this case, it could end up that if all farms are not good, then even the highest welfare scores would not actually represent good welfare. Take, for example, one of the on-farm tests of the SWIM model (48). Here, the scores are scaled such that 0 represents the lowest, and 1 the highest score. However, in their 19 assessments (10 farms, all but one visited twice), all received scores above 0.5, and several above 0.8. Given what we know about the range of potential welfare issues in salmon farming, it is highly unlikely that a substantial portion of farms provide salmon with welfare so exceptional it is at 80% of their maximum possible welfare experience. It is far more likely that this is set relative to industry standards, such that these farms do well for a farm but not necessarily for the fish.

Once these thresholds are set, there is then an additional project in determining, for each fish species of interest, what the appropriate housing and husbandry conditions are for meeting this threshold. This project would involve ongoing testing of fish under different conditions, using a range of indicators, such as measures of health, and of the preferences of the animals for different environments or experiences.

Also relevant here is appropriate consideration of positive welfare. As discussed, good welfare should not simply be considered as the absence of suffering or negative affect, but also the presence of positive experiences. This means that when setting thresholds for acceptable levels of welfare, this should not be based only on a “neutral” level of welfare, where all suffering is presumed to be removed, but also with some positive experiences promoted. While the provision of appropriate housing and husbandry to ensure positive experiences for fish is beyond the scope of this paper on welfare measurement,9 I do want to also emphasize that this can't be achieved without methods for measuring or identifying positive welfare states. Any welfare assessment should also have room to identify the presence of positive welfare states, and these should be incorporated into minimum welfare standards.

While the existence of any attempts to measure and certify welfare standards should be applauded, as shown here, there are some strong limitations on the current methods of welfare assessment in aquaculture. The next section will look at how these might be overcome, and what a more ideal welfare assessment framework might look like.




3. Recommendations

Based on the considerations discussed above, we are now in a position to consider some recommendations for best practice welfare assessment in aquaculture. The principles I will discuss are not specific to aquaculture—they are relevant to best practice welfare assessment for any animal species. However, those I have chosen here are those that are particularly relevant within the context of aquaculture, as they are those that have been overlooked within the design of the current welfare assessment frameworks and certification programs. A good welfare assessment tool should consider completeness, validity, feasibility, and setting of reasonable thresholds for acceptable welfare.

The first consideration is completeness. As has been discussed, this is one of the primary drawbacks to the existing methods. While we currently lack methods for determining whether any set of indicators is entirely complete [though see suggestion in (42)], they can be assessed for any obvious gaps or failure to cover some aspect of welfare or important condition for welfare. This should involve including both input and outcome measures, to identify the state of the housing and husbandry of the animal (allowing identification of potential improvements), and to determine the actual impact of these conditions on the welfare of the animals. It should also include measures of both physical health and affective state, so that the psychological wellbeing of the animal is part of the picture, accounting for the positive and negative feelings that contribute to welfare. This could also potentially include some measures of opportunities for natural behavior, since, as discussed earlier, this is another commonly used component of welfare, and—importantly for certification programs—one that many consumers seem to endorse (51, 52). Finally, it should include measures representing positive welfare, to allow for and encourage welfare experiences above the neutral baseline. Some possible behavioral measures of positive welfare in fish include feed anticipation and opportunities for exploratory behavior (53). Preference and motivation testing could additionally be used to identify the conditions and experiences the fish want and are likely to experience positive affects with—for example studies showing that cichlid fish value presence of tank substrate, but less than food and access to social companions (54, 55).

When thinking about completeness, it is useful to draw a distinction between partial and whole-animal measures of welfare (42). Partial indicators are those indicators that assess some aspect of or contributor to welfare, and are therefore incomplete on their own. All input measures, such as tank size or oxygen levels, are partial measures; as are many output measures, such as physiological indicators of stress, growth rate, and behavioral changes. I will not here discuss any specific welfare indicators in detail, but there is a growing literature to draw on regarding different indicators that might be appropriate for fish welfare [see, e.g., reviews in (18, 19, 39, 40, 53, 56, 57)].

Some examples of partial indicators include physiological indicators of stress (e.g., gill or scale cortisol, blood glucose), immune system functioning, heart rate, gill ventilation rate, size or growth rate, and condition of skin mucosa. These seem to primarily serve as indicators of fish health and body condition, as well as overall levels of stress. This is fine if they are explicitly used to measure only these contributors to welfare, alongside other measures aimed at the affective states of the fish. While measures of stress have some ability to track psychological experience alongside physiological stress, they cannot differentiate between positive and negative states of arousal (22) and thus must be used alongside other measures that can. There is therefore a key knowledge gap in developing and validating measures that track fish affective states as well as physical health. Behavioral and cognitive partial measures include aggression, feeding behavior, swimming behavior, feeding behavior, exploratory behavior, and stereotypic behaviors. Some of these behaviors can indicate how well a fish is meeting its needs—for example, feeding behavior relates to nutritional needs, and is likely to relate to the experiences of hunger and satiation. Others, such as aggression or stereotypic behavior can indicate past or present welfare problems, such as feelings of frustration or unmet behavioral needs (58).

Partial measures can be used together to form a more complete picture of overall welfare, such as is common in many welfare assessment frameworks used for agricultural animals, including Welfare Quality (43), Five Domains (59), and welfare Decision Support Systems [e.g., SOWEL models; (60, 61)]. However, when this set is inaccurate (contains measures unrelated to welfare) or incomplete (fails to include measures of important aspects of welfare), there will be a loss of information about welfare, and the risk of drawing inaccurate conclusions. Completeness of a set of indicators can be judged by expert panels to pick up on any obvious mistakes or exclusions, such as in the building of the welfare Decision Support Systems (60, 61), or validated against whole-animal measures of welfare (42).

In contrast with partial measures, whole-animal measures use a single measure to represent the entire state of welfare for the animal. This has the obvious benefit of being a complete welfare measure, inclusive of all the external and internal states that are impacting an animal's welfare. Examples of whole-animal indicators of welfare that may work for fish include Qualitative Behavioral Analysis (QBA), cognitive bias, laterality, and skin mucosa. QBA uses an observer assessment of the overall behavioral profile of the animal to form a judgment about its welfare (62, 63), and has shown both good inter-observer reliability and validity when tested against other welfare indicators (64). The method has been successfully used in a variety of mammals and some birds (65–70) and some recent work suggests it will also work in salmon (71). If this method can be further explored and validated for fish, it could form a powerful on-farm method of assessing fish welfare.

Cognitive bias testing looks to measure the overall affective state of an animal through its effects on different cognitive processes, such as attention and memory. The most well-developed is cognitive judgment bias, a method that measures an animal's affective state through the degree to which it demonstrates optimism or pessimism in interpreting ambiguous stimuli (72, 73). This method can be used to assess the overall welfare state of an animal as represented by its “mood”, though it is not yet entirely certain how this relates to other aspects, such as interaction with animal preferences, or acute vs. ongoing welfare experience (74). It has been used across a range of species and welfare conditions, such as differences in environment, feeding, and social housing (72) and has been successfully performed with fish to test for the effects of pair bonding on affective state in a cichlid (75). Its primary drawback is that it requires prior training of the animal in order to administer and thus is less useful for an on-farm assessment. It could perhaps be used instead for a more general test of the welfare of a fish housed in similar conditions within a testing situation, with an inference to the probable welfare of fish on farm. Other types of cognitive bias testing, such as attention bias, require less preparation for testing and may thus be of more use within an assessment scheme (76), but more work is needed to develop these methods for use with any animals, with no current work using it as an indicator for fish.

Measures of laterality rely on the fact that positive and negative emotions are processed in different hemispheres of the brain, and measures that determine the dominant side may thus indicate the current welfare status of the animal (77). A recent review has proposed laterality as a useful welfare indicator for fish (78). However, while there is some evidence laterality will alter with stress and changes in emotional state, these measures require further validation before use—it is currently uncertain whether changes in laterality would track changes in welfare state for fish and in particular whether this relates to affective experience or just stress more generally.

One final potential measure of fish welfare is quality of skin mucosa. Fish skin mucosa is sensitive and will worsen with poor health, poor diet, and stress (79), so could potentially be a good whole-animal indicator; however it currently seems primarily to track changes in health and physiological stress and while these may be related to how the animal feels, more work is needed to validate it as a good measure of affective states.

There are a range of potential whole-animal measures of welfare, although these are all relatively new and require more work to be more confident about their use for fish. Once developed, such measures will be powerful tools as they would allow us to take a single measurement to represent the entire welfare experience of the animal. In the meantime, our next-best option is to use what we have, supported by our best attempts at complete sets of partial measures. As whole-animal measures don't tell us anything about the specific contributors to good or poor welfare, partial indicators can help with making specific recommendations as they can each tell us something about which environmental conditions are influencing welfare, or which specific positive or negative affects the animal is experiencing. These then allow for targeted interventions where they are needed to improve welfare. I have argued elsewhere that for this reason it is best to use whole-animal measures alongside well-constructed sets of partial indicators, to gain the benefits and offset the drawbacks of each and in particular to validate the completeness of sets of partial indicators (42).

This leads to the second consideration for constructing welfare assessments, which is that measures need to be valid. That is, they need to be tracking the actual welfare of the animals, and not something else, such as productivity. If we take the affective state view on welfare, this means that the indicators used within an assessment framework should be linked to the affective states of the animal. While many physical measures may reasonably do so (e.g., skin damage is likely to cause pain), others should be tested to ensure that they do correlate with subjective experiences (e.g., growth rate might reflect a lot of other factors unrelated to welfare experience). What matters is that these links are explicitly tested to ensure the indicators are really valid measures of what the fish is experiencing. Validation can occur in several different ways. Indicators can be validated for correlation with other already established welfare measures. When such measures are not yet available, as may be the case for measures aimed at representing affective states in fish, validation can proceed through using multiple tests under varying conditions that, according to our best available theories of fish evolutionary ecology and behavioral biology, are likely to increase or decrease their welfare [see (33)]. Each of the measures used in a framework should be validated for their link to welfare, as should the overall outputs of the tool itself, to ensure that the final scores do represent the total welfare of the animals assessed. As I have mentioned for many of the indicators discussed, validation of welfare measures for fish is one of the most pressing evidence gaps in fish welfare assessment.

Third, the measures must be feasible for use within an aquaculture assessment or certification scheme. They should be simple enough to use on-farm, without taking too much time or money to implement. Several writers have discussed the requirements for operational welfare indicators (OWIs) for use on fish farms—that they should be valid, reliable, accurate, cost effective, easy to use, and have a low impact on the animals (19, 38–40, 56, 57, 80). This should also include a preference for non-invasive measures, as invasive measures can cause pain and/or stress to the animal and thus themselves compromise welfare [see (18) for discussion of invasive and non-invasive indicators of fish welfare]. It is obviously the case that no set of indicators will perfectly meet all these requirements, as there will be inevitable trade-offs between the different features of any indicator and the “best” outcome will depend on features of the context (42). While some features, such as validity and accuracy will be necessary requirements for indicators to function at all, other features such as cost effectiveness or ease of use will be pursued only so far as is possible within other constraints. There are some particular limitations arising from aquaculture—such as the difficulty in observing individual fish within larger tanks—that will influence the choices made.

One potential development that may help here is the use of precision livestock farming (PLF). PLF involves the use of digital technologies to monitor animals and potentially alert farmers of any issues. Although there is a growing literature on the causes for caution with these methods (81–84), used well they could represent a promising method for monitoring in aquaculture, as “precision fish farming” (85). It is often difficult to monitor groups of fish, as the groups are large and many are underwater where they cannot be directly observed by humans. Use of underwater cameras, infrared, and sonar, alongside computer coding and individual recognition technologies are already commonly used in aquaculture, to monitor feeding for example, and could help identify health and behavioral problems that can't always be seen from the surface (18, 85, 86). In particular, changes in behavior such as aggression or stereotypies could be direct indicators of psychological stress. Video footage could also be used for performing QBA, as described above.

Biosensors or biologgers attached to the fish have been used to directly measure physiological variables such as heart rate or glucose levels (18, 87, 88); that can be used as measures of arousal or physiological stress, potentially useful alongside other more direct measures of the valence of the animals' experiences. These are an invasive method at application, with the corresponding stress of capture for implantation and removal if necessary, but once they are placed the ongoing data collection and monitoring is non-invasive [though effects on growth rate and behavior have been observed; (88)] and may be useful if methods were to be improved to minimize the impact on the fish. The limitations of all these digital methods are the potential costs involved in purchasing and setting up the technology, and training on its use. However, with work already underway testing their use in an aquacultural setting (85), the hope is that this can lead to availability of options that are both affordable and feasible in this context.

Finally, there is the issue of setting the thresholds for acceptable welfare. These thresholds are used to determine whether or not a particular condition, or farming context, sufficiently meets the welfare needs of the animal. These should be reasonable levels set through consultation with multiple stakeholders, including industry professionals, welfare scientists, and fish experts. This first involves agreeing on what level of welfare is considered acceptable for approving or certifying a farm. Ideally, standards for minimum acceptability should be mildly positive, such that the animals are not suffering at all and experience at least some of the positive welfare states that most would consider necessary for a good life. There could also be use of “aspirational” tiers of higher welfare, where animals have a higher positive score. These could potentially be used in consumer labeling schemes to encourage consumers to support high-welfare systems, and to encourage producers to strive for high welfare. The second stage of this process would then be the more research-intensive, involving ongoing testing of each fish species used to find the housing and husbandry conditions that are sufficient for meeting these welfare thresholds.



4. Remaining issues

As well as some of the limitations of the current methods of welfare assessment already discussed, there are some more general issues relating to welfare assessment in aquaculture. The first issue is the problem of species diversity. This has been discussed in detail by Franks et al. (89) and Sánchez-Suárez et al. (90). The problem is that the species used in aquaculture are extremely diverse—far from just being “fish”, many of these species are more taxonomically distinct than are terrestrial agricultural animals such as sheep and cows. Just as the same welfare conditions and measurement indicators (inputs and outcomes) are not the same for sheep as they are for cows, neither are they for salmon and tilapia. Instead, sufficient knowledge is required for every species kept, both on their requirements for good housing and husbandry, and the measurement indicators for their welfare. This may prove to be prohibitively difficult and time consuming for all but the most common and well-researched species, such as the salmonids. Certainly, there is currently limited information available on most species.10 Filling these information gaps should be a high priority for fish welfare; and approval for aquaculture involving new species should not go ahead where sufficient knowledge is not available, particularly regarding measures for assessing welfare.

There are also issues relating specifically to assessment and certification schemes. It is beyond the scope of this paper to address the design and enforcement of commercial welfare certification, but there are a few considerations I take it are worth keeping in mind for those involved in the design or implementation of these schemes. These are general issues that show up for all current animal welfare certification, but with the relative novelty and expansion of aquaculture, they have particular significance in this context. First, there needs to be clear enforcement, regarding what happens when the conditions are not met—ideally more than just losing certification. Having legislative force behind minimum standards for welfare in aquaculture would help ensure no animals are being kept below an agreed minimum baseline. While enforcement is likely to be easier in countries with existing welfare legislation, we should expect additional challenges for countries still developing in this area. For instance, China produces almost 60% of global aquaculture output (1) but currently has no animal welfare legislation in place. Working with local producers, industry groups, and legislators in these regions could then have a large benefit.

Related to this, there should be transparency behind the requirements, such that they are easily available for consumers and other stakeholders to access. As mentioned in the beginning, many of the current certification schemes are quite opaque, with little detail available on exactly what is required to pass. Available information could take the form of documents listing what is tested and which thresholds need to be met, for those interested in the details. For consumers who are more interested just in ensuring they are buying an ethical product, a simple but clear description of what is achieved relative to the specific needs or wants of the animals could be more helpful. Initiatives such as the British Veterinary Association's “Choose Assured” infographic11 represent how this can be successfully achieved. There should also be consistency in the way assessment and certification are applied across different species, or different contexts (such as farms for the same species in different regions). Certification must mean the same thing, or else consumers face difficulty in understanding exactly when they are purchasing high welfare products, diminishing their ability to make this choice. There is a growing concern about “humanewashing”, in which misleading animal welfare certification leads consumers to mistakenly believe they are buying products with higher animal welfare standards than they actually are. Transparency and consistency across labeling schemes would help increase their reliability and trustworthiness (93).



5. Conclusion

Aquaculture is a rapidly expanding industry, one that claims to provide many potential global benefits, as a putatively sustainable method of feeding a growing global population. However, it is crucial that animal welfare concerns are central in the development and implementation of aquaculture. If they are not prioritized early on, it becomes much more difficult to adapt in future. To this end, it is important to ensure the availability of high-quality welfare assessment schemes to evaluate the welfare of animals in aquaculture and promote and maintain high welfare standards. In this paper I have discussed some limitations of current methods, and outlined the desirable features for best-practice welfare assessment in aquaculture; particularly relating to the general omission of consideration for subjective welfare experience, and lack of research on the welfare needs and welfare indicators for fish species.

Looking at welfare assessment through this lens identifies some key priorities for research and development of welfare assessment in aquaculture. The first is in altering current welfare assessment and certification frameworks to include some measures that are directly tracking (or attempting to track) how the animals feel. This then brings us to the second priority: increasing research into developing and validating indicators of fish welfare that specifically track affective states—either whole-animal measures such as QBA, or other behavioral or physiological measures that can be demonstrated to indicate how a fish is feeling. Further research is also needed into the best housing and husbandry conditions for different commonly farmed species, with a focus on use of preference and motivation tests to identify what the fishes themselves want, as a guide to what will be best for their welfare. In particular, this should extend to identifying the behavioral needs of the different species, and how to meet them. This will then allow for more empirically-informed decisions about where to set appropriate thresholds for acceptable conditions or welfare levels.

In some cases, such as developing aquaculture in regions without strong animal welfare legislation already in place, these steps may not yet be possible. Instead, we might need to think about the minimum efforts that would be necessary to ensure the worst types of harms are prevented. However, this should not be mistaken for an acceptance that these first steps represent satisfactory fish welfare—they should be seen instead as the “better than nothing” minimal starting points. Primarily, this would be to undertake any type of welfare assessment or certification at all in cases where this might be lacking, even if just using the health-focused frameworks described above. While I have recommended that species not be kept for which specific welfare assessments are lacking, in cases where such species will be used anyway, using some basic or generic health assessment can work as a stop-gap until proper species-specific assessments are developed. Once these are in place, they can work toward adding measures representing how the animals feel, and continuing research into the best housing and husbandry conditions, as described above.

Although this is far from a complete guide to fish welfare assessment, it is my hope that these considerations can be taken on board and used to help improve welfare assessment for aquaculture and, ultimately, to ensure animals used in aquaculture have a higher level of welfare.
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Footnotes

1http://fishcount.org.uk/fish-count-estimates-2/numbers-of-farmed-fish-slaughtered-each-year

2https://bluefood.earth/

3Though there are some invertebrate species also used in aquaculture (e.g., octopus, crustaceans), their different behavior, physiology, and welfare needs can raise some distinct considerations. This paper will therefore focus on fish, as these are the only groups for which any commercial welfare assessment schemes currently exist [though see (2) for a detailed assessment tool for zoo-housed cephalopods and decapods], but I take many of the same issues to apply to invertebrates used in aquaculture and development of appropriate welfare assessment is just as important in these cases.

4https://www.bapcertification.org/

5https://www.globalgap.org/uk_en/for-producers/globalg.a.p./integrated-farm-assurance-ifa/aquaculture/

6https://www.asc-aqua.org/

7https://www.rspcaassured.org.uk/farm-animal-welfare/salmon-trout/

8Note that the RSPCA previously used animal welfare outcomes for trout, but these were removed from the most recent version of the auditing process; they also state that they are currently developing “Welfare Outcomes Assessments” for salmon, but these are not yet available.

9Though it is worth noting that this seems to be entirely possible for fish—for instance, many aquatic species have been shown to respond positively to behavioral and environmental enrichment (49, 50).

10If we were to consider other species, such as aquatic invertebrates (e.g., shrimp, octopus, and crayfish), the problem becomes even starker as there are almost no welfare measures currently developed, and development of indicators for these species should be a high priority (91, 92).

11https://www.bva.co.uk/media/3767/bva-uk-farm-assurance-schemes-choose-assured-infographic-october-2020.pdf



References

 1. Naylor RL, Hardy RW, Buschmann AH, Bush SR, Cao L, Klinger DH, et al. A 20-year retrospective review of global aquaculture. Nature. (2021) 591:551–63. doi: 10.1038/s41586-021-03308-6

 2. Narshi TM, Free D, Justice WSM, Smith SJ, Wolfensohn S. Welfare assessment of invertebrates: adapting the animal welfare assessment grid (AWAG) for zoo decapods and cephalopods. Animals. (2022) 12:1675. doi: 10.3390/ani12131675

 3. Braithwaite VA, Droege P. Why human pain can't tell us whether fish feel pain. Anim Sentience. (2016) 1:3. doi: 10.51291/2377-7478.1041 

 4. Dinets V. No cortex, no cry. Anim Sentience. (2016) 1:7. doi: 10.51291/2377-7478.1027 

 5. Elwood RW. A single strand of argument with unfounded conclusion. Anim Sentience. (2016) 1:19. doi: 10.51291/2377-7478.1056 

 6. Key B. Why fish do not feel pain. Anim Sentience. (2016) 3:1. doi: 10.51291/2377-7478.1011 

 7. Rose JD. The neurobehavioral nature of fishes and the question of awareness and pain. Revi Fish Sci. (2002) 10:1–38. doi: 10.1080/20026491051668 

 8. Rose JD, Arlinghaus R, Cooke SJ, Diggles BK, Sawynok W, Stevens ED, et al. Can fish really feel pain? Fish Fish. (2014) 15:97–133. doi: 10.1111/faf.12010 

 9. Seth AK. Why fish pain cannot and should not be ruled out. Anim Sentience. (2016) 1:14. doi: 10.51291/2377-7478.1038 

 10. Braithwaite VA, Ebbesson LOE. Pain and stress responses in farmed fish. Rev Sci Tech. (2014) 33:245–53. doi: 10.20506/rst.33.1.2285

 11. Broom DM. Cognitive ability and sentience: which aquatic animals should be protected? Dis Aquat Organ. (2007) 75:99–108. doi: 10.3354/dao075099

 12. Brown C. Fish intelligence, sentience and ethics. Anim Cogn. (2015) 18:1–17. doi: 10.1007/s10071-014-0761-0

 13. Fernö A, Folkedal O, Nilsson J, Kristiansen TS. Inside the fish brain: cognition, learning and consciousness. In: Kristiansen TS, Fernö A, Pavlidis MA, Hans van de Vis, editors. The Welfare of Fish. Cham: Springer (2020). p. 149–83. 

 14. Jones RC. Science, sentience, and animal welfare. Biol Philos. (2013) 28:1–30. doi: 10.1007/s10539-012-9351-1 

 15. Lambert H, Cornish A, Elwin A, D'Cruze N. A kettle of fish: a review of the scientific literature for evidence of fish sentience. Animals. (2022) 12:1182. doi: 10.3390/ani12091182

 16. Sneddon LU, Elwood RW, Adamo SA, Leach MC. Defining and assessing animal pain. Anim Behav. (2014) 97:201–12. doi: 10.1016/j.anbehav.2014.09.007 

 17. Birch J. Animal sentience and the precautionary principle. Anim Sentience. (2017) 2:1. doi: 10.51291/2377-7478.1200

 18. Barreto MO, Rey Planellas S, Yang Y, Phillips C, Descovich K. Emerging indicators of fish welfare in aquaculture. Rev Aquacult. (2021) 14:343–61. doi: 10.1111/raq.12601 

 19. Kristiansen TS, Madaro A, Stien LH, Bracke MBM, Noble C. Theoretical basis and principles for welfare assessment of farmed fish. In: Benfey TJ, Farrell AP, Brauner CJ, editors. Fish Physiology, Vol. 38. Academic Press (2020). p. 193–236. 

 20. Fraser D, Weary DM, Pajor EA, Milligan BN. A scientific conception of animal welfare that reflects ethical concerns. Anim Welfare. (1997) 6:187–205. doi: 10.1017/S0962728600019795 

 21. Green TC, Mellor DJ. Extending ideas about animal welfare assessment to include ‘quality of life' and related concepts. N Z Vet J. (2011) 59:263–71. doi: 10.1080/00480169.2011.610283

 22. Dawkins MS. Behaviour as a tool in the assessment of animal welfare. Zoology. (2003) 106:383–7. doi: 10.1078/0944-2006-00122

 23. Dawkins MS. Using behaviour to assess animal welfare. Anim Welfare. (2004) 13:S3–8. doi: 10.1017/S0962728600014317 

 24. Gygax L. Wanting, liking and welfare: the role of affective states in proximate control of behaviour in vertebrates. Ethology. (2017) 123:689–704. doi: 10.1111/eth.12655 

 25. Gygax L, Hillmann E. “Naturalness” and its relation to animal welfare from an ethological perspective. Agriculture. (2018) 8:136. doi: 10.3390/agriculture8090136 

 26. Browning H. The natural behavior debate: two conceptions of animal welfare. J Appl Anim Welfare Sci. (2019) 23:325–37. doi: 10.1080/10888705.2019.1672552

 27. Browning H. If I Could Talk to the Animals: Measuring Subjective Animal Welfare. (2020). Available online at: https://openresearch-repository.anu.edu.au/handle/1885/206204 (accessed November 10, 2023). 

 28. Birch J. Should animal welfare be defined in terms of consciousness? Philos Sci. (2022) 89:1114–23. doi: 10.1017/psa.2022.59 

 29. Turner PV. Moving beyond the absence of pain and distress: Focusing on positive animal welfare. ILAR J. (2020) 60:366–72. doi: 10.1093/ilar/ilaa017

 30. Yeates JW, Main DCJ. Assessment of positive welfare: a review. Vet J. (2008) 175:293–300. doi: 10.1016/j.tvjl.2007.05.009

 31. RSPCA. RSPCA Welfare Standards for Farmed Atlantic Salmon (2021). Available online at: https://science.rspca.org.uk/documents/1494935/9042554/RSPCA+welfare+standards+for+farmed+Atlantic+salmon+%28PDF%29.pdf/60ae55ee-7e92-78f9-ab71-ffb08c846caa?t=1618493958793 

 32. RSPCA. RSPCA Welfare Standards for Farmed Rainbow Trout (2018). Available online at: https://science.rspca.org.uk/documents/1494935/9042554/RSPCA+Trout+Welfare+Standards+2020.pdf/3f74881f-577b-d4bb-22f0-a9792a298db6?t=1618819287216 

 33. Browning H. Validating indicators of subjective animal welfare. Philos Sci. (2023) 1–13. doi: 10.1017/psa.2023.10 

 34. Sherwen S, Hemsworth L, Beausoleil N, Embury A, Mellor D. An animal welfare risk assessment process for zoos. Animals. (2018) 8:130. doi: 10.3390/ani8080130

 35. Pettersen JM, Bracke MBM, Midtlyng PJ, Folkedal O, Stien LH, Steffenak H, et al. Salmon welfare index model 2.0: an extended model for overall welfare assessment of caged Atlantic salmon. based on a review of selected welfare indicators and intended for fish health professionals. Rev Aquacult. (2014) 6:162–79. doi: 10.1111/raq.12039 

 36. Stien LH, Bracke MBM, Folkedal O, Nilsson J, Oppedal F, Torgersen T, et al. Salmon Welfare Index Model (SWIM 1.0): a semantic model for overall welfare assessment of caged Atlantic salmon: review of the selected welfare indicators and model presentation. Rev Aquacult. (2013) 5:33–57. doi: 10.1111/j.1753-5131.2012.01083.x 

 37. Yavuzcan Yildiz H, Chatzifotis S, Anastasiadis P, Parisi G, Papandroulakis N. Testing of the Salmon Welfare Index Model (SWIM 1.0) as a computational welfare assessment for sea-caged European sea bass. Italian J Anim Sci. (2021) 20:1423–30. doi: 10.1080/1828051X.2021.1961106 

 38. Gutierrez Rabadan C, Spreadbury C, Consuegra S, Garcia de Leaniz C. Development, validation and testing of an Operational Welfare Score Index for farmed lumpfish Cyclopterus lumpus L. Aquaculture. (2021) 531:735777. doi: 10.1016/j.aquaculture.2020.735777 

 39. Noble C, Gismervik K, Iversen MH, Kolarevic J, Nilsson J, Stien LH, et al. Welfare Indicators for Farmed Atlantic Salmon—Tools for Assessing Fish Welfare (2018). Available online at: https://core.ac.uk/download/pdf/225907892.pdf 

 40. Noble C, Gismervik K, Iversen MH, Kolarevic J, Nilsson J, Stien LH, et al. Welfare Indicators for Farmed Rainbow Trout: Tools for Assessing Fish Welfare (2020). Available online at: https://www.storre.stir.ac.uk/bitstream/1893/31242/1/Welfare%20Indicators%20for%20farmed%20rainbow%20trout-Noble%20et%20al.-May%202020.pdf 

 41. Tschirren L, Bachmann D, Güler AC, Blaser O, Rhyner N, Seitz A, et al. MyFishCheck: a model to assess fish welfare in aquaculture. Animals. (2021) 11:145. doi: 10.3390/ani11010145

 42. Browning H. Assessing measures of animal welfare. Biol Philos. (2022) 37:1–24. doi: 10.1007/s10539-022-09862-1 

 43. Botreau R, Veissier I, Perny P. Overall assessment of animal welfare: strategy adopted in Welfare Quality®. Anim Welfare. (2009) 18:363–70. doi: 10.1017/S0962728600000762 

 44. Truelove MA, Martin JE, Langford FM, Leach MC. The identification of effective welfare indicators for laboratory-housed macaques using a Delphi consultation process. Sci Rep. (2020) 10:20402. doi: 10.1038/s41598-020-77437-9

 45. Veasey JS. Can zoos ever be big enough for large wild animals? A review using an expert panel assessment of the psychological priorities of the Amur Tiger (Panthera tigris altaica) as a model species. Animals. (2020) 10:1536. doi: 10.3390/ani10091536

 46. Whittaker AL, Golder-Dewar B, Triggs JL, Sherwen SL, McLelland DJ. Identification of animal-based welfare indicators in captive reptiles: a Delphi consultation survey. Animals. (2021) 11:2010. doi: 10.3390/ani11072010

 47. Veasey JS. Assessing the psychological priorities for optimising captive Asian Elephant (Elephas maximus) welfare. Animals. (2020) 10:39. doi: 10.3390/ani10010039

 48. Folkedal O, Pettersen J, Bracke MBM, Stien L, Nilsson J, Martins C, et al. On-farm evaluation of the Salmon Welfare Index Model (SWIM 1.0): theoretical and practical considerations. Anim Welfare. (2016) 25:135–49. doi: 10.7120/09627286.25.1.135 

 49. Arechavala-Lopez P, Cabrera-Álvarez MJ, Maia CM, Saraiva JL. Environmental enrichment in fish aquaculture: a review of fundamental and practical aspects. Rev Aquacult. (2022) 14:704–28. doi: 10.1111/raq.12620 

 50. Zhang Z, Gao L, Zhang X. Environmental enrichment increases aquatic animal welfare: a systematic review and meta-analysis. Rev Aquacult. (2022) 14:1120–35. doi: 10.1111/raq.12641 

 51. Lassen J, Sandøe P, Forkman B. Happy pigs are dirty! – Conflicting perspectives on animal welfare. Livestock Sci. (2006) 103:221–30. doi: 10.1016/j.livsci.2006.05.008 

 52. Vanhonacker F, Verbeke W, Van Poucke E, Tuyttens FAM. Do citizens and farmers interpret the concept of farm animal welfare differently? Livest Sci. (2008) 116:126–36. doi: 10.1016/j.livsci.2007.09.017 

 53. Martins CIM, Galhardo L, Noble C, Damsgård B, Spedicato MT, Zupa W, et al. Behavioural indicators of welfare in farmed fish. Fish Physiol Biochem. (2012) 38:17–41. doi: 10.1007/s10695-011-9518-8

 54. Galhardo L, Almeida O, Oliveira RF. Preference for the presence of substrate in male cichlid fish: effects of social dominance and context. Appl Anim Behav Sci. (2009) 120:224–30. doi: 10.1016/j.applanim.2009.07.001 

 55. Galhardo L, Almeida O, Oliveira RF. Measuring motivation in a cichlid fish: an adaptation of the push-door paradigm. Appl Anim Behav Sci. (2011) 130:60–70. doi: 10.1016/j.applanim.2010.12.008 

 56. Huntingford FA, Kadri S. Defining, assessing and promoting the welfare of farmed fish. Revue Scientifique et Technique. (2014) 33:233–44. doi: 10.20506/rst.33.1.2286

 57. Segner H, Sundh H, Buchmann K, Douxfils J, Sundell KS, Mathieu C, et al. Health of farmed fish: its relation to fish welfare and its utility as welfare indicator. Fish Physiol Biochem. (2012) 38:85–105. doi: 10.1007/s10695-011-9517-9

 58. Mason GJ. Stereotypies and suffering. Behav Processes. (1991) 25:103–15. doi: 10.1016/0376-6357(91)90013-P

 59. Mellor DJ, Beausoleil NJ, Littlewood KE, McLean AN, McGreevy PD, Jones B, et al. The 2020 five domains model: including human–animal interactions in assessments of animal welfare. Animals. (2020) 10:1870. doi: 10.3390/ani10101870

 60. Bracke MBM, Spruijt BM, Metz JHM, Schouten WGP. Decision support system for overall welfare assessment in pregnant sows A: model structure and weighting procedure. J Anim Sci. (2002) 80:1819–34. doi: 10.2527/2002.8071819x

 61. Bracke MBM, Metz JHM, Spruijt BM, Schouten WGP. Decision support system for overall welfare assessment in pregnant sows B: validation by expert opinion. J Anim Sci. (2002) 80:1835–45. doi: 10.2527/2002.8071835x

 62. Wemelsfelder F, Hunter TEA, Mendl M, Lawrence AB. Assessing the ‘whole animal': a free choice profiling approach. Anim Behav. (2001) 62:209–20. doi: 10.1006/anbe.2001.1741 

 63. Wemelsfelder F. How animals communicate quality of life: the qualitative assessment of behaviour. Anim Welfare. (2007) 16:25–31. doi: 10.1017/S0962728600031699 

 64. Fleming PA, Clarke T, Wickham SL, Stockman CA, Barnes AL, Collins T, et al. The contribution of qualitative behavioural assessment to appraisal of livestock welfare. Anim Prod Sci. (2016) 56:1569–78. doi: 10.1071/AN15101 

 65. Delfour F, Monreal-Pawlowsky T, Vaicekauskaite R, Pilenga C, Garcia-Parraga D, Rödel HG, et al. Dolphin welfare assessment under professional care: ‘willingness to participate', an indicator significantly associated with six potential ‘alerting factors'. J Zool Botanical Gardens. (2020) 1:42–60. doi: 10.3390/jzbg1010004 

 66. Gutmann AK, Schwed B, Tremetsberger L, Winckler C. Intra-day variation of Qualitative Behaviour Assessment outcomes in dairy cattle. Anim Welfare. (2015) 24:319–26. doi: 10.7120/09627286.24.3.319 

 67. Muri K, Stubsjøen SM, Vasdal G, Moe RO, Granquist EG. Associations between qualitative behaviour assessments and measures of leg health, fear and mortality in Norwegian broiler chicken flocks. Appl Anim Behav Sci. (2019) 211:47–53. doi: 10.1016/j.applanim.2018.12.010 

 68. Patel F, Wemelsfelder F, Ward SJ. Using qualitative behaviour assessment to investigate human-animal relationships in zoo-housed giraffes (Giraffa camelopardalis). Animals. (2019) 9:381. doi: 10.3390/ani9060381

 69. Wemelsfelder F, Hunter EA, Mendl M, Lawrence AB. The spontaneous qualitative assessment of behavioural expressions in pigs: First explorations of a novel methodology for integrative animal welfare measurement. Appl Anim Behav Sci. (2000) 67:193–215. doi: 10.1016/S0168-1591(99)00093-3

 70. Wickham SL, Collins T, Barnes AL, Miller DW, Beatty DT, Stockman CA, et al. Validating the use of qualitative behavioral assessment as a measure of the welfare of sheep during transport. J Appl Anim Welfare Sci. (2015) 18:269–86. doi: 10.1080/10888705.2015.1005302

 71. Jarvis S, Ellis MA, Turnbull JF, Planellas SR, Wemelsfelder F. Qualitative Behavioral Assessment in juvenile farmed Atlantic salmon (Salmo salar): potential for on-farm welfare assessment. Front Vet Sci. (2021) 8:702783. doi: 10.3389/fvets.2021.702783

 72. Lagisz M, Zidar J, Nakagawa S, Neville V, Sorato E, Paul ES, et al. Optimism, pessimism and judgement bias in animals: a systematic review and meta-analysis. Neurosci Biobehav Rev. (2020) 118:3–17. doi: 10.1016/j.neubiorev.2020.07.012

 73. Mendl M, Burman OHP, Parker RMA, Paul ES. Cognitive bias as an indicator of animal emotion and welfare: emerging evidence and underlying mechanisms. Appl Anim Behav Sci. (2009) 118:161–81. doi: 10.1016/j.applanim.2009.02.023 

 74. Paul ES, Browne W, Mendl MT, Caplen G, Trevarthen A, Held S, et al. Assessing animal welfare: a triangulation of preference, judgement bias and other candidate welfare indicators. Anim Behav. (2022) 186:151–77. doi: 10.1016/j.anbehav.2022.02.003 

 75. Laubu C, Louâpre P, Dechaume-Moncharmont F-X. Pair-bonding influences affective state in a monogamous fish species. Proc R Soc B Biol Sci. (2019) 286:20190760. doi: 10.1098/rspb.2019.0760

 76. Crump A, Arnott G, Bethell E. Affect-driven attention biases as animal welfare indicators: review and methods. Animals. (2018) 8:136. doi: 10.3390/ani8080136

 77. Goursot C, Düpjan S, Puppe B, Leliveld LMC. Affective styles and emotional lateralization: a promising framework for animal welfare research. Appl Anim Behav Sci. (2021) 237:105279. doi: 10.1016/j.applanim.2021.105279 

 78. Berlinghieri F, Panizzon P, Penry-Williams IL, Brown C. Laterality and fish welfare—A review. Appl Anim Behav Sci. (2021) 236:105239. doi: 10.1016/j.applanim.2021.105239 

 79. Sanahuja I, Ibarz A. Skin mucus proteome of gilthead sea bream: a non-invasive method to screen for welfare indicators. Fish Shellfish Immunol. (2015) 46:426–35. doi: 10.1016/j.fsi.2015.05.056

 80. Stien LH, Bracke M, Noble C, Kristiansen TS. Assessing fish welfare in aquaculture. In: Kristiansen TS, Fernö A, Pavlidis MA, van de Vis H, editors. The Welfare of Fish, Vol. 20. Switzerland: Springer International Publishing (2020). p. 303–322. 

 81. Gómez Y, Stygar AH, Boumans IJMM, Bokkers EAM, Pedersen LJ, Niemi JK, et al. A systematic review on validated Precision Livestock Farming technologies for pig production and its potential to assess animal welfare. Front Vet Sci. (2021) 8:660565. doi: 10.3389/fvets.2021.660565

 82. Guzhva O, Siegford JM, Lunner Kolstrup C. The hitchhiker's guide to integration of social and ethical awareness in Precision Livestock Farming research. Front Anim Sci. (2021) 2:725710. doi: 10.3389/fanim.2021.725710 

 83. Schillings J, Bennett R, Rose DC. Animal welfare and other ethical implications of Precision Livestock Farming technology. CABI Agriculture Biosci. (2021) 2:17. doi: 10.1186/s43170-021-00037-8 

 84. Schillings J, Bennett R, Rose DC. Exploring the potential of precision livestock farming technologies to help address farm animal welfare. Front Anim Sci. (2021) 2:639678. doi: 10.3389/fanim.2021.639678 

 85. Føre M, Frank K, Norton T, Svendsen E, Alfredsen JA, Dempster T, et al. Precision fish farming: a new framework to improve production in aquaculture. Biosyst Eng. (2018) 173:176–93. doi: 10.1016/j.biosystemseng.2017.10.014 

 86. Saberioon M, Gholizadeh A, Cisar P, Pautsina A, Urban J. Application of machine vision systems in aquaculture with emphasis on fish: state-of-the-art and key issues. Rev Aquacult. (2017) 9:369–87. doi: 10.1111/raq.12143 

 87. Endo H, Wu H. Biosensors for the assessment of fish health: a review. Fish Sci. (2019) 85:641–54. doi: 10.1007/s12562-019-01318-y 

 88. Hvas M, Folkedal O, Oppedal F. Heart rate bio-loggers as welfare indicators in Atlantic salmon (Salmo salar) aquaculture. Aquaculture. (2020) 529:735630. doi: 10.1016/j.aquaculture.2020.735630 

 89. Franks B, Ewell C, Jacquet J. Animal welfare risks of global aquaculture. Sci Adv. (2021) 7:eabg0677. doi: 10.1126/sciadv.abg0677

 90. Sánchez-Suárez W, Franks B, Torgerson-White L. From land to water: taking fish welfare seriously. Animals. (2020) 10:1585. doi: 10.3390/ani10091585

 91. Albalat A, Zacarias S, Coates CJ, Neil DM, Planellas SR. Welfare in farmed decapod crustaceans, with particular reference to Penaeus vannamei. Front Mar Sci. (2022) 9:677. doi: 10.3389/fmars.2022.886024 

 92. Crump A, Browning H, Schnell A, Burn C, Birch J. Invertebrate sentience and sustainable seafood. Nat Food. (2022) 3:884–6. doi: 10.1038/s43016-022-00632-6 

 93. Heinola K, Kauppinen T, Niemi JK, Wallenius E, Raussi S. Comparison of 12 different animal welfare labeling schemes in the pig sector. Animals. (2021) 11:2430. doi: 10.3390/ani11082430







OPS/images/crossmark.jpg
(®) Check for updates





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Improving welfare assessment in aquaculture



		1. Introduction



		2. Current practice



		2.1. Certification schemes



		2.2. Assessment frameworks







		3. Recommendations



		4. Remaining issues



		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Footnotes



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Veterinary Science

Improving welfare assessment in
aquaculture





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





