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Extraction of the brains
After rapid removal of the skin, blubber, and neck 

muscle layers down to the dorsal edge of the spine, a 
winch was secured to the tip of the jaws of the sperm 
whales and atlanto-occipital dislocation was obtained 
applying increasing tension on the cable. Once the head 
was separated from the neck, soft tissues were removed 
from the occipital bone to achieve a clear view of the 
back of the skull. Using the chainsaw in a circular way, a 
cut was then made around the base of the occipital con-
dyles (Fig. 1), and the latters were forcefully detached 
with a lever. Removal of the condyles revealed the tem-
poro-occipital lobes of the brain located almost vertical-
ly above the large cerebellum. The inner surface of the 
condyles is concave to adapt for the huge neocerebellar 
lobes, and therefore extra care was taken not to damage 
their lateral margins during incision of the bone.

The brain was covered by the light-gray dura mater, 
that lacerated easily because of the torsion forces ap-
plied by the saw on the adjacent bone frame of the con-
dyles. The brains were separated from the dura mater 
that kept the lower surface of the brainstem and cranial 
nerves attached to the basi-occipital bone using large 
forceps and scissors, and then manually removed from 
the osseous cavity. The whole procedure lasted approx. 
one hour.

Weight of the brain and notes on its surface anatomy
The general shape of the brain of the sperm whale is 

characterized by an evident lateral extension of the tem-
poral lobes. The telencephalon is placed almost vertical 
over the cerebellum in a quite unique position. The ro-
tation along the transverse inter-insular axis is very pro-
nounced, placing the Sylvian cleft in an almost vertical 
position (Fig. 2). The outer surface shows an intense pat-
tern of gyri, separated by moderately deep sulci in which 
relatively large pial vessels are well evident.

The weights of the brains are reported in Tab. 3.
In Tab. 3 we reported also a possible correction of the 

brain weight due to immersion in formaldehyde, accor-
ding to Cozzi et al. (2014). However the brain has been 
immersed in the fixation fluid only for four weeks, and in 
such a short period the increase in weight is minimal, if 
present at all.

Encephalization Quotient
The EQs of the two sperm whales, obtained applying 

Jerison’s formula (Jerison, 1973) are reported in Tab. 3. 
The same values are reported in Tab. 4 for comparison 
with other representative mammals, including some ceta-
ceans. Fig. 3 represents a logarithmic plot of body weight 
against brain weight for the same species listed in Tab. 4, 
with the corresponding references.

Fig. 1 - Drawings of the skull of Physeter macrocephalus, showing a caudal (left) and a lateral (center) view. Red dashed lines indicate 
the plane of section described in the article. The relative position of the condyles to the profile of the sperm whale is represented in the 
schematic drawing on the right. (Drawing by M. Demma).

Tab. 3 - Brain weights and Encephalization Quotients of sampled animals.

Specimen ID 
(MMMTB)

Weight of the 
half brain (g)

Estimated weight of the 
whole brain (g)

eW + FI (g) EQ EQ + FI

ID 335 3350 6700 6070 1.31 1.18

ID 338 3600 7200 6521 2.02 1.27

eW + FI: estimated weight of the whole brain after correction for formalin immersion.
EQ: Encephalization Quotient. 
EQ + FI: Encephalization Quotient after correction for formalin immersion.
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Italy -data 2015-2019

• 160	strandings/year	(85-240)	

• 45%	examined	animals	(39-50)	

• 56%	M	vs	44%	F	

• 75.5%	no	food	in	the	stomach	

• Good	NCC	29.4%	vs	Poor	NCC	35.5%	

• Cause	of	death	determined	in	65%	of	examined	animals
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CAUSE OF DEATH: The disease, injury or abnormality that alone or in combination with other factors 
(environmental, other concurrent diseases, age, etc.) is responsible for initiating the sequence of functional 
disturbances that resulted in live stranding and death. During this procedure the following may be further 
defined:  

a) Immediate cause of death: final disease or condition resulting in death; 

b)Underlying cause of death: the disease or injury that initiated the chain of morbid events that led directly 
and inevitably to death; 

c) Contributing factors: other significant diseases, conditions, or injuries/impacts/influences that may have 
contributed to death but which did not constitute an underlying cause of death. 

MECHANISM OF DEATH: The immediate physiologic derangement resulting in death. A particular mechanism 
of death can be produced by a variety of different causes of death. 

MANNER OF DEATH: How death came about; in the case of wildlife and, specifically, in cetaceans, we can 
distinguish:  

a)Natural, due mainly to natural disease or toxic processes;  

b)Anthropic/anthropogenic, accidental like ship strikes, bycatch, or non-accidental due to a volitional act or 
direct killing;  

c) Undetermined, inadequate information regarding the circumstances of death in order to determine the 
manner. 

GLOSSARY
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a. Certain; 
b. Probable;  

c. Do not exist; 
d. Not Determined. 

Causation: criteria

 

 

 
 
 

 

TABLE LEGEND 
B(a) = By-catch with active fishing gear 
B (p) = By-catch with passive fishing gear 
CE = Chronic entanglement 
LE = Larynx entanglement 
I = Ingestion 
II = Intentionally injured 
DCC = interval of decomposition code of the carcass where the finding can be assumed as true 
NCC = nutritional code of the carcass 
(no.) = references describing findings, sampling and analytical approaches 
 
While a single C/P evidence will deem a specific fishing interaction confirmed, the experience and 
skills of the examiner will consider the type and number of C/P and S/P evidences in diagnosing the 
fishing interaction. As a suggestion, a minimum of 3 between C/P and S/P can deem the occurrence 
of a specific fishing interaction probable or suspected. The following table will help to hypothesise 
the cause of death with some degree of certainty by coupling previous fishery interaction findings 
with other post mortem findings. 
For statistical purposes, the first 2 scores (Certain and Probable) should be considered among 
human-induced mortality, while the uncertainty of the 3rd score (Suspected) does not allow to be 
included. For the 4th score, it should only be included when interaction with fishing is considered 
the ultimate cause of death. 

Certain/Pathognomonic 
(only in carcasses with code of 

decomposition 1 and 2) 

The fishery interaction is confirmed + absence of other severe 
pathologies + the mechanism of death is assessed 

Probable 
(only in carcasses with code of 

decomposition 1 and 2) 

The fishery interaction is confirmed or suspected + absence of other 
pathologies 

Suspected/Possible 
(if the carcass present a decomposition 

code higher than 2) 
The fishery interaction is confirmed + absence of other pathologies 

Fishery interaction as a consequence of 
underlying pathologies 

The fishery interaction is confirmed + neurological, systemic and other 
severe pathologies that could have predisposed the animal to the fishery 

interaction 

multiorgan congestion (2) S S     1-3 

Other 
pathologies absence of other ongoing diseases (2, 12, 20) C C     1-3 
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Cetacean morbillivirus

- Paramyxovirus - RNA virus with envelope 

- Cetacean Morbillivirus (DMV, PMV and 
PWMV) 

- Tropism for leucocytes, epithelium 
(respiratory, urinary and GI) and nervous 
tissue (neurons, glial cells) 

- Main findings: necrotizing broncho-
interstitial pneumonia, non purulent 
meningo-encephalitis with demyelination, 
lymphoid depletion with inflammation 
and multi-nucleated giant cells; secondary 
infections (T. gondii, Herpesvirus, P. 
damselae)



https://www.youtube.com/watch?v=M0TPULnR_9A
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Non-Vesicular Disease Reference Laboratory) in 2009 and 4.3% (12 positive/280 tested) in 2010 to zero in 2011 
and 2012 (57 and 250 animals tested).

Prevalence of PDV viral shedding for all species combined peaked in 2004 and 2009 (no PCR data were avail-
able for 2003; Fig.!2b, Supplementary Table!2). Controlling for animal group, age class, and disposition (live vs. 
dead), the odds of viral infection were 9.2 times higher (95% CI: 5.1–16.8) in animals sampled in 2004 and 2009 
relative to other years when animals were tested by PCR (Table!1, model 2). Detection of virus in nasal swabs 
from live or subsistence harvested animals, suggesting active viral shedding, indicated recent infection. Similar to 
the decrease detected from 2004 to 2005 (Fig.!2b), viral shedding in all species fell four-fold from 2009–2010 and 
remained low from 2011–2016. Viral presence was also detected in tissues from dead northern sea otters in 2006 
(3 positive/30 tested), 2007 (4/22 tested), 2008 (4/52 tested), and in 2009 (2/9 tested), and from dead SSL pups 
and fetuses in 2005 (1/8 tested) and in 2012 (2/5 tested). Detection of viral nucleic acid in tissues from dead ani-
mals demonstrates that virus is present but doesn’t necessarily indicate viral replication and shedding. "erefore, 
determining the timing of infection for dead animals that test PCR positive for PDV in their tissues is challeng-
ing. Sequences of the short fragment of the P-gene from PCR-positive animals of all species and across years and 
locations clustered together and were most similar to the PDV2002 strain isolated from European harbour seals 
infected during the 2002 PDV outbreak (Supplementary Fig.!2).

Increased levels of PDV exposure or infection in the sampled animals were associated with the presence of 
an open water route along the Russian coast. Reductions in sea ice extent created open water routes to the Paci#c 
Ocean along the northern Russian coast (Fig.!1) in August and/or September of 2000, 2002, 2005-2006, and 2008–
2015, with the open water routes in 2002, 2005, and 2008 following a year in which sea ice blocked passage through 
at least part of the Arctic Ocean bordering Russia’s coast. When controlling for animal group and age class, pres-
ence of an open water route along the northern Russian coast following a year in which the Arctic sea ice along 
the Russian coast was closed was signi#cantly associated with PDV exposure or infection (Table!1, model 1). "e 
odds of PDV exposure or infection were 3.1 times higher (95% CI: 2.2–4.2) in animals sampled in a year following 
one of these complete openings in the Russian coast sea ice in August–September of the previous year. In contrast, 
presence of an open water route along the Canadian coast, which existed in August and/or September of 2006–
2007, 2010–2012, and 2015, was negatively associated with PDV exposure or infection (OR: 0.7; 95% CI: 0.5–0.9).

Infected pinnipeds shedding PDV have the potential to reach nearby rookeries and haul-outs as well as 
more distant areas inhabited by conspeci#cs or other species (Fig.!4a). Median speeds of travel calculated from 
satellite-tagged bearded seals, northern fur seals, and Steller sea lions were 0.36 m/s, 0.89 m/s, and 0.32 m/s, 
respectively. Bearded seal speeds were used as a conservative movement estimate for wide-ranging spotted seals. 
Estimated movement distances for the 1, 2, and 4-week periods were 210 km, 420 km, and 840 km for bearded 
and spotted seals; 535 km, 1,070 km, and 2,140 km for northern fur seals; and 194 km, 388 km, and 776 km for 
Steller sea lions. Recorded movement tracks from one PDV seropositive bearded seal sampled in 2009 and one 

Figure 3. Locations of PDV seropositive and PCR positive Steller sea lions detected from Southeast Alaska to 
eastern Russia in 2003–2004. Sea ice is shown at its minimum extent in September 2002 prior to widespread 
detection of PDV in the North Paci#c Ocean beginning in 2003.
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intervals (e.g. 20 min or 1 hour) corresponding to the timing of conductivity readings (i.e. wet or dry) collected for 
each species36,37. !is model provided swim speed estimates (m/s) between sequential predicted locations, which 
were used to obtain the average median swim speed (m/s) for each species at sea.

!e duration of viral shedding for PDV in pinniped species is unknown, but previous estimates of the com-
bined latent (post-exposure, but not shedding virus) and infectious (shedding virus) periods in European out-
breaks range from 11–18 days in harbour seal outbreak models38. Mean latent periods of 6–10 days and mean 
infectious periods of 9–13 days were used to model CDV transmission among wild canids in terrestrial sys-
tems39. A modeling study of an outbreak of another marine morbillivirus, Dolphin morbillivirus, estimated a 
mean infectious period of 8 days, with an upper bound of 24 days40. To capture variability in marine mammal 
latent and infectious periods and to assess the geographic distances that an animal infected with PDV could move 
and potentially transmit the virus (i.e. movement during latent and infectious periods), the distance moved by a 
PDV-infected individual of a given species was estimated for 1, 2, and 4 week periods (calculated as the median 
speed (m/s) of movement multiplied by the number of hours in the time period). !e resulting estimated 1, 2, 
and 4 week movement distances in kilometers (km) were used to spatially bu"er known animal sampling loca-
tions in ArcGIS v10.3.1 to map the distance the virus could be transported via animal movement. A subset of 
animals with PDV serologic results (seropositive and seronegative animals) and/or PCR testing results (only PCR 
negative animals) had telemetry data available. For seropositive animals, 1, 2, and 4 week post-sample collection 
movement tracks were overlaid on the spatial distance bu"ers to compare observed and expected movement of 
the virus with host movement.

Figure 1. Potential routes for movement of seals infected with PDV through the Arctic Ocean opened by 
reductions in sea ice extent. Routes along northern Russia (green) and northern Canada (orange) are shown 
with August 2002 sea ice extent. Changes in historic sea ice barriers may facilitate Arctic and sub-Arctic seal 
movement and contact that was not possible in years prior to PDV detection, allowing for introduction of PDV 
into the Northern Paci#c Ocean.
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Results
Samples were collected from 2,530 live and 165 dead ice-associated seals (bearded, ringed, ribbon, and spotted 
seals), Steller sea lions, northern fur seals, and northern sea otters in the North Paci!c Ocean between 2001 
and 2016; not all species were sampled in all years (Supplementary Table"1). Sampling locations ranged from 
Southeast Alaska to Russia along the Aleutian Islands as well as the Bering, Chukchi, and Beaufort Seas.

Steller sea lion samples for serology and/or PCR testing were available for the majority of the study period (13 
of 16 years) and suggest peaks in PDV exposure and infection beginning in 2003. Animals sampled earlier in the 
study period showed greater evidence of exposure to CDV. Comparisons of seroprevalence of PDV and CDV in 
a subset of 80 Steller sea lions tested for both viruses 2001–2004 suggest exposure to CDV in 2001 (64%; 14 of 22 
animals tested) and 2002 (73%; 11 of 15 animals tested, Fig. 2a), shi#ing to exposure to PDV in 2003 (72%; 18 of 
25 animals tested) and 2004 (70%; 14 of 20 animals tested).

Following reduced Arctic sea ice extent and presence of an open water route along Russia in August 2002, 
serologic and PCR results demonstrated widespread exposure to and infection with PDV in Steller sea lions 
in the North Paci!c Ocean in 2003–2004. Seropositive sea lion pups (2–11 months of age) and juveniles were 
present at rookery and haul-out locations in the western Paci!c/eastern Russia (Koslov Cape and Medny Island), 
Aleutian Islands (Ugamak Island), Gulf of Alaska (Chowiet Island, Glacier Island, Perry Island, Seal Rocks), and 
Southeast Alaska (Benjamin Island, Gran Point, Little Island, Southwest Brothers Island) in 2003–2004 (Fig."3), 
with over 30% of animals seropositive in both years (38 positive/95 tested in 2003 and 16 positive/48 tested in 
2004, Supplementary Table"2). Although no PCR samples were available for 2003, 21 Steller sea lions (12.3% of 
171 tested) were PCR positive for PDV (viral RNA detected in nasal swab samples from live-captured animals) 
in 2004. $e PCR-positive animals were 2–3 month old pups from widespread locations across the North Paci!c 
Ocean (Fig."3) including Russia (Medny and Yamsky Islands), the Aleutian Islands (Adugak and Yunaska Islands), 
and the Gulf of Alaska (Sugarloaf Island).

A#er the widespread PDV exposure and infection in 2003–2004, seroprevalence and the proportion of PCR 
positive Steller sea lions decreased in 2005 (10.6% and 5.3%). A higher seroprevalence (50%) was detected among 
a small sample (n = 8) of 9-month old pups captured at one location in the Gulf of Alaska in March-April of 
2006. $ese animals were in the 2005 birth cohort, and may have been exposed to the virus in late 2005 or early 
2006 following the decline of maternal antibodies. Seroprevalence decreased further in 2007 and 2008 (5.4% and 
3.5%, respectively), and all Steller sea lions tested negative by PCR from 2006–2008 (n = 27). Similarly, PDV titres 
decreased from 2005–2008 (Supplementary Fig."3a). However, Steller sea lion seroprevalence rose 10-fold from 
2008 to 34% in 2009, remaining high in 2010, 2011, and 2013 (36.8%, 29%, and 48.1%; Fig."2a).

Patterns of seroprevalence and viral infection (PCR) in all sampled species support the second peak of PDV 
exposure and infection in 2009 (Fig."2b, Supplementary Table"2). $e high seroprevalence (68.7%) observed in 
ice-associated seals of all ages in 2009 decreased signi!cantly in 2010 (6.3%). Serologic titres also decreased from 
2009–2010 (Supplementary Fig."3b), and the proportion of PCR positive ice-associated seals decreased, from 
16% (10 positive/62 tested) in 2009 to 0% (43 tested) in 2010. Seroprevalence and serological titres increased 
from 2009–2012 in northern fur seals (Supplementary Fig."3c), whereas the proportion of PCR positives 
decreased from 11.6% (7 positive/60 tested, con!rmed by testing a subset of samples at $e Pirbright Institute, 

Figure 2. (a) Yearly seroprevalence for antibodies to PDV in Steller sea lion pups, juveniles, and subadults 
(black dots) with seroprevalence of canine distemper virus antibodies (blue dots) measured in a subset of 
Steller sea lions (n = 80); (b) PDV seroprevalence (black dots) and viral infection prevalence (PDV nucleic 
acid detected from nasal swabs; green squares) for all species combined (ice-associated seals, Steller sea lions, 
northern fur seals, and northern sea otters) from 2001–2016. Error bars represent 95% exact con!dence 
intervals (CI). A 95% CI was not included for viral infection prevalence in 2008 as only one animal was tested. 
Presence of an open water route through Arctic sea ice along the northern Russian coast following a year of 
closed sea ice (grey bars) was signi!cantly associated with animals testing seropositive or PCR positive for PDV. 
$e strain of PDV responsible for an outbreak in harbour seals in the North Atlantic Ocean during 2002 (red 
star) was detected in PCR positive animals in the North Paci!c Ocean throughout the study period.
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Viral emergence in marine 
mammals in the North Pacific may 
be linked to Arctic sea ice reduction
E. VanWormer1,2, J. A. K. Mazet1, A. Hall3, V. A. Gill4,5, P. L. Boveng6, J. M. London  6, T. Gelatt6, 
B. S. Fadely  6, M. E. Lander6, J. Sterling6, V. N. Burkanov6, R. R. Ream6, P. M. Brock7, 
L. D. Rea8,9, B. R. Smith1, A. Jeffers10, M. Henstock11, M. J. Rehberg8, K. A. Burek-Huntington12, 
S. L. Cosby  10, J. A. Hammond11 & T. Goldstein  1*

Climate change-driven alterations in Arctic environments can influence habitat availability, species 
distributions and interactions, and the breeding, foraging, and health of marine mammals. Phocine 
distemper virus (PDV), which has caused extensive mortality in Atlantic seals, was confirmed in sea 
otters in the North Pacific Ocean in 2004, raising the question of whether reductions in sea ice could 
increase contact between Arctic and sub-Arctic marine mammals and lead to viral transmission across 
the Arctic Ocean. Using data on PDV exposure and infection and animal movement in sympatric seal, 
sea lion, and sea otter species sampled in the North Pacific Ocean from 2001–2016, we investigated the 
timing of PDV introduction, risk factors associated with PDV emergence, and patterns of transmission 
following introduction. We identified widespread exposure to and infection with PDV across the 
North Pacific Ocean beginning in 2003 with a second peak of PDV exposure and infection in 2009; viral 
transmission across sympatric marine mammal species; and association of PDV exposure and infection 
with reductions in Arctic sea ice extent. Peaks of PDV exposure and infection following 2003 may reflect 
additional viral introductions among the diverse marine mammals in the North Pacific Ocean linked to 
change in Arctic sea ice extent.

Climate change and natural variability are rapidly reshaping Arctic environments1,2, where circumpolar declines 
in sea ice and rising water and air temperatures have the potential to a!ect diverse species of marine wildlife3,4. 
Reduction in sea ice extent and thickness impacts habitat availability, species distributions and interactions, as 
well as the breeding and foraging ecology of Arctic marine mammals3,5,6. Arctic climate change may also play an 
important role in marine mammal health7. In addition to in"uencing animal nutrition and physiological stress, 
environmental shi#s may drive exposure to new pathogens in Arctic marine mammals8. By altering animal 
behavior and removing physical barriers3, loss of sea ice may create new pathways for animal movement and 
introduction of infectious diseases into the Arctic8,9. Although the remoteness of Arctic marine mammals creates 
challenges for monitoring their health, pathogen surveillance in the North Atlantic and North Paci$c Oceans 
provides clues to polar and circumpolar infectious disease dynamics. Phocine distemper virus (PDV), a pathogen 

1Wildlife Health Center, One Health Institute, 1089 Veterinary Drive, School of Veterinary Medicine, University 
of California, Davis, CA, 95616, USA. 2School of Veterinary Medicine and Biomedical Sciences, School of Natural 
Resources, University of Nebraska, Lincoln, NE, 68583, USA. 3Sea Mammal Research Unit, Gatty Marine Laboratory, 
University of St Andrews, St Andrews, Fife, KY16 8LB, UK. 4U.S. Fish and Wildlife Service, Marine Mammals 
Management, 1011 East Tudor Road, Anchorage, AK, 99503, USA. 5NOAA Fisheries, 222W. 7th Ave, Rm 552, 
Anchorage, AK, 99513, USA. 6Alaska Fisheries Science Center Marine Mammal Laboratory, NMFS, 7600 Sand Point 
Way N.E., Seattle, Washington, 98115, USA. 7Institute of Biodiversity, Animal Health and Comparative Medicine, 
University of Glasgow, Glasgow, G61 1QH, UK. 8Steller Sea Lion Research Program, Alaska Department of Fish 
and Game, Division of Wildlife Conservation, 1300 College Road, Fairbanks, AK, 99701, USA. 9Institute of Northern 
Engineering, 1764 Tanana Loop, ELIF Suite 240, University of Alaska Fairbanks, Fairbanks, Alaska, 99775, USA. 
10Centre for Experimental Medicine, School of Medicine, Dentistry and Biomedical Sciences, Medical Biology Centre, 
Queen’s University Belfast, 97 Lisburn Road, Belfast, BT9 7BL, UK. 11The Pirbright Institute, Ash Road, Pirbright, 
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Abstract: Epidemiological reports of phocine distemper virus (PDV) and cetacean morbillivirus
(CeMV) have accumulated since their discovery nearly 30 years ago. In this review, we focus on
the interaction between these marine morbilliviruses and their major cellular receptor, the signaling
lymphocyte activation molecule (SLAM). The three-dimensional crystal structure and homology
models of SLAMs have demonstrated that 35 residues are important for binding to the morbillivirus
hemagglutinin (H) protein and contribute to viral tropism. These 35 residues are essentially conserved
among pinnipeds and highly conserved among the Caniformia, suggesting that PDV can infect these
animals, but are less conserved among cetaceans. Because CeMV can infect various cetacean species,
including toothed and baleen whales, the CeMV-H protein is postulated to have broader specificity to
accommodate more divergent SLAM interfaces and may enable the virus to infect seals. In silico
analysis of viral H protein and SLAM indicates that each residue of the H protein interacts with
multiple residues of SLAM and vice versa. The integration of epidemiological, virological, structural,
and computational studies should provide deeper insight into host specificity and switching of
marine morbilliviruses.

Keywords: cetacean morbillivirus; host specificity; marine mammal; morbillivirus; phocine distemper
virus; receptor; signaling lymphocyte activation molecule

1. Introduction

Morbilliviruses belong to the genus Morbillivirus and the family Paramyxoviridae. Morbillivirus
species have high host specificity and infection results in a highly contagious and devastating disease [1].
Four classic Morbillivirus species are well-known in terrestrial mammals: measles virus (MV; measles
morbillivirus) in humans, rinderpest virus (RPV; rinderpest morbillivirus) in cattle, peste des petits
ruminants virus (PPRV; small ruminant morbillivirus) in goats and sheep, and canine distemper virus
(CDV; canine morbillivirus) in dogs [1]. Two marine morbillivirus species were isolated during the
1980s and 1990s from dead seals or cetaceans from mass-die-o↵s or strandings, and named phocine
distemper virus (PDV; phocine morbillivirus) and cetacean morbillivirus (CeMV) [2–6]. In addition to
these six well-known species, novel morbilliviruses have been identified in domestic cats and bats [7,8].
In this review, we describe the six well-known viruses with a focus on the two marine morbilliviruses,
PDV and CeMV.

Morbilliviruses are lymphotropic and induce severe systemic disease with high morbidity
and mortality. Morbillivirus infection often causes immunosuppression leading to secondary or
opportunistic infections in the host [9–11]. Rinderpest caused by RPV represents a significant threat
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northern Europe, the deaths of approximately 18,000 Baikal seals (Phoca sibirica) occurred in Lake Baikal
with clinical signs very similar to those of the European seals [41,42]. Subsequent molecular analysis
revealed that the cause of death was CDV [43–45]. CDV-induced mass mortalities also occurred in
Caspian seals (Phoca caspica) [46,47].

Cetacean morbilliviruses were first described in harbor porpoises (Phocoena phocoena) stranded
along the coast of Ireland in 1988. The virus was initially named porpoise morbillivirus (PMV) [48,49].
The same virus was isolated in the Netherlands in 1990 [50]. In the Mediterranean Sea, mass-die-o↵s
of striped dolphins occurred (Stenella coeruleoalba) between 1990 and 1992 [51]. This unknown virus
spread rapidly from the coast of Spain to the coasts of France, Italy, Greece, and Turkey [4]. Infection
was caused by a new virus, which was initially termed the dolphin morbillivirus (DMV) [51,52]. DMV
was retrospectively identified as the causative agent of an epizootic in bottlenose dolphins (Tursiops
truncatus) in the western North Atlantic Ocean in the 1980s [53,54]. PMV and DMV have since been
unified as CeMV based on sequence similarity. The origin of CeMV strains remains to be elucidated.
Molecular phylogenetic studies have demonstrated that PDV is evolutionarily close to CDV, whereas
CeMV is closely related to ruminant viruses, including RPV and PPRV [55,56].

3. Epidemiological Studies Based on Molecular Biology and Serology

Since the discovery of these novel marine morbilliviruses, mass-mortality events induced by
these viral agents have repeatedly occurred in the same regions or other oceans. In addition to these
epizootic studies, stranded whales and pinnipeds have been extensively investigated by serological,
pathological, and molecular biology techniques. Recent infections of pinnipeds with PDV and of
cetaceans with CeMV are summarized in Tables 1 and 2, respectively. The sites of reported infections
are mapped in Figure 1.

Table 1. Pinniped species infected with phocine distemper virus.

Family Species References

Phocidae Harbor seal (Phoca vitulina) [33] *, [34–36,57–59], [60,61] *, [62], [63–65] *
Ringed seal (Phoca hispida) [39,66,67]
Spotted seal (Phoca larga) [59]

Harp seal (Phoca groenlandicus) [39], [65] *, [66–70]
Grey seal (Halichoerus grypus) [57,58,65,71–73]

Hooded seal (Cystophora cristata) [66,67,70]
Odobenidae Walrus (Odobenus rosmarus) [74,75]

Otariidae Steller sea lion (Eumetopias jubatus) [59]
Hooker’s sea lion (Phocartos hookeri) [5]

New Zealand fur seal (Arctocephalus forsteri) [5]

* Virus isolation and/or polymerase chain reaction analysis.

Table 2. Cetacean species infected with cetacean morbillivirus.

Family Species References

Odontoceti
Delphinidae Common dolphin (Delphinus delphis) [76–78], [79] *, [80], [81–83] *, [84]

Long-beaked common dolphin (Delphinus capensis) [85]
Bottlenose dolphin (Tursiops truncatus) [53], [54] *, [80], [83] *, [85–87], [88] *, [89], [90–94] *

Indo-Ocean bottlenose dolphin (Tursiops aduncus) [83,92,95] *
Striped dolphin (Stenella coeruleoalba) [51,52] *, [76,78,80], [81,82,90,94,96,97] *

Atlantic spotted dolphin (Stenella frontalis) [78]
Long-finned pilot whale (Globicephala melas) [80], [88,90] *, [98], [99,100] *

Short-finned pilot whale (Globicephala macrorhynchus) [81,98], [100,101] *
White-beaked dolphin (Lagenorhynchus albirostris [50,77], [102,103] *

Atlantic white-sided dolphin (Lagenorhynchus acutus) [78]
Pacific white-sided dolphin (Lagenorhynchus obliquidens) [104]

Dusky dolphin (Lagenorhynchus obscurus) [85]
Rough-toothed dolphin (Steno bredanensis) [94] *
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Table 2. Cont.

Family Species References

Spotted dolphin (Stenella attenuata) [94] *
Spinner dolphin (Stenella longirostris) [94] *
Fraser’s dolphin (Lagenodelphis hosei) [78,80,92]

Risso’s dolphin (Grampus griseus) [80], [94,105] *
False killer whale (Pseudorca crassidens) [78]

Melon-headed whale (Peponocephala electra) [92]
Pygmy killer whale (Feresa attenuata) [78]
Guiana dolphin (Sotalia guianensis) [106,107] *

Phocoenidae Harbor porpoise (Phocoena phocoena) [48–50] *, [77,78,80]
Ziphiidae Cuvier’s beaked whale (Ziphius cavirostris) [94,108] *

Longman’s beaked whale (Indopacetus pacificus) [94,109] *
Blainville’s beaked whale (Mesoplodon densirostris) [94] *

Kogiidae Pygmy sperm whale (Kogia breviceps) [78], [94,110] *
Physeteridae Sperm whale (Physeter macrocephalus) [94,111,112] *

Mysticeti
Balaenopteridae Fin whale (Balaenoptera physalus) [56] *, [113], [114–116] *

Common minke whale (Balaenoptera acutorostrata) [117]
Bryde’s whale (Balaenoptera edeni) [92]

Humpback whale (Megaptera novaeangliae) [94] *
Balaenidae Southern right whale (Eubalaena australis) [118] *

* Virus isolation and/or polymerase chain reaction analysis.

In 2002, a PDV epidemic occurred again along the Northern European coastline killing more
than 30,000 seals [60,61]. The harbor seal was the primary species a↵ected by PDV, with grey seals
infected to a lesser extent. Both species belong to the family Phocidae within the suborder Pinnipedia.
In other locations, infection of pinnipeds with PDV has been reported, including the Phocidae and
other families such as the Otariidae and the Odobenidae (Table 1, Figure 1).

After the discovery of CeMV in the Mediterranean Sea in 1990, the virus repeatedly caused
outbreaks in 2006–2008, 2011, and 2013 in the same region [96,108]. The main target species were the
striped dolphin, the bottlenose dolphin, and the short-finned pilot whale, all of which belong to the
family Delphinidae in the suborder Odontoceti. However, in the 2011 and 2013 epizootics infection
also spread to the Cuvier’s beaked whale [108], the sperm whale [112], and the fin whale [114,115]
(Table 2).

CeMV has also been detected in various cetacean species in oceans across the world (Table 2,
Figure 1). Because significant genetic variation has been observed among viral strains, they were
initially named based on the cetacean species in which they were first discovered: DMV, PMV, pilot
whale morbillivirus (PWMV) [88], beaked whale morbillivirus (BWMV) [94], and Guiana dolphin
morbillivirus (GDMV) [106]. Among these viruses, DMV appears to be the most prevalent. Currently
all of these strains are thought to represent CeMVs and changing their names to CeMV-1, -2, -3, -4 and
-5, respectively, has been proposed [119].

Sirenians, including manatees (Trichechus manatus) and dugongs (Dugong dugon), are classified
within the order Sirenia and the magnorder Afrotheria. They are grass-eating animals that have
adapted to an aquatic lifestyle. For the manatee, serological evidence of exposure to morbilliviruses
has been reported, although no virus has yet been isolated from these animals [98].
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Summary

We provide pathological, immunohistochemical and molecular evidence of cetacean morbillivirus (CeMV)
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Brazil, in 2014. Although attempts were made to release the animal, it stranded again and died. The main
pathological findings were severe pulmonary oedema, pleural petechiation, multifocal, lymphoplasmacytic
meningoencephalitis and leptomeningomyelitis with perivascular cuffing and gliosis, chronic lymphocytic
bronchointerstitial pneumonia and multicentric lymph node and splenic lymphoid depletion. Other patholog-
ical findings were associated with the ‘live-stranding stress response’. Immunohistochemical analysis revealed
multifocal morbilliviral antigen in neurons and astrocytes, and in pneumocytes, histiocytes and leukocytes in
the lung. CeMV was detected by a novel reverse transcriptase polymerase chain reaction method in the brain
and kidney. Phylogenetic analysis of part of the morbillivirus phosphoprotein gene indicates that the virus is
similar to the Guiana dolphin (Sotalia guianensis) morbillivirus strain, known to affect cetaceans along the coast
of Brazil. To the authors’ knowledge, this is the first report of morbillivirus disease in killer whales.
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Cetacean morbillivirus (CeMV; Genus Morbillivirus,
Family Paramyxoviridae; Order Mononegavirales) is a
significant threat to cetaceans worldwide. CeMV is
subclassified into three well-characterized strains,
porpoise morbillivirus (PMV), dolphin morbillivirus
(DMV) and pilot whale morbillivirus (PWMV),

and two presumptive more recent strains, including
the novel Guiana dolphin (Sotalia guianensis) morbilli-
virus strain (GDMV), which affects cetaceans off the
coast of Brazil (Groch et al, 2014; Van Bressem et al,
2014). Morbilliviral infection has been documented
by immunohistochemistry (IHC) or PCR in at least
22 different cetacean species, including mysticetes

J. Comp. Path. 2020, Vol. 181, 26e32 Available online at www.sciencedirect.com

ScienceDirect

www.elsevier.com/locate/jcpa

Correspondence to: K!atia R Groch (e-mail: katia.groch@gmail.com).

0021-9975/$ - see front matter

https://doi.org/10.1016/j.jcpa.2020.09.012

! 2020 Elsevier Ltd. All rights reserved.



Transmission of marine morbilliviruses in
pinniped species
Pinnipeds are semi-aquatic ‘fin-footed’ marine mammals
belonging to the order Carnivora. This group includes
members of the families: Odobenidae (walruses, Odobenus
rosmarus), Otariidae (fur seals and sea lions) and Phocidae
(true seals) [30]. These animals live a semi-aquatic life,
foraging at sea and coming ashore for breeding, molting
and resting. Morbillivirus infection of pinnipeds was first
recognized in 1988, when a newly discovered morbillivi-
rus (PDV) was identified as the etiological agent respon-
sible for a massive disease outbreak in seals in the North
Sea [22], leading to approximately 23 000 deaths [51],
largely harbor seals and to a smaller extent gray seals
(Halichoerus grypus). A second large epizootic took place in
2002 [52], resulting in the deaths of more than 30 000 ani-
mals, also predominately harbor seals. In both occasions,
the outbreaks started in the Danish island of Anholt with
subsequent spread to the coasts of Sweden and Germany

and the Scottish coast [51]. It is speculated that gray seals
might have acted as disease carriers, spreading the virus to
dispersed geographical regions as members of this species
were found to be PCR positive for PDV in the absence of
overt signs of clinical disease [53]. Immunotoxic environ-
mental contaminants [54,55] such as polychlorinated
biphenyls (PCBs) which can induce immunosuppression
in mammals have been suggested as predisposing factors
for more severe PDV infection in harbor seals [54,55].
However, such retrospective studies performed under
artificial conditions are inherently limited, and it remains
to be determined if lipophilic contaminants did in fact
contribute to more severe disease in PDV infected harbor
seals in 1988 or 2002. Each epizootic lasted for approxi-
mately 9 months, beginning in spring during the breeding
season. The tendency of harbor seals to aggregate at haul-
out sites might have facilitated aerosol transmission of the
virus, resulting in high mortality rates of over 50% of the
population [56]. In 2006–2007, an unusual mortality event
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Schematic diagram outlining the transmission of morbilliviruses in marine mammals. Seal and dolphin host species in which major morbillivirus
epizootics have occurred are colored. Black silhouette of host species indicates the animal status as a possible reservoir. Gray silhouettes of host
species indicate the animal status as dead-end host. Phocine distemper virus (PDV) circulates primarily in seals with occasional spillover to sea
otters and walruses. Pinnipeds from the Arctic are suspected reservoirs that spread PDV to susceptible harbor and gray seal populations. Canine
distemper virus (CDV) circulates in numerous terrestrial carnivore species (reservoirs), causing occasional outbreaks in novel species, such as
Caspian and Baikal seals. Cetacean morbillivirus (CeMV) circulates mainly among cetaceans, with striped dolphin, bottlenose dolphin and pilot
whales particularly susceptible. Occasional spillover to pinnipeds also occurs (monk seal). It is unknown if whale species (e.g. fin whale) act as
disease carriers or spillover hosts.
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Introduction
Intra-species transmission of epizootic viruses in marine
mammal species is known to lead to periodic mass mor-
tality events (MME) and together with circulating enzo-
otic viruses serves as a source of potential inter-species
transmission of viruses among aquatic and terrestrial
mammals, including humans. In recent years, an increas-
ing number of viruses have been shown to infect marine
mammals, an advance largely driven by increased surveil-
lance and the use of more advanced molecular diagnostic
techniques [1–3]. Although such discoveries have
improved our understanding of the evolution of virus
genera, the cross-species threat posed by many of these
newly discovered aquatic mammal viruses to terrestrial

hosts requires further investigation due to some salient
precedents. Marine caliciviruses, which affect pinniped
and cetacean populations, can readily spread from aquatic
to terrestrial hosts, as demonstrated by vesicular exan-
thema of swine, a disease which circulated in domestic
pigs in the USA from 1932 to 1959 [4]. This virus was later
found to be closely related to San Miguel Sea Lion Virus
and is thus assumed to be of marine origin [5,6]. Sealpox
viruses, which are enzootic in both true seals (Phocidae sp.)
and eared seals (Ottaridae sp.), have also been reported to
be transmissible to humans [7,8]. On a broader scale,
epizootics of influenza viruses have been extensively
documented in phocid populations [9], some of which
have caused isolated spillover cases in humans [10].
Recent examples include the identification of influenza
A H10N7 and H3N8 viruses as the cause of MMEs in
harbor seals in the North Sea and New England, respec-
tively [11,12]. However, amongst viral pathogens docu-
mented to infect marine mammals, morbilliviruses are
considered to pose the highest risk due to a high propen-
sity to cause large epizootics in susceptible cetacean and
phocine species [13,14].

Morbillivirus transmission in the terrestrial
and marine environment
The genus Morbillivirus within the family Paramyxovir-
idae is comprised of enveloped viruses that contain a
single-stranded non-segmented negative sense RNA
genome. There are currently seven members of this
genus, measles virus (MV; humans and non-human pri-
mates), canine distemper virus (CDV; domestic dog and
multiple wild carnivore species), recently eradicated rin-
derpest virus (RPV; domesticated cattle and large wild
even-toed ungulates), peste des petits ruminants virus
(PPRV; goats, sheep and small wild even-toed ungulates),
phocine distemper virus (PDV; pinnipeds), cetacean
morbillivirus (CeMV, cetaceans), and the recently iden-
tified feline morbillivirus (FeMV; domestic cats)
(Figure 1a). Infections with morbilliviruses are character-
ized by severe systemic disease in infected hosts which
can result in high levels of morbidity and mortality. This
is largely due to the induction of generalized immuno-
suppression in the infected host, which can lead to
bacterial or viral co-infections [15].

Three viruses from this genus — CeMV, PDV and
CDV — have been linked to multiple large epizootics
in marine mammal populations over the last three dec-
ades (Figure 2). CeMV is capable of inducing a severe and
often fatal disease in a number of cetacean species
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acid sequences of SLAM and PVRL4 (Figure 1b,c).
Moreover, similar relationships between clades are
observed in both receptors. However, whereas PVRL4
seems to be highly conserved, with pairwise distances
between protein homologues ranging from 91 to 97%,
SLAM appears to be less so, having pairwise distances of
57–85%. This suggests that the ability of a morbillivirus H
glycoprotein to bind to SLAM could be determinant in
species selectivity [27]. Studies on CDV entry have
enabled the identification of key amino acids on the
receptor binding domains of the H glycoprotein which
influence host receptor affinity [28,29]. Analogous studies
have not yet been performed with CeMV and PDV but
would undoubtedly help in assessing the ability of these
viruses to bind to heterologous SLAM or PVRL4 mole-
cules expressed by different marine mammal species.

Assessing and ultimately predicting the potential of mor-
billiviruses to cross the species barrier will require a deeper

understanding of viral, host and environmental factors
including the affinity of virus binding to heterologous
cellular receptors, ability to counteract innate immune
factors in different species and a better overview of host
factors involved in replication and transcription. However,
much can already be learnt from ‘natural’ experiments that
have already been performed during morbillivirus epizoo-
tics in novel species, hence the requirement for much more
extensive analysis of wild-type morbillivirus genome
sequences obtained directly from infected tissue samples
from different aquatic and terrestrial species.

Transmission of a marine morbillivirus in
cetacean species
Cetacean species such as porpoises, dolphins and whales
can be classified into two subgroups: Odontoceti (toothed
whales) and Mysticeti (baleen whales) [30]. The first
morbillivirus infection of a cetacean was identified in
porpoises (Phocoena phocoena), which washed up along
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Timeline of major morbilliviruses outbreaks in marine mammals. Dolphin morbillivirus (DMV), canine distemper (CDV), and phocine distemper (PDV)
have caused many epizootics in different marine mammal populations worldwide in recent decades. Each marine mammal host species is color-
coded according to specific morbilliviruses (blue: PDV; pink: CDV; turquoise: DMV; gray: assumed morbillivirus infection). IUCN: EN represents
animals considered endangered by the IUCN red list of threatened species.
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Introduction
Intra-species transmission of epizootic viruses in marine
mammal species is known to lead to periodic mass mor-
tality events (MME) and together with circulating enzo-
otic viruses serves as a source of potential inter-species
transmission of viruses among aquatic and terrestrial
mammals, including humans. In recent years, an increas-
ing number of viruses have been shown to infect marine
mammals, an advance largely driven by increased surveil-
lance and the use of more advanced molecular diagnostic
techniques [1–3]. Although such discoveries have
improved our understanding of the evolution of virus
genera, the cross-species threat posed by many of these
newly discovered aquatic mammal viruses to terrestrial

hosts requires further investigation due to some salient
precedents. Marine caliciviruses, which affect pinniped
and cetacean populations, can readily spread from aquatic
to terrestrial hosts, as demonstrated by vesicular exan-
thema of swine, a disease which circulated in domestic
pigs in the USA from 1932 to 1959 [4]. This virus was later
found to be closely related to San Miguel Sea Lion Virus
and is thus assumed to be of marine origin [5,6]. Sealpox
viruses, which are enzootic in both true seals (Phocidae sp.)
and eared seals (Ottaridae sp.), have also been reported to
be transmissible to humans [7,8]. On a broader scale,
epizootics of influenza viruses have been extensively
documented in phocid populations [9], some of which
have caused isolated spillover cases in humans [10].
Recent examples include the identification of influenza
A H10N7 and H3N8 viruses as the cause of MMEs in
harbor seals in the North Sea and New England, respec-
tively [11,12]. However, amongst viral pathogens docu-
mented to infect marine mammals, morbilliviruses are
considered to pose the highest risk due to a high propen-
sity to cause large epizootics in susceptible cetacean and
phocine species [13,14].

Morbillivirus transmission in the terrestrial
and marine environment
The genus Morbillivirus within the family Paramyxovir-
idae is comprised of enveloped viruses that contain a
single-stranded non-segmented negative sense RNA
genome. There are currently seven members of this
genus, measles virus (MV; humans and non-human pri-
mates), canine distemper virus (CDV; domestic dog and
multiple wild carnivore species), recently eradicated rin-
derpest virus (RPV; domesticated cattle and large wild
even-toed ungulates), peste des petits ruminants virus
(PPRV; goats, sheep and small wild even-toed ungulates),
phocine distemper virus (PDV; pinnipeds), cetacean
morbillivirus (CeMV, cetaceans), and the recently iden-
tified feline morbillivirus (FeMV; domestic cats)
(Figure 1a). Infections with morbilliviruses are character-
ized by severe systemic disease in infected hosts which
can result in high levels of morbidity and mortality. This
is largely due to the induction of generalized immuno-
suppression in the infected host, which can lead to
bacterial or viral co-infections [15].

Three viruses from this genus — CeMV, PDV and
CDV — have been linked to multiple large epizootics
in marine mammal populations over the last three dec-
ades (Figure 2). CeMV is capable of inducing a severe and
often fatal disease in a number of cetacean species

Available online at www.sciencedirect.com
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We report biomolecular evidence of dolphin morbillivirus in 
4 wild Eurasian otters (Lutra lutra) from southern Italy; 2 ani-
mals showed simultaneous immunohistochemical reactivity 
against morbilliviral antigen. These cases add further con-
cern and support to the progressively expanding host range 
of dolphin morbillivirus in the western Mediterranean Sea.

The genus Morbillivirus comprises several lympho-ep-
ithelio-neurotropic, highly pathogenic RNA viruses of 

domestic and wild vertebrates, including aquatic mammals. 
Among them, cetacean morbillivirus (CeMV) has been re-
sponsible since the 1980s for dramatic epidemics in free-
ranging cetaceans worldwide (1). Specifically, the CeMV 
strain termed dolphin morbillivirus (DMV) has caused at 
least 4 unusual mortality events (UMEs) among striped 
dolphins (Stenella coeruleoalba) in the western Mediter-
ranean Sea and, to a lesser extent, long-finned pilot whales 
(Globicephala melas) and other wild cetaceans from the 
same region (1–3).

We report evidence of DMV infection in 4 wild Eur-
asian otters (Lutra lutra) from southern Italy (Apulia and 
Basilicata regions). The animals, all adult females, be-
longed to a group of 7 individuals found dead at Parco Na-
zionale del Cilento, a large national park that extends to 
the coastline of southwestern Italy. The animals underwent 
necropsy at Istituto Zooprofilattico Sperimentale della Pug-
lia e della Basilicata (Foggia, Italy) during 2016 and 2017, 
according to an official agreement between the institute and 
the park aimed at assessing the health and conservation sta-
tus of the otter population.

Within a multidisciplinary approach framework, we 
conducted in-depth histopathologic, microbiologic, par-
asitologic, and ecotoxicologic analyses on the 7 otters, 
along with biomolecular (reverse transcription PCR [RT-
PCR]) and immunohistochemical (IHC) investigations 
for Morbillivirus spp. After using a technique amplifying 
a highly conserved fragment of the Morbillivirus nucleo-
protein (NP) gene (4), we applied 2 additional methods 
aimed at detecting DMV-specific hemagglutinin (HA) 
(5) and NP gene sequences (6) for more detailed analy-
sis. To increase the biomolecular results’ reliability, we 
performed all the extraction, amplification, and sequenc-
ing steps in 3 different laboratories. We also conducted 
the histopathological and IHC analyses in 3 different  
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laboratories. For IHC analysis, we used a commercial 

monoclonal antibody (VMRD, https://www.vmrd.com) 

against the NP antigen of canine distemper virus (CDV), 

including adequate morbillivirus-positive and -negative 

control tissues in each run.

At necropsy, we found multiple traumatic injuries, 

probably caused by motor vehicles and deemed the pu-

tative cause of death, in all 7 otters. Microscopically, we 

observed a bilateral, subacute-to-chronic, broncho- or 

bronchiolo-interstitial pneumonia, showing endobronchial, 

endobronchiolar, or endoalveolar macrophage infiltration, 
thickening of alveolar septa, and lympho-histiocytic septal 

infiltration, in 2 otters; 1 also showed a multifocal, portal 
and lobular, nonsuppurative hepatitis. Lungs and kidneys 

from these 2 animals were molecularly positive for DMV 
(Figure, panel A). Their pulmonary tissue showed positive 

morbilliviral antigen immunostaining in vascular walls and 

endothelial cells, as well as in alveolar epithelial cells (con-

sistent, or not, with hyperplastic type II pneumocytes); we 
also found positive immunostaining in thickened alveolar 

septa and endoalveolar macrophages (Figure, panel B). Al-

though the advanced postmortem autolysis did not enable 

us to obtain reliable histopathological information from the 

5 remaining otters, biomolecular analyses yielded positive 

results from several tissues (submandibular lymph node, 

parotidal gland, lung, brain, heart, kidney, urinary bladder, 

and liver) in 2 of them (Figure, panel A).
Sequencing of all the 200-bp NP gene viral amplicons 

obtained (GenBank accession nos.  MG836265–8) showed 
remarkable differences from the available CDV sequences 
but high homology (99%) with 2 DMV sequences (Gen-

Bank accession nos. EF469546.1, KU720625.1). We com-

pared an additional 456-bp HA gene fragment (GenBank 

provisional accession no. MG905831), obtained from the 

kidney of 1 of the otters we tested, with 2 DMV isolates re-

covered from Mediterranean striped dolphins in 2007; this 
fragment displayed 100% homology with 1 DMV isolate 
(GenBank accession no. H 829973) and 99.56% homol-
ogy with the other (accession no. AJ608288).

Susceptibility to morbilliviruses is not new to L. lutra 

otters; CDV infection has been documented, with subse-

quent risk for viral spillover to coastal pinnipeds (7). In 

this respect, the endemic behavior and the progressively 

expanding host range of DMV in the western Mediter-

ranean Sea are a matter of concern (2,3,8), as exemplified 
by a peculiar case of infection in a captive harbor seal 

(Phoca vitulina), a species with a mixed marine–terres-

trial ecology (9).

How the otters in this study may have acquired DMV 

infection is unknown. Of note, 8 cases of DMV infection 

were detected during 2016 and 2017 in dolphins strand-

ed along the Ionian Sea coast, in an area geographically 

consistent with that in which the 4 DMV-infected otters 

were found. It is possible that >1 dolphins with DMV-
associated brain lesions could have entered the rivers or 

lagoons inhabited by the otters and transmitted the virus 

to them. Alternatively, the otters’ movement toward and 

placement close to the sea, clearly documented for 1 of 
them (A. Petrella, unpub. data), could underlie a subse-

quent encounter with DMV-infected dolphins. As an addi-

tional or complementary option, susceptible invertebrate 

hosts might have acted as DMV reservoirs, similarly to 

what has been reported for Baicalia carinata and Limnaea 
auricularia mollusks, which probably were a source of 

infection during the CDV epidemic among Baikal seals 

(Pusa sibirica) in 1987 (10).

In conclusion, we identified DMV infection among 
Eurasian otters in southwestern Italy, along the coast of the 
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Figure. Evidence of dolphin 
morbillivirus infection in 
Eurasian otters (Lutra 
lutra), southwestern Italy. A) 
Comparison of nucleoprotein 
gene amplification products 
from infected otters, obtained 
by reverse transcription PCR. 
A specific band at the expected 
molecular weight of 287 bp 
is shown. Lane 1, molecular 
weight marker (Tracklt 100bp 
DNA Ladder; Invitrogen,  
http://www.thermofisher.com); 
lane 2, positive control (lung 
tissue from an infected striped 
dolphin, Stenella coeruleoalba); lane 3, negative control (distilled water); lanes 4–7, samples from morbillivirus-positive Eurasian otters: 
LL-290, lung (lane 4); LL-291, kidney (lane 5); LL-3380, lung (lane 6); LL-7318, lung (lane 7). B) Mayer’s hematoxylin counterstain of 
lung tissue shows marked and widespread immunohistochemical labeling for morbillivirus antigen (dark areas), particularly evident at 
the level of vascular walls and endothelial cells and, to a lesser extent, of alveolar epithelial cells (morphologically consistent, or not, with 
hyperplastic type II pneumocytes) as well as of thickened alveolar septa. Scale bar indicates 100 μm.
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Specific capture and whole‑genome 
phylogeography of Dolphin 
morbillivirus
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Dolphin morbillivirus (DMV) is considered an emerging threat having caused several epidemics 
worldwide. Only few DMV genomes are publicly available. Here, we report the use of target 
enrichment directly from cetacean tissues to obtain novel DMV genome sequences, with sequence 
comparison and phylodynamic analysis. RNA from 15 tissue samples of cetaceans stranded along 
the Italian and French coasts (2008–2017) was purified and processed using custom probes (by bait 
hybridization) for target enrichment and sequenced on Illumina MiSeq. Data were mapped against 
the reference genome, and the novel sequences were aligned to the available genome sequences. 
The alignment was then used for phylogenetic and phylogeographic analysis using MrBayes and 
BEAST. We herein report that target enrichment by specific capture may be a successful strategy for 
whole‑genome sequencing of DMV directly from field samples. By this strategy, 14 complete and one 
partially complete genomes were obtained, with reads mapping to the virus up to 98% and coverage 
up to 7800X. The phylogenetic tree well discriminated the Mediterranean and the NE‑Atlantic 
strains, circulating in the Mediterranean Sea and causing two different epidemics (2008–2015 and 
2014–2017, respectively), with a limited time overlap of the two strains, sharing a common ancestor 
approximately in 1998.

Cetacean morbillivirus (CeMV) is a member of the genus Morbillivirus (family Paramyxoviridae, subfamily 
Orthoparamyxovirinae), which includes also the Canine morbillivirus, Feline morbillivirus, Measles morbillivi-
rus, Phocine morbillivirus, Rinderpest morbillivirus, and Small ruminant  morbillivirus1. CeMV is able to infect a 
wide range of host species, and !ve di"erent subspecies have been described so far: CeMV-1, CeMV-2, CeMV-3, 
CeMV-4, and CeMV-5, corresponding to Dolphin morbillivirus (DMV), Porpoise morbillivirus, the Pilot Whale 
morbillivirus, the Longman’s Beaked Whale morbillivirus and Guiana Dolphin  morbillivirus2–5. DMV caused 
several outbreaks worldwide in the last decades, with those of 1990–1992 and 2006–2008 in the Western Mediter-
ranean and with that of 2013–2014 along the Atlantic USA coastline being the most dramatic ones and involving 
di"erent  species6–8. Dolphin morbillivirus (DMV), similarly to many other animal and human morbilliviruses, 
is a primary lymphotropic, epitheliotropic and neurotropic pathogen, which is shed outside infected cetacean 
hosts via the respiratory, ocular, fecal and urinary routes. Virus-carrying aerosols and oculo-conjunctival excreta/
secreta are believed to be of particular concern, based upon the gregarious social behaviour of many cetacean 
species, which facilitates viral transmission. Furthermore, it has also been reported that DMV-infected dolphins 
may carry the virus across 220–230#km marine distances, thereby remaining infectious throughout a 24#days-
long  period8. Apparently, each outbreak is caused by a novel virus strain that !nds a naïve cetacean population 
due to a decrease of the herd  immunity5. Actually, it was estimated that seropositivity against morbilliviruses in 
mature dolphins decreased from 100% in 1990–1992 to 50% in 1997–1999, although with a small sample  size9. 
A similar framework was observed in the East and Gulf of Mexico coasts of the United  States10.

$e genome of CeMV is a negative sense non-segmented single-stranded RNA, with a length of 15,702#bp, 
containing six open reading frames (N, P/V/C/, M, F, H and L) that encode for eight  proteins11. For more than 
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2 fin whales 2011
1 bottlenose dolphin 
2011

6 stenelle 
2010-2011

DMV 2010-2011



Encephalitis 3/9 (33.3%)



30DMV Mediterranean outbreak 2010-11

After 1 month from TT stranding 
an harbor seal died in the zoo

Clinical signs: anorexia, tremors, 
abdominal pain, polyuria, 

Hypothermia and vomiting 
before death. 

Necropsy after 12 hrs

DMV 2010-11 
PHOCA VITULINA
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ID Animal Tissue NESTED-PCR for 

DMV detection Sequencing

BG1 Phocoena phocoena Thymus Positive Yes

BG2 Phocoena phocoena Lung Negative No

BG3 Phocoena phocoena
Pulmonary

lymph 
nodes

Positive Not 
Sequenced

BG5 Phocoena phocoena Spleen Negative No

BG4 Delphinus delphis
Mesenteric 

lymph 
nodes

Positive Not 
Sequenced

BG6 Delphinus delphis Tonsil Positive Yes

BG7 Delphinus delphis Lung Negative No

BG8 Delphinus delphis Spleen Positive Yes

BG9 Delphinus delphis Brain Negative No

BG10 Delphinus delphis Brain Negative No

DMV Bulgaria
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CeMV-Associated Gross 
Pathology

•Bronchopneumonia 


•Meningeal hyperemia, meningitis, and 
brain edema


• Lymphadenopathy


•Mucosal erosions/inflammation 
(enanthema)


•Ocular lesions













CeMV-Associated Microscopic 
Pathology 

• Bronchiolo-interstitial pneumonia (72%)


• Pulmonary syncytia (65%)


• (Meningo)-encephalitis (69%)


• Syncytia in brain (22%)


• Lymphoid depletion (spleen, lymph nodes)


• Syncytia in lymph nodes (19-31%)


• Viral inclusions in infected cells 







Infected Normal

(courtesy of Dr. Seamus KENNEDY)





DMV Mediterranean outbreak 2013



                      Fernandez et al., 2008      













DMV diagnosis:

- Direct isolation 

- IHC mouse monoclonal anti-bodies for CDV nucleoprotein (VMRD) 

- rt-PCR 429 bp (Barrett et al., 1993) gene P or 

- rt-PCR 78 bp (Krafft et al., 1995; Saliki et al., 2002) gene P or 

- UPL rt-PCR  (Rubio-Guerri et al., 2013) gene F 

- Partial nucleoprotein (N1), fusion protein (F), and hemagglutinin (H) could be 
amplified using cetacean morbillivirus (CeMV)-specific primers (Belliere et al., 
2011) 

- nested-PCR su H protein (Centelleghe et al., 2016) 

- RT-PCR con primers degenerati (Verna et al., 2017)



Sierra et al., 2014
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Herpesvirus

- Herpesvirus - DNA virus with envelope 

- alpha (related to human) and gamma-
herpesviruses (typical of cetaceans) 

- Frequently PCR isolation: not clear its 
role but it is responsable for secondary 
infection 

- Trophism for epithelium (skin and 
mucosa) and nervous tissue (neurons, glial 
cells) 

- Ma in f i nd ings : s y s temic acu te 
necrotizing infections, proliferative 
transient dermatitis, interstitial nephritis, 
non-purulent encephalitis.



Herpesvirus



Herpesvirus



Poxvirus
- Poxvirus (EM similar to cowpox) 

- Evident in tattoos-like lesions: flat or slightly arised, black, gray or 
yellow, irregularly elliptical, localized or systemic. 

- Enzootic in some populations, mainly in juvenile. Not life-threatening 
population.



Other virus

Papillomavirus: cutaneous and genital wards. Epithelial hyperplasia with 
koylocytes; genital tumors. USA Tt seropositivity 52% (captive) and 90% (wild). 

Ortomyxovirus: Isolation of Influenza virus A (H1N3, H13N2, H13N9,  

Calicivirus: isolation from vesicles of Tt. Antibodies in whales. 

Hepatitis B virus: hycterus and hepatitis in captive animals 

Adenovirus: from intestines of cetaceans. No lesions.
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FIGURE 2 | Cetaceans in the Pacific coast of Costa Rica. (A) Alive stranded
striped dolphin (S. coeruleoalba) with neurobrucellosis, attended by local
inhabitants. (B) Death stranded Cuvier’s beaked whale (Ziphius cavirostris)
with positive Brucella serology in the shorelines where cattle (in the

background) transits. (C) Alive striped dolphin (Stenella coeruleoalba) with
neurobrucellosis being handled by tourists. (D) Dead stranded humpback
whale (Megaptera novaeangliae; with permission, Grupo La Nación, Costa
Rica).

suborder includes four families of the so called baleen whales,
comprising a group of large mammals whose vestigial teeth are
lost before birth and therefore, lack functional teeth. The mys-
ticetes are filter-feeders whose baleens are used to gulp-feeding
(balaenopterids), skim-feeding (balaenids and neobalaenids), and
bottom plowing (eschrichtiids). In contrast, the Odontoceti sub-
order groups 10 families of toothed cetaceans including dolphins,
porpoises, sperm whales, river dolphins, narwhals, and beaked
whales. B. ceti has been identified (by direct isolation or PCR)
in just 4 out of 14 cetacean families; however, antibodies against
Brucella antigens (mainly LPS) have been detected in members
of seven of these families, indicating that Brucella infection is
common in cetaceans (Figure 1). In spite of this, just a small
number of the diagnosed cetaceans displays clinical or patholog-
ical signs associated with brucellosis, suggesting that a significant
proportion of the infected animals overcome infection, with the
possibility to remain as carriers and potential Brucella shedders.
As expected, members of the Delphinidae family correspond to the
most commonly Brucella infected cetaceans. The distribution of B.
ceti infections is almost worldwide, being the littorals of the North
Atlantic Ocean the area with more reported cases (Figure 3).

Several body tissues and organs, either with or without asso-
ciated gross or microscopic pathological changes, have provided
Brucella positive cultures at some time. Isolations have been per-
formed in free living, hunted animals, or in cetaceans confined
to aquariums. However, the most frequent samples available come
from stranded cetaceans in poor health conditions or already dead.
Therefore, one important step that should always be included dur-
ing the isolation procedures is the elimination of contaminants
from surfaces. One alternative is to sear the surface of the tissue

with a read-hot metal device or to immerse the entire tissue in 95%
ethanol and flame it for a few seconds. Surface decontaminated
soft tissues or their internal sections can be homogenized in saline
solution 0.9% within plastic bags, prior to plating into agar plates.
Hard tissues can be cut with a sterile scalpel and samples taken
from inside with swabs (previously soaked with saline solution)
avoiding external surfaces. Fluids, such as cerebral spinal fluid,
urine, or milk can be directly plated on agar plates or centrifuged
to concentrate the bacteria prior plating. In the case of nematodes
(which have been reported to contain Brucella, see below), they
can be washed in sterile distilled water before maceration and cul-
ture. At this point, samples could be prepared for PCR testing or
bacteriological cultures. If samples cannot be processed immedi-
ately, they may be frozen, if possible not more than 2 weeks, until
further processing.

Every sample should be inoculated in a selective and non-
selective media, since some strains may be inhibited by the com-
ponents of the former media (Marin et al., 1996). Samples are
preferentially plated on blood agar, serum dextrose agar, Columbia
agar supplemented with 5% of sheep blood and Farrell’s sup-
plement (OXOID) or Brucella-agar supplemented with 5% horse
serum. Although most of the strains isolated from cetaceans are
not capnophilic (Dawson et al., 2008b), primary cultures should
be incubated in a 5–10% CO2 atmosphere since a few strains
have been reported to require this condition (Foster et al., 1996;
Clavareau et al., 1998; Miller et al., 1999). It is expected that
the majority of the B. ceti isolates will appear after 4 days of
incubation (with and without CO2). Due to the fact that some
primary cultures are slow growers, samples should be incubated
for up to 14 days. Primary B. ceti isolates often fail to grow on
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FIGURE 3 | Oceanic distribution of cetaceans with positive serological diagnosis for Brucella infections. References as in Figure 1.

a complete Farrell’s medium; thus, it is recommended to exclude
bacitrazin and nalidixic acid from the formulation (Foster et al.,
2002).

Classical bacteriological biotyping techniques to identify phe-
notypic characteristics of the genus Brucella are not straightfor-
ward and some primary cultures from cetaceans may give anom-
alous results in some of the tests. Primary culture colonies are small
and raised, convex and shiny, with an entire margin. When exam-
ined by transmitted light, they are honey colored and translucent.
As other brucellae, B. ceti primary isolates have the typical smooth
(S) colony appearance of the genus. However, some primary
cultures may rapidly dissociate and appear as rough phenotype
(Foster et al., 2011; Guzmán-Verri et al., unpublished results). The
appearance of the colonies are typical to other members of the
genus, they are acid-fast in the modified Ziehl–Neelsen stain and
agglutinate with anti-Brucella antisera in slide tests. Commercial
kits normally used for bacterial identification not always include
Brucella as part of the database, so special care should be taken
when using these systems. Several bacteriological tests have been

utilized to identify and characterize B. ceti (Table 1). However,
B. ceti isolates are difficult to distinguish from B. pinnipedialis
and therefore, clinical and epidemiological aspects must be taken
into account, together with molecular techniques to complement
classical biochemical characterization.

Brucella sp. is initially distinguished by standard bacteriolog-
ical tests such as: Gram negative staining (coccobacilli or short
rods), growth properties (3–4 days, raised, convex, circular, and
entire with a diameter of 0.5–1.0 mm, non-hemolytic), oxidase
(+), urease activity (+), motility (!), nitrate reduction (+), and
growth on Simmons citrate (!; Alton et al., 1975). At the species
level, B. ceti isolates are typically identified by phage typing, CO2
requirement, H2S production, urease activity, nitrate reduction,
agglutination with monospecific serum A and M and dye sen-
sitivity (Table 1). To describe and characterize B. ceti strains,
several isolates have also been tested for oxidation of amino
acids, carbohydrates, and one alcohol [l-alanine (!), l-arabinose
(+), l-arginine (!), l-asparagine (!) meso-erythritol (variable)
d-galactose (+), l-glutamic acid (+), l-lysine (!), dl-ornithine
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Brucella ceti: main pathological findings

- CNS: non-suppurative meningo-encephalitis and chorioditis, Purkinkje cells, gliosis, 
ependymal necrosis 

- Reproductive system: granulomatous endometritis, severe necrotizing placentitis, 
abortus, absecess and epididimitis and orchitis. 

- Circulatory system: vegetative endocarditis (mitral valve) with myocardial deg. and 
fibrosis 

- Bone: discospondylitis, atlanto-occipital fusions 

- Respiratory: secondary infections and isolation within other pathogens-related lesions 
(i.e. nematodes) 

- Spleen and lymph nodes: necrotic foci and chronic inflammation in liver, spleen, lymph 
nodes with increased volume.

Brucella ceti



Brucella ceti

Guzmán-Verri et al. Brucellosis in cetaceans

FIGURE 5 | Pathological findings in cetaceans with brucellosis. (A)
Striped dolphin S. coeruleoalba fetus within placental presenting multiple
necrotic foci diffusely distributed (arrow points a prominent focus); and, B.
ceti detected by IF in impressions of placenta tissues (insert). (B) From (A)
severe necrotizing placentitis showing detached placental cells (arrow) and
marked necrosis of trophoblastic epithelial cells lining with infiltration of
neutrophils into the fetal placental villi (HE stain 10!); and, I-HRP labeling of
Brucella antigen within inflammatory cells invading the placental villi
(insert). (C) Harbor porpoise P. phocoena right enlarged testicle (twofold)
demonstrating an abscess and multi-locular lesions in the proximal area
(arrow). From Dagleish et al., 2008, with permission, license N˚
2756120153946). (D) From (C) HE histological section of the affected testis
showing necrosis (asterisk), thick fibrous capsule of the abscess (black
arrows) and the foci of mononuclear inflammatory cells (blue arrows); and
I-HRP labeling of Brucella inside macrophage like cells (arrows) in the
testicular lesion (insert). From Dagleish et al., 2008, with permission,
license N˚ 2756120153946). (E) Vegetative nodule in the mitral valve (white
arrow) of striped dolphin heart. (F) From (E) HE 10! histological section of
the mitral valve showing bacterial colonies (arrow) intermixed within
abundant fibrin deposits over the valve surface, focal areas of dystrophic
calcification and severe suppurative inflammatory infiltrate surrounding this
area. Insert shows positive I-HRP Brucella staining in inflammatory cells
and bacterial aggregates (G) Hyperemic meningeal blood vessels in
cerebral hemispheres and cerebellum from striped dolphin, showing cloudy

(Continued)

FIGURE 5 | Continued
and hemorrhagic cerebrospinal fluid in syringes. (H) Wright–Giemsa stained
cells in cerebrospinal fluid from (G) composed of ependymal cells and
mononuclear leukocytes. (I) IF of B. ceti and bacterial debris within
phagocytic cells infiltrating cerebrospinal fluid shown in (H). (J) From (G)
severe mononuclear inflammatory infiltrate in the meninges (black arrow)
surrounding the spinal cord and hyperemic blood vessel (white arrow). (K)
I-HRP labeling of Brucella antigens in cells that seem to be perivascular
macrophages or pericytes laying below the endothelium of a vessel of the
brain of striped dolphin (arrow), with no inflammatory response (courtesy of
M. Barberán, Servicio de Investigación Agraria-DGA, Zaragoza, Spain). (L)
I-HRP labeling of Brucella antigens in cells that seem to be macrophages or
glial cells in the parenchyma of the brain of striped dolphin (courtesy of M.
Barberán, Servicio de Investigación Agraria-DGA, Zaragoza, Spain). (M)
Skulls (caudal view) and atlas bones (cranial surface view) of the affected
Atlantic white-sided dolphin L. acutus (left) and the normal counterpart
(right). The occipital condyles are completely absent in the affected animal
(arrows), and only a roughened surface remains, which extends beyond the
normal margins where these structures should be. There is also a lack of
dorsal and lateral vertebral processes and normal smooth bone architecture,
as well as a large amount of remodeling, present in the atlas bone. From
Dagleish et al., 2007, with permission, license N˚ 2756130134008).

replicating bacteria would not be detected by IF or I-HRP methods
remain as an alternative. Finally, the possibility of cross reactions
with other microbial products (e.g., perosamine containing mol-
ecules), may also be a source of misinterpretation. Additional and
independent evidences, such as bacterial isolation or detection of
positive serological reactions are necessary for corroborating IF
and I-HRP results.

SEROLOGICAL METHODS
The presumptive diagnosis of Brucella infections is based in the
detection of serum antibodies. Although serological techniques
may not be specific for B. ceti infections, these methods are par-
ticularly useful for epidemiological and surveillance studies. The
marine brucellosis serological diagnosis is not straightforward and
requires a collection of positive and negative certified sera in order
to determine the performance of the assays (Hernández-Mora
et al., 2009). However, to accomplish this with a considerable num-
ber of cetacean species distributed worldwide is not easy. Indeed,
the Odontoceti includes nine families with approximately 73 dif-
ferent species and the Mysticeti, four families with a total of 10
extant species (Nikaido et al., 2001; May-Collado and Agnarsson,
2006). Accordingly, over 15 different assays have been freely used
for detection of anti-Brucella antibodies in cetaceans (Figure 1)
and positive serological reactions have been already recorded in
23 out of 38 species tested worldwide (Figure 3). In spite of
this, significant variations in predictive specificities and sensitiv-
ities of the various serological methods have been demonstrated
(Hernández-Mora et al., 2009).

As those methods used for ruminant and human brucel-
losis, the principle of most Brucella serological tests used in
cetaceans, also rest in detection of antibodies against LPS; specif-
ically those directed to the N -formyl perosamine determinants
(Díaz-Aparicio et al., 1993, 1994; Baucheron et al., 2002). However,
perosamine sugars are widely distributed in Gram negative bacte-
ria, including several marine strains (Kondo et al., 2000; Awram
and Smit, 2001), a fact that should be taken into consideration
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Brucella ceti ST 26 in the Mediterranean in striped dolphins  
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Brucella diagnosis:

- Direct isolation (14 days in selective/non selective media): blood agar, serum 
dextrose agar, Colombia agar supplmented with 5% sheep blod and OXOID or 
Brucella-agar added with 5% horse serum 

- PCR-RFLP of genes coding for outer membrane proteins Omp2a, Omp2b and 
Omp25 

- IF 



Other bacterial and mycotic diseases

- Erysypeloyhtix rhusiopatiae: septicemia with romboid cutaneous findings. 

- Vibrio spp., Aeromonas hydrophila, Photobacterium damselae spp. (parts of intestinal flora) > 
possible septicemia 

- E. coli, Salmonella spp., Clostridium spp., Lactococcus spp. > intestinal endotoxemia and 
septicemia.  

- Staphylococcus aureus, MRSA, Pseudomonas spp., Streptococcus spp., Proteus spp. > mainly 
broncho-pneumonia. 

- Nocardia spp., Mycobacterium spp. > granulomatous lesions 

- Helicobacter spp. > gastric ulcers 

- Criptococcus neoformans and laurentii, Histoplasma capsulatum > pneumonia and dermatitis 

- Aspergillus, Zygomices, Candida, Fusarium spp.: several localized infection (skin, GI, lungs, 
bones, ear) and systemic dissemination 

- Lacazia loboi (lobomycosis): systemic mycotic diseases from skin traumas.





Terrestrially derived bacteria: anthropozoonoses?

• Fecal bacteria: E. coli, Edwardsiella tarda, Enterococcus spp.


• Bacteria coming from farming activities: Salmonella spp.  Listeria spp, Ureaplasma spp, 
Erysipelothrix rhusiopatiae, etc. 

• Multi-drug resistant bacteria: MRSA (Staphylococcus aureus) 

• All these bacteria are opportunistic and they cause diseases in immunocompromised 
individuals: newborns, old, pregnant, after DMV

www.oceanhealthindex.org

Sources of Pathogens

Human sewage is the most common source of 
pathogen pollution, particularly in South America, 
Asia, and Africa.

Waste from recreational and commericial vessels, 
particularly cruise ships, also introduces pathogens to 
ocean waters.

Discharge of waste from farm, domestic or wild 
animals can introduce bacteria, viruses and parasites 
into local water systems and coastal waters.

Untreated 
Municipal Sewage

Sewage 
From Ships 

Livestock 
and Animal Waste 
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number of geriatric animals, which have an extensive medical history, including antimicrobial drug 
administration, and longer contact with owners, increasing both the risk of antimicrobial resistance 
emergence and inter-species clonal spread. 

Figure 1. Conceptual model of transfer of drug-resistant bacteria between the human 
population, the animal population and the environment. 

 

Taking into account some frequent behaviours of dogs and cats inside and outside the household 
(e.g., grooming, perigenital and skin licking, rolling on faeces and coprophagy), it is expectable that 
contamination of their hair, skin and mouth with faecal and body surface bacteria. Hence, subsequent 
spread of these bacteria to human co-habitants can occur directly, by skin to skin contact and contact 
with bacteria in the saliva or faeces, or indirectly, via the household environment [35]. Data from a 
recent study revealed the presence of the same multidrug-resistant Escherichia coli strain in faeces, 
urine and mouth of a female dog (that had been medicated with several antibiotics for recurrent urinary 
tract infection), and on the owners’ faeces and in several locations within the domestic environment 
such as floor, dog’s food bowl and refrigerator door handle. 

Although several reports have documented the presence of multidrug-resistant S. aureus, E. coli and 
Enterococcus spp. in dogs and cats [36–42], reliable quantitative data are needed to provide a better 
understanding of the dynamics of antimicrobial resistance transmission between household animals 
and humans. The assessment of risk factors that contribute to the dissemination of drug-resistant 
bacteria, or corresponding genetic elements, between pets and their owners is essential for the 
implementation of safe handling procedures of companion animals and prudent use of antimicrobial 
substances in veterinary medicine. 

2.2. Production Animals 

Over the last 50 years the increasing demand for livestock products and developments in breeding, 
nutrition and management practices led to modifications in animal production systems [43]. The 

MRSA
• 1972 - Ist report in cattle 

• now reported in almost all 
livestocks 

• old thoughts: from human 
to animals through hand 
and nostrils 

• new thoughts: bi-directional 

• healthy animals - reservoir
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Death Associated to Methicillin
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The present study describes the isolation of Methicillin-resistant Staphylococcus aureus

(MRSA) from respiratory tract of 2 dolphins of different origin, a stranded juvenile Risso’s

dolphin (Grampus griseus) and a captive born common bottlenose dolphin (Tursiops

truncatus) calf, which died in the same institution at 1-month distance from the other.

A complete microbiological and genetic investigation confirmed the presence of MRSA

clone-complex 8, sequence type (ST) 8, spa-type t008 in both individuals. This strain

differs from the one previously reported in walruses and dolphins and has never been

described in dolphins before, but it is randomly isolated from Italian human patients.

Vertical transmission of the infection may also occurs in other species and considering

the description and location of the pathological lesions, this seems to be the most

likely route of transmission implied in the young bottlenose dolphin. Staphylococcus

aureus is known as an opportunistic agent, usually secondary to other pathogens, but its

multiple antibiotic resistance and its zoonotic implications suggest a thorough and strict

application of animal management hygiene protocols.

Keywords: methicillin-resistant Staphylococcus aureus (MRSA-ST8), Risso’s dolphin, bottlenose dolphin,

septicemia, microbiological examinations, (genes codifying) antibiotic resistance

BACKGROUND

The genus Staphylococcus consists of a variety of opportunistic pathogens of variable relevance
in veterinary medicine, among which the most clinically relevant staphylococci are the coagulase
positive Staphylococcus aureus. A noted property of staphylococci is their ability to become
resistant to methicillin due to the presence of the mecA and mecC genes by encoding
an altered penicillin-binding protein with low a!nity for all beta-lactam antimicrobials (1).
Methicillin-resistant S. aureus (MRSA) is a significant pathogen that has been identified in
the community (community-associated MRSA, CA-MRSA), in hospitals (hospital-associated
MRSA, HA-MRSA), and in livestock (livestock-associated MRSA, LA-MRSA), particularly in
pigs, and is among the most frequent community and nosocomial-infections in the world
(2). From an epidemiological point of view, the relative prevalence of MRSA lineages and
their subtypes appear to vary according to the geographical area of detection (2). MRSA is
a significant pathogen responsible for a wide range of pathological conditions in animals,

Mazzariol et al. MRSA Infection in Two Dolphins

FIGURE 1 | Severe multifocal purulent meningitis in a Risso’s dolphin’s

(Grampus griseus) brainstem. On the right, a severe purulent inflammation can

be noticed along with a necrotic vessels’ wall and a bacterial aggregate

(arrowhead). Hematoxylin and Eosin, magnification 4x (A) and 10x (B).

BBL
TM

, Heidelberg, Germany) and incubated at 35 ± 1!C for
24–48 h in aerobic conditions.

Staphylococcal colonies were recognized on nutritive
medium, according to colony morphology, Gram stain
appearance, catalase, and coagulase tube tests. Suspected
pink to mauve colonies grown on the selective medium were
confirmed as being MRSA with a multiplex-PCR targeting nuc
andmecA genes (18). S. aureusDSMZ 11729 was used as positive
control.

MRSAs were isolated from renal, splenic, uterine and
meningeal tissues of the Risso’s dolphin as well as from the
blowhole and several tracts of the intestine (proximal, middle,
distal, rectum) of the bottlenose dolphin. Genetic typing of
MRSA was further performed by: (i) spa-typing (19), (ii) Pulsed-
Field Gel Electrophoresis (PFGE) (20), and (iii) Multilocus
Sequence Typing (MLST) (21). A multiple detection microarray-
based system was also performed on isolates (Miniaturized
Microarray, AlereTM, Alere technologies, Jena, DE) to identify
gene-markers of virulence factors and of antibiotic resistance.

These investigations confirmed the presence of Methicillin-
resistant S. aureus sequence type (ST) 8, spa-type t008 in
both animals. PFGE analysis showed a 100% identity of
all the analyzed strains. In both individuals, nuc gene was

identified and the strains showed some genes codifying antibiotic
resistance: methicillin-resistance genemecA, the penicillase genes
(blaZ, blaI, blaR). However, genes for resistance to tetracycline
(tetK, tetL, tetM), vancomycin (vanA, vanB), trimethoprim
(tmp), and chloramphenicol (cat) were not found. Strains
isolated from the Risso’s dolphin were positive for ermC
and aadD encoding, respectively macrolides (erythromycin)
and aminoglycosides (tobramycin) resistances; phenotypical
resistance to erythromycin was shown also through the agar gel
di!usion method. Moreover, all isolates carried capsule (cap5)
and biofilm associated genes (icaA, icaC, icaD), as well as
proteases and haemolysins genes; none of the isolates showed
the lukS-PV and lukF-PV genes encoding Panton-Valentine
leukocidin. Finally, microarray analysis identified Tursiops and
Grampus strains as Clone Complex 8 (CC8) MRSA-IV, Lyon
Clone (sea-neg. variant)/WA MRSA-88 with an Assignment
Score of 95.83 and 94.20%, respectively.

DISCUSSION

MRSA infection is a major global healthcare issue for human
medicine due to its high rates of morbidity and mortality
caused by metastatic bacterial spread or complicated infections
as infective endocarditis or sepsis (22). In these cases, the risk of
death infections is not related to the strain with non-vancomycin-
resistant MRSAs more frequently related to septicemia and
subsequent death. Immune system impairment (i.e., old age or
organ diseases), the environment (i.e., residence in a nursing
home) and the severity of bacteremia are associated with
increased risk for death (23).

The cases herein reported support the possible pathogenic role
of MRSA also for marine mammals, although such an occurrence
should be considered as a rare circumstance, in this case favored
by the immune-compromised condition of the two dolphins
investigated, respectively related to chronic disease (foreign body
aspiration in the Risso’s dolphin) and young age (in common
bottlenose dolphin). Also, the MRSA circulation in the pool
and among the animals should be account as a predisposing
factor, with 5 dolphins being positive including the calf bottlenose
dolphin’s mother (7). As a matter of fact, no pathological changes
related to MRSA isolation were reported from previous studies
on free-ranging cetaceans’ populations (4–6, 8–10). Also in
terrestrial wildlife and zoological parks MRSA related diseases
have been rarely described with septicemia being reported in
European hedgehogs (Erinaceus europaeus) in Sweden (3) by
CC130-MRSA-XI and in a mongoose species in UK related to
Livestock-Associated MRSA CC398 and mecC-positive CC130
(24), two di!erent strains compared to that isolated in the present
study.

The complete microbiological and genetic investigation
confirmed the presence of MRSA sequence type (ST) 8, spa-type
t008 in both individuals. This strain di!ers from the CMRSA2
(USA100) spa-type t002 one previously reported in walruses and
dolphins by Faires and colleagues in 2009, and has never been
described in dolphins. However, MRSA ST-8, spa-type t008 is
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246 1. INTRODUCTION 

Bacteria inhabit our planet for three and a half billion years during which have been defied 
by numerous adverse conditions. Their adaption to di!erent environmental circumstances 
is extraordinary and the use of antibiotics was only one more challenge to overcome. We 
know that bacterial resistance to these molecules did not suddenly appear with the use of 
penicillin or streptomycin fifty years ago, since it has been shown that microorganisms from 
glacier water with over two thousand years were already resistant to antimicrobial com-
pounds (Dancer et al., 1997). Many of the known resistance mechanisms had primary phy-
siological functions and evolved to overcome the presence of biocide substances (Linares 
et al., 2006). This evolution is related to the bacteria ability to mutate and to acquire foreign 
DNA harbouring specific genes or being involved in recombination events that favour their 
survival in particular environments.

Although antibiotic resistant bacteria have been detected for a long time, the massive use of 
antibiotics during the last decades in human and animal therapy for prophylaxis, as growth 
promoters in animal production or in agriculture, led to the selection of a high number of 
multidrug resistant microorganisms in di!erent ecological niches (del Campo et al., 2003; 
Phillips et al., 2004; Kümmerer, 2005). These microorganisms can be easily disseminated to 
humans by the di!erent routes shown in Figure 1 and, when involved in human infections, 
might challenge medicine worldwide due to the scarce therapeutic options. In this review 
we will focus on several human activities that might promote selection and/or dissemina-
tion of antibiotic molecules, antibiotic resistant microorganisms or their associated genes in 
non-hospital settings.

Figure 1. Dissemination paths of antibiotic molecules, antibiotic resistant bacteria or their genes between di!erent 
ecological niches (Adapted from Witte et al., 2000).
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T. gondii in marine mammals
• 1998-2014:	16%	+	serology	
in	striped	and	bottlenose	
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• 2004:	19%	+	serology	in	
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common	dolphins	and	
porpoise	

• 2006-2012:	10%	in	the	
Adriatic	(molecular	and	IHC)	

• 2015:	12%	in	Italy	
(molecular	and	IHC)
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three layers of mononuclear cells, and focal microglial
nodules with infiltrated histiocytes and plasma cells
were also seen multifocally adjacent to or involving
vessels and associated with vasculitis. There was se-
vere, diffuse lymphoid cell depletion, characterized
by a consistent loss of primary and secondary follicles,
accompanied by a multifocal centrofollicular amor-
phous hyaline material deposition, in lymphoid tis-
sues. No significant histopathological changes were
found in any of the other tissues examined.

The inflammatory changes in cerebrum, lungs and
myocardium and the unusual lesions in the aortic and
major pulmonary arterial walls, associated with the
presence of T. gondii, suggests that toxoplasmosis
was the most likely cause of death of this monk seal.
However, we cannot completely exclude the possibil-
ity that CeMV infection was also a primary aetiolog-
ical agent.

CeMV infection has been reported in monk seals
and harbour seals (Phoca vitulina) (Van Bressem et al,
2014). In 1997, approximately 50% of theMediterra-
nean monk seal population along the coast of
Mauritania, the largest colony in the world, were
killed by a CeMV-like virus, named monk seal mor-
billivirus (Osterhaus et al, 1997). Characteristic signs
and lesions included respiratory distress and pulmo-
nary emphysema and congestion. A similar virus
was also identified in a fewmonk seals fromGreek wa-
ters (Van de Bildt et al, 2000). Seals are known to be
susceptible to CDV as well as to PDV (Duignan
et al, 2014), which cause bronchointerstitial pneu-
monia with serofibrinous alveolar exudation. In the
pup herein investigated, no typical pathological evi-
dence related to any of the above mentioned morbil-
liviral infections has been detected; in fact, only mild

epithelial changes in the airways were observed,
without any relevant lymphoid cell depletion. The
inflammation in the brain was likely associated with
T. gondii infection without any demyelinating process
as described in other pinnipeds (Mazzariol et al, 2013;
Duignan et al, 2014). Toxoplasmosis has been consid-
ered to be an opportunistic infection in subacute sys-
temic phases of morbilliviral disease in various
odontocete and mysticete species (Mazzariol et al,
2012; Van Bressem et al, 2014). While frequently re-
ported in cetacean species (Mazzariol et al, 2012;
Van Bressem et al, 2014), concurrent morbilliviral
and T. gondii infection has been rarely reported in
other marine mammal species and, to the best of
our knowledge, this is the first reported case in a
monk seal. T. gondii is emerging as a threat to the
health and conservation of the Hawaiian monk seal
(Neomonachus schauinslandi) and was considered to be
the primary cause of death, rather than as an oppor-
tunistic infection secondary to morbillivirus-induced
immune impairment (Dubey, 2010; Barbieri et al,
2016). The young age of this monk seal suggests
that the CeMV and T. gondii infections could have
been acquired either transplacentally or shortly after
birth. The severity and chronicity of the spectrum of
the T. gondii-associated lesions provides evidence for
prolonged persistence in the circulatory system
(Hide et al, 2009; Iqbal et al, 2018; Reiling et al,
2019). It seems plausible that, following asymptom-
aticT. gondii infection, the strong immunosuppressive
effects of subsequent CeMV infection resulted in
disseminated toxoplasmosis in this seal pup.

Impairment of the immune system could also
explain the atypical pattern of pathological changes
seen in the aorta and major pulmonary arteries.
Although atypical, and even if not unprecedented in
monk seals or other aquaticmammal species, the pres-
ence ofT. gondii and associated lesions in the media of
major arteries in this animal are of interest. While le-
sions of myocardial, pulmonary and nervous system
tissues are commonly reported in toxoplasmosis in
many species, changes involving the wall of major ves-
sels were an unusual finding of this case. Vascular le-
sions were not associated with toxoplasmosis in
Hawaiian monk seals (Barbieri et al, 2016). Arterial
lesions and haemorrhages in the brain have been re-
ported in humans with immune impairment due to
human immunodeficiency virus (HIV) infection. In
some HIV cases, an occlusive hypertrophic arteritis
has been associated with the presence of tachyzoites
and necrotic foci within vascular smooth muscle
(Huang and Chou, 1988). T. gondii replication in
different host cell types, including endothelial cells,
can result in thrombosis and subsequent tissue necro-
sis (Castano et al, 2014). A severe vasculitis with

Fig. 4. Mediterranean monk seal, lung, Toxoplasma gondii and
CeMV infection. Immunolabelling of morbilliviral anti-
gen (anti-CDV antibody) in bronchial and bronchiolar
epithelium. IHC. Bar, 30 mm.
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SPONTANEOUSLY ARISING DISEASE

Atypical Toxoplasmosis in a Mediterranean Monk
Seal (Monachus monachus) Pup
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Summary

TheMediterranean monk seal (Monachus monachus) is the rarest species of pinniped in the world. Necropsy of a
Mediterranean monk seal pup that stranded alive on the southern Adriatic Italian coast and died a few hours
later revealed co-infection by cetacean morbillivirus (CeMV) and Toxoplasma gondii. Pathological lesions
included a multifocal, moderate to severe, necrotizing myocarditis and a diffuse, chronic, moderate interstitial
pneumonia with bronchial and bronchiolar epithelial hyperplasia. Lesions of atypical necrotizing arteritis were
seen in the aorta and major pulmonary arteries in association with the presence T. gondii organisms. Severe
haemorrhagic foci and lesions of non-suppurative meningoencephalitis, together with the presence of protozoal
cysts, were seen in the brain. Co-infection of CeMV and T. gondii has not been previously reported in monk
seals. The vascular lesions found in this animal can be considered atypical because they have not been reported
in other terrestrial or marine mammal species. The disseminated toxoplasmosis associated with the unusual
vascular and haemorrhagic brain lesions could be related to the immunosuppressive effects of CeMV infection.

! 2021 Elsevier Ltd. All rights reserved.

Keywords: cetacean morbillivirus; mediterranean monk seal; Toxoplasma gondii; vascular lesions

The Mediterranean monk seal (Monachus monachus),
the rarest pinniped in the world, ranks among the
most endangered marine mammal species. According
to the International Union for the Conservation of
Nature, the main drivers for the vulnerability of this
species are direct killing and changes to their natural
environment (Notarbartolo di Sciara and
Kotomatas, 2016), including pollution and viral, bac-
terial and parasitic pathogens (Van de Bildt et al,
2000; Toplu et al, 2007; Papadopulos et al, 2010).
Only a few breeding colonies remain along the Greek,
Turkish and Cypriot coasts and in the Atlantic Ocean

close to Capo Blanco and Madeira. In many other
countries, including Italy, monk seals are either
deemed to be officially extinct or very few in number
with only rare scattered sightings of individual ani-
mals reported (Karamanlidis et al, 2016).

In late January 2020, a female monk seal pup was
submitted for necropsy within 12 h of death, after
having been recovered alive a few days earlier on
the Southern Adriatic coastline of Italy. Physical ex-
amination showed a poor nutritional status with
prominent palpable bones. The gingival mucosa
was pale and had scattered moderate abrasions,
including around the erupted teeth. The animal was
lethargic and had unilateral conjunctivitis, rhinitis,
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MW266079). These fragments had 98.25%, 98.5%
and 99.3% sequence homology, respectively, with a
CeMV isolate (complete genome, GenBank accession
no. MH430938.1). No significant similarities were
found between these CeMV sequences and phocine
distemper virus (PDV) sequences (GenBank acces-
sion nos. NC_028249.1, KY629928.1 and
X75717.1) or the CDV complete genome (GenBank
accession no. NC_001921.1).

Serological investigationwas negative formorbillivi-
rus and brucella infections (Supplementary Table 1).

There were lesions of multifocal, moderate to se-
vere, necrotizing myocarditis, characterized by the
presence of macrophages, mainly with foamy cyto-
plasm, and fewer lymphocytes, mostly with karyor-
rhectic nuclei. Within these areas, myocardiocytes
were swollen, enlarged, hyalinized and fragmented,
with an increased number of nuclei indicative of
degeneration and necrosis. Scattered myocardiocytes
were angular and atrophic. Spherical and non-
reactive parasitic cysts, variable in size, containing
oval-to-round bradyzoites, each with a basophilic nu-
cleus, and free bradyzoites were present multifocally
between myocardiocytes. These structures were im-
munolabelled for T. gondii antigen. Within the wall
of many large-calibre arteries, mainly centred around
vasa vasorum and corresponding to the hard plaques
seen grossly on the intima, was a severe, multifocal,
necrotizing chronic arteritis. There was disarray of
the elastic fibres of the tunica media associated with
a moderate mononuclear inflammatory cell infiltrate
admixed with karyorrhectic cells, cellular debris and
parasitic cysts and bradyzoites, and scattered macro-
phages (Fig. 3). Lesions of diffuse, chronic, moderate,
interstitial pneumonia with diffuse bronchial and
bronchiolar epithelial hyperplasia were seen, together
with multifocal parasitic cysts in the pulmonary inter-
stitium and alveolar spaces. Multifocally, immuno-
labelling for morbilliviral antigen was found in
respiratory epithelial cells (Fig. 4). Scattered proto-
zoan tachyzoites were immunolabelled throughout
the brain parenchyma, in close association with
extensive multifocal haemorrhagic foci. There were
lesions of severe, multifocal, non-suppurative menin-
goencephalitis with haemorrhagic and malacic areas,
characterized by neuronal necrosis, spongiosis, mono-
nuclear inflammatory cell infiltration and the pres-
ence of gitter cells. Perivascular cuffs, with up to

Fig. 2. Mediterranean monk seal, heart, Toxoplasma gondii and
CeMV infection. Aortic root markedly expanded with
multifocal, raised, whitish, ridged plaques (arrows) on
arterial intima. Formalin-fixed. Bar, 1 cm.

Fig. 3. Mediterraneanmonk seal, aorta,Toxoplasma gondii andCeMV infection. (A)Elastic fibres of tunicamedia disrupted and infiltrated
by inflammatory cells. Scattered karyorrhectic nuclei and small amount of cellular debris. HE. Bar, 25 mm. (B) Intense immuno-
labelling of T. gondii antigen in inflammatory cells between detached elastic fibres of tunica media. IHC. Bar, 25 mm.
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Toxoplasma gondii

T. gondii related pathology 

- CNS: gliosis and scattered foci of granulomatous encephalitis (> TT) and/or non-
purulent meningo-encephalitis (>SC). 

- Reproductive: necrotizing placentitis and/or scattered necrotizing foci in the foetus; 
abortion. 

- Other: granulomatous/chronic inflammation in muscles (heart, muscular layers); 
necrotizing lymphadenitis. 

T. gondii diagnosis 

- PCR: aimed to detect Apycomplexa spp. 

- Microscopic: IHC with anti-T. gondii antibodies.
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Human induced mortality 
in Italy 2015-2019

7%

7%

20%

39%

27%

by-catch larynx entanglement fishing gear ingestion entanglement ship strike



Possible interactions: 
 1. by-catch; 
 2. entanglement 
 3. gear ingestion/larynx entanglement 
 4. direct killing; 
 5. prey depletion. 

• In case of by-catch small cetacean die for 
asphyxia and/or drowning. 

• Large whales usually die for starvation.

5. Fishery interaction common evidences: 
literature review
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DIAGNOSIS OF BY-CATCH 

- Usually based on external evidences (lacerations and marks of nets).  

- Finding an entangled animal is not enough to diagnose by-catch: it could be 
a secondary cause. True also the opposite. 

- A detailed necropsy is necessary  

- Pathological evidences suggestive of interactions with fisheries are: 
1) Injures related to the gears/lines; 
2) Evidences of drowning/asphyxia; 
3) Evident recent feeding;   
4) Absence of concomitant or predisposing diseases.

5. Fishery interaction common evidences: 
literature review
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BY-CATCH



5. Fishery interaction common evidences: 
literature review

BY-CATCH GROSS EVIDENCES: 
• Injures due to direct interaction 
• lacking of extremities 
• fins, head and rostral injures 
• lacerations and nets marks (features could 

suggest the type of gear) 
• incisions and deep wounds due to sharp objects 
• penetration wounds 
• tail abrasions



5. Fishery interaction common evidences: 
literature review
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BY-CATCH GROSS EVIDENCES:



BY-CATCH GROSS EVIDENCES: 

Other evidences 

•  abrasions 
•  blunt traumas 
•  subcutaneous haemorrhages 

and petechiae 
•  lines and nets 
•  skull fractures 
•  visceral haemorrhages

5. Fishery interaction common evidences: 
literature review
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Recent cetacean mass strandings in close temporal and spatial association with sonar
activity has raised the concern that anthropogenic sound may harm breath-hold diving
marine mammals. Necropsy results of the stranded whales have shown evidence of
bubbles in the tissues, similar to those in human divers suffering from decompression
sickness (DCS). It has been proposed that changes in behavior or physiological responses
during diving could increase tissue and blood N2 levels, thereby increasing DCS risk.
Dive data recorded from sperm, killer, long-finned pilot, Blainville’s beaked and Cuvier’s
beaked whales before and during exposure to low- (1–2 kHz) and mid- (2–7 kHz) frequency
active sonar were used to estimate the changes in blood and tissue N2 tension (PN2).
Our objectives were to determine if differences in (1) dive behavior or (2) physiological
responses to sonar are plausible risk factors for bubble formation. The theoretical
estimates indicate that all species may experience high N2 levels. However, unexpectedly,
deep diving generally result in higher end-dive PN2 as compared with shallow diving. In this
focused review we focus on three possible explanations: (1) We revisit an old hypothesis
that CO2, because of its much higher diffusivity, forms bubble precursors that continue to
grow in N2 supersaturated tissues. Such a mechanism would be less dependent on the
alveolar collapse depth but affected by elevated levels of CO2 following a burst of activity
during sonar exposure. (2) During deep dives, a greater duration of time might be spent
at depths where gas exchange continues as compared with shallow dives. The resulting
elevated levels of N2 in deep diving whales might also make them more susceptible to
anthropogenic disturbances. (3) Extended duration of dives even at depths beyond where
the alveoli collapse could result in slow continuous accumulation of N2 in the adipose
tissues that eventually becomes a liability.

Keywords: modeling, cetacean, diving physiology

INTRODUCTION
A reduction in pressure results in decreased gas solubility. Once the dissolved tissue gas
tension (Ptiss) exceeds the ambient pressure (Pamb), the tissue is supersaturated, and bub-
bles may form. The bubbles are believed to be the instigator for decompression sickness
(DCS) symptoms seen in human divers, or gas bubble emboli found in marine mammals

Frontiers in Physiology www.frontiersin.org January 2014 | Volume 5 | Article 13 | 1
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Deadly acute Decompression 
Sickness in Risso’s dolphins
A. Fernández, E. Sierra, J. Díaz-Delgado, S. Sacchini  , Y. Sánchez-Paz, C. Suárez-Santana, M. 
Arregui, M. Arbelo   & Y. Bernaldo de Quirós

Diving air-breathing vertebrates have long been considered protected against decompression sickness 
(DCS) through anatomical, physiological, and behavioural adaptations. However, an acute systemic gas 
and fat embolic syndrome similar to DCS in human divers was described in beaked whales that stranded 
in temporal and spatial association with military exercises involving high-powered sonar. More recently, 
DCS has been diagnosed in bycaught sea turtles. Both cases were linked to human activities. Two Risso’s 
dolphin (Grampus griseus) out of 493 necropsied cetaceans stranded in the Canary Islands in a 16-year 
period (2000–2015), had a severe acute decompression sickness supported by pathological findings and 
gas analysis. Deadly systemic, inflammatory, infectious, or neoplastic diseases, ship collision, military 
sonar, fisheries interaction or other type of lethal inducing associated trauma were ruled out. Struggling 
with a squid during hunting is discussed as the most likely cause of DCS.

Pathologies related to e!ects of changes in pressure are well known among human divers. Decompression sick-
ness (DCS) is a syndrome related to the formation of gas bubbles in blood and/or tissues when the sum of the 
dissolved gas tensions exceeds the local absolute pressure. Gas bubbles may have biochemical e!ects and disrupt 
the tissues or occlude the vessels with clinical and pathological signs and, in certain cases, death1.

Marine mammals have long been considered protected against DCS through anatomical, physiological, and 
behavioural adaptations2. However, an acute systemic gas and fat embolic syndrome similar to DCS in human 
divers was described in beaked whales that stranded in temporal and spatial association with military exercises 
involving high-powered sonar3,4.

Several hypotheses have been proposed as a cause–e!ect relationship between mid-frequency active (MFA) 
sonar use and these stranding events5. One of them is the alteration of beaked whales’ diving behaviour in 
response to MFA sonar exposure in such a manner that behavioural or physiological mechanisms employed for 
protecting against the formation of N2 gas bubbles were overridden4,5. According to this proposal, bubble evolu-
tion might occur as a result of severe alterations in dive behaviour (e.g., extremely rapid surfacing or remaining at 
the surface and possibly vigorously swimming)5.

During the last decade, there has been accumulating evidence demonstrating the presence of gas bubbles in 
diving marine mammals6–11. "eoretical models have predicted end dive N2 tensions su#cient to cause supersatu-
ration of the tissues in marine mammals even under normal diving conditions despite their access to an extensive 
repertoire of adaptations to mitigate gas loading12–14. "e composition of gas bubbles in bycaught marine mam-
mals proved to come from o! gassing N2 saturated tissues11. In addition, DCS has been diagnosed clinically and 
pathologically in bycaught sea turtles15, linked also to human activities.

From 2000 to 2015, 506 cetaceans stranded and died or died and stranded in the Canary Islands (Spain). 
Systematic pathological studies were performed on the carcasses to $nd out the cause of death and/or strand-
ing. Of those, 13 were beaked whales stranded in temporal and spatial association with military exercises4,16. 
Within the remaining 493 cetaceans, we found two more cases with similar lesions as those described previously 
in beaked whales3,4. Unlike in beaked whales stranded in temporal and spatial association with military exer-
cises, the evidence in these two cases supported a natural cause as the disturbance triggering fatal systemic gas 
embolism.

In this manuscript we describe pathological $ndings and gas analysis consistent with acute DCS in two 
stranded Risso´s dolphins (Grampus griseus), together with evidence of stressful and lethal predatory interac-
tions with a squid.

Veterinary Histology and Pathology, Institute of Animal Health, University of Las Palmas de Gran Canaria, Veterinary 
School, C/Transmontaña s/n, 35416, Arucas, Las Palmas, Spain. Correspondence and requests for materials should 
be addressed to A.F. (email: antonio.fernandez@ulpgc.es)
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Gas score. Gas score8 was calculated for 10 out of 12 Risso’s dolphins. Case 2 (CET 549) presented the highest 
score reaching the maximum possible scale of the method used8. !is indicates that all screened veins presented 
large quantities of gas with some sections completely "lled with gas. Case 1 (CET 483) presented as well a very 
high gas score; although one location could not be evaluated. Both animals presented clearly higher gas score 
compared to other Risso’s dolphins within their same decomposition code (Table#1).

Gas analysis. Case 1 (CET 483) gas embolism was composed of 42–52% N2 and 39–51% CO2 while Case 2 
(CET 549) gas embolism was composed of 61–87% N2, 8–31% of CO2 and 0–14% of O2. Gas analysis from the 
pleural cavity of case 2 con"rmed the presence of pneumothorax (84% N2, 16% CO2).

Discussion
Of 493 necropsies systematically performed on stranded cetaceans in the Canary Islands, including 26 species 
of whales and dolphins, only two fresh Risso’s dolphins with di$erent body condition (good and poor, respec-
tively), showed pathological "ndings and gas analyses consistent with decompression sickness (DCS) as it has 
been described in naturally occurring cases involving human divers19,20 experimental settings in laboratory 
animals21,22, stranded beaked whales linked to navy military sonar3,4, and by-caught turtles15. To the author’s 

Figure 3. Gross "ndings of Case 2. (a) External view of the animal. (b) GFVD in the subcutaneous veins. (c) 
Distended stomach (d) opened stomach showing an entire intact squid. (e) GFVD in the mesenteric veins. (f) 
GFVD in the coronary veins (arrow heads).
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BY-CATCH MICRO EVIDENCES



Capture myopathy due to entanglement

IHC anti-myoglobin

IHC anti-fibrinogen

5. Fishery interaction common evidences: 
literature review



INTERNAL	EXAMINATION
SKELETAL	MUSCLE	

✓ 	Examine	the	quality	of	the	fascia	and	muscle	on	the	body	before	removing	it	

✓ 	Note	the	color,	texture,	thickness	and	abnormaliUes	

✓ 	Look	for	hemorrhage,	post	mortem	pooling	of	blood	in	vessels	(hypostasis	or	post	mortem	lividity)	and	
bruising	(hematoma)	



Capture myopathy
Fear and distress, independent of chase and/or restraint are important factors in the 
aetiology of all forms of CM. Sudden /surprise attacks by predators can cause CM 
without extensive chase. 

Occur more frequently in mammals and birds, and particularly in terrestrial ungulates—
artiodactyls (even toed ungulates such as camels, deer, oxen and pigs) and 
perissodactyls (odd toed ungulates such a horses, tapirs and rhinoceroses)—and in 
long-legged birds such as flamingos and shorebirds 

The three time-based syndromes are:  

a. peracute (characterized by hyperkalemia, cardiac fibrillation and death,  

b. sub-acute (characterized by tubular nephrosis, renal failure and death;  

c. chronic (characterized by congestive heart failure, and death.  

d, non-lethal cases: physical impairment such as lameness or loss of the ability to walk 
or fly (also before death in lethal cases).



Capture myopathy
 The internal experience of fear triggers robust autonomic responses in terrified animals. The 
physiological effects of these responses contribute to all types of CM. 

The diagnosis of CM is often made when these histologic findings are noted in association 
with a characteristic set of events. 

Typical histologic lesions including small areas of necrosis and occasional capillary 
microthrombii within skeletal muscle and other organs are commonly reported.  
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Recent feedings 
Findings fresh food remains in the stomaches could 
confirm diagnosis: 
•  confirm interaction with fisheries 
•  suggest health condition of the dolphin 
•  acute death

Other causes of death 
• External examination is not enough 
• It is necessary to confirm absent predisposing 

factors

5. Fishery interaction common evidences: 
literature review

BY-CATCH OTHER EVIDENCES
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ENTANGLEMENT
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Department of Anatomy, Histology and Embryology,
Faculty of Veterinary Medicine, University of Zagreb,

Heinzelova 55, 10000 Zagreb, Croatia
E-mail: martina.gomercic@vef.hr

ANA GALOV

Department of Animal Physiology,
Faculty of Science, University of Zagreb,
Rooseveltov trg 6, 10000 Zagreb, Croatia

TOMISLAV GOMERČIĆ
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ABSTRACT

Cetacean interactions with fishing gear are reported regularly and most frequently
involve incidental capture. However, limited records exist related to depredation
resulting in fishing gear ingestion. Here, we present cases of depredation resulting
from ingestion of gill-net parts and larynx strangulation documented for the first
time in a cetacean species. The bottlenose dolphin (Tursiops truncatus) is the only

1



- Same diagnostic framework of marine litter ingestion approved by IWC & ACCOBAMS 
- Working on NCC parameters
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TIER 3 
 

Evaluation at Tier 3 requires appropriate skills and expertise as well as logistical and laboratory 
equipment. In addition to  a complete necropsy, the following must be  confirmed/stated: 

• the carcass decomposition condition code (DCC) 

• Confirmation of fishery interaction 

• Presence or absence of other ongoing diseases 

• Assessment of mechanism of death 

 

The first table below summarizes the list of the main categories and associated findings related to 
fishery interaction that should be assessed during a post-mortem investigation. Evidence is 
categorised as “certain/pathognomonic” (labeled as C/P), “consistent” (labeled as C) and 
“suggestive” (S) with respect to the type of interaction with the fishery (i. e. by-catch with active 
fishing gear, by-catch with passive fishing gear, chronic entanglement, laryngeal entanglement, 
ingestion). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

CATEGORIES FINDINGS B(A) B(P) LE CE I II DCC 

Direct evidences of 
fishing interaction 

fishing interaction in the animal history 
(specific for each category) (13, 19, 20) C/P C/P C/P C/P C/P C/P 1-5 

presence of fishing gears (active v/s passive) (13, 
19, 20) C/P C/P  C/P   1-4 

net marks/linear signs (acute) (13, 19, 20) C/P C/P     1-3 

net marks/linear signs (chronic, i.e. 
constriction lesions) (13, 19, 20) 

   C/P   1-3 

presence of fishing gear around larynx (11)   C/P    1-4 

penetrating wounds (13, 19) C C    C/P 1-3 

mutilation with acute inflammatory reaction C C    C/P 1-3 

mutilation with chronic inflammatory reaction S S  S   1-3 

gunshot/bullet wounds (13, 19)      C/P 1-3 
contusions (13, 19) C      1-3 

fractures (13, 19) C      1-4 

Other fishery 
interaction - 
associated 

lesions 

capture myopathy (to be confirmed with 
histology and IHC) (20) C/P C/P     1-3 

separation of the rectus abdominis muscles (9) C C     1-2 

gas bubbles in main vessels (3) C C     1-2 
linea alba erniation (9) C C     1 

Nutritional 
findings 

presence of fresh oesophagic/gastric content (13, 
19) C C     1-4 

absence of fresh gastric content (13, 19)   S C   1-4 
good NCC (13, 19) C C     1-3 

poor NCC (13, 19)   S C   1-3 

Aspecific 
findings 

bulging eyes/red eyes (4) C      1-2 

microscopic muscular haemorragies 
(histology) (20) S S     1-3 

pulmonary and vascular changes (epicardial 
petechiae, edema, froth/ blood-tinged watery fluid 

in the airways, congestion, bullae in the lung 
parenchyma, incomplete collapse of the lungs, 

chyle in the ductus thoracicus and) (4) 

S S     1-3 

multiorgan congestion (4) S S     1-3 

Other 
pathologies absence of other ongoing diseases (4, 13, 20) C C     1-3 

C/P - certain/patognomonic 
C - consistent 
S - suspected 

B(A) - active by-catch 
B( P) - passive by-catch 
LE - larynx entanglement 
CE - chronic entanglement 
I - ingestion 
II - intentionally injured
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TIER 1 
 

At this level, only entanglement can be hypothesized. The table here below reports the list of 
external findings related to the interaction with the fishery. If at least one findings is recorded, the 
fishery interaction with fishing is confirmed. 

 

 

CATEGORIES FINDINGS 

Findings that confirm the interaction with the fishery 

fishing interaction in the animal 
history 

presence of fishing gear (differentiate 
passive and active fishing gear) 

 
 

 

 

 

 

 

 

 

 

 

 

TIER 2 
 

The table below summarizes the list of fishery interaction findings , including entanglement and 
ingestion, that can be assessed by a Tier 2 executer. If one or more of the relevant (confirming) 
findings are reported, the fishery interaction is confirmed. If only the presence of recent feeding 
remains in the oesophagic/gastric content is observed, the interaction cannot be confirmed. 

 

 

 

 

 

 

 

CATEGORIES FINDINGS ENTANGLEMENT INGESTION 

Findings confirming the 
interaction with the 

fishery 

fishing interaction in the 
animal history x  

net marks/linear signs 
(acute or chronic) x  

presence of fishing 
gears (differentiate 
passive and active 

fishing gear) 

x  

presence of fishing gear 
around larynx 

(differentiate passive 
and active fishing gear) 

x  

presence of fishing gear 
or fragments in the 

gastro- intestinal tracts 
 x 

Findings suggesting the 
interaction with the 

fishery 

presence of recent 
feeding x  
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FOREIGN BODY: ingestion of debris/litter items causing digestive obstruction, 
perforation or other symptoms.
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a b s t r a c t

Marine pollution, overrepresented by plastic, is a growing concern worldwide. However, there is little
knowledge on occurrence and detrimental impacts of marine debris in cetaceans. To partially !ll in this
gap of knowledge, we aimed to investigate the occurrence and pathologies associated with foreign
bodies (FBs) in a large cohort of cetaceans (n! 465) stranded in the Canary Islands. The Canary Islands
shelter the greatest cetacean biodiversity in Europe, with up to 30 different species, of which nine are
regularly present year around. We found at least one ingested FB in 36 out of 465 (7.74%) studied ce-
taceans, involving 15 different species, including eight out of the nine (80%) cetacean species present
year-round in the Canary Islands. Risso's dolphin was the species most affected, followed by sperm
whale, beaked whale and mysticetes. Plastic FB were the most common item found (80.56%). FB was
directly associated with death in 13/36 (36.11%) animals. Poor body condition and deep diving behavior
were found to be risk factors for FB ingestion, whereas the adult age was a protective factor. To the
authors knowledge this is the !rst study that use statistical analysis to investigate risk and protective
factors for FB ingestion. This study also provides insights of the potential impact caused by ingested FBs
on the animal's health and mortality. This knowledge is critical to better understand and assess the
impact of FB in cetaceans setting the scienti!c basis for prospective impact monitoring and future
conservation policies.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The current period has been coined the ‘Plastic Age’ (Yarsley and
Couzens, 1945) from a merging anthropological and ecological
standpoint, as plastic has become the most prevalent and wide-
spread element of marine litter (Cozar et al., 2014). Three hundred
million tons of plastic are produced each year (Plastics Europe,
2015), from which up to 12.7 million tons are dumped into the
ocean annually (Jambeck et al., 2015). It has been estimated that

250,000 tons of plastic are "oating in the oceans (Eriksen et al.,
2014), representing more than 50% of marine litter (Laist, 1987;
Derraik, 2002; Moore, 2008; Simmonds, 2012; Di Beneditto and
Ramos, 2014). The accumulation of marine debris is a growing
global concern and an important threat to marine biodiversity
(European Parliament and Council, 2008). At least 693 species have
been described interacting with marine debris and 92% of en-
counters involved plastics (Gall and Thompson, 2015). Thousands
of marine debris interactions, primarily involving entanglement
and ingestion, have been reported in many cetacean species
worldwide to date (Derraik, 2002; Gregory, 2009; Baulch and Perry,
2014; Lusher et al., 2018). Both above-mentioned interactions have
proven devastating for individual cases and alarming for certain
cetacean populations (Baulch and Perry, 2014; Fossi et al., 2016;
Lusher et al., 2018).

* This paper has been recommended for acceptance by Maria Cristina Fossi.
* Corresponding author. University of Las Palmas de Gran Canaria, Division of

Histology and Animal Pathology, University Institute for Animal Health and Food
Security (IUSA), C/Transmonta~na, 35413 Arucas, Las Palmas, Spain.

E-mail address: yara.bernaldo@ulpgc.es (Y. Bernaldo de Quir!os).
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FIGURE 8.16 Schematic drawing of the connections between the gastric chamber of the stomach complex of dolphins. (Drawings by Massimo Demma).

FIGURE 8.17 Mucosa of the stomach complex of G. griseus.

PlasUc	ingesUon	-	effects

- ObstrucUon	

- CosUpaUon	

- Pain	

- Reduced	feeding	

- Reduced	energy	

- Increased	energy	consumpUon	

- Chemical	transfer	

- Microbiome	changes



- Emaciation  is a serious, usually chronic and progressive condition characterized by 
significant (>20%) body weight loss.  

- Cachexia is the termed used to describe the end stage of emaciation.  

- Significant weight loss, associated with emaciation or cachexia, typically results from 
catabolism of body fat and protein in excess of caloric intake.  

- Increased metabolism (hypermetabolic), inadequate consumption or assimilation of 
nutrient, or excessive nutrient loss contributes to significant weight loss.  

NUTRITIONAL CONDITION 



Gross findings suggesting cachexia: 

✓ Muscle atrophy with evidences of bones angles 

✓ Reduced fat depots (subcutaneous, pericardial, peri-renal, mesenteric, intra-muscular) with fat gelatinous 
atrophy (pericardial, subcutis and medullary) 

✓ Body cavities (peritoneum/pericardium/pleural) effusion and subcutaneous edema 

✓ Kidney Fat Index (peri-renal fat weight/kidney weight x 100) 

✓ Visceral atrophy (liver, heart, etc) with weight reduction (25%- 40%) 

✓ Absence of food remains in the stomach. 

✓ Dark and dry feces. 

✓ Dark liver with filled bladder. Possible hepatic steatosis. 

✓ Hemorrhagic erosive/ulcerative gastro-enteritis. 

NUTRITIONAL CONDITION 



Rilievi patologici microscopici indicativi di cachessia: 

✓ Hemosiderin storages in liver (> Kuppfer) and spleen (Prussian Blue staining) 

✓ Hepatic and muscular lipofuscinosis (Schmorl’s e PAS staining) 

✓ Absent/reduced glycogen in hepatocytes (PAS/Diastasis) 

✓ Microscopic atrophy of intestinal villi with hemorrhagic enteropathy. 

✓ Hepatocytes atrophy and/or steatosis 

✓ Edema of tissues with possible hemorrhages 

✓ Bone rearrangement

NUTRITIONAL CONDITION 



593.11 Traumatic Injury to the Kidneys, Liver and Pancreas

3.11  Traumatic Injury to the Kidneys, 
Liver and Pancreas

In cases of upper abdominal contusion and/or penetrat-
ing injury to the abdomen and flanks, the kidneys, liver 
and pancreas may be involved. Subcapsular as well as 

intraparenchymal hemorrhage may be seen in the liver; 
atraumatic hepatic hemorrhage is rare, but may occur 
in, e.g., fatty liver hepatitis and hepatic peliosis.

Compression of the pancreas may result in localized 
necrosis and hemorrhage, contusion results in hema toma 
formation, while larger tears lead to  involvement of the 

Fig. 3.21 Striated fresh 
subepithelial hemorrhage 
beneath nonkeratinized 
squamous epithelium of the 
vocal cords following 
intravital intubation  
(H&E !100)

Fig. 3.22 Lacunar bone 
resorption with polynuclear 
osteoclasts in a case of death 
due to starvation (H&E !400)

60 3 Histopathology of Selected Trauma

gland’s excretory ducts. Subcapsular rupture may occur 
in pancreatic tissue, including incomplete rupture (pan-
creas capsule and pancreas parenchyme with an intact 
pancreatic duct), or complete rupture (complete pancre-
atic transsection). Hemorrhage, internal pancreatic fis-
tulas, abscesses, pseudocysts, as well as chronic fibrosing 
pancreatitis may ensue in the event of survival.

Microscopically, post-traumatic chronic fibrosing 
pancreatitis shows duct ectasia with secretion retention 
(dyschylia) and basophilic deposits of microcalcium, in 
addition to an increase in collagen fibers and a generally 
loose lymphocytic inflammatory infiltrate. Post-inter-
ventional pancreatitis following endoscopic retrograde 
cholangiopancreaticography (ERCP) represents the 
most serious example of iatrogenic pancreatitis.

Although direct trauma to the kidneys can generally 
be diagnosed macroscopically, some investigations 
have focussed on immunohistochemical findings, e.g., 
the expression of P-selectin in renal glomeruli follow-
ing trauma. P-selectin is a cell adhesion glycoprotein 
stored in Weibel-Palade bodies of vascular endothelial 
cells and in platelet D-granules, and is an important 
regulator of the first phase of leukocyte–endothelium 
interaction (Nogami et al. 2000).

Although traumatic tissue or organ injury can heal, 
post-traumatic scarring often forms and may remain 
detectable for life. Histologically, scar tissue presents 

as collagenous or rough fibrous connective tissue, such 
that large areas of cord-like or extensive fibrosis in the 
abdominal region should arouse the suspicion of previ-
ous (possibly very old) trauma (Dye et al. 2008), which 
may even have taken place in childhood (Byard and 
Heath 2010).

In the context of chronic physical child abuse, 
hemosiderin deposits were found to be significantly 
more abundant in the lungs and liver of chronic abuse 
victims. In lung specimens, hemosiderin deposits were 
found in alveolar macrophages, which were diffuse in 
the lung parenchyma. In the liver, diffuse hemosiderin 
deposits could be seen in Kupffer stellate cells and 
hepatocytes (Dorandeu et al. 1999).
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Fig. 3.23 Gelatinoid atrophy 
in fat tissue due to hunger 
strike (77 days) (H&E x100; 
H&E x400)
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1986 – 2020 :  42 reported whales

Species
Total 

stranded
Total 

Collided % on stranded % on collided

Balaenoptera 
physalus 

96 16 16,67% 38,10%

Physeter 
macrocephalus

206 10 4,85% 23,81%

Balaenoptera 
acutorostrata

4 1 25% 1,8%

Ship Strikes
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Ship Strikes: propellers
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Figure 1. Characteristic propeller trauma in living and dead right whales. a. Propeller wounds to the left fluke of
right whale Eg no. 2425. Note the series of parallel curved cuts that are typical of propeller wounds. Photographer:
Monica Zani, New England Aquarium. b. Right whale calf RKB1424 was reportedly struck by a 25-m vessel with
twin screws turning to make 15 knots. Two series of deep propeller cuts were observed. Photograph from Moore et
al. 2005. Photographer: Robert Bonde, U.S. Geological Survey.

Although the earliest confirmed case of lethal
sharp trauma in right whales is from 1976, propeller
injury in large whales of known and unspecified
species (which, therefore, may have included right
whales) can be found in the literature dating as far
back as 1877.22 Sharp trauma results in peracute
tissue damage, with variable levels of severity,
ranging from mild nonfatal ‘‘knicks’’ to severe im-
mediately lethal wounds, or more chronic sequelae

(see Case study I). Damage from a turning propel-
ler leaves a characteristic series of more or less par-
allel, evenly spaced, curved (s-shaped or z-shaped)
cuts that deepen at the center and become shallow
toward the margin, as seen in Figure 1 (Wood, pers.
com.).23 Propeller laceration margins may extend to
variable levels of the epidermis, hypodermis, blub-
ber, or skeletal muscle.

Analysis of epidermal scarring suggests that 7%



SHIP STRIKES: blunt trauma



Post-mortem diagnosis 
  
- Most carcasses are badly preserved 

- Injures could be post-mortem. 

- How to differenziate ante- and post-mortem injures?  

- Fat emboli in lungs!!

Ship Strikes 155
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Figure 7. Schematic representation of subdermal hemorrhage and edema in right whale Eg no. 1004. Both the
dorsal and ventral surfaces were extensively bruised. Except for bruising overlying the left mandible, bruising seen on
right side (not shown) mirrored that seen on the left side. Image from Eg no. 1004 necropsy report adapted from
standard right whale necropsy protocol.25,30

Figure 8. Evidence of significant blood loss in oral cavity of right whale Eg no. 1004. Inspection of the roof of
the mouth revealed a laceration to the oral rete (between two arrows) and apparent ‘‘blood-spatter’’ staining (traced by
gray curve) on the lingual surface of baleen plates. The tongue and black lip can be seen at the bottom of the
photograph. Removal of soft tissue revealed a complete fracture of the rostrum, vomer, and premaxilla. Staining pattern
indicates that vessel contents were under pressure when the laceration occurred, thereby providing evidence of peri-
mortem trauma. Photographer: Regina Campbell-Malone, Woods Hole Oceanographic Institution.



Specific stainings 
. Sudan black 
. O-Red-Oil  
. OsO4 “en bloc” post-fixation technique
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Sound Effects





INTRODUCTION

Cetaceans use sound to communicate and, in some cases, to
echolocate. Their ability to detect calls from conspecifics,
echolocation signals and other natural sounds is likely to be
of paramount importance. Man-made sounds have the
potential to interfere with their natural functions, such as
feeding, social interactions and navigation, as well as the
potential to cause physical harm. Seismic surveys use
airguns to generate sound for the purpose of exploration of
geological features beneath the seabed; seismic surveys are
commonplace in the world’s oceans, with noise from
seismic airguns being recorded frequently over large
distances (Nieukirk et al., 2004). The airguns used produce
sound at low frequencies that overlap with those used by
mysticetes; these species are therefore considered to be
vulnerable to disturbance from seismic surveys. Seismic
operations also emit incidental high frequency sounds
(Goold and Fish, 1998) that could potentially disturb
odontocetes which communicate and echolocate using high
frequencies. Several reports have called for more research
into the effects of anthropogenic noise on marine mammals
(Cox et al., 2006; National Research Council, 2000; 2003;
2005). More specifically, Richardson et al. (1995)
concluded that information is needed about reactions of
odontocetes to underwater noise from airgun arrays used for
seismic exploration. Kastelein and Wartzok (2004) also
highlighted the need for information on the behavioural
responses of marine mammals to current mitigation
measures.

To address conservation concerns that have arisen in
relation to seismic surveys, in 1995 the UK government and
the Joint Nature Conservation Committee (JNCC) issued
guidelines for seismic operations (latest version: JNCC,
2004). The guidelines have requirements for operators at the
planning stage and during the operation of a seismic survey.
For example, for at least 30 minutes prior to using airguns,
onboard observers should check for the presence of marine
mammals within 500m of the airgun array; if any are
detected then use of the airguns must be delayed until at
least 20 minutes after the last sighting. Whether marine
mammals are detected or not, a ‘soft start’ procedure should
be employed, where airgun array power is gradually built up

over at least 20min from a low energy starting level. Seismic
operators should submit a report to JNCC, using standard
recording forms that are used to assess the implementation
of the guidelines and the effects of seismic airguns on
marine mammals. Previous analyses of annual data sets
(Stone, 1997; 1998b; 2000; 2001; 2003) have been limited
by small sample sizes. This paper uses data combined over
four years (1997-2000) to investigate further the effects of
seismic airgun activity on cetaceans.

METHODS
Visual monitoring for marine mammals was conducted
during daylight on seismic survey vessels operating in UK
and some adjacent waters, to ensure implementation of the
JNCC guidelines. Observers ranged from biologists
experienced in marine mammal surveys, to non-scientific
personnel who had usually received training that included
the implementation of the guidelines, data recording and
marine mammal identification. Data from 201 seismic
surveys during which weather conditions were recorded
were used, enabling the influence of weather on the
detection of cetaceans to be controlled when analysing the
data. The surveys covered 152 quadrants (1° 3 1°
rectangles), including those passed in transit (Fig. 1). All
except two surveys (in 1997) took place between 1998 and
2000. Survey effort was not evenly distributed spatially or
temporally, peaking during summer and in the northern
North Sea and to the west of Shetland. The proportion of
time when the seismic sources were active (shooting) also
varied spatially and temporally.

A total of 110 surveys used large airgun arrays with
volumes in excess of 1,300 cubic inches (cu.in.), with most
(79%) using volumes of at least 3,000cu.in. The noise
characteristics of these large volume airgun arrays varied
between surveys, but typically frequencies used were 3-
218Hz, with a peak energy output from the source of around
65-70 bar metres, equating to a peak source level of around
250dB re. 1mPa @ 1m in the dominant bandwidth. A total of
39,168hr 06min was spent watching for cetaceans during
these 110 surveys with large volumes of airguns, with the
airguns being active for 38% of this time. The remaining 91
surveys, hereafter collectively termed site surveys, used low

J. CETACEAN RES. MANAGE. 8(3):255–263, 2006 255

The effects of seismic airguns on cetaceans in UK waters
CAROLYN J. STONE AND MARK L. TASKER

Joint Nature Conservation Committee, Dunnet House, 7 Thistle Place, Aberdeen, AB10 1UZ, UK

Contact e-mail: cjsbarton@barnacle1.fsnet.co.uk

ABSTRACT

Observations undertaken during 201 seismic surveys in UK and adjacent waters were analysed to examine effects on cetaceans. Sighting
rates, distance from the airguns and orientation were compared for periods when airguns were active and when they were silent, both for
surveys with airgun arrays of large volume and surveys with smaller volume arrays. The results demonstrate that cetaceans can be disturbed
by seismic exploration. Small odontocetes showed the strongest lateral spatial avoidance (extending at least as far as the limit of visual
observation) in response to active airguns, while mysticetes and killer whales showed more localised spatial avoidance. Long-finned pilot
whales showed only a change in orientation and sperm whales showed no statistically significant effects. Responses to active airguns were
greater during those seismic surveys with large volume airgun arrays than those with smaller volumes of airguns. It is suggested that the
different taxonomic groups of cetaceans may adopt different strategies for responding to acoustic disturbance from seismic surveys; some
small odontocetes move out of the immediate area, while the slower moving mysticetes orient away from the vessel and increase their
distance from the source but do not move away from the area completely.

KEYWORDS: NOISE; EUROPE; CONSERVATION; SURVEY-VESSEL; SHORT-TERM CHANGE; MONITORING
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Fig. 2. Sighting rates of cetaceans in relation to the use of large volume airgun arrays.

Fig. 3. Sighting rates of cetaceans in relation to the use of airguns during site surveys.

Fig. 4. Median closest distance of approach of cetaceans to large volume airgun arrays in relation to airgun activity.
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3. RESULTS 
The analysis of about 7200 recording hours (from 2012-07-02 to 2013-05-10) from the 

NEMO-SN1 low-frequency hydrophone allowed us to study the typical soundscape recorded 
from a deep-sea location in the Ionian Sea. In particular, the presence of the 20 Hz calls, as well 
as ship noise levels and the occurrence of seismic airgun pulses were investigated throughout 
about 10 months of continuous recording.  

The 20 Hz calls (A and B) associated with the Mediterranean subpopulation (Castellote et 
al., 2012; Clark et al., 2002) were detected in 27 days, spread over 7 of the 10 months of 
continuous recording (Fig. 1b) (Sciacca et al. 2015). The analysis of the NEMO-SN1 data also 
revealed the presence of Airgun Pulses (AP) in 4 of the 10 analyzed months (Fig. 1a). In 
particular, AP were detected daily from 2012-11-25 to 2013-02-21 (Table 1). As shown in Fig.1, 
a 3-months gap in the acoustic presence of fin whales in the area was observed, between 
November 2012 and the end of February 2013, in correspondence with the detection of seismic 
AP. 

  
Figure 1. (a) Months of acoustic data acquisition and airguns detected by the NEMO-SN1 observatory. (b) 
Total number of fin whale calls detected per day from 2012-07-02 to 2013-05-10.  

 

Table 1. Monthly distribution of the detected airgun pulses. 

Year Month Days with AP 10-min files with AP [#] AP [#] 
2012 11 21 1112 20654 
2012 12 27 1258 36345 
2013 1 21 1615 55785 
2013 2 25 2228 63556 

 
The spectrogram of the analyzed data (up to 300 Hz) is shown in Fig. 2. From this 

spectrogram we can observe that average noise levels varied more or less homogeneously 
through the analyzed months, due to the constant presence of ships in the area. Daily increases in 
noise levels of about 10 dB are visible below 50 Hz, in coincidence with the presence of AP. 
Airgun pulses were detected with a typical Inter-Pulse-Interval of 12 s from November 2012 to 
January 2013, while in February 2013 the typical interval increased to 17 s. The Power Spectral 
Density (dB re 1μPa2/Hz) of each 5-seconds time interval with AP detection was then measured 
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Many threats affect fin whale (Balaenoptera physalus) survival in the Mediterranean Sea and, among 
others, anthropogenic noise represents an issue of growing concern. In 2012, the cabled deep-sea 
multidisciplinary observatory, “NEMO-SN1”, was deployed in the Ionian Sea, at a depth of 2100 m. 
NEMO-SN1 was equipped with a seismic hydrophone, that allowed us to monitor fin whale and low 
frequency noise. In this paper we present the analysis of the acoustic data continuously acquired from 2nd 

July, 2012 to 10th May, 2013. Both shipping noise and seismic airgun pulses highly contributed to the low 
frequency background noise. Average values and percentile distribution of noise Power Spectral Density 
were measured on all the acquired data and, separately, in a contour of each airgun pulse detected. 
Seismic airgun pulses were detected in 4 of the 10 analyzed months and they were presumably produced 
hundreds of km away from sensor’s location. Airguns also were detected in presence of emitting fin 
whales. Although further observations are required, the study of the typical noise trends represents the 
first step in evaluating the impact of noise on fin whale ecology in the Ionian Sea. 

© 2017 Acoustical Society of America [DOI: 10.1121/2.0000311]
Proceedings of Meetings on Acoustics, Vol. 27, 040010 (2017) Page 1
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(Loligo vulgaris, Sepia officinalis, Octopus vulgaris, and Illex coindetii) subjected to low-frequency 
noise exposure, which caused permanent and substantial alterations of the sensory hair cells of the 
statocysts [52]. The noise generated by geophysical seismic surveys (peak sound pressure levels at  
175 dB re 1 μPa) has been singled out as the cause for atypical mass strandings of giant squids 
(Architeuthis dux) as well [53]. The internal examinations showed that these stranded squids had 
suffered extensive damage to internal fibers and statocysts, their stomachs were ripped open, and their 
digestive tracts were mangled [53]. 

Table 2. Example studies showing effects of anthropogenic noise on acoustic communication 
and physiological hearing system of marine organisms. 

Species Types of Anthropogenic Noise Effects References 

M. angustirostris increased ambient noise constrains acoustic communication Southall et al., 2003 [45] 

C. chromis 

boating and shipping noise 
reduces auditory sensitivity and shifts 

the hearing threshold 
Codarin et al., 2009 [7] S. umbra 

G. cruentatus 

H. didactylus boating and shipping noise 
constrains acoustic communication 

and shifts the hearing threshold 
Vasconcelos et al., 2007 [46] 

P. phocoena seismic air-gun shooting shifts the hearing threshold Lucke et al., 2009 [48] 

T. truncatus experimental noise emanating device shifts the hearing threshold Nachtigall et al., 2004 [49] 

P. auratus seismic air-gun shooting damages the hearing sensory epithelia McCauley et al., 2003 [37] 

L. vulgaris 

experimental noise emanating device damages the hearing sensory epithelia André et al., 2011 [52] 
S. officinalis 

O. vulgaris 

I. coindetii 

A. dux seismic air-gun shooting 
damage to internal fibers, statocysts, 

stomachs, and digestive tracts 
Guerra et al., 2011 [53] 

3.2. Behavior Alteration 

In addition, anthropogenic noise can alter the individual behavior of some marine organisms, 
causing behavior alterations such as startle responses and attention distraction (Table 3). The behavioral 
responses of squid (Sepioteuthis australis) and two species of schooling demersal pelagic fish,  
trevally (Pseudocaranx dentex) and pink snapper (P. auratus) before, during, and after air-gun noise 
exposure were studied by Fewtrell and McCauley [54]. The results showed that fish responded to noise 
by moving to the bottom of the water column and swimming faster in more tightly cohesive groups,  
and both the fish and squid showed significant increases in their alarm responses. When exposed to 
naval mid-frequency sonar exercises, simulated military sonar, killer whale calls, or band-limited 
noise, disruption of foraging behavior and avoidance responses were found in the Blainville’s beaked 
whale, Mesoplodon densirostris [55]. Similarly, noise generated with seismic airgun (array peak source 
level 252 dB re 1 uPa) reportedly induced a dive response in loggerhead turtles, Caretta caretta,  
which indicated an induced avoidance response [56]. Schwarz and Greer also found that the net-penned 
Pacific herring (Clupea pallasii) reacted differently to various kinds of sounds [38]. The herring did 
not show a visible response to sonar, echo sounders, or any of the taped natural sounds, including rain 
on the water surface, gull (Larus spp.) cries, killer whale (Orcinus orca) vocalizations, barks of Steller 
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Only a few studies have found little or no impact of a given anthropogenic noise on some aspects  
of some marine organisms, which is probably due to the different characteristics in the received noise 
and its effects on various species. For example, Wardle found that neither fish nor invertebrates 
migrated from the reef after noise exposure generated by a seismic triple G. air-gun  
(three synchronized airguns, each gun 2.51 and 2000 psi), which is probably due to the fact that 
leaving the habitat costs more than noise exposure for those reef species [67]. 

Table 3. Example studies showing effects of anthropogenic noise on the individual behavior 
of marine organisms. 

Species Types of Anthropogenic Noise Effects References 
D. labrax 

experimental noise  
emanating device 

induces startle response Kastelein et al., 2008 [6] 

C. labrosus 

T. luscus 

G. morhua 

P. pollachius 

T. trachurus 
A. Anguilla 

C. harengus 

P. dentex 

seismic air-gun shooting induces startle response Fewtrell and McCauley, 2012 [54] P. auratus 

S. australis 

C. pallasii boating and shipping noise induces avoidance responses Schwarz and Greer, 1984 [38] 

N. pulcher boating and shipping noise 
reduces digging and defense 

capabilities, increases aggression 
Bruintjes and Radford, 2013 [58] 

G. aculeatus 
experimental noise  
emanating device 

increases in food-handling error Purser and Radford, 2011 [59] 

C. clypeatus boating and shipping noise reduces defense capabilities Chan et al., 2010 [60] 
C. maenas boating and shipping noise reduces defense capabilities Wale et al., 2013 [61] 

M. novaeangliae 
ATOC (Acoustic Thermometry of 

Ocean Climate) sound 
increases distance and time intervals 

between successive surfacing 
Frankel and Clark, 2000 [65] 

M. novaeangliae Sonar modifies courtship calls Miller, 2000 [63] 
T. truncatus pile driving noise modifies sound producing David, 2006 [62] 
E. glacialis 

vessels noise modifies calling behavior Parks et al., 2007 [64] 
E. australis 

G. cruentatus 
boating and shipping noise 

decreases time in nest caring and 
increases time in the shelters 

Picciulin et al., 2010 [57] 
C. chromis 

C. caretta seismic air-gun shooting induces startle response DeRuiter et al., 2012 [56] 

M. densirostris mid-frequency sonar 
disrupts foraging and induces 

avoidance behavior 
Tyack et al., 2011 [55] 

3.3. Changes in Population Distribution and Abundance 

The induced emigration, unbalanced prey-predator relationship, and reduced recruitment caused by 
the hampering of embryogenesis by noise exposure have a huge impact on the regional population 
structure (Table 4). In addition, the relationships between the anthropogenic noise and mass strandings of 
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Table 4. Example studies showing effects of anthropogenic noise on the population 

distribution and abundance of marine organisms. 

Species Types of Anthropogenic Noise Effects References 

Z. cavirostris Sonar causes mass strandings Frantzis, 1998 [68] 

A. dux seismic air-gun shooting causes mass strandings Guerra et al., 2011 [53] 

O. orca high-amplitude acoustic harassment devices induces emigration Morton, 2002 [73] 

P. phocoena 
pile driving noise induces emigration Thompson et al., 2010 [75] 

T. truncatus 

C. harengus, 
seismic air-gun shooting induces emigration Slotte et al., 2004 [4] 

M. poutassou 

P. phocoena wind farm noise 
induces emigration and alters  

vertical distribution 
Carstensen et al.,2006 [74] 

G. flavescens 

wind farm noise 

no detectable effects  

on community structure  

and biodiversity 

Wilhelmsson et al., 2006 [78] 

P. minutus 

P. microps 

T. bubalis 

M. scorpius 

S. goodie 

seismic air-gun shooting decreases catch rate  

Skalski et al., 1992 [43]; 

Løkkeborg et al., 1993 [36];  

Engås et al., 1996 [41] 

S. paucispinis 

S. chlorostictus 

G. morhua 

M. aeglefinus 

P. virens boating and shipping noise decreases catch rate Engås, 1994 [40] 

M. aeglefinus experimental noise emanating device decreases catch rate Nicholson et al., 1992 [42] 

P. cygnus seismic air-gun shooting no detectable effect on catch rate Parry and Gason, 2006 [77] 

P. novaezelandiae experimental noise emanating device decreases population recruitment Aguilar de Soto et al., 2013 [39] 

A. crassa 
tidal turbine and wind turbine noise decreases population recruitment Pine et al., 2012 [80] 

H. crenulatus 

C. crangon experimental noise emanating device decreases reproduction rates Lagardère, 1982 [35] 

M. magister seismic air-gun shooting 
no detectable effect on larval 

survival 
Pearson et al., 1994 [79] 

Z. cavirostris 

naval sonar mass strandings Cox, et al., 2006 [70] M. densirostris 

M. europaeus 

Z. cavirostris 

naval sonar mass strandings Fernández, et al., 2005 [71] M. densirostris 

M. europaeus 

Z. cavirostris 

naval sonar mass strandings Jepson, et al., 2003 [72] M. densirostris 

M. europaeus 

L. kempii 

Underwater explosives mass strandings Klima et al., 1988 [69] T. truncates 

C. caretta 
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CNS; beaked whale.



Lungs; beaked whale
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“Gas and Fat embolic syndrome”
180



Gas and Fat embolic 
syndrome: protocol

1) External examination

181



Gas and Fat embolic syndrome: protocol

2) Careful subcutaneous examination

182



Gas and Fat embolic syndrome: protocol

3) Gas bubbles sampling 
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Gas and Fat embolic syndrome: protocol

4) Opening abdomen and evaluation of: 
- mesenteric veins 
- renal veins 
- lombo-sacral veins
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Gas and Fat embolic syndrome: protocol

5) Opening the thorax and evaluation of 
- coronaric veins 
- pleuric bubbles 
- pneumothorax

185



Gas and Fat embolic syndrome: protocol

6) Presence of gas in all the sites: 

Who Subcutaneous	veins Mesenteric	
veins

Lombo-sacral	
veins

Coronaric	
veins

Emphysematous	
findings	 TOTAL

Animal	n 0-VI 0-VI 0-VI 0-VI 0-III 0-27

186



100ml
200ml
300ml
400ml
500ml

➢	Dalle	cavità

➢	Dalle	bolle

➢	Dalle	
cavità	
cardiache

Sampling1 Preservation	and	sampling2 3 Analysis

TCD

FID

CP	7430	
25min	
50°C

N
2

H 2

O
2

CO
2

Ai
r

Gas and Fat embolic syndrome: protocol
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Implementation of a method to 
visualize noise-induced hearing loss 
in mass stranded cetaceans
Maria Morell1,2, Andrew Brownlow3, Barry McGovern3,4, Stephen A. Raverty5, 
Robert E. Shadwick1 & Michel André2

Assessment of the impact of noise over-exposure in stranded cetaceans is challenging, as the lesions 
that lead to hearing loss occur at the cellular level and inner ear cells are very sensitive to autolysis. 
Distinguishing ante-mortem pathology from post-mortem change has been a major constraint in 
diagnosing potential impact. Here, we outline a methodology applicable to the detection of noise-
induced hearing loss in stranded cetaceans. Inner ears from two mass strandings of long-finned pilot 
whales in Scotland were processed for scanning electron microscopy observation. In one case, a juvenile 
animal, whose ears were fixed within 4 hours of death, revealed that many sensory cells at the apex of 
the cochlear spiral were missing. In this case, the absence of outer hair cells would be compatible with 
overexposure to underwater noise, affecting the region which transduces the lowest frequencies of 
the pilot whales hearing spectrum. Perfusion of cochlea with fixative greatly improved preservation 
and enabled diagnostic imaging of the organ of Corti, even 30 hours after death. This finding supports 
adopting a routine protocol to detect the pathological legacy of noise overexposure in mass stranded 
cetaceans as a key to understanding the complex processes and implications that lie behind such 
stranding events.

!ere is an urgent need to develop methods for assessing the e"ects of underwater man-made noise on cetaceans. 
High intensity active sonar, and other loud noise sources, for example those from gas exploration, seismic surveys, 
etc., have the potential to cause lesions to exposed animals. Depending on the distance from the source, injuries 
can be lethal. As hearing is fundamental to cetaceans, changes to their hearing system may have a large impact on 
their ability to carry out vital activities. Deriving a forensic protocol to be able to detect if stranded cetaceans have 
su"ered from noise-induced hearing loss is however key to understanding the physiological impact of anthropo-
genic noise on these species.

Previous studies on terrestrial mammals using electron microscopy demonstrated structural alterations of 
the organ of Corti as a response to mechanical and metabolic fatigue of the sensory cells, in turn a result of high 
intensity and long duration sound exposure1. Studies on humans showed that similar pathological alterations can 
be caused by exposure to ototoxic drugs, genetic factors, bacterial and viral infections or age2. !ese alterations 
include changes in the sensory cell stereocilia and degeneration and loss of the entire hair cell, amongst others3–5. 
When a mammalian cochlear hair cell dies, the neighbouring supporting cells actively participate in the process 
of hair cell elimination and scar formation. !is process, termed “scarring” throughout this paper, comprises the 
simultaneous expansion and sealing of the reticular lamina1,6 as a rapid protective response to hair cell apoptosis, 
and is not to be confused with the more general use of “scar” as a slow healing mechanism involving collagen 
formation a#er injury. !e presence of scarring among hair cell rows is therefore an important criterion that can 
be used to assess any possible history of noise-induced hearing loss and these lesions can be di"erentiated from 
artefacts that may develop as a consequence of tissue autolysis7.

!e stereocilia of outer hair cells (OHCs) are in close contact with the tectorial membrane, which is depressed 
by the tips of the hairs. !ese depressions in the tectorial membrane are termed imprints. Experimental acoustic 

1Zoology Department, University of British Columbia, Vancouver, Canada. Laboratori d’Aplicacions Bioacústiques, 
Universitat Politècnica de Catalunya, BarcelonaTech (UPC), Vilanova i la Geltrú, Spain. 3Scottish Marine Animal 
Stranding Scheme, SAC Consulting Veterinary Services, Drummondhill, Inverness, United Kingdom. 4Namibian 
Dolphin Project, Walvis Bay, Erongo, Namibia. Animal Health Center, British Columbia Ministry of Agriculture, 
Abbotsford, Canada. Correspondence and requests for materials should be addressed to M.A. (email: michel.
andre@upc.edu)
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Seismic surveys
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Sonar scanning 
2008 Madagascar Mass stranding 

melon-headed whales



Noise exposure - 800-Hz pure-tone sound (40 strikes/

min, duration 150 msec) lasting 30 min. 

Received sound pressure level (SPL) - 153 dB re 1 μPa

Estimated mean received SPL - 140 dB re 1 μPa

Exposure interval - 2 days 3 times/day
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muscle, striped dolphin, anti fibrinogen, 20x
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T (h) ID Species t (h) Lesioni (IHC) MB renalemuscolo cuore

0-6 h

190 TT 0
MB: - 

FIB: +

MB: - - 

FIB: +
-

208 FW 4
MB: - 

FIB: +

MB: - 

FIB: -
+

211 FW 0
MB: - 

FIB: +
c.a. +

281 GM 4
MB: - 

FIB: +

MB: - 

FIB: +
-

6-12 h

134 FW 8
MB: - 

FIB: +
c.a. +

218 SC 8
MB: - 

FIB: +

MB: - 

FIB: +
+

215 GG 6
MB: - - 

FIB: n.r.

MB: - 

FIB: + +
+

221 SC 8
MB: - 

FIB: + +

MB: - 

FIB: +
+

12-24 h

201 TT 24
MB: n.r. 

FIB:+ +
c.a. -

225 GG 24
MB: - - 

FIB: +

MB: - 

FIB: +
+

>24 h 173 PM 36
MB: - - 

FIB: + +

MB: - - 

FIB: + +
+

Time since strandings vs euthanasia



mass of 1.970.262 g (range, 0.61^4.66 g), and mean
‘‘other’’ mass of 0.5470.101g (range, 0.13^1.89 g). In
contrast, chronically stressed animals had a mean cor-
tical mass of 6.0670.453 g (range, 3.04^11.33 g), mean
medullary mass of 4.0470.305 g (range, 2.09^9.11g),
and mean ‘‘other’’ mass of 1.2970.116 g (range,
0.66^2.83 g). Signi¢cant di¡erences were found when
comparing the cortex, medulla, and ‘‘other’’masses of
acutely stressed animals with those of chronically
stressed animals (independent samples t-test:
t43 ! "5.857, Po0.001, t43 ! "5,073, Po0.001, and
t43 ! "4.65, Po0.001, respectively) (Fig. 2C).

Histochemistry

Nodi¡erenceswere foundwhen comparing the percen-
tage staining of IHC/HEM by sexual maturity or sex
(ANCOVA: F1,25 ! 3.503, P ! 0.076 and F1,25 !1.204,
P ! 0.285, respectively). However, signi¢cant di¡er-
ences were found between IHC/HEM staining by type
of stress (ANCOVA: F1,25 ! 6.206, P ! 0.021). Acutely

stressed animals had a mean staining of 6.770.81%
(range, 1.94^10.88%) while chronically stressed ani-
mals had a mean staining of 15.9372.57% (range,
4.16^32.09%) (Fig. 2D and Fig. 3A,B).
Discriminate function analysis (DFA) was per-

formed to test for accurate assigning of acute and
chronic stress categories based on AGM, ACM ratio,
and percentage of IHC/HEM staining. Based on these
three factors, therewas a signi¢cant di¡erencebetween
acutely and chronically stressed animals (Wilks’
l ! 0.292, w2 ! 22.743, Po0.001). This DFA correctly
classi¢ed 90.9% of samples to the pre-assigned stress
groups with a cross-validation error rate of 13.6%.The
DFA was mostly in£uenced by AGM (r ! 0.536), fol-
lowed by percentage IHC/HEM (r ! 0.48), and ACM
ratio (r ! 0.319).

Discussion

The e¡ects of chronic stress on adrenal gland structure
and function have been well documented in several

ARTICLE IN PRESS

Fig.2. Comparisons of adrenal glands in acutely stressed andchronically stressedbottlenose dolphins. (A)Meanweights. (B)Mean cortex to
medulla ratios. (C) Estimated adrenal cortex, medulla and‘‘other’’ (see text) masses. (D) Percentage immunohistochemical labelling
and haematoxylin staining of the cross-sectional areas. Mean values7standard error are shown.
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Acute vs chronic stress

mammalian species (Al-Lami and Farman,1974; Sakel-
laris andVernikos-Danellis,1975; Anderson andCapen,
1978; Junqueira et al., 1998; Rai et al., 2003). Types of
stress in these reports included extended physical im-
mobilization, toxic exposure, psychological stress and
disease stress. The e¡ects of chronic stress on cetacean
adrenal gland structure and function are not well un-
derstood. Initial studies revealed cortical hyperplasia,
cortical and medullary nodular hyperplasia, and ser-
ous cysts associated with stress related to environmen-
tal contamination or chronic illness (Kuiken et al.,1993;
Lair et al.,1997).
Histologically, all adrenal glands examined in the

present study appeared ‘‘normal’’ (i.e., showing no tu-
mours, cysts, or other lesions) as determined by HE or
HPS staining, even in glands from animals deemed to
be chronically stressed.There were no statistical di¡er-

ences in AGM, ACM ratio, or percentage staining of
IHC/HEM across di¡erent age groups or between
sexes.This suggests thatT. truncatus adrenal glands con-
tinue to grow throughout life, the increased growth af-
fecting the cortex, medulla, and epinephrine-
producing cells. These ¢ndings accord with those of
Clark et al. (2005) andTurner et al. (2006).
In this study, amodi¢ed staining technique was used

to reveal the medullary band, i.e., the region in which
epinephrine-producing cells are located (Clark et al.,
2005). Overstaining with haematoxylin (HEM) re-
vealed the highly basophilic chroma⁄n cells (epi-
nephrine-producing cells) of this region. The
medullary band appeared as a prominent band of
stained cells, varying in thickness, along the periphery
of the medulla (Fig. 4A). Immunolabelling of a subset
of slides with an antibody against the enzyme PNMT
yielded a staining pattern identical with that seen with
HEM (compare Figs 4A and 4B).This con¢rmed that
HEM staining emphasized only epinephrine-produ-
cing cells. This method of overstaining provided an

ARTICLE IN PRESS

Fig.3. Cross-sections of adrenal glands of two dolphins. (A) Acutely
stressed animal; note the relatively thin medullary band. (B)
Chronically stressed animal; note the relatively thick medul-
lary band. C, cortex; M, medulla; MB, medullary band.
Overstaining with haematoxylin. Bar, 0.5 cm.

Fig. 4. Cross-section of an adrenal gland from a chronically stressed
dolphin, (A) stained with haematoxylin, and (B) immunola-
belled for the enzyme phenylethanolamine N-methyl trans-
ferase (to indicate location of epinephrine-producing cells).
Note that the areas stained in A and B are the same. C, cor-
tex; M, medulla; MB, medullary band. Bar, 0.5 cm.
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mammalian species (Al-Lami and Farman,1974; Sakel-
laris andVernikos-Danellis,1975; Anderson andCapen,
1978; Junqueira et al., 1998; Rai et al., 2003). Types of
stress in these reports included extended physical im-
mobilization, toxic exposure, psychological stress and
disease stress. The e¡ects of chronic stress on cetacean
adrenal gland structure and function are not well un-
derstood. Initial studies revealed cortical hyperplasia,
cortical and medullary nodular hyperplasia, and ser-
ous cysts associated with stress related to environmen-
tal contamination or chronic illness (Kuiken et al.,1993;
Lair et al.,1997).
Histologically, all adrenal glands examined in the

present study appeared ‘‘normal’’ (i.e., showing no tu-
mours, cysts, or other lesions) as determined by HE or
HPS staining, even in glands from animals deemed to
be chronically stressed.There were no statistical di¡er-

ences in AGM, ACM ratio, or percentage staining of
IHC/HEM across di¡erent age groups or between
sexes.This suggests thatT. truncatus adrenal glands con-
tinue to grow throughout life, the increased growth af-
fecting the cortex, medulla, and epinephrine-
producing cells. These ¢ndings accord with those of
Clark et al. (2005) andTurner et al. (2006).
In this study, amodi¢ed staining technique was used

to reveal the medullary band, i.e., the region in which
epinephrine-producing cells are located (Clark et al.,
2005). Overstaining with haematoxylin (HEM) re-
vealed the highly basophilic chroma⁄n cells (epi-
nephrine-producing cells) of this region. The
medullary band appeared as a prominent band of
stained cells, varying in thickness, along the periphery
of the medulla (Fig. 4A). Immunolabelling of a subset
of slides with an antibody against the enzyme PNMT
yielded a staining pattern identical with that seen with
HEM (compare Figs 4A and 4B).This con¢rmed that
HEM staining emphasized only epinephrine-produ-
cing cells. This method of overstaining provided an

ARTICLE IN PRESS

Fig.3. Cross-sections of adrenal glands of two dolphins. (A) Acutely
stressed animal; note the relatively thin medullary band. (B)
Chronically stressed animal; note the relatively thick medul-
lary band. C, cortex; M, medulla; MB, medullary band.
Overstaining with haematoxylin. Bar, 0.5 cm.

Fig. 4. Cross-section of an adrenal gland from a chronically stressed
dolphin, (A) stained with haematoxylin, and (B) immunola-
belled for the enzyme phenylethanolamine N-methyl trans-
ferase (to indicate location of epinephrine-producing cells).
Note that the areas stained in A and B are the same. C, cor-
tex; M, medulla; MB, medullary band. Bar, 0.5 cm.
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Stress: post-mortem findings
Skin:  

- lesions due to mutilation/automutilation 
- findings consistent with licking/biting: psicogen dermatitis (characterized by well delimited 
erythematous/ulcerative area on flanks or abdomen and alopecic area close to the anus, elbow, thigh) or 
licking dermatitis(alopecia, exudation, hypercheratosis, hyperpigmentation)  
- intra-specific traumatic injuries 
- traumatic injuries following anomalous behavior. 

Stomach: ulcers and hemorrhages (hypoperfusion and not due to endogenous corticosteroid) 

Liver: lipidosis (metabolic stress syndrome  

Heart: muscular hypercontraction (micro) 

Lungs: meconium asipration syndrome(micro); exercise hemorrhages 

Muscle(micro): rabdomyolisis and possible hemoglobinuria, necrosis and hemorrhages 

Genital: abortion 

SNC: hyppocampal degeneration 

Adrenal: corticali hemorrhages (macro e micro) with degeneration minima (micro); cortical hyperplasia 



- Abortion and intra-uterum infection (Morbillivirus, Brucella, T. gondii)


- Peri-partum stressful events: meconium aspiration syndrome (MAS)


- Lost/abandoned animals


- Infanticide (mother, males, etc.)

Other spontaneous diseases: newborns



Other spontaneous diseases: newborns - MAS



Other spontaneous diseases: newborns - 
infanticide?



Other spontaneous diseases: newborns - infanticide!



Other spontaneous diseases: intra-specific interaction



Other spontaneous diseases: senescence





Other spontaneous diseases: senescence?



Other spontaneous diseases: senescence!



- Direct and acute intoxication (i.e. oils spills, 
environmental accidents) 

- Bioaccumulation and chronic effects of persistant organic 
pollutants (POPs): immune system impairment, neoplastic 
changes, endocrine disruption. 

- Organic pollutants and heavy metals
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Toxicity or harmful effects are  dependent upon: 
• the mixture and types of chemicals that make up the oil or are used  to clean up the oil 
• the amount of exposure (dose for internal exposures or time for  external exposures) 
• the route of exposure (inhaled, ingested, absorbed, or external) 
• the biomedical risk factors of the animal (age, sex, reproductive  stage, and health status) 

Direct effects: 
- External skin and eye irritation, burns to mucous membranes of eyes and mouth, and increased 
susceptibility to infection. For large whales, oil can foul the baleen they use to filter-feed, thereby 
potentially decreasing their ability to eat. 

- Inhalation of volatile organics from oil or dispersants may result in respiratory irritation, 
inflammation, emphysema, or pneumonia. 

- Ingestion of oil or dispersants may result in gastrointestinal inflammation, ulcers, bleeding, 
diarrhea, and maldigestion.  

- Absorption of inhaled and ingested chemicals may damage organs such as the liver or kidney, 
result in anemia and immune suppression, or lead to reproductive failure or death. 

Pollution: oil spills





Polycyclic Aromatic Hydrocarbons (PAHs)

Formed by thermal decomposition and recombination of several molecules in natural 
and artificial processess 

Interference with cellular membrane and enzyme functioning: mutagenic, carcinogenic 
and immunosuppressants. 

Alterate Cytochrome P450 1A1 expression (CYP1A1)
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Polycyclic Aromatic Hydrocarbons (PAHs)
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Insecticide, cheap and easy to produce with low acute toxicity for humans. Used 
against malaria and typhoid fever. Banned from ‘70s in Europe and USA. 

Dose-dependent neurotoxicity. Liver toxicity during chronic exposure. Endocrine 
disruptor with xeno-estrogenic activity. Immunosuppresant. 
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tossicità a livello sistemico (a fegato, reni, pelle, ossa e tiroide), 

neurologico,  endocrino, immunologico e dello sviluppo. Negli animali, 

inoltre, è in grado di causare disturbi nella riproduzione e aumentare il 

rischio di formazione di carcinomi (per l'uomo non è ancora  stato 

dimostrata un'effettiva relazione causa-effetto). Gli organi target più 

sensibili sono il fegato,  l'ovario ed il sistema nervoso centrale (ATSDR, 

2002.a).

 Gli effetti di genotossicità dell'esaclorobenzene sembrano riferirsi 

alla formazione di micronuclei in seguito ad esposizione attraverso la 

respirazione e/o la dieta. Questo composto non sembra  provocare 

aberrazioni cromosomiche. Nemmeno gli effetti mutageni sono stati 

dimostrati. È stato, invece,  dimostrato che i processi metabolici che 

portano alla formazione del pentaclorobenzene,  liberano radicali 

ossidrilici, i quali provocano ingenti danni alle macromolecole biologiche.

 

 Il DDT ed i sui metaboliti

 

Fig. 1.4: Struttura chimica del pp'-DDT.

 Il DDT (dicloro-difenil-tricloroetano) fu sintetizzato per  la  prima 

volta nel 1874  dal chimico austriaco Othmar Zeidler, ma solo nel 1939 

furono scoperte le sue potenzialità come insetticida da Paul Herman 

Müller  e collaboratori. Questa sostanza si rivelò, infatti, un potente veleno 

da contatto con effetti neurotossici per  gli insetti, persistente (ne 

bastavano poche quantità per  proteggere a  lungo le colture), con una bassa 

tossicità  acuta per i mammiferi e poco costoso da produrre. Grazie a 

queste proprietà, il DDT fu ampiamente utilizzato per combattere la 

malaria  ed il tifo (patologie i cui vettori erano per l'appunto insetti), 

soprattutto durante la Seconda Guerra  Mondiale (per  tale motivo nel 1948 

a Müller venne assegnato il Premio Nobel per la Fisiologia e la  Medicina). 
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Dichloro Diphenyl Trichloro-ethane (DDT) and 
metabolites



Used during I World War and by industries for toxicity. Produced during fires and 
burning organic wastes. 

Hepatic, ocular, thyroid, immune and CNS effects. Behavioral and growing changes. 
Carcinogenic effects. 
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suoi metaboliti sono, inoltre,  in grado di interferire con il sistema 

endocrino animale (EDCs, Endocrine-Disrupting Chemicals), inducendo 

marcate alterazioni nello sviluppo e nella  riproduzione. Tali composti, 

anche se molto meno potenti degli ormoni naturali, possiedono attività 

xenoestrogenica ed anti-androgenica. Per  quanto riguarda la nostra  specie, 

è stato dimostrato che le donne con elevati livelli di DDE nel latte materno 

non riescono ad allattare i figli al seno per la stessa durata di donne con 

concentrazioni più basse,  ed inoltre hanno possibilità più elevate di 

partorire prematuramente (ATSDR, 2002.b).

 Studi condotti su topi da laboratorio hanno dimostrato che 

esposizioni prolungate al DDT, somministrato attraverso la dieta,  provoca 

tumore al fegato. Anche se tale correlazione non è stata accertata per 

l'uomo, l'EPA (Environmental Protection Agency), la IARC (International 

Agency for Research on Cancer) ed il DHHS (Department of Health and 

Human Sevice),  concordano sul fatto che il DDT ed i suoi metaboliti siano 

dei potenziali carcinogeni umani (ATSDR, 2002.b). Studi di genotossicità 

condotti sia su cellule umane che murine hanno dimostrato che questi 

composti possono spesso indurre aberrazioni cromosomiche e, raramente, 

avere un effetto mutageno.

 In aggiunta, queste sostanze sembrano compromettere il sistema 

immunitario e linfatico degli organismi (ATSDR, 2002.b).

 I Policlorobifenili (PCBs)

Fig. 1.4: Struttura chimica generale dei PCB.

 Questi composti furono scoperti inizialmente nel 1865 come 

sottoprodotto della degradazione del catrame, per essere poi sintetizzati 

per  la prima volta nel 1881  da due scienziati tedeschi, Schidt e Schultz. Da 

allora il loro impiego fu  abbastanza limitato poiché non se ne 
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Heavy metals

- Cetaceans detoxify MeHg by creating inorganic Hg (HgSe) 

- TotHg in cetaceans is very high, in particular in the Mediterranea Sea 

- In evaluation mercury levels, compare hepatic, muscular and renal Hg and 
Se concentrations (1:1) and consider MeHg in all organs. 

- MeHg has neurotoxic and nephrotoxic effects. Inorganic Hg affects 
immune response. 

- Starvation determines Hg circulation (macrophages) and reduces 
excretion.
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Fresh waters skin disease



4284  |    wileyonlinelibrary.com/journal/gcb Glob Change Biol. 2020;26:4284–4301.© 2020 John Wiley & Sons Ltd

 

Received: 12 February 2020  |  Accepted: 21 April 2020

DOI: 10.1111/gcb.15163  

P R I M A R Y  R E S E A R C H  A R T I C L E

Unchartered waters: Climate change likely to intensify 
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Abstract
Infectious disease emergence has increased significantly over the last 30 years, with 
mass mortality events (MMEs) associated with epizootics becoming increasingly com-
mon. Factors influencing these events have been widely studied in terrestrial systems, 
but remain relatively unexplored in marine mammals. Infectious disease-induced MMEs 
(ID MMEs) have not been reported ubiquitously among marine mammal species, indi-
cating that intrinsic (host) and/or extrinsic (environmental) ecological factors may in-
fluence this heterogeneity. We assess the occurrence of ID MMEs (1955–2018) across 
extant marine mammals (n = 129) in relation to key life-history characteristics (sociality, 
trophic level, habitat breadth) and environmental variables (season, sea surface tem-
perature [SST] anomalies, El Niño occurrence). Our results show that ID MMEs have 
been reported in 14% of marine mammal species (95% CI 9%–21%), with 72% (n = 36; 
95% CI 56%–84%) of these events caused predominantly by viruses, primarily morbil-
livirus and influenza A. Bacterial pathogens caused 25% (95% CI 14%–41%) of MMEs, 
with only one being the result of a protozoan pathogen. Overall, virus-induced MMEs 
involved a greater number of fatalities per event compared to other pathogens. No as-
sociation was detected between the occurrence of ID MMEs and host characteristics, 
such as sociality or trophic level, but ID MMEs did occur more frequently in semi-
aquatic species (pinnipeds) compared to obligate ocean dwellers (cetaceans; !2 = 9.6, 
p = .002). In contrast, extrinsic factors significantly influenced ID MMEs, with season-
ality linked to frequency (!2 = 19.85, p = .0002) and severity of these events, and global 
yearly SST anomalies positively correlated with their temporal occurrence (Z = 3.43, 
p = 2.7e-04). No significant association was identified between El Niño and ID MME 
occurrence (Z = 0.28, p = .81). With climate change forecasted to increase SSTs and the 
frequency of extreme seasonal weather events, epizootics causing MMEs are likely to 
intensify with significant consequences for marine mammal survival.

K E Y W O R D S

cetacean, climate change, infectious disease, mass mortality, morbillivirus, pinniped, sea 
surface temperature

     |  4295SANDERSON AND ALEXANDER

4.2 | Environmental factors and infectious disease-
associated MMEs

Environmental factors are known to catalyse MMEs (Fey et al., 2015). 
Indeed, climate-controlled meteorological-related factors, such 
as weather, temperature and oxygen levels, contributed to nearly 
a quarter of globally occurring MMEs in a recent study conducted 
across all animal taxa (Fey et al., 2015). Likewise, we have discovered 
that climate factors, such as seasonality and SST anomalies, influ-
ence the temporal occurrence of ID MMEs in marine mammals. The 
following discussion is based on reported and published data, where 
cold-water species are dominant and tropical species are undoubt-
edly underrepresented. Due to this, our discussion is likely skewed 
towards cold-water species in regions where infectious disease dy-
namics are presumably influenced by climate variables in differing 
ways than in tropical climates.

4.2.1 | Seasonality

Seasonality was important in determining the temporal occurrence 
and severity of past ID MMEs in marine mammals. The increased 
occurrence of ID MMEs in the summer months is likely due to the 
amplifying effects of climate change on natural weather patterns. 
During summer months, cloud cover is reduced allowing a natural 
increase in SSTs, which are also likely to exceed normal ranges under 
the influence of global warming. Indeed, out of the 18 ID MMEs that 
occurred during the summer months, 89% (95% CI 67%–97%) oc-
curred during years with positive global SST anomalies. Additionally, 

increased intensity and frequency of precipitation, and events as-
sociated with these events, such as runoff, flooding and erosion, 
generally occur during the summer months. As discussed previously, 
rainfall and urban runoff may aid in microbial and chemical dissemi-
nation into marine environments, altering host susceptibility and ex-
posure to pathogens.

While most ID MMEs transpired during the summer months, ID 
MMEs occurring in spring recorded the most fatalities. For pinnipeds, 
spring is the start of the breeding season when seals congregate at 
haul-out sites for long durations. Increased density, and hence, in-
creased contact between potential hosts, may magnify infectious 
disease transmission potential at these sites. Premature sea ice loss 
due to increased SSTs may have also resulted in increased contact 
between pinnipeds and terrestrial disease hosts, while simultane-
ously increasing host density at haul-out sites, intensifying the threat 
of infectious disease emergence and transmission (Benson, Croll, 
Marinovic, Chavez, & Harvey, 2002; Figure 6). In cetaceans, viral 
outbreaks occurred equally across the summer and autumn months. 
Seasonal migration likely plays a significant role in outbreaks during 
the autumn months, when emigration is also highest.

4.2.2 | Climate change

While there is still a dearth of data directly linking climate change to 
increases in infectious disease outbreaks in marine mammals (Burge 
et al., 2014), climate-mediated changes are expected to have signifi-
cant impacts on disease outbreaks in these species (Figure 6). These 
impacts will no doubt alter both pathogen and host characteristics, 

F I G U R E  6   Proposed mechanisms for increased infectious disease epizootics causing mass mortality events (ID MMEs) in marine 
mammals due to climate change. Climate drivers (grey) have the potential to create cascading effects on the host (yellow), pathogen 
(red) and environment (green), resulting in increased ID MMEs in marine mammal species. Red text provides estimated range impacts on 
specified climate-impacted variables, as projected to occur by 2070 in relation to the mean levels observed from 1986–2005 (Rintoul  
et al., 2018). 
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