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ABSTRACT

According to the EU legislation, all animals farmed for food production must be stunned before being
exsanguinated (exempt slaughter prescribed by religious rites). Stunning methods must be reliable, effec-
tive, and free from avoidable pain, distress, and suffering, warranting continuous improvement. New
methods must be thoroughly evaluated from an animal welfare perspective before approval. One technol-
ogy developed for on-farm euthanasia and large-scale depopulation for disease control in pigs uses high-
expansion foam to create an anoxic atmosphere in a closed container. The method has previously been
suggested as a potential method for stunning pigs at slaughter. This study compared the behavioural
responses and stun process (e.g., loss of posture and convulsions) of pigs exposed to three different gases
(N3, Ar, and CO,) delivered in high-expansion foam. Thirty-six pigs, approximately 12 weeks old, were
placed one at a time in a container and exposed to either N,, Ar, or CO, gas-filled foam for 5 min from foam
start. Behavioural observations were conducted from video recordings, assessing time to loss of balance,
loss of posture, last strong convulsion and last muscle contraction. Results showed that pigs in the CO,
treatment performed escape attempts significantly earlier than in N, and Ar, and there were more pigs
that performed this behaviour in CO,, indicating that high concentrations of CO, are more aversive than
Ar and N,. Pigs exposed to CO, foam also avoided the foam earlier compared to the other two gases.
Loss of posture occurred earlier in the CO, treatment, consistent with the anaesthetic effect of CO,. A faster
foam filling time for CO, foam may be a contributing factor to the differences found; however, filling time
was adjusted for in the statistical analyses to reduce bias in the comparisons between gases. All pigs across
treatments were adequately stunned after 5 min, with no corneal reflex, rhythmic breathing, gagging, or
muscle contractions upon removal from the container. No indications of regained consciousness during
sticking and bleeding were found. In conclusion, the gas foam method was effective in stunning the pigs
regardless of the gas type used. The less aversive responses to Ar and N, foam are positive from an animal
welfare perspective, but the longer time to loss of consciousness compared to CO, is a disadvantage.
© 2025 The Authors. Published by Elsevier B.V. on behalf of The animal Consortium. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Implications

and euthanised. The behavioural responses of pigs indicated less
aversiveness during exposure to Ar and N,, compared to CO,. How-

A technology developed for on-farm killing of e.g., seriously
injured or diseased pigs has been suggested as a potential stunning
method for pigs at slaughter. This method uses gas-filled high-
expansion foam to create an anoxic (< 1% oxygen) atmosphere.
The behavioural responses of pigs exposed to foam filled with
three different gases (N,, Ar, and CO,) were evaluated. All pigs,
regardless of the gas used, were effectively and adequately stunned
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ever, the prolonged time to reach unconsciousness with Ar and N,
compared to CO,, is a disadvantage.

Introduction

Stunning and killing methods for pigs at slaughter and for other
reasons should be reliable and effective, and free from any avoid-
able pain, distress, and suffering (EFSA, 2013; European Council
(EC) Regulation No. 1099/2009). Current methods have various
advantages and disadvantages concerning animal welfare, and no
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method meets all desirable qualities (EFSA, 2004; Sindhgj et al.,
2021; Wallgren et al., 2021). Controlled atmosphere stunning with
high concentrations of carbon dioxide (CO,) is common in com-
mercial pig slaughter due to its advantages, such as preslaughter
handling and group stunning without firm restraint (Atkinson
et al., 2020). However, CO, stunning is not immediate and causes
severe respiratory distress, aversion and discomfort before pigs
lose consciousness (Raj and Gregory, 1996; Velarde et al., 2007;
Rodriguez et al., 2008; Verhoeven et al., 2016; Atkinson et al.,
2020; Terlouw et al., 2021). This has led to calls for alternatives
to improve pig welfare at slaughter from consumers, industry, ani-
mal rights organisations, academia, authorities, and legislators.

Inert gases like nitrogen (N,) and argon (Ar) have been pro-
posed as alternatives to CO,, as they have been shown to cause less
aversion (Dalmau et al., 2010b; Llonch et al., 2012b). However,
these gases require longer exposure times and may result in pigs
regaining consciousness faster (EFSA, 2004), making irreversible
stunning crucial. Like CO,, Ar has a higher density than air and
could therefore be used in existing systems for CO, stunning
(Atkinson et al., 2020), but Ar is more expensive. The N, gas is more
affordable but poses technical challenges due to its similar density
to air, making it difficult to create and maintain an anoxic, con-
trolled atmosphere with current gas—stunning technology
(Atkinson et al., 2020; Dalmau et al., 2010a). Improving process
engineering to consistently produce and maintain an anoxic
(< 2% 0O,) atmosphere is a priority (Steiner et al., 2019; Sindhgj
et al,, 2021).

A new technology for on-farm euthanasia and large-scale
depopulation creates an anoxic atmosphere using high-expansion
foam to deliver N, gas (HEFT, 2023). This method, named NEFS
in container (Nitrogen Expansion Foam Stunning in container),
achieves anoxic conditions faster and with lower gas consumption
than using free N, (Lindahl et al., 2020). The European Food Safety
Authority’s Panel on Animal Health and Welfare has recently deliv-
ered a scientific opinion on the use of high-expansion foam for
stunning and killing pigs and poultry (EFSA, 2024). The conclusion
was that NEFS in container can be suitable for killing purposes
other than slaughter for certain categories and types of pigs.
Research is needed to better understand the stun process, pig
responses to the foam, and the method’s reliability for the method
to be considered for slaughter purposes. Lindahl et al. (2020) pro-
vided proof of principle of the method for stunning weaner pigs,
and McKeegan et al. (2013) showed it for poultry, showing that
the N, foam method quickly achieves and maintains an anoxic
atmosphere (< 1% O,) throughout the stunning process.

Various preslaughter factors, including the stunning process,
can cause stress in pigs. Evaluating stress associated with the
slaughter process can be achieved by analysing blood parameters,
e.g., lactate, from samples taken during exsanguination (Edwards
et al, 2010b). During prehandling and stunning, movements
requiring considerable muscle activities are performed and such
physical stress will lead to an increase in lactate concentration in
the blood. Lactate concentration in blood samples taken at exsan-
guination is an important factor in relation to slaughter, as it has
been shown to be related to pork quality (Edwards et al., 2010a;
Hambrecht et al., 2004). This study aimed to compare the beha-
vioural responses, stun process (e.g., loss of balance (LOB), loss of
posture (LOP) and convulsions) and blood lactate concentration
of 12-week-old pigs exposed to three different gases (N, Ar and
CO,) delivered in high-expansion foam.

Material and methods

The experimental studies were conducted at the pig facility of
the Swedish Livestock Research Centre, Lovsta, Uppsala, at the
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Swedish University of Agricultural Sciences over 5 days in
September-October 2021.

Two parallel studies were conducted, one focusing on the beha-
vioural responses of the pigs (presented here) and one focusing on
the loss of consciousness measured with electroencephalogram
(EEG). Pigs equipped with EEG electrodes had to be restrained to
enable the use of equipment, which significantly affected the pigs’
behavioural responses. For the behavioural study, pigs were
allowed to move freely in the container, without attached equip-
ment, to observe the behavioural responses to the gas-filled foam
stun process. Having two pigs treated in parallel also likely reduced
isolation stress, as they could see, hear, and smell each other
through a perforated window between containers. A total of 72
pigs were used across both studies. This study focused on the 36
pigs used for behavioural observations.

Pigs

A total of 36 pigs, approximately 12 weeks old (86.5 * 2.9 days),
were used in the experiments. The mean pig BWs and SDs on the
day of the experiments were 52.2 + 5.8 kg, 47.6 + 9.2 kg and 50.2
+ 6.7 kg for treatments N, Ar and CO,, respectively.

Sample size was determinated based on variation in behaviour
and latency variables from a previous study assessing differences
in reaction to air-filled and N2-filled foam (Lindahl et al., 2020).
In the current study, the sample size was 12 pigs per treatment
compared to 20 pigs per treatment in the previous study. A posthoc
sample size calculation indicated that differences between treat-
ment groups on a level of + 1.1 s for continuous latency variables
and 3.1% of binomial behavioural variables would be able to detect.

The pigs were crossbreds from nine different litters, with dams
of Yorkshire breed or Yorkshire-Landrace crosses and sires of
Hampshire (21 pigs) or Duroc (15 pigs) breed. The pigs were
divided into three treatments (n = 12). From each litter, three pigs
of each sex were randomised to treatment, ensuring equal num-
bers of females and immuno-castrated males from each litter rep-
resented in respective treatment.

The pigs were born and raised at the pathogen-free pig research
facility with integrated pig production (Swedish University of
Agricultural Sciences, 2017). They were weaned at 5 weeks of
age and remained in the farrowing pens for an additional 5 weeks
after weaning before being moved to the growing-finishing pig
units.

The experimental equipment

The high expansion foam system is based on controlled atmo-
sphere stunning principles. Animals are placed inside a container
which is filled with high-expansion foam to create an anoxic atmo-
sphere. Different gases (N,, Ar or CO,) were used to produce the
foam bubbles, effectively displacing the ambient air and creating
an atmosphere with close to 100% gas and oxygen (O,) concentra-
tions below 1%. Once the container is completely filled with foam,
the foam is destroyed by a burst of gas, allowing visibility to
observe the pigs. The anoxic environment is maintained until the
container is opened.

Two modified C1 systems from the Swedish company High
Expansion Foam Technology (HEFT) AB (HEFT, 2022) were used
for the study. Each container measured L1200xW800xH910 mm
with a floor area of 0.78 m? and had two foam generators placed
in diagonal inside corners and an external docking station for
delivering the gas and diluted foaming agent. A 50-litre bottle with
compressed Nj, Ar or CO, (200 bar; Linde Gas AB, Uppsala, Swe-
den), reduced to 7 bar, was connected to the docking station. A
solution of water and 5% foam agent (Agrifoam C5, Tyco Fire Pro-
tection Products, UK) was used for foam production. The containers
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had a side door for pigs to enter and a top lid for easy access. Trans-
parent acrylic (Perspex) windows in the floor and lid allowed video
recordings from above and from below. Clear adhesive anti-slip
tape was applied to the inside floor to prevent pigs from slipping.

The experimental set-up involved two containers attached
along one side with a transparent and perforated window between
them, allowing the pig in each container to see, hear and smell
each other (Fig. 1 a and b). The containers were placed over a shal-
low pit for camera placement underneath. Flexible LED light strips
were mounted inside the containers and below the containers to
improve visibility. One video camera (GoPro 7 black, GoPro, San
Mateo, California, U.S.) was mounted above and one below the con-
tainers to record the pigs’ behaviour. A microphone inside the con-
tainer recorded vocalisations.

Oxygen concentrations inside the containers were continuously
monitored using a flow-through fluorescence-based optical oxygen
sensor (SST-Sensing, UK) connected to a microcomputer with data
logged to an SD card. An air pump connected to a liquid trap and a
moisture-absorbing filter sampled the atmosphere at snout height.
The sensor also continuously recorded the temperature. The sam-
pling tube inlet was covered with a hydrophobic PTFE membrane
with 0.45 pm pores (general product available from multiple man-
ufacturers) to further protect the sensor from moisture.

Experimental procedure

The pigs were weighed on the day of the experiments. All
selected pigs from one pen (i.e. litter) were moved to a temporary
pen near the experimental setup, where they acclimatised for at
least 10 min.

The treatments were conducted in batches of two pigs, one with
EEG equipment (restrained) and one with no equipment. Treat-
ments (Np, Ar and CO,) were randomised within groups of three
consecutive batches with pigs of the same litter and sex; thus,
the order of gases within the three consecutive batches varied.
The first pig was moved to the container, restrained, and fitted
with EEG electrodes. The second pig was then moved to the paral-
lel container. Both pigs were allowed to acclimatise for 1 min
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before foam production started. The foam was filled with one of
the three gases (same gas for both containers): Ny, Ar or CO,. Once
the containers were completely filled with foam, several quick gas
pulses destroyed the foam to increase visibility. The entire proce-
dure was video recorded, and oxygen concentrations in the con-
tainers were logged continuously.

Five minutes after foam production began, the containers were
opened, and the pigs were assessed for signs of consciousness by
controlling corneal reflexes (by touching the pig’s cornea and
checking for any movement of the eyelid (blinking)), muscle con-
tractions (any visible muscle movement) and gagging or breathing.
If no reflexes, muscle contractions, gagging or breathing were
shown, the pig was considered as being in a state of deep uncon-
sciousness. A stethoscope was used to control for heartbeats (pre-
sent or not) before sticking and bleeding. The 5-min exposure time
was chosen based on the previous study on weaner pigs by Lindahl
et al. (2020), where the results showed all pigs were in deep
unconsciousness or dead after exposure to N,—filled foam.

During bleeding, blood lactate analysis was conducted with a
hand-held meter (Lactate Plus; Nova Biomedical GmbH, Germany).
A small sample of blood was collected with a plastic spoon and a
test strip was immediately dipped into the collected blood. The
analyser provided the lactate concentration (mM) in approxi-
mately 13 s. Blood lactate was measured in only ten pigs per treat-
ment due to practical issues.

The containers were rinsed clean with water between batches.

Behavioural observations

One observer (MB), not involved in the practical experiments,
conducted all behavioural observations based on video recordings
from above and below the container. The treatments were blinded
to the observer.

The pigs’ behaviour was assessed according to the definitions in
Table 1. Observations began 30 s before and lasted 100 s after foam
started. Behaviours were registered as the number of events per
10 s intervals, three intervals before and 10 intervals after foam
started. The observation period was set to ensure that LOP for all

Fig. 1. The experiment setup with (a) two attached containers with a perforated window (b) allowing the pigs to see and smell each other to decrease isolation stress (photo:

RISE).
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Explore foam
Explore window
Avoid foam
Escape attempt
Gasping

Vocalisation
Grunt
Squeal
Scream
Defecate
Loss of balance
Loss of posture
Strong convulsions

Table 1
Definitions of the pig behaviours included in the behavioural analysis.
Behaviour Definition
Sit Stationary, resting on the caudal part of the body with support of front hooves
Lay down Lying position with body in contact with the floor
Slip One or more hooves are sliding quickly and uncontrolled on floor
Startle A sudden, involuntary movement/jump in response to something unexpected
Retreat Walks in reverse
Shake Vigorous shake of head and body
Explore floor Snout in contact with floor
Explore wall Snout in contact with wall

Snout in contact with foam

Snout touches the window

Pig stretches head above foam when foam level becomes high to avoid getting head and snout under foam
Jumps up against the lid, head touches lid

Deep breath through a wide-open mouth, which may involve stretching of the neck (Dalmau et al., 2010b)

Low-pitch vocalisation

High-pitch vocalisation

Very loud, strong high-pitch vocalisation

Self-explanatory

Pig swaying, staggering, and falling but struggles to regain its position (righting reflex)
Pig loses posture, inability to remain standing with no attempts to righten itself
Forceful, galloping or kicking, movements with a high frequency

Last muscle contraction

Last visible muscle movement

Gagging Low-frequency inhalations with opening/closing of mouth and occasional emission of sounds similar to snoring

pigs was included, with all pigs lying on their sides by the end of
the period. Observations continued beyond 130 s to register the
time to the last visible muscle contraction.

The stun process was described by defining time from foam
start to LOB and LOP. After LOP, convulsions (muscular excitation)
commonly occurred and were described qualitatively by their
intensity and type. The times until last observed strong muscular
contraction and last visible contraction were registered. Any gag-
ging observed after LOP was also noted. The definitions of LOB,
LOP, strong convulsions, last muscle contraction and gagging are
presented in Table 1.

Statistical analyses

Behavioural data were divided into 10 s intervals, with the first
three intervals (1-3) occurring before foam production and the
next ten intervals (intervals 4-13) during foam production. Beha-
viour was recorded as counts. When behaviour was analysed over
time (intervals), the behaviours were converted to a binary vari-
able (observed or not observed) in each interval. Vocalisations
were recorded as counts before and counts after LOP.

Statistical analyses were performed using SAS version 9.4 (SAS,
2021; Cary, NC, USA). Descriptive statistics were calculated using
Proc Means, and Proc Freq.

Differences between treatments (N, Ar and CO,) were analysed
using multivariable models, and all models developed stepwise
forward including tests of all relevant interactions. Continuous
outcome variables (blood lactate concentration, foam filling time,
latencies for loss of balance, loss of posture, last strong convulsion
and last convulsion) were normally distributed (residuals exam-
ined for normal distribution using the Proc Univariate, considering
Shapiro-Wilks test for normality and a normal probability plot),
and analysed with a GLM (Model 1) in Proc GLM. Differences in
binomial outcome variables (behaviours performed or not during
each 10 s interval) were analysed using generalised linear model
(Model 2) in Proc Glimmix (with binomial distribution, logit link).

Model 1: y = Treatment + Sex + Test day + Weight on test day +
Foam filling time + e

Model 2: y = Treatment + Interval + Sex + Test day + Weight on
test day + Foam filling time + Treatment*Interval + e

Where predictor variables Treatment (N,, Ar and CO,), Sex (fe-
male or immuno-castrated male), Test day (1-5) and Interval (1-
13) were fixed class effects, and Weight on test day and Foam fill-
ing time was included as fixed continuous covariates. When foam
filling time was assessed as a y-variable, foam filling time was not
included in the model.

Additionally, the linear association between latency for LOP and
LOB and lactate concentration was tested by adding lactate as a lin-
ear regression covariate in Model 1.

Differences between treatments in a total number of pig vocal-
isations (counts of grunting and screaming) before and after LOP
were analysed using Kruskal-Wallis tests, as the skewed distribu-
tions of these outcome variables did not allow analyses with a
GLM (Model 1) as primarily intended.

Results
Foam filling time, temperature, and oxygen concentration

The container was filled with foam until it started coming out of
the overflow valve on the lid. The valve was then closed, and foam
production was stopped. The mean filling time was shorter for the
CO, treatment (LSM + SE 72.1 + 4.56 s; P < 0.001) compared to the
N, and Ar treatments (102.1 + 4.63 s and 114.2 + 4.65 s, respec-
tively). To determine if excessive convulsions in the N, and Ar
treatments caused foam breakage, the time from foam start until
the foam covered the pigs’ withers was recorded. This time differed
significantly (P < 0.001) between all three treatments, with
LSM + SE 42.6 + 4.30 s for CO,, 58.2 + 4.37 s for N, and 74.5 + 4.
38 s for Ar. Foam filling time was included as a covariate in the
models analysing both continuous duration (Model 1), and bino-
mial behaviour (Model 2) response variables. Foam filling time
had a significant (P < 0.05) effect on the occurrence of the beha-
viours explore foam and explore floor, and on the latencies from
foam start to LOB and from LOB to LOP.
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Before foam production began, ambient oxygen (O,) concen-
trations in the box were above 20%. If many foam bubbles
broke early during filling, the O, concentrations would start
decreasing before the foam reached the air sampling inlet.
When the foam reached the inlet, the O, concentration should
drop immediately to zero. However, the sampling tube, water
trap, and moisture filter were initially filled with air, causing
a delay before measuring the actual gas concentration inside
the container. On average, the delay from when O, concentra-
tion fell from 20% to below 2%, was 43 s. Despite the water
trap and moisture filters, the wet and humid conditions in
the box caused the sensor to malfunction after 3-4 tests each
day, and it stopped working entirely by the fourth day, result-
ing in only 11 reliable measurements. After the box was filled
and foam production stopped, and the gas pulse was used to
break the foam, O, concentrations in the box were below 1%
and remained at that level for the duration of the test until
the box was opened to remove the pig.

At the start of each test, the average temperature in the box was
15.1 °C, slightly lower for the first test in the morning and increas-
ing during the day. After the box was filled and the foam was
destroyed, the temperature rose slightly to 15.4 °C. The cooling
effect of the compressed gas and the water/soap mixture used to
create the foam did not significantly impact the temperature in
the container.

Pig behaviour

The behaviours ‘startle’, ‘shake’, retreat, ‘explore lid’, ‘defecate’
and ‘gasping’ occurred infrequently and were not analysed further.
‘Startle’ was observed in ten pigs in relation to the start of foam
production. ‘Retreat’ may have been limited due to the confined
space. Most pigs (72%) occasionally slipped, usually when foam
levels were high. ‘Gasping’ was observed in one pig (CO, treat-
ment), but the behaviour was perceived as difficult to detect due
to the video angles.
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Explore window and foam

The transparent window between containers was explored by
most pigs across treatments. Interest in the window was highest
during the first intervals and decreased as foam filled the container
(Fig. 2). In the CO, treatment, the behaviour decreased more
rapidly compared to N, and Ar, as can be seen from interval 6
and onward. Only one pig never explored the window and two pigs
only explored it before foam production started (intervals 1-3).

The behaviour ‘explore foam’ was observed in all treatments,
but six pigs never explored the foam, of which 5 were in the CO,
and one in the N, treatment. In the CO, treatment, the exploration
of foam had a sharp peak in interval 5 and then rapidly decreased,
while the behaviour was shown more persistently in the N, and Ar
treatment (Fig. 3).

Avoid foam

All pigs (100%), across treatments performed ‘avoid foam’ at
least once during the observation period. The percentage of pigs
showing the behaviour during each interval is shown in Fig. 4. In
the CO, treatment, ‘avoid foam’ peaked earlier than in the N, and
Ar treatments and in intervals 7 and 8, all pigs in the CO, treatment
showed the behaviour. ‘Avoid foam’ peaked in intervals 8,9 and 10
in N, and in interval 10 in the Ar treatment, i.e. when foam levels
were quite high.

Escape attempts

Escape attempts were observed at least once in 42% of pigs in
N,, 58% of pigs in Ar and 83% of pigs in CO, treatment. Pigs in
the CO, treatment showed escape attempts significantly earlier
than the other two treatments and a majority of the pigs showed
the behaviour in intervals 7 and 8, with a rapid decrease after that
as a result of LOP (Fig. 5). Escape attempts peaked in interval 10 in
the N, and interval 11 for the Ar treatment.

Vocalisation
There were no differences between treatments in the number of
grunts or screams before LOP (Kruskal-Wallis Test, P = 0.993, N =
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36). After LOP, pigs in the N, and Ar treatments performed high-
pitch vocalisations (screams) more frequently than pigs in the
CO, treatment (Kruskal-Wallis Test, P = 0.002, CHI-square = 12.5,
N = 36). The median values were 3.5, 3.0 and 0.0, and the interquar-
tile range values were 4.5, 5.0 and 0.0 for the N,, Ar and CO, treat-
ments, respectively. Only two pigs (one in the Ar and one in the
CO, treatment) grunted after LOP.

Loss of balance, loss of posture, and convulsions

The stun process was similar between pigs in the N, and Ar
treatment, while the CO, treatment differed. The first sign of the
anoxic atmosphere’s effect was LOB, where pigs began to sway,
stagger, sit and fall while struggling to keep an upright position.
Some pigs showed potentially uncontrolled muscle contractions
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pigs performing escape
attempts at least once
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Fig. 5. Percentage of pigs (Least Square Means and SE) performing escape attempts at least once during each 10-second interval (1-13) when exposed to N,, Ar or CO,.
Interval 4 indicates foam start. Significant difference (P < 0.05) is indicated when SE bars do not overlap, both between treatments within interval and between intervals

within treatment.

Table 2

Latencies (s) from foam start to LOB, LOP, last strong convulsion and last muscle contraction of pigs in the three treatments N,, Ar and CO,. Latencies from LOB to LOP and from

LOP to last strong convulsion and last muscle contraction are also shown.

Treatment
N, Ar CO,
Latency (s) LSM SE LSM SE LSM SE F P-value
From foam start to:
LOB 62.5° 2.76 67.3% 3.25 31.7° 3.28 26.7 <0.001
LOP 77.2% 2.92 76.8% 3.44 51.1° 347 15.1 <0.001
Last strong convulsion 102.5% 2.90 94.1¢ 3.92 56.1° 5.78 237 <0.001
Last muscle contraction 208.3° 9.66 218.1° 11.38 167.3° 11.46 4.2 0.032
From LOB to:
LOP 14.7%° 2.46 9.47° 2.90 19.4° 2.92 24 0.123
From LOP to:
Last strong convulsion 23.4° 2.52 12.9° 3.40 127 5.02 6.5 0.010
Last muscle contraction 1311 10.02 141.3 11.81 116.3 11.89 0.9 0.438

Abbreviations: LOB = Loss of balance; LOP = Loss of posture.

a5 values within a row with different superscripts indicate pairwise differences with P < 0.05.

before LOP. In the N, and Ar treatment, LOP was followed by the
immediate onset of strong convulsions, including paddling (gallop-
ing) movements with the legs, often with a high-pitched scream.
These muscle contractions then became more irregular, followed
by gagging. In the CO, treatment, pigs generally had fewer and less
severe convulsions and no vigorous paddling movements.

The time from foam start to LOB, LOP, last strong convulsion
and last visible muscle contraction was shorter for the CO, treat-
ment compared to N, and Ar (P < 0.001; Table 2). No differences

were found between the N, and Ar treatments (Table 2). Latency
from LOB to LOP did not differ between treatments.

Table 2 also presents latencies of convulsions from LOP.
The duration of strong convulsions was longer in the N, treatment
compared to Ar (P < 0.001), while no difference was found
compared to the CO, treatment although the mean duration
was similar to the Ar treatment. There was no difference
between treatments in duration until the last observed muscle
contraction.
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By the end of the exposure time, pigs were checked for corneal
reflexes, muscle contractions and gagging/breathing, and heart-
beats using a stethoscope. All pigs lacked corneal reflex, and none
showed signs of breathing or muscle contractions.

Blood lactate analysis

The average blood lactate concentrations were 12.7 + 1.23,
114 £ 1.35 and 9.1 £ 1.40 mM in the N,, Ar and CO, treatment,
respectively, without significant differences between treatments
(P = 0.239). Regression analysis showed no association between
lactate concentrations and time to LOB, LOP, last strong convulsion
or last observed muscle contraction.

Discussion

Two behaviours considered to be signs of aversion in pigs dur-
ing controlled atmosphere stunning are retreat and escape
attempts (Raj and Gregory, 1996; Llonch et al., 2012b). The results
showed that pigs in the CO, treatment performed escape attempts
significantly earlier than in N, and Ar, and there were also more
pigs that exhibited escape attempts in CO,, supporting the conclu-
sion that high concentration of CO, is more aversive to inhale than
the inert gases and in particular N, gas (EFSA, 2004). However, 42%
of pigs exposed to N, foam still demonstrated at least one escape
attempt before LOP. Lindahl et al. (2020) found no difference in
escape attempts between 9-week-old pigs exposed to air-filled
and N,-filled foam, concluding the aversion was related to the
foam itself. As in Lindahl et al. (2020), the current study observed
increased escape attempts as foam filled the container, with pigs
across treatments avoiding the foam when it reached the head.
Despite this, some pigs voluntarily immersed their head into the
foam. Retreat was rarely observed, likely due to the confined space
of the container. Thus, the results indicate that the pigs seem to
experience being enveloped by the foam as unpleasant, but Ar
and N, induce a less aversive response in comparison to CO,.

Vocalisation is often considered a conscious response
(Verhoeven et al., 2015) and can indicate distress during e.g., cap-
tive bolt stunning (Gouveia et al., 2009). However, high-pitched
sounds after LOP during gas stunning are likely involuntary pas-
sage of air along the vocal cord (Verhoeven et al., 2015). For exam-
ple, Raj (1999) studied pigs exposed to anoxia induced by Ar and
reported that unconsciousness occurred before the onset of vocal-
isations. It is therefore relevant to distinguish between vocalisa-
tions before and after LOP in gas stunning, which was done in
the present study. Grunts and screams before LOP occurred in all
treatments with no significant differences, while high-pitched
sounds after LOP only occurred in inert gas treatments. However,
due to the uncertainty regarding the level of consciousness during
high-pitched vocalisations in relation to LOP, this seems to be an
inconclusive indicator, something that has also previously been
acknowledged by e.g., Llonch et al. (2012b). In addition, although
conscious vocalisations may be indicators of distress, various
explanations to an absence of vocalisations have been proposed
(Verhoeven et al., 2015), and the absence of vocalisations cannot
be interpreted as proof of absence of distress. For example, pain
from inhaling high CO, concentrations may prevent pigs from
vocalising (Llonch et al., 2012b). Grunting may be a relevant indi-
cator of consciousness and, in the present study, grunts mainly
occurred before LOP and sounds similar to grunts after LOP were
most likely the typical snoring sounds related to gagging (thus
not conscious vocalisations).

Gasping, considered an indicator of breathlessness (Velarde
et al.,, 2007; Verhoeven et al., 2015) and commonly reported in pigs
inhaling CO, (Atkinson et al., 2020; Jongman et al., 2021; Velarde
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et al., 2007), was observed only in one pig exposed to CO, in this
study. Terlouw et al. (2021) exposed pigs to different CO, gas mix-
tures and concluded that all mixtures induced respiratory difficul-
ties in most pigs before loss of consciousness. Inert gases do not
irritate mucosa and airway passages as CO, does, thus breathless-
ness and gasping are not induced to the same extent during inert
gas hypoxia. Several studies have shown decreased gasping with
decreased CO, concentration in the gas mixture (Llonch et al,
2012a, 2012b; Atkinson et al., 2020). The CO, treatment is an
example of hypercapnic anoxia, as CO, concentrations are so high
that an anoxic situation is created, thus, the level of residual oxy-
gen was similar in all gases. Absence of gasping was also found
in a previous study of N, gas anoxia using gas-filled foam
(Lindahl et al., 2020).

Social isolation distress in pigs is well documented. Soderquist
et al. (2023) found fewer escape attempts in pigs exposed to air-
filled foam when accompanied by a familiar pig. In the present
study, pigs had contact with a familiar pig through a clear perfo-
rated window, which may have provided social support. This is
suggested by only 42% of pigs in the N, treatment showing escape
attempts, compared to 80% in isolated pigs from Lindahl et al.
(2020). In future tests, the two containers should be connected
by the short side of the container, so the pigs are naturally facing
each other.

In a controlled atmosphere stunning, the earliest behavioural
sign of the onset of unconsciousness is LOP (Verhoeven et al.,
2015; Raj, 1999; Raj and Gregory, 1996; EFSA, 2013). Studies have
shown that the time to LOP in pigs is longer using inert gases com-
pared to CO,, due to the anaesthetic effect of CO, (Raj and Gregory,
1996; Llonch et al., 2012b). This was confirmed in this study where
LOP occurred earlier in the CO, treatment with a time difference of
about 26 s compared to Ar and N,. It should be noted that the time
to LOP is not directly comparable to non-foam studies, as it was
measured from foam production start, introducing a delay until
true anoxic conditions were achieved. In the present study, time
to LOP was 51.2 s in the CO, treatment, to be compared with
approximately 30 s when pigs are exposed to 80-90% CO, gas
without foam (Mota-Rojas et al., 2012). The filling time of the con-
tainer is a key factor for the time to LOP in the gas foam method
(Lindahl et al., 2020). Accordingly, foam filling time had a signifi-
cant effect on the latencies from foam start to LOB and from LOB
to LOP in the current study. However, as the treatment effect with
a shorter time to LOP for CO, compared to Ar and N, is still present
with adjustment of filling time, filling time is not the only con-
tributing factor to the shorter time to LOP for CO,. Lindahl et al.
(2020) found the time to LOP for 30 kg pigs exposed to N, gas in
foam to be 58 s, which can be compared to 77 s in the present
study with 50 kg pigs.

During gas stunning, pigs commonly show ataxia, poor muscle
control, before LOP as the induction of unconsciousness is progres-
sive. Time to LOB was shorter in CO, treatment than in Ar and N,.
During the period from LOB to LOP, the pigs showed behaviours
like swaying, sitting, falling and getting up again, escape attempts
and muscle excitation. This period of high activity makes it difficult
to differentiate specific behaviours. There is a lack of agreement in
the scientific literature on whether muscular excitation occurs as a
voluntary response to the gas or if it is a period of involuntary
movements, which is problematic as this is crucial for assessing
the level of discomfort that the animals experience before the loss
of consciousness. Forslid (1987) suggested, based on EEG, that pigs
exposed to CO, were unconscious before the muscular excitation
period and several studies have also implied LOP as an indicator
of successful stunning that shows that the cerebral cortex is no
longer able to control posture (Raj and Gregory, 1996; Llonch
et al., 2013). Conversely, results from more recent studies of brain
activity of pigs during exposure to different concentrations of CO,
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and CO, and N, mixtures, suggest that muscle excitation and LOP
may occur before significant changes in brain function, which
could indicate that the pigs are conscious (Rodriguez et al., 2008;
Verhoeven et al.,2016). The dispute can partly be explained by dif-
ficulties determining the exact moment, based on the EEG data, at
which loss of consciousness occurs (Rodriguez et al., 2008) and fur-
thermore the difficulty of determining the exact time of LOP (EFSA,
2013). However, a recent study by Wabakken Hognestad et al.
(2023) showed that some pigs stunned with CO, inhalation per-
formed forceful galloping movement when blood pH and partial
pressure of arterial CO, were considered compatible with
consciousness.

In the current study, although ataxia was induced earlier in CO,,
the latency between the start of LOB to LOP did not differ between
treatments. The muscle excitation phase from LOP to the last
strong convulsion was longer for inert gases than CO,, aligning
with previous studies (Llonch et al., 2012b; 2013). The period of
vigorous muscle contractions was commonly followed by gagging,
i.e. low-frequency inhalations with opening/closing of mouth and
occasional emission of sounds similar to snoring. Gagging may be
similar to the behaviour ‘agonal gasping’ described in Wabakken
Hognestad et al. (2023), which also occurred late in the stunning
process. Agonal gasping was defined as “opening mouth wide
and inhaling while having stopped breathing spontaneously in
between mouth openings”, which is in line with the observations
of gagging in the current study. In Wabakken Hognestad et al.
(2023), the onset of agonal gasping in pigs during CO, stunning
was shown to correspond with low blood pH and high CO, partial
pressure in the blood which were assessed as most likely incom-
patible with consciousness. There seems to be some conceptual
confusion regarding gagging and gasping across studies, as differ-
ent studies use different definitions, which highlights a need for
consensus regarding these concepts in future. The results showed
that all pigs across treatments were adequately stunned after
5 min from foam start and none of the pigs showed corneal reflex,
breathing, gagging or any muscle contraction when pulled out of
the container. Heartbeats were absent in a majority of the pigs;
however, heartbeats could have been missed due to the difficulty
of detecting weak or infrequent beats. No pig showed indications
of regained consciousness during sticking and bleeding.

Blood lactate concentration, an indicator of stress shown to be
related to specific handling and behaviour in a commercial slaugh-
ter setting (Brandt and Aaslyng, 2015; Edwards et al., 2010b) did
not differ between treatments despite differences in duration of
strong convulsions. Tonic-clonic seizures in humans are associated
with strong sustained convulsions that cause significant lactate
elevation in blood (Nass et al., 2019). This is very similar to the
muscle excitation phase after LOP during stunning with inert
gases. To the authors’ knowledge, there are no studies of how con-
vulsions during anoxic atmosphere stunning of pigs affect blood
lactate concentrations, but it is likely that the lactate concentra-
tions in this study were more influenced by physical factors than
psychological stress, thus the inclusion of additional stress indica-
tors is recommended for future studies. Various physiological vari-
ables in relation to stunning with CO, mixtures have been studied
in e.g., Terlouw et al. (2021) and Wabakken Hognestad et al.
(2023). Blood lactate concentration at exsanguination has been
shown to be related to meat quality parameters (Edwards et al.,
2010a; Hambrecht et al., 2004), and is thus a relevant factor when
considering the N, foam method for stunning purposes at
slaughter.

This study serves as a proof of concept of the NEFS in container
method for stunning and subsequent killing of pigs of approxi-
mately 50 kg live weight. The system worked well in achieving
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and maintaining an anoxic atmosphere of below 2% O, throughout
the procedure. The problems encountered with the oxygen sensor
during the experiments may be eliminated by using a sensor
designed for measurements in both liquids and gases. Continu-
ously monitoring and maintaining O, levels below 2% in the foam-
ing container throughout the process is one of the
recommendations stated in the scientific opinion on NEFS (EFSA,
2024).

Conclusion

The gas foam method is effective in stunning the pigs regardless
of the gas type used. All pigs across treatments were adequately
stunned or dead when removed from the container 5 min after
foam initiation, and none showed signs of regained consciousness
during sticking and bleeding. The pigs exhibited behaviours indica-
tive of a stronger aversion when exposed to CO, foam, especially
compared to N,. However, the stun process was faster with CO,
where pigs displayed LOP, i.e. first indication of unconsciousness,
after significantly shorter exposure time compared to the inert
gases. The less aversive responses to Ar and N, foam are positive
from an animal welfare perspective, but the longer time to loss
of consciousness compared to CO, is a disadvantage.
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