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The effective improvement of animal welfare requires quantitative methods to compare diverse 
impacts across practices and policies on a common, relatable scale. The Welfare Footprint Framework 
(WFF) fulfills this need by providing a standardized welfare impact measure: cumulative time in 
affective states of varying intensities. To this end, WFF estimates rely on documented syntheses of 
existing research, including behavioral, neurophysiological and pharmacological indicators. We apply 
this framework to quantify the welfare impact of air asphyxia during fish slaughter, using rainbow trout 
as a case study. Based on a review of research on stress responses during asphyxiation, we estimate 
10 (1.9–21.7) min of moderate to intense pain per trout or 24 (3.5–74) min/kg. Cost-effectiveness 
modelling shows that electrical stunning could avert 60–1200 min of moderate to extreme pain per 
US dollar of capital expenditure, but commercial performance remains variable. Percussive stunning 
demonstrates reliable effectiveness, but still faces implementation challenges. These findings provide 
transparent, evidence-grounded and comparable metrics to guide cost–benefit decisions and inform 
slaughter regulations and practices in trout (and potentially other species). With over a trillion fish 
slaughtered annually, they also demonstrate the potential scale of welfare improvements achievable 
with effective stunning methods.
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Societal concern about the impacts of production practices on animal welfare is rising, as evidenced by 
consumer-driven movements, labelling efforts, accreditation schemes, policies and legislation that prioritize 
animal welfare1. The need to consider animal welfare within sustainability assessments is also increasingly 
recognized2,3, as environmental gains cannot be justified if they occur at the expense of animal welfare.

While environmental and human welfare considerations, such as poverty and health, have long benefited 
from well-established quantitative frameworks for policy analysis and decision-making (environmental 
footprints, disability-adjusted life years4), animal welfare assessment has historically lacked comparable tools. 
Still, the effective allocation of limited resources to improve animal welfare depends on the ability to compare 
the impact of different policies and practices with a common metric, so prioritisation of the most cost-effective 
improvements may be possible. For example, producers comparing potential practice improvements, advocates 
selecting campaign priorities and policymakers designing regulations all require quantitative measures to 
determine which interventions yield the greatest welfare benefits relative to their costs. Scientifically substantiated 
quantification of animal welfare using a comparable metric is also a prerequisite to properly value financial 
incentives connected to welfare standards, and objectively assess trade-offs between animal welfare, economic 
and environmental policies.

A recent approach, the Welfare Footprint Framework (WFF)5–8, addresses this need by providing a 
scientifically rigorous methodology for quantifying diverse animal welfare impacts through a standardized 
measure: the cumulative time animals spend in affective states of varying intensities. Similar to life cycle analysis, 
the WFF begins by defining the scope of analysis, followed by an inventory of relevant circumstances (e.g., 
handling procedures, housing, density, air/water quality) and their biological outcomes (e.g., injuries, diseases, 
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deprivations) over a timeframe of interest. The impact of these biological outcomes on welfare is evaluated by 
estimating the intensity and duration of each resulting affective experience (e.g., physical pain, fear, or joy), 
using existing evidence from multiple research lines. By quantifying the total time animals spend in negative and 
positive affective states of different intensities (termed ‘Cumulative Pain’ and ‘Cumulative Pleasure’), the WFF 
provides a comparable and relatable metric that is applicable across scenarios and species5,6,9–11.

In this study, we apply the WFF to quantify a pervasive source of vertebrate suffering: the slaughter of fish. 
The welfare of fish at the time of killing is currently at the center of policy discussions in multiple jurisdictions12. 
With an estimated 1.1–2.2 trillion wild finfishes13 and 78–171 billion farmed finfish14 killed annually, the scale of 
potential welfare improvements is substantial. However, decision-making is hampered by the lack of standardized 
metrics for evaluating the welfare impacts of different stunning and slaughter methods on a common scale. This 
study addresses this gap by quantifying the welfare impact of asphyxia in air—a prevalent slaughter method in 
fisheries and aquaculture at a global scale15.

We use the rainbow trout (Oncorhynchus mykiss) as a case study, given its global importance in aquaculture 
and the existing research base on its neurophysiology and welfare. Our findings provide the first quantitative 
estimates of pain during fish slaughter, demonstrating the potential scale of welfare improvements achievable 
through effective stunning methods.

Welfare impact assessment: the welfare footprint framework
Animal welfare footprints quantify the impacts of practices, policies or conditions on animal welfare. The WFF 
expresses these impacts through a fundamental metric that connects directly to animal experience: time spent 
in different affective states. By measuring welfare in units of time—such as hours of pain or pleasure at varying 
intensities, the framework provides a concrete, relatable scale for comparing welfare impacts across scenarios. 
Here, the terms ‘pain’ and ‘pleasure’ are used as shorthand for negative and positive affect, respectively8,16.

The WFF uses a structured assessment approach8: first, it establishes analytical boundaries, such as the 
geographies, production systems, breeds, life stages and the circumstances of interest (e.g., housing conditions, 
stocking density, handling procedures). Here, analytical boundaries are limited to analyzing the impact of air 
exposure for the slaughter of rainbow trout. The assessment spans from the moment of emersion to loss of 
consciousness. Exposure to ice or ice slurry, handling or pre-slaughter practices to which fish are exposed are 
beyond the scope of this study, with these other practices varying substantially depending on the species and 
commercial conditions. This focused scope enables establishing a baseline understanding of a welfare impact 
(asphyxia in air) that is still widespread in both fisheries and aquaculture, while acknowledging that total welfare 
impact during slaughter will be greater when considering these additional circumstances.

A second step involves identifying the biological outcomes of the circumstances of interest. For air exposure 
during slaughter, the primary biological outcome is asphyxiation. Next, the welfare impact of the affective 
experiences arising from each outcome (here, the pain and distress associated with asphyxia) is assessed by 
estimating both how long the experience lasts and how intense it is7.

The subjective assessment of indirect evidence is inherent to all animal welfare assessments. Behavioural 
indicators (e.g., vocalizations, posture, activity), neurophysiological measures, and responses to pain-relieving 
drugs are widely used to infer the presence and severity of affective states, often through expert judgment. For 
example, the European Food Safety Authority’s (EFSA) risk assessment model relies on literature reviews and 
expert elicitation to assign intensity scores to welfare consequences based on their perceived pain and distress17. 
In the Welfare Quality® Protocol18, experts estimate the severity of different issues on a 0 to 100 scale, then 
aggregated into composite scores. In the Five Domains Model19, experts grade welfare compromises on a scale 
(A to E) based on their evaluation of indirect indicators. In the WFF, the subjectivity inherent to this process is 
constrained in several ways, through a process that ensures explicit and documented disclosure of evidence-to-
judgment pathways. First, it breaks each experience into meaningful time segments, recognizing that intensity 
typically changes over time (e.g., sharp pain might dull during healing). Segmenting time allows for more precise 
matching of existing evidence to each phase of the experience. Second, the framework guides assessment by 
defining specific criteria for each intensity category (Table 1). For example, more intense pain sensations should 
be more disruptive, engaging more attention20,21 and requiring stronger doses of pain-relieving drugs. Each 
piece of evidence is then evaluated for its consistency with these criteria (see Supplementary Information). 
For example, evidence that a pain experience requires high doses of strong analgesics for relief would be rated 
as consistent only with higher intensity categories. This structured and explicit evaluation process ensures 
transparency and constrains subjectivity by rooting estimates in documented evidence rather than relying solely 
on expert opinion. Third, the WFF acknowledges uncertainty and natural variation in how animals experience 
conditions—some animals may feel pain more intensely or take longer to recover. Thus, rather than assigning 
a single, fixed intensity or severity category to a welfare challenge as in other welfare assessment models (e.g., 
0–1017, A–E19, 0–10018, 0–122), the framework uses probabilities. For instance, if evidence is insufficient to 
differentiate between two intensity categories (e.g., Hurtful and Disabling), a 50% probability is assigned to each. 
Likewise, uncertainty ranges are used for duration estimates. Finally, through a notation system known as Pain-
Track7 (or Pleasure-Track16 for positive experiences), estimates are made explicit to allow for review, criticism, 
sensitivity analysis and update as new evidence emerges.

Cumulative Pain or Pleasure are calculated by multiplying, for each cell in the Pain- or Pleasure-Track table, 
probabilities by its segment’s duration and summing the results across segments within each intensity (see Fig. 1). 
Since time estimates can be meaningfully combined, it is possible to estimate cumulative time in pain or pleasure 
in any period (e.g., a day, a lifetime) due to all experiences endured. For populations, impacts are estimated by 
considering the prevalence of each experience—for instance, if a disease causing 10 days of pain affects 30% of 
animals, this represents 3 days of pain for the average population member. Additionally, time spent in different 
intensities can be also meaningfully combined into a single scale when needed. For instance, minutes or hours 
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Fig. 1.  (A) Pain-track with hypotheses on how pain (negative affect) intensity changes over time when trout 
are removed from water until loss of consciousness. The vertical axis shows pain intensities defined in Table 
1 (where ‘pain’ is a shorthand for ‘any negative affective experience’). For each segment (I–IV), estimated 
probability that the fish experiences each intensity can be traced back to the evidence reviewed (behavioral, 
neurophysiological, pharmacological indicators in Table 2 (see also Table S1). Total time to unconsciousness is 
estimated to range from 2 to 25 min, varying with fish size and water temperature, based on studies measuring 
loss of visual evoked response and vestibulo-ocular reflex. Segment IV is estimated to occupy 5–20% of total 
time based on EEG measurements of declining brain activity. (B) Cumulative Pain table showing time in 
pain (negative affect) at each intensity (obtained by multiplying the probability of each pain intensity by the 
duration of each segment, which is then summed across all intensities). Since Segments I-III have identical 
probabilities, they are analyzed as one time period for Cumulative Pain calculation.

 

Categories and criteria Annoying pain Hurtful pain Disabling pain Excruciating pain

Summary definition Perceived only as 
a discomfort

Pain intensity that clouds focus but 
allows basic tasks

Pain that takes priority over most 
bids for behavioural execution

Extreme level of pain felt 
unbearable even if very brief

Disruption of ability to conduct routine activities 
(1) No To some degree Substantial Complete

Performance of motivated & positive behaviours Not affected Frequency and/or duration reduced Not expected Impossible

Willingness to trade resources, work and safety 
(risk-taking) for pain relief Minimal Moderate willingness to trade 

resources, risk-behaviour not affected
Willingness to trade important 
resources, work & safety to avoid 
pain

Complete focus on 
eliminating pain at all costs, 
including sacrifice of vital 
resources (eg life)

Pain-specific manifestations (2) Not expected Not expected, particularly in prey Likely Extreme

Attention to pain: can pain sensation be ignored? Most of the time For some time, depending on 
distraction Very briefly, pain is continuous No

Attention to surroundings Not affected Reduced to some degree Substantially reduced Attention is exclusive to pain

Cognitively demanding tasks Not affected or 
mildly affected Impaired Substantially impaired No cognitive task possible

Departures of neurophysiological parameters from 
baseline Not expected To some degree Substantial Substantial

Are pain-relieving drugs effective? No effect 
expected

Typical doses and drugs can 
eliminate the pain

Only higher doses or more 
powerful drugs

Powerful analgesics may 
only reduce pain

How long can pain be tolerated? Continuously Continuously Continuously, with major 
impairment of life quality

Can be willingly tolerated 
for only seconds to minutes

Table 1.  Summary definition and expected observations in four categories (Annoying, Hurtful, Disabling, 
Excruciating) of intensity of negative affective experience (the term pain is used as a shorthand for any negative 
affective experience8). (1) Disruption of ability to conduct routine activities, such as eating, moving, foraging 
and exploring the environment; (2) e.g., vocalisations, shaking, muscle tension, specific motor patterns and 
facial expressions.
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in Hurtful, Disabling, and Excruciating pain can be added together to report total time in 'moderate to intense 
pain’, while maintaining the granular, disaggregated data for detailed analysis.

Though individual-level and population-average estimates are crucial for understanding welfare, impacts 
can also be expressed per kilogram of production. This dual reporting serves several purposes. First, it allows 
meaningful comparison between production systems with different efficiency—for example, extensive systems 
may have better individual welfare but require more animals to produce the same output, meaning more total 
suffering could occur despite better conditions for each animal. Second, it enables cost-effectiveness analysis 
such as those needed for policy decisions that must balance welfare improvements with economic considerations 
of costs per production output. Third, production-standardized metrics also empower consumers, who typically 
purchase animal products by weight, to understand and compare the welfare impact of their purchases. They 
complement rather than replace individual welfare assessment—while efficiency matters for comparing systems, 
the moral significance of individual suffering remains unchanged regardless of their productive output.

Evidence review: temporal evolution of asphyxia-induced stress
The following analysis presumes the sentience of fish and their capacity for pain and distress, as supported by a 
robust body of evidence (reviewed in Sneddon 202023). We review existing evidence on the temporal evolution 
of the stress responses triggered upon emersion, categorised into the following time segments: 1. Initial air 
exposure, 2. pH imbalance and hypercapnia, 3. metabolic exhaustion, and 4. depressed neuronal activity. The 
evidence reviewed is also summarised in Table 2.

Segment I: Initial air exposure
Air exposure is one of the greatest stressors for fishes, used as a reliable stress-inducing procedure in research24–26. 
As little as 60  s of air exposure has been shown to elicit a physiological stress response consistently greater 
than that triggered by longer-lasting stressors27. Notably, air exposure is the only stressor capable of causing 
hydromineral disturbance within such a short time frame28. Other stressors (e.g. hypoxia, crowding, handling) 
require longer exposure to elicit comparable responses27,29.

When fishes are removed from water, their gill filaments adhere and gill lamellae collapse, preventing 
oxygen uptake and CO2 excretion24,26. The acute stress from oxygen deprivation triggers a set of hormonal 
responses30 that suppress non-essential processes31–33. Under normal conditions, there would be an increase in 
energy substrates and oxygen to the muscles and cardiorespiratory system to regain homeostasis33,34, but this 
mechanism is compromised out of water and energy reserves are quickly depleted. Intense physical activity 
prior to emersion exacerbates the physiological effects of asphyxia24, quickly exceeding stress coping ability24,35. 
Indeed, there is substantial suppression of coping mechanisms in the brains of trout exposed to asphyxiation, 
with impaired expression of stress-related proteins36.

While physiological stress can be an adaptive response, air exposure is highly aversive and detrimental 
to most fish species. As soon as individuals are out of water, intensive aversive reactions and movements are 

Summary of lines of evidence reviewed

Intensity categories

N A H D E

I

Air exposure for as briefly as five seconds triggers the expression of neuromolecular states associated with negative emotions in fish25 R R ?  +   + 

Conditioned place aversion occurs for air exposure associations40 R −  +   +   + 

The greater and more immediate the survival threat, as in impaired oxygen intake, the more intense should be its unpleasantness − − −  +   + 

Intensive aversive reactions, vigorous movements of twisting and turning and escape attempts, upon removal from water37,38 − − ?  +   + 

Air exposure, even if for some seconds, is used as a reliable stress-inducing procedure in laboratory studies24–26 − − ?  +   + 

The acute stress associated with air exposure and oxygen deprivation leads to rapid increase in levels of stress hormones30–33 − − ?  +   + 

As little as 60 s elicit physiological stress responses greater than those triggered by longer-lasting stressors27,29 − − ?  +   + 

II, III

Hypercapnia stimulates the nociceptive system44,45 −  +   +   +   + 

Aversion to CO2 is observed in its consistent use as a non-physical barrier for fish and a mechanism of self-transfer between tanks46,47 R −  +   +   + 

Vigorous behavioural reactions, escape attempts and gasping for air are observed soon following exposure to high CO2 levels46,86 − − ?  +   + 

Several mechanisms in fish indicate that low pH and high CO2 lead to states of fear, anxiety and panic51,52,54,55,57,60 − − −  +   + 

The greater the survival threat, the more intense its unpleasantness − − ?  +   + 

In mammals, aversive responses to CO2 reduced by anxiolytics56 R −  +   +   + 

III

Individuals are exhausted from depletion of energy reserves24,37,62 − −  +   +  ?

Metabolic acidosis triggers pain receptors65 R ?  +   +   + 

Lactate is a well known panicogen, leading to fear, anxiety, panic87 − − −  +   + 

Ischemic pain due to insufficient O2 and high levels of lactate may occur65,66. Ischemia causes release of inflammatory mediators67 − −  +   +  ?

IV Prolonged hypercapnia and acidification of the cerebrospinal fluid depresses brain activity36,37,59,68,72  +   +   +  − −

Table 2.  Summary of evidence on intensity of unpleasantness of air exposure in trout, and consensus ratings 
on compatibility with definitions of intensity in Table 1 (N: No pain, A: Annoying, H: Hurtful, D: Disabling, 
E: Excruciating). Ratings: + (Consistent) = observation consistent with intensity; -(Inconsistent) = observation 
inconsistent with intensity; R (Reject) = observation rejects intensity; ?(unclear) = consistency with intensity 
unclear. Justifications for ratings are provided in Table S1. ‘Pain’ is a shorthand for ‘negative affect’.
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observed37,38. Even a few seconds of air exposure has been associated with the expression of neuromolecular 
states associated with negative emotions25, including higher expression of markers of neural activity in brain 
regions homologous to those involved in aversion processing in mammals39. Brief periods of air exposure also 
lead to persistent avoidance over time, even when only a cue (a conditioned place) of the experience is present40.

Evolutionarily, it is adaptive for the unpleasantness of air exposure to be very intense because even a few 
minutes of exposure poses a direct and severe threat to survival. This intense unpleasantness acts as a powerful 
aversive signal, driving immediate escape behaviors to return to water. Such rapid responses are crucial for 
minimizing the risk of suffocation and enhancing survival chances in natural environments where accidental 
stranding or low water levels may occur.

Segment II: Hypercapnia and pH imbalance
When metabolic CO2 in the blood increases (i.e. hypercapnia), additional disturbances are triggered. CO2 
combines with water to form carbonic acid (H2CO3), which dissociates into bicarbonate (HCO3

−) and protons 
(H+). Since the capacity of haemoglobin to buffer H+ is limited, blood pH is reduced (hypercapnic acidosis)41. 
Acidosis is further enhanced by the increased concentration of blood lactate, an acidic waste product of the 
anaerobic metabolism24.

Maintaining proper acid–base balance and arterial CO2 is critical for survival, so subtle changes in pH and 
CO2 trigger prompt responses to these threats. The excitability of neurons is especially sensitive to changes 
in pH41, increasing respiratory drive to remove excess CO2 and protect against acidosis41,42. However, this 
compensatory adjustment is impaired in the air as gas exchange is inhibited. In fish, CO2 is readily detected 
even at very low concentrations43. CO2-sensitive receptors that respond to other noxious chemicals have been 
identified, supporting the notion that hypercapnia stimulates the nociceptive system and is painful44,45. Symbolic 
of CO2 aversiveness is its use as a non-physical barrier for fish46 and mechanism of self-transfer between tanks47. 
Importantly, research has shown that CO2 induced behavioural effects on larval fish can be reduced using 
analgesics48.

Exposure to higher levels of CO2 also triggers a feeling of severe breathlessness, an increasingly distressing 
urge to breathe49. Accordingly, vigorous behavioural reactions, escape attempts and gasping are observed soon 
following exposure to higher CO2 concentrations50. Evidence is also robust that acid–base imbalances lead to 
anxiety and panic. In fish, hypercapnia triggers the release of catecholamines proportionally to the severity of the 
acidosis51,52 and strong catecholamine stimuli are known to induce panic attacks in humans53. Moreover, CO2-
induced aquatic acidification reduces the action potential of GABA receptors, an inhibitory neurotransmitter 
that controls nerve cell hyperactivity due to anxiety, stress and fear54. This GABAA receptor dysfunction has 
been directly linked to increased anxiety-like behaviors in rockfish, with behavioral changes reversed upon 
return to normal CO2 conditions, indicating the causative role of CO2 in inducing anxiety through GABAA 
receptor alterations54,55.

CO2 is among the most well-studied substances that induce anxiety and panic-like responses across 
vertebrates. In mammals, hypercapnic environments with only 7% CO2 trigger fear, anxiety, and panic49,56, 
with brain regions and neurotransmitters involved in negative emotional responses activated by hypercapnia 
and acidosis56. While direct evidence of anxiolytic relief of CO2-induced fear specifically in fish is limited, the 
demonstrated role of GABAA receptor dysfunction in both CO2-induced behavioral alterations and anxiety 
strongly suggests shared mechanisms across vertebrates54,55,57. Prior to loss of consciousness, exposure to higher 
CO2 concentrations in other groups has been shown to activate neural pathways that elicit anxiety and fear50,58. 
In humans, the unpleasantness of CO2 inhalation increases with CO2 concentration59. Low pH also affects 
hemoglobin’s affinity to O2, further reducing O2 saturation. The resulting unpleasantness is thus likely to shift 
towards panic due to the escalating hypercapnia60.

Segment III: Metabolic exhaustion
The vigour, frequency and duration of muscular activity is progressively reduced some time after removal from 
water37,61. Several authors suggest that the time it takes for fish to be completely still is most likely modulated by 
metabolic exhaustion rather than insensibility37,62. The time until metabolic exhaustion can vary greatly between 
and within species63, as metabolic rate is modulated by several factors, including body mass, energy reserves, 
anaerobic scope and temperature64.

When oxygen is lacking, a switch to anaerobic metabolism occurs, which is less efficient at generating ATP 
and leads to the rapid depletion of glycogen and accumulation of lactate, further reducing pH. As pH becomes 
more acidic, acid-sensing ion channels in neurons are activated. This can lead to depolarization of neurons, 
which might manifest as heightened sensitivity to sensory stimuli, including pain. Additionally, metabolic 
acidosis may also trigger specific pain receptors65. As lactate continues to accumulate, it inhibits key enzymes 
involved in energy production, further limiting the ability to maintain high-intensity efforts.

Besides exhaustion, individuals are still exposed to hypercapnia and acidosis. They may also experience 
ischemic pain (due to insufficient oxygen supply to tissues) and pain from high levels of lactate66. Ischemia can 
also trigger the release of inflammatory mediators, increasing pain67.

Segment IV: Depressed neuronal activity
In addition to acidifying the blood, CO2 also crosses the brain-blood barrier, causing cerebrospinal fluid 
acidification59. This ultimately results in unconsciousness, namely loss of the ability for subjective experiences68, 
inferred through visual and neurophysiological indicators (loss of equilibrium, opercular movements, response 
to external stimuli), and absence of the vestibulo-ocular reflex (VOR) and visually evoked responses (VER) 
to light, recorded by electroencephalogram (EEG). Acidification can increase the concentration of glutamine 
and gamma-aminobutyric acid (GABA) (a major inhibitory neurotransmitter69) and decrease that of glutamate 
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(excitatory neurotransmitter)70,71. This process is likely gradual, with an increasingly greater level of neuronal 
necrosis until loss of consciousness36,72. Once consciousness is lost, movements can still occur, such as irregular 
muscle contractions, trembling of lower jaw and fins. These movements are likely due to local muscular activity 
rather than conscious responses37.

Results: Cumulative Pain from asphyxia in air
Based on the evidence reviewed in the previous section, we estimate the duration and intensity of pain likely 
experienced during asphyxia in air by analyzing the timing of the neurophysiological processes triggered upon 
air exposure and evaluating the probability of different pain intensities across Segments I through IV.

As reviewed, loss of consciousness is inferred through visual and neurophysiological indicators73,74 and 
absence of VOR and VER. In trout, some data suggest that VERs are lost together with breathing and eye-rolling 
reflexes75. However, other visual indicators such as breathing are not correlated with loss of VERs76,77 and are 
therefore poor indicators of unconsciousness. Studies show considerable variation in time to unconsciousness: in 
one study, VER was lost 2.2–3.0 min and 2.6–3.4 min after air exposure at 20 °C and 14 °C, respectively37, while 
in larger (~ 500 g) trout at 10 °C, loss of VOR took 17.6 ± 2 min for the 56% of trout that lost consciousness within 
the 20-min observation period (the remaining animals took longer than 20 min)36. Considering the variability of 
pre-slaughter conditions that affect time to unconsciousness (differences in slaughter weight, air temperature), 
we assume a conservative, wide interval of probable durations, from 2 to 25 min. Based on EEG observations of 
declining brain signal amplitude of trout exposed to air37, depression of neuronal activity (segment IV) occupies 
the final 5–20% of this total time, thus lasting 0.1 to 5 min (Fig. 1A). The remaining 80–95% (1.9 to 20 min) 
corresponds to Segments I through III. Since these segments share identical probability distributions for pain 
intensity (Fig. 1A), they can be analyzed as a single time period.

The probability of each pain intensity category is estimated through systematic evaluation of the evidence, 
summarized in Table 2, with each piece of evidence rated for its consistency with the intensity criteria defined in 
Table 1. For example, the observation of 'intensive aversive reactions, including vigorous movements of twisting 
and turning and escape attempts’ upon removal from water indicates a maximal emergency response that is 
consistent ( +) with both Disabling and Excruciating pain categories. Still, the possibility of Hurtful pain cannot 
be completely ruled out, illustrating the importance of representing this uncertainty in the analysis rather than 
forcing assignment to a single intensity category. Detailed justifications for the rating of evidence are provided 
in Table S1.

This probabilistic approach explicitly acknowledges both uncertainty in assessment and natural variation 
in how different individuals perceive the experience. When evidence suggests equal consistency with multiple 
categories (as in Segments I through III, where findings align similarly with both Disabling and Excruciating 
pain), probabilities are divided equally between them rather than forcing an arbitrary choice of one category. 
When evidence tends to favor certain categories but cannot definitively rule out others, higher probabilities are 
assigned to the better-supported categories while maintaining non-zero probabilities for plausible alternatives. 
In Segments I through III, evidence in Table 2 is primarily consistent with Disabling and Excruciating pain, but 
Hurtful pain cannot be completely ruled out. Therefore, a lower (20%) likelihood is assigned to Hurtful pain, 
with the remaining 80% distributed equally between Disabling and Excruciating categories.

This approach differs from traditional assessment methods that assign intensity or severity of a welfare harm 
to a single category (e.g., 0–1017, A–E19, 0–10018, 0–122), representing complete certainty in this assignment. 
Use of probabilities is also particularly valuable for dynamic processes where intensity changes over time. Here, 
evidence for Segment IV indicates a reduction in pain intensity as individuals approach unconsciousness. Since 
the evidence reviewed does not enable distinguishing between Hurtful, Annoying, and No Pain during this 
period, each category is attributed an equal likelihood of 33%, reflecting this uncertainty. This distribution of 
probabilities can also be interpreted as representing the gradually reducing intensity of distress (from Hurtful 
to No Pain) as the cerebrospinal fluid is acidified and neuronal activity is inhibited. While the exact probability 
values are necessarily subjective (e.g., 20% vs 15% or 25%), this approach provides a more realistic representation 
of both uncertainty in assessment and the inherent variability in perception across individuals.

Cumulative Pain is calculated by multiplying, for each time segment in Fig. 1A, the probability of each pain 
intensity by that segment’s duration, then summing across all intensities. Converting the estimates in Fig. 1A 
into Cumulative Pain (Fig. 1B) results in a total of 10 (1.9–21.7) minutes of moderate to extreme pain (Hurtful, 
Disabling and Excruciating pain combined) per trout due to air asphyxia (Fig. 1), corresponding to 24 (3.5–74) 
minutes of intense (Disabling and Excruciating) pain per Kg, assuming a slaughter weight of 0.2–1.2 kg.

Discussion
Animal welfare valuation for decision-making in different areas requires comparable quantitative knowledge 
of welfare. We applied the Welfare Footprint Framework (WFF) to quantify the welfare impact of air asphyxia, 
a widespread practice in fisheries and aquaculture. For rainbow trout, an estimated 10 (1.9–21.7) minutes of 
moderate to extreme pain (Hurtful, Disabling and Excruciating pain combined) are endured by each trout due 
to air asphyxia (Fig. 1). When standardized by production output, this corresponds to an average of 24 min per 
Kg, with over one hour of moderate to extreme pain per kg in some cases (3.5–74 min per Kg).

Pain and distress from asphyxia in fish can be potentially mitigated by stunning methods that induce rapid 
loss of consciousness. For stunning to be considered humane and effective, pre-slaughter handling must be 
minimised and the animal must become unconscious immediately after stunning, a state that must persist until 
death. Welfare-wise, electrical and percussive stunning could potentially meet the second criterion if properly 
implemented36,78,79. In the former case, assuming estimates of 6 cents per kg of trout (from 3.60 to 3.66 € 
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per kg—a 3% cost increase in ex-farm price80) and 70–100% stunning effectiveness36,75, this would represent 
approximately 60–1200 min (1–20 h) of moderate to extreme pain averted per dollar invested.

However, recent evidence has challenged assumptions of stunning effectiveness in commercial settings. 
EEG studies across multiple species have shown that electrical stunning often produces variable or insufficient 
stunning duration76,77,81,82, mis-stunning or electro-immobilization without loss of consciousness76. Percussion 
stunning, while effective when correctly positioned77,81,82, still faces multiple implementation challenges 
in commercial settings, including precise positioning and strength requirements, the need for equipment 
calibrated to different fish sizes and worker fatigue. In all cases, equipment failures are also an obstacle. 
Consequently, the theoretical welfare benefits of stunning can only be realized with continued development of 
stunning technologies, implementation protocols and training, and appropriate oversight to ensure consistent 
effectiveness across conditions.

Several factors also suggest asphyxia in ice or chilling in ice slurry are not humane alternatives to stunning 
in trout, and would lead to an even greater burden of pain as that estimated here. As a cold-water species 
adapted to temperatures as low as 4 °C, rainbow trout are unlikely to experience rapid unconsciousness from 
cold exposure alone. Rather, these methods may introduce additional challenges: direct tissue damage from ice 
crystal formation, thermal shock from abrupt temperature changes and physical pressure from ice. Moreover, 
by slowing down metabolic processes, lower temperatures may extend the time to unconsciousness, as already 
demonstrated in species such as seabass and seabream 83.

The welfare impact and effectiveness of any stunning method also depends critically on the entire harvest 
process, being affected by cumulative pre-slaughter stressors. Additionally, pre-slaughter practices (e.g., 
crowding, pumping, transport) are likely to represent a greater burden of pain than that estimated here, as 
they expose fish to multiple concurrent welfare challenges (e.g., poor water quality, crowding stress, physical 
exhaustion, pressure changes, mechanical trauma, temperature fluctuations) for much longer periods, from 
hours to days84,85. The WFF can also be used for assessing the welfare impacts of these processes and identifying 
priority areas for effective intervention.

While slaughter makes up a small fraction of the life of fish (typically of 8 to 24 months to market size in the 
case of trout), with reforms at the farm level being more impactful, the tractability of slaughter interventions, their 
relevance to the scale of both aquaculture and fisheries (affecting billions of animals as a key human intervention 
point), and the potential for welfare improvements make this phase critical. Estimates of Cumulative Pain from 
asphyxia provides concrete metrics for informing current policy discussions around welfare policies and industry 
practices at the time of killing. The finding that 70–100% effective stunning could potentially avert 1 to 20 h of 
moderate to extreme pain per US dollar in capital costs provides producers and regulators with clear economic 
context for comparing welfare investments with the best benefit–cost ratio. For certification programs, these 
metrics enable setting evidence-based thresholds and comparing production practices. Importantly, quantitative 
metrics allow for clear communication of welfare impacts to both policymakers and consumers, with a measure 
that reflects an intrinsic aspect of animal experience (time in negative affective states).

Beyond trout, this analysis provides a foundation for understanding slaughter impacts across other 
commercially important aquatic species. While time to unconsciousness varies based on factors such as species-
specific temperature adaptations, body size, metabolic rate, and pre-slaughter conditions, the fundamental 
physiological mechanisms of asphyxia-induced stress are highly conserved across vertebrates. This means the 
processes described and progression through acute stress, hypercapnia, metabolic exhaustion, and eventual loss 
of consciousness likely follow similar patterns, providing a baseline for estimating the welfare impacts of air 
exposure in other species. Applying this baseline effectively to other aquaculture species, however, depends on 
species-specific data for estimating the duration and intensity of these processes, as well as an understanding 
of each species’ responses to asphyxia. Notably, species adapted to hypoxic environments are likely to show 
different responses than rainbow trout, a high oxygen-demand species. A key limitation at present is the relative 
scarcity of behavioral and neurophysiological research to inform the parameters estimated here, including 
measurements of time to unconsciousness, across a diverse range of commercially important aquatic organisms.

Naturally, estimates of Cumulative Pain are only as accurate as current knowledge allows. This limitation is 
inherent to any method. However, the WFF makes the process transparent by detailing how existing evidence 
supports each intensity at each time segment. This transparency highlights existing knowledge gaps and allows 
for the incorporation of new evidence as data become available.

In summary, the WFF enabled quantifying the pain associated with the most common method of fish 
slaughter, one that affects billions of animals annually. These findings have immediate relevance for shaping 
slaughter standards and can inform decisions that must balance animal welfare, economic and environmental 
considerations. Ultimately, this approach may facilitate more evidenced-informed collaboration across 
disciplines, paramount to improve the lives of animals on a large scale.

Data availability
All data for the analyses presented are made available in the main text and Supplementary Information file 
online.
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