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Abstract
Debilitated stranded cetaceans with low survival likelihood, may require euthanasia to avoid further suffering. Euthanasia 
can involve chemical or physical methods, including ballistics. Ballistics should cause instantaneous, permanent insensi-
bility through brainstem disruption. Despite wide application, there is limited understanding of ballistics-related welfare 
outcomes. We opportunistically examined behaviour of three maternally-dependent cetaceans following shooting and 
the related cranial disruption post-mortem using computed tomography (PMCT). Our aim was to understand whether a 
‘humane death’, i.e., euthanasia, was achieved. Each animal was shot using different projectile types: soft non-bonded, 
solid, and soft bonded. In two animals, insensibility was not immediately assessed following shooting, although both were 
reported as ‘instantaneously insensible’. From our analysis, all animals displayed musculoskeletal responses to shooting, 
including peduncle stiffening and slack lower jaw, followed by musculature relaxation 24-, 10.3- and 20.8-seconds post-
ballistics, respectively. The animal shot with a soft non-bonded projectile also displayed agonal convulsions and tail-lifting 
for 16-seconds post-shot; these were not observed for solid or soft bonded projectiles. PMCT findings indicated projectile 
disruption to the brainstem and/or spinal cord likely to cause near-instantaneous insensibility. However, extra-cranial 
wounding was also evident for the soft non-bonded projectile, highlighting potential for additional welfare compromise. 
Our results demonstrate that ballistics can achieve a relatively rapid death in young, stranded cetaceans, but careful 
equipment selection is required. To ensure a humane death, verification of insensibility must be undertaken immediately 
following shooting. Further studies should be undertaken to improve knowledge of appropriate procedures and equipment 
for euthanasia, ensuring humane deaths for compromised cetaceans.
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Background

Stranded cetaceans are often found in a debilitated condi-
tion (Arbelo et al. 2013; Herráez et al. 2013; Diaz-Delgado 
et al. 2018; Câmara et al. 2020) and end-of-life decisions, 
including euthanasia, may be required to prevent further 
welfare compromise (humane ending of life for an animal 
that is otherwise suffering (Boys et al. 2021). Methods for 
the euthanasia of cetaceans include chemical and physical 
techniques, yet there are limited data available to inform 
development of standardised approaches (Barco et al. 2016; 
Boys et al. 2021; Stringfellow et al. 2022). In some regions, 
including Aotearoa New Zealand, chemical euthanasia 
may not be possible due to a lack of veterinary personnel 
to administer the euthanising agent(s) and/or due to con-
cerns about eco-toxicity, and human safety considerations 
(O’Rourke 2002; Bischoff et al. 2011). Instead, physical 
methods, such as ballistics, are applied.

To be considered euthanasia, the death of the animal 
must be achieved in such a way as to minimize negative 
impacts on its welfare (i.e., be humane). In the context of 
ballistics, key structures in the brain must be destroyed 
rapidly to ensure that the animal is rendered irreversibly 
unconscious i.e., insensible (Greer et al. 2001). This should 
include destruction of the brainstem (midbrain, pons and 
medulla oblongata) (Leary et al. 2020) which controls respi-
ratory and cardiac function (Millar and Mills 2000; Cozzi 
et al. 2016; DeNicola et al. 2019; Panneton and Gan 2020) 
and is key to the generation of conscious awareness though 
the reticular activating system (Parvizi and Damasio 2003; 
Grady et al. 2022; Taran et al. 2023).

However, the application of ballistics to cetacean species 
can be complex due to the integument and thick muscle on 
the parietal and occipital areas of the skull and the dense 
bones of the cranium (Harms et al. 2018; Roston and Roth 
2019). Furthermore, there is high variability in skull mor-
phology and vertebral topography among cetacean species 
and age groups which, along with the lack of species-spe-
cific, detailed protocols, can lead to inaccurate projectile 
placement and/or the use of inappropriate equipment (Boys 
et al. 2021, 2022a, 2023). If a cetacean is not rendered 
immediately unconscious following application of ballis-
tics, it may suffer severely (IWC 2014). Accordingly, it is 
vital that euthanasia procedures are routinely reviewed to 
better understand the efficacy of the method and to highlight 
any potential welfare concerns.

The relative humaneness of killing can be evaluated by 
assessing the duration and intensity of any negative impacts 
(suffering) that occur prior to the animal becoming perma-
nently insensible (Littin et al. 2004; Leary et al. 2020). Dura-
tion can be quantified through parameters such as the time 
from the application of the method until the time at which 

the animal can be verified as insensible or dead (Knudsen 
2005; Gales et al. 2008). Examination of behavioural and 
physiological variables can be used to infer potential suf-
fering (Beausoleil et al. 2016). Additionally post-mortem 
examination of the resulting penetrating head injuries and 
relevant lesions can be assessed to infer both the duration 
and intensity of negative impacts experienced by the animal 
(Millar and Mills 2000; Thomson et al. 2013; Schiffer et al. 
2014; DeNicola et al. 2019; Lund et al. 2021; Boys et al. 
2023). Computed tomography (CT) is one of several tools 
that can be used in post-mortem examinations and provides 
a non-invasive method to examine lesions (Tsui et al. 2020; 
Kot et al. 2022); this method has been used to delineate the 
trajectory, penetration and impacts of projectiles in animals 
(Millar and Mills 2000; Thomson et al. 2013; Schiffer et al. 
2014).

New Zealand is world renowned for its frequent live 
cetacean stranding events. Two of the most common species 
to strand in this region are long-finned pilot whales (Globi-
cephala melas edwardii) and pygmy sperm whales (Kogia 
breviceps) (Betty 2019; Plön et al. 2023). Due to the low 
survival likelihood and negative welfare impacts, depen-
dent animals found stranded alone or with deceased moth-
ers are considered non-viable for rescue in New Zealand, as 
stated in the Department of Conservation Te Papa Atawhai 
(DOC) Standard Operating Procedures (Boren 2012; Boys 
et al. 2022a). Therefore, neonates and non-weaned calves 
are an age class to which killing methods (i.e., ballistics) are 
mostly likely to be applied. Herein, we present three case 
studies in which we evaluate the application of ballistics as 
a method to humanely kill stranded dependent odontocetes 
(long-finned pilot whale, pygmy sperm whale and a killer 
whale (Orcinus orca).

To make inferences about the welfare impacts of the 
ballistics method and determine whether the application 
of ballistics in these cases can be classed as ‘euthanasia’, 
we describe animal behavioural responses and post-mortem 
lesions. Specifically, we examine (1) the application of bal-
listics and the animal’s behavioural responses to the pro-
cedure; and (2) findings of penetrating head injuries using 
post-mortem computed tomography (PMCT). In particular, 
we utilise PMCT to assess the ballistics impacts including 
projectile entry and exit sites, intracranial fragments, pro-
jectile tracks and their relationship to brain regions and 
skull-based structures, pneumocephalus, opening of the 
ventricles, effacement of the basal cisterns, brain hernia-
tion and mass effect. Finally, we interpret the disruption to 
the cranial structures, particularly the brainstem, achieved 
via ballistics to infer the likelihood that the method caused 
instantaneous insensibility (irreversible unconsciousness) 
and highlight potential welfare implications.
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Case presentation

Animals included in this study

No animals were euthanised for the purpose of this study. All 
data were opportunistically collected from stranding events 
where the animal was deemed to require euthanasia by DOC 
(legislative agency responsible for managing strandings) in 
partnership with iwi (local indigenous Māori).

Long-finned pilot whale (Globicephala melas edwardii)

In 2021, a 1.9 m pilot whale was observed live-stranded on a 
South Island beach in New Zealand. It is unknown how long 
the animal had been stranded. Despite the recommendation 
in the New Zealand DOC SOP relating to animals of this age 
class, two unsuccessful re-floatation attempts were under-
taken by members of the public. Due to the evident maternal 
dependency (apparent by size and foetal folds; Fig. 1), and 
with no sign of a natal pod, the decision to euthanise was 
made by DOC in collaboration with iwi.

Pygmy sperm whale (Kogia breviceps)

In 2023, a 1.63 m pygmy sperm whale (Fig. 2) was reported 
live-stranded on a North Island beach in New Zealand. 
The presumed mother was also observed stranded though 
already deceased. It is unknown how long the animals had 
been stranded. No re-floatation attempts were undertaken, 
as total body length indicated likely maternal dependency. 
Therefore, the decision to euthanise was made by DOC in 
collaboration with iwi.

Killer whale (Orcinus orca)

In 2024, a 2.8 m killer whale (Fig. 3) was reported live-stranded 
at a beach on the North Island, New Zealand. It is unknown 
how long the animal had been stranded. No re-floatation 
attempts were undertaken, as total body length indicated likely 
maternal dependency. Therefore, the decision to euthanise was 
made by DOC in collaboration with iwi.

Behavioural responses

Filming of each animal before, during and immediately 
following the application of ballistics was conducted to 
enable an examination of the procedure and the animal’s 

Fig. 2  Maternally-dependent 
pygmy sperm whale (Kogia 
breviceps) that live-stranded with 
a deceased adult, presumed to be 
its mother, on North Island, New 
Zealand. Photo credit: Depart-
ment of Conservation Te Papa 
Atawhai New Zealand

 

Fig. 1  Maternally-dependent 
long-finned pilot whale (Glo-
bicephala melas edwardii) that 
stranded on South Island, New 
Zealand. Note: evident foetal 
folds and curved dorsal fin 
indicating newborn status. Photo 
credit: Department of Conser-
vation Te Papa Atawhai New 
Zealand
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entrance point and angle of penetration, whether (from their 
point of view) insensibility/death criteria were assessed and 
if so, what criteria were assessed, how assessments were 
made, and their estimation of time to insensibility/death. 
Markspersons were also able to provide any additional com-
ments or contextual information they wished. This informa-
tion was integrated with the data from the video footage 
to provide further context to the ballistics procedure and 
explore any potential animal welfare concerns.

PMCT examination

The pilot whale carcass was carefully transported to a South 
Island radiological facility for PMCT scan immediately 
(< 1 h) following ballistics application. The pygmy sperm 
whale carcass was transported to the cetacean pathology 
unit at Massey University, Auckland where it was stored at 
4  °C for < 24 h at which point it underwent PMCT scan-
ning at a second radiological facility in North Island. Due 
to the cultural requirement for immediate burial following 
scanning or other cultural restrictions, a full post-mortem 
examination to explore ballistics-related injuries could 
not be undertaken on either carcass. The killer whale car-
cass was transported to the veterinary pathology facility at 
Massey University, Palmerston North where it was stored at 
4 °C for < 72 h at which point it underwent PMCT scanning 
and subsequent necropsy following standard protocols (IJs-
seldijk et al. 2019).

All PMCT scans followed the standardized methods out-
lined in Kot et al. (2020b) and Tsui et al. (2020), utilising full 
body scans where possible, with analysis focusing on ballis-
tics related injuries in the head, neck, and thorax regions. CT 
scanning was optimised to minimise metallic artefacts and 
an extended CT scale was used to view these artefacts (Link 
et al. 2000; Fraga-Manteiga et al. 2014). The pilot whale 

behavioural responses, following Boys et al. (2023). Video 
footage was taken continuously on a handheld mobile phone 
camera positioned approximately 2  m in front and to the 
side of the animal. All available video footage was exam-
ined at 0.5x speed using behaviour analysis program BORIS 
(Friard and Gamba 2016) to assess: orientation of firearm 
discharge, approximate projectile entry location based on 
animal anatomical features, number of shots applied, and 
fine-scale animal behaviour during- and post-application 
of ballistics. Where possible, time to insensibility was esti-
mated from the video as the time taken from the first shot 
until absence of reflex responses when tested by the mark-
sperson in the field. In cases where reflex testing was not 
undertaken, time to insensibility could not be estimated.

Animal behaviours and related human activities were 
characterised following the ethograms in Boys et al. (2022b, 
2023) with new behaviours characterised if observed. All 
behaviours were coded per second and the frequency (point 
behaviours), or duration (state behaviours) determined. 
The pattern of behaviour over the observation period was 
mapped graphically and described. Due to the stochastic 
nature of strandings, the duration filmed for each animal 
varied: the long-finned pilot whale was filmed for 154.8 s 
before and 88.7 s post-application of ballistics, the pygmy 
sperm whale was filmed for 27.6 s before and 183.1 s post-
application of ballistics, and the killer whale was filmed for 
66.3 s before and 210.3 s post-application of ballistics.

Follow-up procedural data collection

Within seven days of the stranding event, an email was sent 
to the marksperson involved in the euthanasia procedure 
with a set of questions to gather additional information about 
the procedure. This included: firearm type and projectile 
characteristics, anatomical landmarks used when aiming, 

Fig. 3  Maternally-dependent 
killer whale (Orcinus orca) that 
live-stranded on North Island, 
New Zealand. Photo credit: 
Department of Conservation Te 
Papa Atawhai New Zealand
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haemorrhage), projectile-related findings (projectile entry, 
projectile path, projectile exit, retained projectile, projectile 
fragments, metallic artefacts), and bone findings (fracture 
lines, fracture fragments, intracranial bone displacement). 
Furthermore, we also utilised the PMCT to examine for 
wider welfare-relevant features (e.g., air embolism, atelec-
tasis, blood aspiration, blood loss) related to the stranding.

Since dissection of all animals was not possible and dam-
age to neuronal tissue cannot be robustly evaluated from 
PMCT (Kot et al. 2020b), we defined efficacy of the method 
(likelihood of causing instantaneous insensibility) based on 
direct physical disruption to key structures including the 
brainstem, spinal cord, C1 and occipital condyles (Fig. 4).

 Long-finned pilot whale: behavioural responses to 
ballistics application

Ballistics was undertaken using a 0.308 calibre rifle with 
one soft non-bonded 155 gr boat-tail hollow point projec-
tile. The single firearm discharge occurred with the mark-
sperson standing in front of the animal, with the firearm 
muzzle positioned approximately 30 cm above and in front 
of the animal’s head, angled approximately 70° ventro-cau-
dally to the right of the animal’s dorsal midline, aiming just 
caudal to the blowhole. The shot entered caudal and slightly 
to the right of the animal’s blowhole. Notably, based on the 
video footage, criteria for verifying insensibility were not 
assessed in the field following the application of ballistics. A 

PMCT was undertaken on a Siemens multi-slice spiral CT 
scanner SOMATOM Drive (Siemens, Healthineers, Ger-
many) unit at 140 kV and 280 mAs with slice thickness of 
0.60 mm. The pygmy sperm whale PMCT was undertaken 
on a Siemens multi-slice spiral CT scanner SOMATOM 
go.Up (Siemens, Healthineers, Germany) unit at 130 kV and 
185 mAs with a slice thickness of 0.70 mm. The killer whale 
PMCT included scans of only the cranial region, scanning 
was undertaken on a Philips Big Bore multi-slice helical 
spiral CT scanner (Philips, Amsterdam, Netherlands) unit at 
120 kV and 333 mAs, with a slice thickness of 0.8 mm. In 
all cases, bone and soft tissue kernel reconstructions were 
acquired for interpretation of the ballistics-related injuries. 
CT images were reviewed using commercially available 
DICOM viewing software (Medixant. RadiAnt DICOM 
Viewer and Intelerad Medical Systems Incorporated, Intele-
Viewer). Multiplanar reconstruction (MPR) was used to 
generate transverse, sagittal and dorsal plane reconstruc-
tions. The images were displayed in reconstructed windows 
with adjustments to windowing and levelling as needed dur-
ing interpretation.

All PMCT data were reconstructed and interpreted by a 
diagnostic imaging researcher (BCWK) and a final-year vet-
erinary diagnostic imaging resident (GL). Analysis focused 
on evaluating ballistics-related soft tissue findings (brain 
oedema, galea hematoma, temporal muscle haemorrhage, 
subarachnoid haemorrhage, subdural haemorrhage, epi-
dural haemorrhage, intracerebral haemorrhage, ventricular 

Fig. 4  T2 weighted post-mortem magnetic resonance (A–C) and post-
mortem computed tomography (D–F) images illustrating regions of 
the cetacean brain: (1) dorsal sagittal sinus; (2) ventricles; (3) grey and 

white matter junction; (4) basal ganglia; (5) brain stem; (6) cerebel-
lum; (7) intracranial gas accumulation; (8) brain midline/symmetry 
(Figure from Kot et al. 2020b)
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hyperattenuating foci compatible with metallic (projectile) 
fragments, throughout the right cerebral hemisphere. The 
right bulla was fractured with metal fragments around the 
right peribullar area; the right cochlear was markedly dor-
sally displaced into the brain parenchyma. The disruption 
of brain parenchyma likely caused flooding of the sinuses 
(likely haemorrhage), including the peribullary sinus. 
Multiple metal fragments were present along the exit tra-
jectory with a narrow cluster within the muscles and sub-
cutaneous tissues, 3 cm cranial to the right pectoral joint. 
This additional wounding outside the cranial cavity may 
have disrupted major blood vessels to the brain and heart. A 
moderate surface defect was present ventral to these metal-
lic fragments, likely representing the distal (exit) trajec-
tory (and the likely exit wound, though interpretation was 
hindered by beam hardening artefact from metal projectile 
fragments).

A metallic fragment (1 cm x 0.5 cm) was noted dorsal to 
the basisphenoid bone (Fig. 6, using the extended CT scale), 
possibly disrupting the rostral brainstem at the level of the 
pons. Scant projectile fragments were noted in the cervi-
cal segment of the spinal cord and at the level of T1/T2. 
Fractures were observed in both occipital condyles (Fig. 5) 
suggesting disruption to the brainstem was likely and near 
instantaneous insensibility would have occurred. Substan-
tial subcutaneous and intracranial gas accumulations were 
observed, likely secondary to damage and fractures.

total of 10 animal behavioural responses were characterised 
from the video footage following firearm discharge (Fig. 5).

Following the shot, stiffening of the peduncle occurred 
immediately (< 1 s) and remained in this tonic contraction 
for 7  s. Slack lower jaw, agonal convulsions and tail lift-
ing commenced simultaneously immediately after the shot, 
with agonal convulsions lasting for only 1 s and tail lifting 
for 16 s. Tail fluttering, which was observed continuously 
prior to application of the shot, continued for 15 s post fire-
arm discharge, whereas dorsal fin fluttering ended shortly 
after the shot and the left eye opened and remained open 
for 52 s following the shot. An audible terminal exhalation 
commenced 1.7 s after the shot and lasted 33.3 s. Relaxation 
of epaxial musculature occurred 24 s post-shot (Fig. 5).

 Long-finned pilot whale PMCT examination: 
ballistics related

The single dorso-ventral shot penetrated the occipital blub-
ber and muscle at the dorsal aspect of the frontal bone 
(Fig. 6), ca. 7.5 cm caudal to the blowhole. Internally the 
projectile trajectory was angled caudally at approximately 
45° towards the right side. The projectile caused closed com-
minuted fractures and variably displaced bone fragments of 
the skull, including the maxillary, incisive, ethmoid, frontal, 
parietal, temporal, and occipital bones; fractures were most 
severe on the right side. Right-sided comminuted fractures 
of the occipital and paracondylar process of the basioc-
cipital bone were present, with mild comminuted fracture 
extension to the left.

On impact, the projectile likely fractured with the occipi-
tal bone, resulting in trajectory deviation, with multifocal 

Fig. 5  Behavioural events relating to the application of ballistics to the long-finned pilot whale (Globicephala melas edwardii). The shot is indi-
cated by the red dashed line. Total recording/observation duration: 244 s; ~95 s relevant to ballistics application shown here

 

1 3



Veterinary Research Communications

was some slight patchy increase in attenuation of the pulmo-
nary parenchyma, though this may have been a post-mortem 
change.

 Pygmy sperm whale: behavioural responses to 
application of ballistics

Ballistics application was undertaken using a 0.357 calibre 
rifle with one 158 gr solid, jacketed round nose projectile. 
A single firearm discharge occurred with the marksperson 
standing in front of the animal’s head, with the firearm 

Long-finned pilot whale PMCT examination: wider 
findings

The maternal dependence of the individual was confirmed 
by the presence of unfused epiphyseal plates in the pecto-
ral fins, unfused cervical vertebral bodies and open ventral 
growth plates of the atlas (C1). Hyperattenuating materials 
in the oral cavity and blowhole sinuses were evident and 
were likely sand or sediments due to the live stranding of 
the individual. Similarly, hyperattenuating material was 
noted in the stomach and was likely ingested sand. There 

Fig. 6  Multiplanar reconstruc-
tion (MPR) PMCT images of 
long-finned pilot whale (Globi-
cephala melas edwardii) post-
ballistics application: (A) angle 
of projectile trajectory (B) a soft 
tissue window (WL: 40; WW: 
400) using Ineterad, InteleViewer 
and (C) the extended CT scale 
(WL: 2000; WW: 9000) using 
Medixant, RadiAnt DICOM 
Viewer. Note: Complete fracture 
of the occipital bone at projec-
tile entry location, metallic and 
osseous bone fragments within 
brain parenchyma and metallic 
fragments marginally cranial 
to pectoral fin at projectile exit 
location. The green arrow depicts 
the evidence of metallic frag-
ments that may have disrupted 
the rostral brainstem at the level 
of the pons

 

1 3



Veterinary Research Communications

maxilla/premaxilla bone were observed. Bone attenuating 
fragments were noted caudal to the entry point through the 
brain parenchyma. These were compatible with fragments 
of the right premaxillary bone from the projectile entering 
the skull.

Evidence of considerable damage to the brain paren-
chyma in the right parietal lobe was observed, with bone 
fragments within the right ventricle. The terminal position 
of the projectile (HU = 3000+) was the right ventrolateral 
aspect of the atlas (C1), within the atlanto-occipital joint. 
The projectile remained smoothly marginated and whole. 
No metal fragmentation was noted. There were resultant 
fractures of the right occipital bone and ventral aspects of 
the occipital condyles (Fig.  8). The brainstem and spinal 
cord were directly physically damaged by the projectile but 
may not have been completely transected. This suggests 
that insensibility was likely instantaneous and no additional 
wounding outside the cranial cavity was observed.

Pygmy sperm whale PMCT examination: wider 
findings

The presence of epiphyseal plates at the humerus, radius, 
and ulna of both flippers, alongside the presence of physeal 
endplates at various vertebral levels confirmed the animal’s 
early life-stage. Hyperattenuating foci compatible with sand 
were observed along the entire upper respiratory system, 
from nasal sinuses, nares and goosebeak; this was likely 
inhaled when the animal stranded alive. A mix of hypo- and 
hyperattenuating material was observed within the stomach, 
which was likely digesta and sand. A slight increase in pul-
monary attenuation with ventral distribution, likely hypo-
static post-mortem changes, was observed. Mild, diffuse 
pulmonary oedema predominantly showing a ground-glass 

muzzle positioned approximately 15 cm above and in front 
of the animal’s head, angled at approximately 35° ventro-
caudally to the right of the animal’s dorsal midline, aiming 
just caudal to the blowhole. The shot entered caudal and to 
the right of the animal’s blowhole. Following the shot there 
was a delay in the checking of insensibility criteria of ca. 
2.5 min (154.9 s), but when tested both the palpebral and 
corneal reflexes were absent verifying animal insensibility. 
A total of 9 animal behavioural responses were character-
ised following firearm discharge (Fig. 7).

The lower jaw became slack and the peduncle stiffened 
immediately post-shot and the peduncle remained in this 
tonic contraction for 4  s. Urinary excretion and left eye 
opening were observed 1.5  s after the shot and relaxation 
of the epaxial musculature occurred 10.3 s post-application. 
Head lift, head side to side and tail lift, which were observed 
prior to application of the shot, continued for 1 s or less post 
firearm discharge.

 Pygmy sperm whale PMCT examination: ballistics 
related

A single projectile entered via a dorsoventral, parasagittal 
approach at an approximately 55° angle internally (Fig. 8), 
slightly right-sided and caudal to the blowhole. A mini-
mal superficial wound was noted at the entry site. A large 
(~ 8 cm in diameter) region of concentric emphysema and 
altered soft tissue density was present along the right side 
of the melon, compatible with cavitation and contusions 
along the projectile trajectory. There was penetration of the 
right premaxillary bone as the projectile entered the cal-
varium. A simple complete fracture of the body of the left 
maxilla was observed, likely secondary to impact (Fig. 8). 
Focal fractures at the ramus of the left mandible and right 

Fig. 7  Behavioural events relating to the application of ballistics to the pygmy sperm whale (Kogia breviceps). The shot is indicated by the red 
dashed line. Total recording/observation duration: 211 s; ~97 s relevant to ballistics application shown here
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 Killer whale: behavioural responses to ballistics 
application

Ballistics was undertaken using a 0.308 calibre rifle with 
three 180 gr bonded soft point projectiles. The three pre-
planned firearm discharges occurred with the marksperson 
standing in front of the animal, with the firearm muzzle 
positioned approximately 50 cm above and in front of the 
animal’s head, angled approximately 60° ventro-caudally 
along the animal’s dorsal midline, aiming through the blow-
hole. The shots entered through the centre of the animal’s 
blowhole. Criteria for verifying insensibility were assessed 

attenuation pattern, with subpleural sparing, was suggestive 
of drowning and/or re-stranding impacts. The hypostatic 
congestion in both lungs was likely associated with the ven-
tral recumbency of the animal during stranding and posi-
tional atelectasis but may also have reflected post-mortem 
changes. Mild pleural effusion was also noted. A moderate 
number of iso-attenuated nodules within blubber in the apex 
of the thorax (ventral at the axillary level), lumbar and cau-
dal regions were noted, suggestive of intra-blubber parasitic 
infestation.

Fig. 8  Multiplanar reconstruction 
(MPR) PMCT images of pygmy 
sperm whale (Kogia breviceps) 
post-ballistics application in the 
extended CT scale (WL: 2000; 
WW: 9000) using Medixant, 
RadiAnt DICOM Viewer. Note: 
Projectile lodged immediately 
right ventral to the atlanto-occip-
ital joint
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Killer whale PMCT examination: ballistics related

The three projectiles entered the frontal region on a dorso-
ventral, sagittal trajectory, at approximately 70° internally, 
near the blowhole. There was penetration of the premaxil-
lary, nasal, and frontal bones. Most of the projectiles frag-
mented into a narrow cluster of three parts. These terminated 
within the region of the highly comminuted, fractured, and 
variably displaced basisphenoid, right petrous temporal, 
and rostral basioccipital bones (Fig. 10). Regional emphy-
sema was noted in the surrounding extra-calvaria structures, 
which may have been related to ballistics or post-mortem 
changes.

Fractures of the left zygomatic bone, vomer, right tym-
panic bulla, pterygoid, temporal, parietal, supraoccipital 
bones, and occipital condyles were also noted. Small, multi-
focal mineral attenuating foci (likely bone fragments) were 
observed tracking through the ballistic entry point and sur-
rounding the main three projectile fragments. Few, pinpoint 
metal foci were also noted scattered throughout the brain 
parenchyma (Fig.  10). Both tympanic bulla and the nasal 
canal were filled with soft tissue attenuation, compatible 
with haemorrhage from ballistic trauma, though these may 
have been influenced by post-mortem changes.

The location of the three main projectile fragments, par-
ticularly within the basisphenoid and basioccipital bones, 
suggests direct and irreparable damage to the rostral brain-
stem. This likely resulted in near-instantaneous insensibility.

Killer whale PMCT examination: wider findings

Only the entire head, seven cervical vertebrae, and two upper 
cranial thoracic vertebral bodies were available for PMCT 
scanning, therefore, additional findings throughout the body 

three times following the final application of ballistics, the 
first time at 18  s after the final shot (42  s after the initial 
firearm discharge); no responses were observed at any of 
the assessments, verifying animal insensibility. A total of six 
animal behavioural responses were characterised following 
shooting from the video footage (Fig. 9).

Following the first shot, ventral stiffening of the peduncle 
occurred immediately (< 1  s) and the peduncle remained 
in this tonic contraction for 8  s. Slack lower jaw com-
menced immediately after the shot. Tail fluttering, which 
was observed continuously prior to application of the shot, 
ceased when ballistics was applied but then began again 
6.8 s post firearm discharge and continued for 10.5 s. Dorsal 
fin fluttering ended immediately after the first shot and only 
began again following the second shot.

The second shot occurred 17.5  s after the first and 
peduncle stiffening occurred immediately but lasted only 
1.2 s. Dorsal and tail fin fluttering both began immediately 
following the second shot, while relaxation of the epaxial 
musculature occurred 3.2  s after the second shot (20.8  s 
post-initial shot; Fig. 9). Dorsal fin fluttering continued for 
4.8 s, ceasing after the third shot, which was applied 6.7 s 
after the second shot (24.3 s post the initial shot), whereas 
tail fluttering continued intermittently over the following 
98.7 s. At this point all animal behavioural responses ceased 
and no behaviours were observed for the final 118 s of video 
footage.

A visible heartbeat, assessed as rhythmic movement of 
the ventrum medial to the left pectoral fin, was observable 
for 88  s following the final shot at which point it ceased 
(112  s after the initial shot). Notably, the tail fluttering 
observed following the third shot ceased 5 s after presumed 
cardiac cessation.

Fig. 9  Behavioural events relating to the application of ballistics to the killer whale (Orcinus orca). The shots are indicated by the red dashed lines 
Total recording/observation duration: 277 s; 120 s relevant to ballistics application shown here
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the supraoccipital and parietal bones were also noted, par-
ticularly on the right (Fig. 11). Significant haemorrhage in 
the right cerebral hemisphere was observed and disruption 
of the cerebellum and brainstem, with surrounding haem-
orrhage, were noted. Severe fractures in the basioccipital 
and basisphenoid bones were found on removal of the brain 
(Fig. 11).

cavity could not be reported. The ventral growth plate of the 
C1 vertebral body was open and the cranial cervical vertebrae 
were unfused, evidencing the young age of the animal.

 Killer whale: dissection

The PMCT findings were confirmed at dissection: the right 
occipital condyle had a complete fracture and fractures of 

Fig. 10  Multiplanar reconstruc-
tion (MPR) PMCT images of 
killer whale (Orcinus orca) 
post-ballistics application in a 
bone window (WL: 300; WW: 
3000) using Medixant, RadiAnt 
DICOM Viewer. Note: main 
projectile fragments observed in 
the basisphenoid and basioccipi-
tal bones
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(4–8  s), likely a tonic spasm, and irreversible slackening/
opening of the lower jaw occurred almost immediately after 
the first/only shot, followed shortly afterwards by epaxial 
muscle relaxation (10–25 s after shooting). None of these 
behaviours were observed immediately prior to ballistics, 
indicating their direct consequence as a result of the proce-
dure. Similar behaviour following application of ballistics 
to stranded cetaceans were reported previously (Boys et al. 
2023) suggesting some consistent immediate behavioural 
responses among odontocetes when the brain is disrupted 
by ballistics. However, insensibility, which was confirmed 
in the field (via corneal and/or palpebral reflex testing) in 
two of the three cases here, was only verified 42 s after the 
first shot at the earliest (killer whale) and 2.5 min later in the 
pygmy sperm whale, hindering our ability to interpret the 
immediate behaviours in terms of loss of awareness. Fur-
thermore, criteria to verify insensibility were not applied to 
the pilot whale at all, despite the requirement to do so in the 
NZ SOP (Boren 2012; Boys et al. 2022a).

Tail fluttering continued for 15  s post-ballistics in the 
pilot whale and intermittently over 98 s after the third shot 
in the killer whale. Additionally, dorsal fin fluttering was 
displayed by the killer whale between the second and third 
shot, though it ceased after the only shot applied to the pilot 
whale. Notably, in the killer whale, tail fluttering (and vis-
ible heartbeat) continued to occur long after insensibility 
was verified via loss of palpebral and corneal reflexes and 
after relaxation of the epaxial musculature. Indicating that 
these fasciculations/spasms can continue to occur after loss 
of brainstem reflexes. In both cases, the PMCT evidenced 
disruption to the brain parenchyma and rostral portion of the 

Discussion and conclusions

To the best of our knowledge, this is the first study to com-
bine analysis of cetacean behavioural responses following 
the application of ballistics with post-mortem CT findings 
to explore welfare implications and evaluate ballistics as 
a potentially humane killing method. Euthanasia of ceta-
ceans is a vital option at stranding events where animals 
are severely welfare compromised or when rescue is not 
considered feasible (e.g., lack of resources and/or high 
safety risk for humans). The size, external features such as 
neonatal folds, and PMCT findings of open ventral growth 
plates in C1 and unfused epiphyseal plates in the pectoral 
fins confirmed the maternally-dependent age of all three 
odontocetes, thus supporting the decision to euthanise fol-
lowing the New Zealand Standard Operating Procedure (NZ 
SOP). However, it is critical that such procedures undergo 
robust scientific assessment to understand any potential 
welfare implications of the method itself and to ensure a 
humane death is achieved. Although limited by the num-
ber of animals assessed, these preliminary results indicate 
how welfare outcomes can be optimised through choice of 
firearm-projectile equipment and application of ballistics.

Behavioural responses and PMCT findings relevant 
to ballistics application

A single shot was applied for ballistics killing of the mater-
nally-dependent pilot whale and pygmy sperm whale, whilst 
three pre-planned shots were applied to the maternally-
dependent killer whale. In all cases, brief peduncle stiffening 

Fig. 11  Opened cranium of the maternally-dependent killer whale 
(Orcinus orca) at necropsy evidencing damage caused by ballistics 
using a 0.308 calibre rifle with three 180 gr bonded soft point projec-

tiles. Fractures in the right occipital condyle and parietal bones along-
side haemorrhage in the right cerebral hemisphere and brainstem (left). 
Fractures in the base of the calvarium (right)
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Conversely, the killer whale was confirmed unconscious 
18 s after the third shot, which was 42 s after the initial shot. 
The cessation of an observable heartbeat suggested death 
of the animal occurred less than 2 min (112 s) after the ini-
tial shot was applied but it was clearly irreversibly insen-
sible more than a minute before this. Based on behavioural 
responses, the killer whale likely lost cerebral cortical con-
trol immediately, followed by spinal cord dysfunction and 
brain death, indicated by the cessation of all musculoskel-
etal movements (Erasmus et al. 2010). Indeed, the PMCT 
and necropsy findings demonstrated fractures to the occipi-
tal condyles and basioccipital bones particularly, suggest-
ing direct physical damage to the brainstem and near instant 
insensibility (Parvizi and Damasio 2003; Thomson et al. 
2013; Schwenk et al. 2016). Therefore, welfare impacts of 
the procedure were likely minimal.

In this study we have taken a conservative approach to 
inferring instantaneous insensibility based on direct physi-
cal disruption to the brainstem; this is important since pen-
etrating cranial ballistics injuries and brainstem lesions do 
not always result in permanent irreversible unconsciousness 
(Parvizi and Damasio 2003; Agrawal et al. 2008; Park et al. 
2010). However, since the brain parenchyma is intolerant 
to stretching and given the enclosed nature of the cranium, 
the formation of a temporary cavity by a projectile and the 
resulting shockwave will likely cause profound effects on 
indirectly damaged regions, such as the brainstem and neu-
ral tissue (Courtney and Courtney 2007; AbdulAzeez et al. 
2018).

Assessment of these functional impairments caused by 
such lesions in the brain is complex due to the difficulties 
in evaluating damage to the reticular formation, synapses, 
myelin sheath, neurites, and other neurological tissue which 
may play a role in consciousness (Parvizi and Damasio 
2003; Narayana 2017). While these tissues could not be 
directly assessed in this study, we have described the path-
ological consequences of the ballistics methods applied 
and focussed our evaluation on the direct physical damage 
caused to the brainstem, which plays a critical role in the 
generation of consciousness through the reticular activat-
ing system (Parvizi and Damasio 2003; Grady et al. 2022; 
Taran et al. 2023) and determines the functioning of cardio-
respiratory systems (Cozzi et al. 2016; DeNicola et al. 2019; 
Panneton and Gan 2020).

Variation in ballistics application: PMCT findings

From the video footage, shot placement in all three ani-
mals appeared to be consistent with recommendations in 
the current national SOP for stranded cetaceans: all shots 
were applied through or slightly posterior to the blowhole 
and generally aimed towards the occipital condyles with the 

brainstem while the spinal cord was not directly affected. 
In contrast, no fluttering behaviours were displayed by the 
pygmy sperm whale which on PMCT presented direct dam-
age to the rostral and caudal brainstem and spinal cord, with 
the projectile lodged at the atlanto-occipital joint. This indi-
cates that these fluttering behaviours are likely to be invol-
untary clonic spasms related to continued spinal reflexes 
rather than being related to brainstem reflexes (Erasmus 
et al. 2010b; Kline et al. 2019). Therefore, we suggest that 
these fasciculations cannot be used as an indicator of con-
sciousness or to confirm insensibility since it is possible that 
they would be absent in cases of paralysed, but conscious, 
animals.

Due to the possibility for animals to return to conscious-
ness (Grandin 2002; Erasmus et al. 2010a), it is vital that they 
are carefully monitored until all movements have ceased 
and that testing of brainstem reflexes (e.g., absence of cor-
neal reflex) which can verify insensibility are checked mul-
tiple times. Indeed, in this study the behavioural responses 
of the pilot whale post-shooting also included tail lifting, 
which began shortly after agonal convulsions and jaw slack-
ening, and continued for about 15 s, at which time all active 
behaviour ceased before relaxation of epaxial musculature. 
Such movement is likely a prolonged tonic spasm in this 
case, given the disruption to the rostral brainstem and occip-
ital condyles (Alonso-Farré et al. 2015; Cozzi et al. 2016). 
However, ongoing tail lifting and arching behaviour could 
be indicative of [return to] sensibility due to a function-
ing reticular formation, proprioception, and muscular tone 
(Grandin 2002; Cozzi et al. 2016; Leary et al. 2020), a con-
cern that was noted in our previous study (Boys et al. 2023).

In contrast, no tail lifting movements were displayed 
by the pygmy sperm whale following shooting, and rapid 
(10 s) relaxation of musculature occurred. In contrast to the 
other animals, it is likely that both cerebral cortical control 
and spinal cord function were lost almost immediately and 
simultaneously in the pygmy sperm whale, indicated by the 
lack of any musculoskeletal movements, open jaw and uri-
nation followed relatively rapidly by musculature relaxation 
(Dawson et al. 2007, Erasmus et al. 2010). This is supported 
in the PMCT findings which indicate significant disruption 
to the brain parenchyma alongside direct physical damage 
to the brainstem, atlanto-occipital joint and spinal cord, sug-
gesting minimal welfare impacts associated with this pro-
cedure (Parvizi and Damasio 2003; Thomson et al. 2013; 
Schwenk et al. 2016). While insensibility was confirmed 
via absence of the palpebral and corneal reflexes this only 
occurred long after all behaviour had ceased (2.5 min after 
shooting), hindering accurate assessment of time to insen-
sibility and limiting our understanding of duration of any 
welfare impacts.
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IWC 2000; Øen and Knudsen 2007; Thomson et al. 2013; 
Hampton et al. 2014; Knox et al. 2018). Projectile fragmen-
tation also increases the likelihood of intracranial ricochet 
causing deviations in trajectory (AbdulAzeez et al. 2018) 
and increasing the likelihood of additional lesions occur-
ring outside the cranial cavity, as was observed in the pilot 
whale. In animals that are not rendered immediately insensi-
ble, such injuries present notable welfare concerns. For this 
reason, it is internationally recommended that non-deform-
ing, solid projectiles are utilised for the killing of cetaceans 
to ensure sufficient penetration of the thick cranium (Duig-
nan and Anthony 2000; Øen and Knudsen 2007; Hampton et 
al. 2014). Indeed, in this study the solid projectile remained 
on trajectory and terminated at the target point (atlanto-
occipital joint) causing direct disruption to the brainstem 
and spinal cord and likely instantaneous insensibility with 
no or minimal welfare implications. However, it should be 
considered that an inappropriate angle of aim may result in a 
solid projectile not reaching the brainstem, leading to simi-
lar welfare concerns of only severe wounding rather than 
insensibility.

Notably, it is likely that the incomplete fusion of cra-
nial sutures due to young age were an important factor that 
enabled increased disruption of brain tissue in the two cases 
utilising soft deforming projectiles. Although the projectiles 
deviated from the intended trajectory, the penetration of 
immature cranial bones and thin musculature by the expand-
ing projectiles was still possible. In other cetacean species 
exhibiting relatively thin cranial bones and musculature 
(e.g., harbour porpoises Phocoena phocoena and Hector’s 
dolphins Cephalorhynchus hectori), such deforming projec-
tiles may adequately penetrate the calvarium and reach the 
brainstem causing direct disruption or cause sufficient dam-
age in the brain parenchyma to cause indirect disruption to 
the brainstem. However, if such projectiles were utilised on 
a mature animal with fully calcified, fused cranial bones and 
dense musculature (e.g., bottlenose dolphin Tursiops trun-
catus or pilot whale), it is possible that only serious wound-
ing and inadequate disruption of brain tissue to cause rapid 
loss of consciousness may occur, leading to severe welfare 
compromise (Gascho et al. 2022).

In addition to projectile type, the angle of aim towards 
the anatomical landmark is likely to influence the accuracy 
of direct disruption to the brainstem. For example, based on 
the limited findings here, it seems that an obtuse angle (i.e., 
35°), rather than acute angle (i.e., 70°), improved the accu-
racy of the projected trajectory towards the brainstem. This 
aligns with Hampton et al. (2014) who reported the use of an 
angle aim of 45° to disrupt the brain of cetacean carcasses 
using ballistics. However, species-specific differences will 
likely further impact outcomes, especially with the asym-
metry noted in Kogia cranial anatomy (Thornton et al. 2015, 

purpose of disrupting the brainstem. However, the results 
of the PMCT suggest variation in the actual trajectory and 
thus location and extent of direct damage to the targeted 
structures (Millar and Mills 2000; Dybdal et al. 2023). The 
type of projectile and angle of aim likely interacted with 
species-related differences in cranial anatomy to influence 
the observed damage.

To illustrate, the soft non-bonded projectile applied to the 
pilot whale fragmented on impact with the occipital bone, 
resulting in projectile deviation. The larger fragment con-
tinued into the right ear bone and exited cranial to the right 
pectoral fin, likely causing additional unplanned wounding 
outside the calvarium. Such additional wounding is particu-
larly important to consider when animals may not have been 
rendered instantaneously insensible, as they may be aware 
of, and experiencing, negative affective states such as pain, 
discomfort, and fear. In this case, the fractured occipital 
condyles and minimal rostral brainstem disruption suggests 
the pilot whale would have been near-instantly insensible 
during the haemorrhaging in the peribullary sinus and other 
major thoracic blood vessels in the region of the pectoral fin 
(Cozzi et al. 2016). Whether such injuries could be related 
to the additional tail lifting behaviour observed remains 
unknown.

Similarly, the soft bonded projectile applied to the killer 
whale also fragmented, however, the bonded nature likely 
reduced fragmentation and minimised ricochet, resulting in 
a narrow cluster of major projectile fragments. Both bone 
and metallic projectile fragments were observed scattered 
throughout the brain parenchyma causing brain disruption 
and the major fragments terminated in the basisphenoid and 
basioccipital bones. This likely caused near instant insensi-
bility which was also evidenced by only fluttering behav-
iours being displayed.

In contrast, the solid projectile applied to the pygmy 
sperm whale remained whole and on an appropriate tra-
jectory. Bone fragments were distributed semi-linearly 
throughout the brain parenchyma from the entry site to 
the occipital bone, where both the brainstem and spinal 
cord were directly physically damaged, and the projectile 
remained lodged in proximity to the atlanto-occipital joint. 
This supports the idea of instantaneous insensibility along-
side no additional behaviours being observed.

In cases where soft projectiles are utilised it is possible 
that direct disruption to the brainstem may not occur. This 
is due to the fact that soft projectiles expand and mushroom 
on impact to create a wider cavity with the aim to cause 
increased tissue disruption (Thomson et al. 2013). How-
ever, in species with thick soft-tissues and dense bone, such 
as cetaceans, they are likely to rapidly fragment on impact 
with bone, reducing penetration ability and lowering killing 
efficiency (Hollerman et al. 1990; Blackmore et al. 1995; 

1 3



Veterinary Research Communications

et al. 2020b). These could be used in regular training of 
staff to ensure that the aim applied is correctly targeting the 
brainstem in the species (e.g., Dybdal et al. 2023), optimis-
ing both animal welfare and human safety.

Notably, a lack of training has been highlighted previ-
ously as a key concern for those involved in cetacean eutha-
nasia globally (Barco et al. 2016; Stringfellow et al. 2022). 
Despite international guidelines existing, there is a signifi-
cant lack of data on euthanasia procedures applied at strand-
ing events, particularly in terms of the projectiles employed 
and whether, and how, insensibility is verified (Boys et al. 
2021). This leads to limited knowledge regarding the wel-
fare implications of euthanasia procedures being applied 
globally and highlights a vital need for improved training 
and reporting standards at an international scale.

Due to the challenges with inferring welfare impacts from 
PMCT images of ballistics-related damage discussed above, 
additional imaging examinations, such as post-mortem 
magnetic resonance imaging (PMMRI) and post-mortem 
angiography, and detailed dissection and histopathology on 
euthanised animals should be undertaken where possible 
to better evaluate the amount and specific regions of tissue 
disruption (Narayana 2017; Kot et al. 2020a, b; Tsui et al. 
2020). This would also provide more robust data to inform 
assessment of welfare implications, as has been undertaken 
on humans (Oehmichen et al. 2003; Thali et al. 2003). The 
combination of imaging and detailed dissection would be 
particularly valuable for understanding damage to the retic-
ular formation which would likely affect animal awareness/
insensibility, but for which assessment is complex (Parvizi 
and Damasio 2003; Cozzi et al. 2016; Faraguna et al. 2019). 
The value of imaging technologies has been highlighted 
here in terms of improving cetacean euthanasia, however, 
we suggest that the application of such technology to assess 
animal welfare implications in other contexts and species, 
such as animal cruelty cases, would also be valuable and 
should be considered (e.g., Park et al. 2010). Such examina-
tions should be performed by experienced and/or certified 
radiological clinicians or radiologists to ensure appropriate 
interpretation and reporting (Tsui et al. 2020).

Finally, it is also important that various options and their 
risks at each live stranding event are carefully considered, 
noting that euthanasia may not be immediately possible 
(even if required) if the animal is fractious. In the cases 
reported here, the animals were sufficiently debilitated 
that behaviour did not pose a threat to human safety and/
or thwart the option of euthanasia. Human safety consider-
ations are of paramount concern and the area surrounding 
an animal must be cleared of personnel prior to utilising bal-
listics so as to mitigate the risk of gunshot associated with a 
perforating wound and ricochet projectile.

Huggenberger et al. 2017). Differences in cranial morphol-
ogy of similar sized odontocetes, such as beaked whales 
(Gol’din 2014; Roston and Roth 2019), would further exac-
erbate the effects of species variance on projected trajectory 
and effective brain disruption. Therefore, improved under-
standing of and detailed guidance on species-specific targets 
are needed to ensure optimal animal welfare outcomes.

Given the young age of the animals presented here, the 
cranial morphology, thin musculature and relevant cranial 
disruption are not representative of the likely outcomes 
across differing maturity stages or other species. Accord-
ingly, further research should examine ballistics killing of 
various cetacean species and at differing stages of physi-
cal/osteological maturity, to better assess the relative effi-
cacy and humaneness of the method. This research should 
include the evaluation of the types and prevalence of addi-
tional unintentional lesions that occur.

Recommendations

At the time of ballistics application to these animals, the 
recommendation in the NZ SOP (Boren 2012) for stranded 
cetacean euthanasia was to use expanding/soft projectiles 
(Boys et al. 2022a), with such projectiles reported used on 
various cetacean species in New Zealand (Boys et al. 2021, 
2023). This differs to best practice SOPs across Australia 
which typically recommend only solid, non-deforming 
projectiles (Hampton et al. 2014; Boys et al. 2022a). The 
recommendation of soft projectiles in the NZ SOP may be 
due in part to human safety concerns, as it is thought that 
non-deforming, solid projectiles are more likely to pass 
through an animal and then ricochet. However, in this study, 
it was the soft non-bonded projectile rather than the solid 
projectile that was observed to exit the cranial cavity. Fur-
ther evaluation of ballistics euthanasia for cetaceans should 
be conducted to better understand and mitigate these risks.

Despite being mandated in the SOP, verification of insen-
sibility was only undertaken at the appropriate time in one 
of the animals. It is critical that criteria for verifying insen-
sibility are systematically and immediately assessed follow-
ing the application of a killing method. Only in this way can 
we truly evaluate the welfare implications of the procedure. 
Notably, in this study multiple shots were planned for only 
one animal, despite this being the recommendation in the 
NZ SOP and wider international guidelines (Boren 2012; 
Hampton et al. 2014). These two factors suggest that regular 
practical training and open discussion of the SOP among 
those working in wildlife management would contribute 
to improved animal welfare outcomes. With the advent of 
technologies such as 3D printing, it would be particularly 
beneficial to develop anatomically correct training models 
of various cetacean species and sizes (Yuen et al. 2017, Kot 
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Conclusion

Our results suggest that in small, immature cetaceans with 
unfused cranial sutures, a relatively rapid, humane death 
can be achieved via ballistics. However, our findings have 
also highlighted several potential concerns that must be 
considered to ensure effective euthanasia, including not 
only physical maturity but also species anatomy, angle of 
aim, and projectile trajectory. Importantly, the type of pro-
jectile applied must be appropriate for the species and matu-
rity of the animal to cause penetration of the cranial cavity 
with minimal deviation, ensuring that the brainstem is dis-
rupted, and instantaneous or at least very rapid insensibility 
is achieved. Our case studies also emphasise the importance 
of following all aspects of euthanasia SOPs; it is impera-
tive that insensibility and/or death are verified immediately 
post-application of the euthanasia method and that detailed, 
accurate reporting is consistently undertaken to allow for 
the assessment and improvement of procedures.
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