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This project is posthumously dedicated to Dr. Gregory Dana Bossart. Whether you knew him as colleague, mentor, friend, family member or simply ‘knew of him’, you could not help but be awestruck by his dedication, intelligence, thoughtfulness, work ethic and passion for scientific inquiry, especially for conservation of the marine environment Many of his publications were seminal in marine mammal health, including infectious, environmental and zoonotic diseases. As we collected manuscripts for this special Frontiers edition, it was heartwarming to hear the comments from contributors. So many research scientists, field biologists and veterinarians could easily have given up and said, ‘I just can’t do this now’, especially with the added challenges posed by the current COVID-19 pandemic. Instead, contributors from around the world were determined to contribute to this collection because of their inspiration and shared commitment with Greg’s vision. The love and admiration within the marine community for Greg is phenomenal. With that said, we would be remiss if we did not say a few words about Greg as a mentor and friend. Greg had a knack for helping students realize their abilities and pursue their own independent contributions to the marine mammal community. He shared in their successes and worked tirelessly to facilitate their aspirations. Greg would involve students, early-career scientists and colleagues in projects, introduce them to collaborators and promote them and their work. Greg was a genuinely caring person. When he asked you ‘how are you doing’, he honestly wanted to know. He was always there, ready to listen and provide guidance. If you were to ask Greg what was most important to him in life, he would say God, family and marine life (and one could argue that he had a special fondness for manatees). He believed in the beauty of nature and that God had a hand in all of it. He was in pursuit of ensuring that we all share this earth responsibly and sustainably. We miss Greg dearly, but honor and celebrate him as we carry on in our pursuits.
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Editorial on the Research Topic
 Pathologic Findings in Stranded Marine Mammals: A Global Perspective



It has been 2 years since Greg Bossart reached out to the marine mammal community asking colleagues, collaborators, and graduate students to provide a series of original research and review articles of the gross, histopathologic, and clinicopathologic findings of stranded marine mammals from a global research perspective. With the publications of the third edition of the CRC Handbook of Marine Mammal Medicine and Pathology of Wildlife and Zoo Animals in 2018, Greg wanted to be especially vigilant about securing manuscripts describing more recent and novel disease entities which may not have been captured in either textbook and extended invitations to people and stranding response programs that historically may have been underrepresented in the marine mammal stranding and pathology literature. His intent was to integrate pathologic findings from a global (i.e., rather than regional or local) perspective in a single Research Topic format that would provide context for population health and sustainability. In turn, this collection of papers would establish baseline information on emerging or re-surging disease patterns that may be of value to marine biologists, research scientists, clinicians, epidemiologists, pathologists, and other marine mammal specialists. We further hope that this Research Topic will inform managers involved with implementing or reviewing conservation policies. A lot has transpired in the last 2 years, including the unfortunate and untimely death of our friend and colleague, Greg, as well as the global COVID pandemic. When Greg asked us to help him assemble this collection, we were hoping that he would be here to see it to fruition, so his death has left us at a loss as it did so many others. Nevertheless, here we are 2 years later, and Greg's dream is realized and surpassed due to the amazing members and contributions from the marine mammal community.

We all are aware that marine mammal strandings (mass or single animal) are global events and have been reported as far back as Aristotle's time; however, Unusual Mortality Events (UMEs) (i.e., marine mammal strandings, which occur at significantly elevated rates, temporal or geographic change in strandings, potential significant morbidity and mortality in a population, and other criteria) are now occurring at an increasing rate, often with no conclusive cause of strandings or deaths. These UME's also afford a unique opportunity to further document the natural history and anatomic and physiologic adaptations of these species as well as characterize pathologic findings that may contribute directly or indirectly to suboptimal health and stranding events. Unfortunately, in some cases (i.e., mass stranding events) the cause(s) of the stranding are enigmatic with little or no associated pathology that would suggest a reason for the stranding. The advancement and application of novel diagnostic and imaging techniques detailed within this series of papers has significantly improved our ability to better define specific disease entities. Importantly, many of the diseases now characterized from marine mammal strandings involve emerging pathogens that may cycle exclusively in the marine environment or represent terrestrially sourced pathogens (pollutagens) and have important population and environmental health significance. Pattern recognition or morphologic diagnosis of disease events will no longer suffice to understand potential implications of novel clinical or pathologic findings. Greg has long advocated a problem-oriented approach with more unusual or exotic diagnostic findings.

Gross and histopathologic findings remains the gold standard for characterizing the morphologic features of disease and linking an etiology to the pathology, cause of death and possibly, implementing appropriate management or mitigating options. Likewise, marine mammal clinical pathology parameters are increasingly documented and validated from both stranded marine mammals and free-ranging marine mammal health assessments and their values and reference ranges are being incorporated into formulating prognoses, informing treatments and deciding disposition of rehab animals (Ewing et al.). Ultimately, our understanding of the pathologic basis of disease and causes of mortality in stranded marine mammals can serve as the first step in evaluating complex and dynamic marine ecosystem health. Indeed, recent studies have demonstrated that marine mammals are important sentinel animals that reflect environmental health concerns and parallel emerging public health issues, all of which embraces a One Health approach. A glimpse within the pages of this Research Topic (Pathologic Findings in Stranded Marine Mammals: A Global Perspective), highlights the disparate discoveries of the marine mammal community within a One Health context.

There were 28 manuscripts accepted for this special issue of Frontiers in Marine Sciences, including 16 from the United States: 4 from California, 3 from Alaska, 2 each from the Pacific Northwest, Northeast, Southeast, and span the western seaboard of the United States. There were 6 papers from Europe, consisting of 3 from the Canary Islands, 2 from the North Sea Region and 1 from France, 2 from South America, including 1 from Brazil and the other from Chile, 2 from Southeast Asia, 1 each from Hong Kong and Japan and 2 from Canada. The target species comprised 19 cetaceans including 13 papers describing findings in multiple species and 6 studies which detailed findings in individual species, focusing on beluga, rough toothed dolphins, harbor porpoises, bottlenose dolphins, gray whales and a Bryde's whale. Reviews are presented on case series of aggression by conspecifics, differentials for infectious meningoencephalitis, harbor porpoise specific pathologic findings, the effects of acute entrapment, and models of decompression sickness. The novel use postmortem CT and MR imaging to better define pathology, particularly in autolyzed carcasses and a postmortem scenario that may account for cetacean sinking to depth, bloat and refloating are provided. These have important implications for back casting in mass stranding events as well as with catastrophes, such as with oil spills. Novel approaches to understand the effects of anthropogenic noise on cetaceans and well as development of a laboratory model of gas bubble disease are described.

There were 5 reports on sea otters including major disease reviews in California and Alaska as well as emerging individual animal and population level health concerns with harmful algal toxins, Helicobacter associated gastric ulcers and a zoonotic pathogen, capillariasis. There were 2 papers describing novel viral pathogens (picornavirus and orthoreovirus) in harbor seals stranded in the north eastern Pacific and an overview of pathologic findings in a harbor seal population at carrying capacity. A single paper described the complex interplay of contaminants, herpesvirus infection, and population genetics with the emergence of urogenital carcinoma in California sea lions. Although disease entities appear unique to specific marine mammal species, there is occasional overlap and involvement of new species not typically associated with specific pathogens, environmental insults, or other disorders.

Marine mammal stranding events continue to be investigations that capitalize on mystery with a “who done it” plot. Moore provides us with an overview of the various outcomes that might be encountered in any one stranding event, and what clues might be offered regarding factors contributing to mortality and death. Many of these events are reported within the pages of this collection. Sometimes, such as in the report by Alvarado-Rybak et al. the geographic ruggedness of the coastline makes documentation an unsurmountable challenge, yet these authors provide a glimpse into the causes of deaths within one of these more challenging areas to access. Other reports focus on events happening over a span of time within a particular geographic region. Examples include the report by Schick et al. on findings in two cetacean species over a 20 year period in the south-eastern North Sea, and Miller et al. on southern sea otters (Enhydra lutis nereis) over a 14 year period. In contrast, the report by Ewing et al. focuses on events that occurred at a single point in time (i.e., the 2005 Marathon Key stranding). An interesting report is by Ashley et al. who discuss the causes of mortality in a population at carrying capacity. Similarly, Stimmelmayr and Gull and review the current state of the “recovered” eastern North Pacific gray whale (Eschrichitius robustus) in light of urbanization and rapidly changing habitat. Both of these studies offer insight that can be applied to current and future management plans.

Infectious agents are often the cause of death, no matter the host species, and although they may play a primary role in disease and death, they may remain subclinical or opportunistic, becoming a problem only in hosts with weakened health. One example is Helicobacter, and as reported by Batac et al. Helicobacter-induced gastric ulcers are a contributor in morbidity and mortality in southern sea otters (Enhydra lutris nereis). Regardless of being primary or opportunistic, infectious agents seem to be constantly evolving with novel organisms often appearing on the scene. For example, Nielsen et al. report a novel Orthoreovirus from harbor seals (Phoca vituline) that stranded in Puget Sound over the course of 1 year, and Rodrigues et al. report novel Aquamaviruses from ribbon (Histriophoca fasciata) and harbor seals in Puget Sound within that same time period. Long-term studies can also be important in identifying trends in morbidity and mortality due to particular pathogens. For example, Huntington et al. conducted an epidemiological analysis of northern sea otters (Enhydra lutris kenyoni) necropsied over a span of 10 years and found a pattern in geographic location and the diagnosis of Strep syndrome that they suggest may be linked to increasing environmental temperatures. Similarly, environmental stressors are suspected for an increased incidence of fungal infections and reported by Huggins et al. in the Pacific northwest and Kapetanou et al. along the Dutch coastline. Parasites are included as infectious agents and Sierra et al. provide an excellent study on brain pathogens in cetaceans, including Morbillivirus, Herpesvirus, Toxoplasma gondii, Brucella sp., and Nasitrema sp. These pathogens are deadly, especially when targeting the brain. Toxoplasma is especially perplexing as this protozoan has a terrestrial species as its definitive host, yet it wreaks havoc on species throughout the marine environment. Diaz-Delgado et al. provide a case report of fatal systemic toxoplasmosis in a Bryde's whale (Balaenoptera edeni) by a novel T gondii. This is not the only zoonotic parasite covered. Miller et al. report on hepatitis caused by Capillaria hepatica, a parasite generally associated with close proximity to rats, in southern sea otters (Enhydra lutris nereis), which is a coastal dwelling species. Interestingly, species variation in tissue reaction and immune response of hosts can impact histochemical and immunohistochemical results for some parasites such as reported for hepatic trematodiasis in odontocetes by Nakagun and Kobayashi. Like so many other of the studies highlighted, these discoveries have implications for human health as well as predator species and overall marine mammal health.

Contaminants and biologic toxins are increasingly a concern for all life on earth and unfortunately the marine environment not been spared. In some geographic regions, exposed marine mammals are especially impacted. Miller et al. provide a detailed gross and histopathologic depiction of lesions associated with domoic acid toxicosis throughout the course of the disease. Of course, humans contribute to environmental contamination on a daily basis, including products we consume or put on our bodies, products we use, or industrial production, just to name a few. Page-Karjian et al. provide a summary of anthropogenic contaminant and pathologic trends in cetaceans that shed light on potential contributors to declining health in cetaceans. With heavy metals, mercury has often been studied because of its bioaccumulation and biomagnification within the food chain, and because oceans can act as a sink. With climate change in the arctic, increasing release of mercury associated with melting permafrost may have profound impacts on marine mammal health and hunter communities with regards to food safety and security. Lian et al. provide an interesting look at how skin biopsies collected from live cetaceans can be used to assess contaminant load. In some cases, the role of the contaminant is not entirely clear. For example, Gulland et al. report that 18–23% of adult California sea lions (Zalophus californianus) necropsied over a span of 40 yrs had urogenital carcinoma, and provide support of a link between organochlorines, Otarine herpesvirus-1 and development of neoplasia.

Boat (vessel) strike and other anthropogenic activities profoundly impact the status of marine mammal populations worldwide. Cumulatively, it is one of the most significant contributors to population decline. Novel clinical and pathologic presentations of trauma are included in this collection. One example includes trauma associated with intra and interspecies aggression. Puig-Lozano et al. review findings of encounters over a span of 18 years and provide gross and microscopic findings of the lesions to better define this entity. Epple et al. present two newly identified traumatic lesions in dolphin abdomens putatively linked to peracute underwater entrapment in fishing gear. Similarly, Velazquez-Wallraf et al. provide new insights into decompressive pathology observed in cetaceans gained through use of an experimental animal (rabbit) model.

The contributors to this issue have provided disparate and amazing information beyond the more conventional stranding or pathogen specific information. Opportunities have been pursued to glean as much additional information in individual cases or case series as possible. This information moves us forward in our approach to data collection and our understanding of some of the unique attributes of these amazing creatures. For example, Morell et al. identified a common membrane motor protein (prestin) expressed by both whales and bats, further linking it to echolocation. This study, along with another by Morell et al. advances our identification of hearing loss in cetaceans. Similarly, Dabin et al. explored cause and effects of formation of vaginal calculi in dolphins, a condition that afflicts many mammals, including humans. Finally, Kot et al. present nascent approaches to use imaging tools postmortem to overcome obstacles of decomposition when trying to diagnose cause of death in stranded cetaceans.

This amazing compilation can be held up as a signal/warning/beacon for “One Health”. We only need to look at investigations into the root causes of many of these pathologies and see the human hand at work. As Greg echoed over the course of his career and lifetime, we must continue to be vigilant and recognize the valuable role marine mammals serve as sentinels for human health. Greg's philosophy was to provide solid case definitions and baseline information on the health of stranded and in some cases, live caught marine mammals with the intent that this information may be of future value with the emergence of new disease entities. The work compiled in this special issue further substantiates Greg's vision and, in some cases significantly advances the scientific understand of more complex and dynamic ecologic and pathologic processes. We know that Greg would have been humbled and deeply moved by the contribution of so many people from around the world and in such a variety of specialties. We thank the authors for their irredeemable support and kindness through the review and publication process.
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Aggressive encounters involving cetacean species are widely described in the literature. However, detailed pathological studies regarding lesions produced by these encounters are scarce. From January 2000 to December 2017, 540 cetaceans stranded and were necropsied in the Canary Islands, Spain. Of them, 24 cases of eight species presented social traumatic lesions produced by cetaceans of the same or different species. All the cases presented severe multifocal vascular changes, 50% (12/24) presented fractures affecting mainly the thoracic region, 41.7% (10/24) acute tooth-rake marks, 37.5% (9/24) undigested food in the stomach, 33.3% (8/24) tracheal edema, and 12.5% (3/24) pulmonary perforation. In 10 cases with tooth-rake marks, the distance between the teeth, allowed us to further identify the aggressor species: four cases were compatible with killer whales (Orcinus orca) affecting three species [pigmy sperm whale (Kogia breviceps), Cuvier's beaked whale (Ziphius cavirostris), and short-finned pilot whale (Globicephala macrorhynchus)] and four cases compatible with common bottlenose dolphins (Tursiops truncatus) affecting two species [short-beaked common dolphin (Delphinus delphis) and Atlantic spotted dolphin (Stenella frontalis)]. We also described two cases of intraspecific interaction in stripped dolphin (Stenella coeruleoalba). Microscopically, 70.8% (17/24) of the cases presented acute degenerative myonecrosis, 66.7% (14/21) presented vacuoles in the myocardiocytes, 36.8% (7/19) pigmentary tubulonephrosis, 31.6% (6/19) cytoplasmic eosinophilic globules within hepatocytes, 21.4% (3/14) hemorrhages in the adrenal gland, and 17.3% (4/23) bronchiolar sphincter contraction. The statistical analysis revealed that deep divers, in good body condition and nearby La Gomera and Tenerife were more prone to these fatal interactions. Additionally, in this period, three animals died due to an accident during predation: a false killer whale (Pseudorca crassidens) died because of a fatal attempt of predation on a stingray, and two Risso's dolphins (Grampus griseus) died as a consequence of struggling while predating on large squids.
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INTRODUCTION

The term “intra-interspecific interactions” refers to interaction with individuals of the same species (intraspecific) or with other species (interspecific). When the interactions become aggressive it may lead to serious injuries and/or death of the animal (1–4).

Social intra-interspecific interactions can produce mild multifocal lesions over the skin known as “tooth-rake marks” (external linear and parallel erosions on the skin inflicted by teeth), frequently observed healed in stranded animals. However, when interactions became aggressive, tooth-rake marks could be severe and ulcerate the skin affecting the subcutaneous and muscle tissue. Other lesions that had been reported in fatal encounters include: blunt traumas with subcutaneous focal or multifocal extensive hemorrhages, hematomas, tearing of the blubber, vertebral and/or ribs fractures, myonecrosis, tearing of the parietal pleura with associated-pulmonary hemorrhages, hemothorax, retroperitoneal hemorrhages, perforation of the abdominal wall, and liver rupture (3–6). Histologically, acute monophasic degeneration and hemorrhages in the muscle are common findings (4, 7). Pulmonary fat emboli (8) and myo-/hemoglobinuric nephrosis (4) can be observed by specific staining.

Aggressive encounters involving individuals of the same species are largely described in the literature [e.g., (9, 10)], including the formation of male alliances (11–13). Male alliances are responsible for violent kidnappings (“herding events”) of non-pregnant females to increase their mating opportunities as well as of infanticides in different cetacean species such as the Amazon river dolphin (Inia geoffrensis) (14), Indo-Pacific humpback dolphin (Sousa chinensis) (15), killer whale (16), tucuxi dolphin (Sotalia guianensis) (17), and bottlenose dolphin (Tursiops spp.) (1, 2, 18, 19). In Mysticetes, males humpback whales (Megaptera novaeangliae) have been reported escorting receptive females and threatening other males by thrashing of their flukes or signing as communication signals in the context of male competition (20). Although male coalitions have also been observed in whales, aggressive reactions are not usual, and fights rarely result in serious injury or death (10).

Violent interspecific interactions with other species may occur for reasons other than sexual competition, such as prey competition (21), fight practice (6), or predation on cetaceans and non-cetacean species. Killer whales (Orcinus orca) have been observed attacking or harassing about 20 different species of cetaceans, including both, odontocetes and Mysticetes (22–28). In addition, false killer whales (Pseudorca crassidens) predate on species of the genus Stenella spp. and short-beaked common dolphins (29).

The Canarian waters are known for their particular oceanographic features and their enormous diversity of cetacean species, with 30 species described so far (Banco de Datos de Biodiversidad de Canarias), some of them regularly seen year-round (30). Although there is evidence of habitat partitioning in the waters used by several cetacean species in La Gomera (31), most species coexist in other areas of the Canary Islands. This confluence is motivated by factors such as temperature, deep waters near the coast, an abundance of food resources, and calm waters in southwestern regions. Thus, numerous interactions between different cetacean species inhabiting these waters are expected.

This study aims to investigate the prevalence and the pathologic findings associated with social traumatic interactions between cetacean species and foraging fatalities in the Canary Islands, based on postmortem examinations.



MATERIALS AND METHODS

Post-mortem examinations following standardized protocols (32) were carried out on 540 stranded cetaceans in Canary Islands, Spain, from 2000 to 2017. Required permission for the management of stranded cetaceans was issued by the environmental department of the Canary Islands' Government and the Spanish Ministry of Environment. Experiments on live animals were not performed.

Epidemiology of the stranding (i.e., location and date), life history data (i.e., species, age class, sex, gonad maturation), and body condition were systematically recorded following standardized protocols (33). Age class (i.e., neonate, calf, juvenile, subadult, and adult) was established based on total body length (20), histologic gonadal examinations (33), and in some cases, osteological studies (34). Body condition was estimated based on the external physical conformation (the degree of epiaxial concavity or convexity, nuchal depression, the visibility of the ribs and vertebral transverse processes, as well as the presence or absence of nuchal and epicardial fat) in very poor, poor, fair and good body condition (35). For decomposition status, five codes were applied following IJsseldijk (36) classification: very fresh (code 1), fresh (code 2), moderate autolysis (code 3), advanced autolysis (code 4), or very advanced autolysis (code 5).

External and internal lesions were fully described, photographed, and sampled. Tissue samples were immersed in 10% neutral buffered formalin, routinely processed, embedded in paraffin, processed, sectioned at 5 μm and stained with hematoxylin and eosin for histopathologic analysis.

For the diagnosis of traumatic intra-interspecific interactions we took a conservative approach based on previous references (5, 6, 37) excluding the cases in which other possible traumatic causes of death such as fisheries interaction, vessel collision, or a live stranding (38–42) could not be ruled out. Stress-related lesions were histologically studied in selected samples upon availability [skeletal muscle (n = 24), lung (n = 23), cardiac muscle (n = 21), liver (n = 19), kidney (n = 19), and adrenal gland (n = 14)].

To identify factors associated with death due to intra-interspecific interaction between cetaceans (n = 24), categorical variables (i.e., species, diving behavior, age, sex, maturity, location, and body condition) were expressed as frequencies and percentages and were compared, as appropriate, using the Chi-square (χ2) test or the exact Fisher test. For statistical purposes, age classes were regrouped in neonate/calves, juvenile/subadults, and adults; and body condition categories were regrouped in poor/very poor and good/fair. Stranding locations were also regrouped based on geographical proximities and the presence of high-site fidelity populations: Eastern islands (Fuerteventura and Lanzarote), Western Islands (El Hierro and La Palma), La Gomera and Tenerife, and Gran Canaria. Statistical significance was set at p < 0.05. Data were analyzed using the R package, version 3.3.1 (43).



RESULTS

Between January 2000 and December 2017, a total of 540 cetaceans stranded along the coasts of the Canarian archipelago were necropsied. A pathological entity (category of cause of death) was identified in 432 cases. Of them, 27 individuals (6.3%) presented severe lesions consistent with aggressive intra-interspecific interactions. In 88.9% (24/27) of the cases, social traumatic interactions between cetaceans of the same or different species produced blunt-force traumas that led to death. In 11.1% (3/27) of the cases, the animals died due to fatal accidents while foraging on potential prey (squid or stingray) (Table 1). Two out of 27 affected cetaceans were found stranded alive (case no 14 and 18).


Table 1. Twenty-seven cetaceans dead due to traumatic intra-interspecific interaction the Canary Islands (from January 2000 to December 2017), between cetaceans (n = 24) or because a failure in the predation (n = 3).
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SOCIAL TRAUMATIC INTERACTIONS BETWEEN CETACEANS


Gross Findings

All the animals diagnosed with intra-interspecific trauma (24/24) presented multifocal severe vascular changes such as hemorrhages in the blubber; 62.5% (15/24) presented hemorrhages and/or congestion in the central nervous system (Figure 1F); 54.2% (13/24) presented subcutaneous hematomas (Figures 1C,D); 50% (12/24) presented hemothorax; 29.2% (7/24) presented hemoabdomen, and 4.2% (1/24) presented hemopericardium (Table 2).


[image: Figure 1]
FIGURE 1. Gross findings of social traumatic intra-interspecific interaction between cetaceans. (A) Right lateral view of the peduncle of an adult Cuvier's beaked whale with severe multifocal tooth-rake marks compatible with killer whale behind the dorsal fin (asterisk and inset) and along the dorsal part of the peduncle (arrows) (case 27); (B) Left ventrolateral view of the peduncle of a mature female striped dolphin with severe multifocal intraspecific tooth-rake marks (case 4); (C) Left ventrolateral view of head of a striped dolphin calf with a severe multifocal hematoma in the submandibular region (case 16); (D) Left ventrolateral view of a calf short-finned pilot whale with a subcutaneous and muscular hematoma in the abdominal region (case 24); (E) Left ventrolateral view of the thoracic cavity of a neonate of Atlantic spotted dolphin with a severe hemothorax associated to a perforation of the pleural and pulmonary parenchyma of the left lung, related to focally extensive hemorrhage on the adventitia of the aorta and in the rete mirabile (case 3); and (F) Caudal view of the brain of an Atlantic spotted dolphin adult with a severe diffuse vascular congestion of the meninges and bilateral hemorrhages between brain hemispheres (case 23).



Table 2. Macroscopic findings in cases of social traumatic intra-interspecific interaction between cetaceans (n = 24).

[image: Table 2]

Healed tooth-rake marks (linear non-severe parallel superficial skin lesions) compatible with social intraspecific behavior were observed in 95.8% of the cases (23/24). Severe acute multifocal tooth-rake marks were found in 41.7% of the cases (10/24) (Figures 1A,B). Tooth-rake marks were compatible with killer whale interaction in two pregnant female pigmy sperm whales (cases 9 and 10), a calf short-finned pilot whale (case 22), and an adult Cuvier's beaked whale (case 27). In these cases, 28–43 mm separation between tooth-rake marks was observed but also punctures (Figure 1A). The other four animals, three calves of short-beaked common dolphin (cases 12, 13, and 15) and one adult of Atlantic spotted dolphin (case 19), presented 7–12 mm separation tooth-rake marks compatible with adult bottlenose dolphin interaction (Table 3). Also, intraspecific tooth-rake marks were present in two female striped dolphins (cases 4 and 5), mainly found in genital area (Figure 1B) and head (Table 3).


Table 3. Distance between teeth in four species of small Odontocetes.

[image: Table 3]

Semi-circular parallel multifocal tooth marks without inflammatory or vascular changes in the tissue, mainly in the dorsal or ventral part of the peduncle close to the perineal area, consistent with post-mortem shark bites, were found in 29.2% of the animals (7/24) (cases 8, 9, 10, 22, 24, 25, and 26) (Table 2).

Half of the cases diagnosed with intra-interspecific trauma (12/24) presented bone fractures, and in all of these cases, the fractures involved multiple bones and were bilateral in 5 of them. The thorax was the most affected body region with fractures involving the ribs (cases 2, 4, 5, 11, 12, 13, 15, 19, 23, 25, and 26), thoracic vertebrae (cases 2, 19, and 23), and the scapula (case 2). Other bones were also fractured such as the mandible (cases 2 and 24), the maxilla (case 2), the tympanic and the bones of the temporal region (case 18), and the lumbar vertebrae (case 19). In the case of the ribs, multiple contiguous unilateral rib fractures were most often detected. Only one individual had a single rib fracture (case 19) (Table 2).

Other macroscopic findings observed were: undigested food in the stomach in 37.5% (9/24) of the cases (cases 2, 4, 6, 7, 8, 9, 23, 25, and 26); tracheal edema in 33.3% (8/24) of the cases (cases 1, 4, 6, 9, 10, 16, 18, and 22); and pulmonary perforations in 12.5% (3/24) of the cases (cases 3, 11, and 23) (Figure 1E, Table 2).

Finally, regarding sexually mature animals, three polytraumatized adult female pygmy sperm whales were pregnant (cases 6, 9, and 10). The stranding records of this species in the Canary Islands showed that 85.7% (6/7) of the mature females were also pregnant.



Histological Findings

Histological findings in skeletal muscle included mild to severe acute myonecrosis (segmental degeneration with hyalinized eosinophilic sarcoplasm and hypercontraction) in 70.8% (17/24) of the cases (Figures 2A,B). These lesions were severe in 29.2% (7/24) of the cases, moderate in 25% (6/24) and mild in 16.6% (4/24). Regarding cardiac muscle, degenerative changes such as juxtanuclear vacuolization and increased acidophilic cytoplasm of the myocardiocytes were present in 66.7% (14/21) of the cases (Figure 2C), being in 4.8% (1/21) of the cases severe, in 28.6% (6/21) moderate, and in 33.3% (7/21) mild.
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FIGURE 2. Histological findings of social traumatic intra-interspecific interaction between cetaceans stained routinely with hematoxylin-eosin. (A) Transversal section of rectus abdominis of an adult short-finned pilot whale with severe multifocal acute degenerative changes (hypercontraction) of muscle fibers (arrows) (case 26) ×10; (B) Longitudinal section of the longissimus dorsi of an adult Cuvier's beaked whale with severe multifocal segmental myodegeneration of muscle fibers (case 27) ×10; (C) Severe multifocal vacuolar degeneration in myocardiocites of a juvenile stripped dolphin (case 5) ×40; and (D) Pigmented intratubular casts in the kidney of an adult stripped dolphin (case 4) ×20.


With respect to the kidney, pigmentary tubulonephrosis with orange-red homogeneous intratubular casts was found in 36.8% (7/19) of the cases (Figure 2D). This finding was severe in 10.5% (2/19) of the cases, moderate in 5.3% (1/19), and mild in 21% (4/19).

In the case of the liver, intracytoplasmic hepatocellular hyaline globules were found in 31.6% (6/19) of the cases, being severe in 10.5% (2/19) of the cases, moderate in 5.3% (1/19), and mild in 16.8% (3/19) of the cases.

Other mild to moderate histological findings included corticomedullary adrenal hemorrhages in 21.4% (3/14) of the animals and bronchiolar sphincter contraction in 17.3% (4/23) of the cases.



Statistical Analysis
 
Species

Eight different species presented lesions consistent with social traumatic intra-interspecific interaction (Table 4). The most affected species was the short-finned pilot whale with 33.3% of the cases (8/24); followed by the pygmy sperm whale, the short-beaked common dolphin, the striped dolphin and the Atlantic spotted dolphin with 12.5% of the cases each of them (3/24); Gervais' beaked whale with 8.3% of the cases (2/24); and Cuvier's beaked whale and common bottlenose dolphin with 4.2% of the cases each (1/24) (Table 4). The prevalence of traumatic intra-interspecific interaction was not statistically significant different between species (p = 0.111).


Table 4. Statistical analysis of the stranded and necropsied cetaceans 2000–2017 (n = 540), focus on traumatic intra-interspecific interaction between cetaceans (n = 24).
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Regarding the most affected species, the short-finned pilot whale, 45 individuals stranded in 18 years, and 17.8% died due to intra-interspecific interaction (8/45). It was remarkable the high prevalence of social traumatic interaction in two infrequent stranded species: Gervais' beaked whale and pygmy sperm whale, with 18.2% (2/11) and 10.3% (3/29) of the necropsied individuals affected, respectively.



Diving Behavior

Although fewer deep-diving cetaceans were necropsied [34.1%; 184/540] compared to shallow diving cetaceans [65.9%; 356/540], more deep divers presented with traumatic intra-interspecific interaction [58.3%; 14/24] (Table 1). Comparing the affected animals with the number of necropsies of each group, 7.6% of deep divers (14/184) presented this pathological entity, while only 2.8% of shallow divers (10/356) were affected. This difference was found statistically significant (p = 0.003) (Table 4).



Coast

The prevalence of strandings per island during the study period was of 38% in Fuerteventura-Lanzarote (205/540), 31.9% in La Gomera-Tenerife (172/540), 27.6% in Gran Canaria (149/540), and 2.6% in El Hierro-La Palma (14/540). However, we found more animals affected by traumatic intra-interspecific interaction in La Gomera-Tenerife [66.7%; 16/24] (Table 1). None of the animals stranded in the western islands of El Hierro-La Palma were affected by this entity. The prevalence of traumatic intra-interspecific interaction between the different coasts was statistically significantly different (p = 0.014) (Table 4 and Figure 3).


[image: Figure 3]
FIGURE 3. Locations (dots) of cetaceans stranded in the Canary Islands with evidence of social traumatic intra-interspecific interaction (n = 24).




Age

The percentage of necropsied animals for each age class were of 43.7% adults (236/540), 29.8% juveniles/subadults (161/540), and 26.3% neonates/calves (142/540). The age class of one animal could not be determined. In contrast, the age class most affected by traumatic intra-interspecific interactions were neonates/calves with 7.7% (11/142), followed by adults with 3.8% (9/236), and juveniles/subadults with 2.5% (4/161) (Table 1). No statistically significant differences (p = 0.094) were found between age classes (Table 4).



Body Condition

The prevalence of cetacean's body condition during the study period were 65.3% good/fair (312/540) and 34.7% poor/very poor (166/540). In 62 cetaceans the body condition could not be determined due to advanced decomposition state. This difference was higher in this entity, in which 70.8% (17/24) of affected cetaceans were in good/fair body condition and only 12.5% presented poor/very poor body condition. This difference was found statistically significant (p = 0.044) (Table 4).



Other Variables With No Statistical Significance (Sex, Mature, and Temporality)

In our study, no statistically significant differences were found in the prevalence of intra-interspecific interaction entity between animals of different sex (p = 0.731) nor sexually mature or immature animals (p = 0.768) (Table 4). Finally, regarding the temporality of stranding events, no trend was detected. The yearly average occurrence of intra-interspecific interactions was 1–2 animals per year (24 cases over 18 years).




Traumatic Death Due to an Accident During Predation: Gross and Histological Findings

In three cases interspecific interaction with potential prey resulted in fatalities. A juvenile false killer whale (case 14) in very poor body condition presented a fatal interaction with a stingray. The main necropsy finding was a full-thickness perforating traumatic necrotizing and granulomatous glossitis and stomatitis involving soft palate (Figure 4A), previously briefly reported by Díaz-Delgado et al. (4). In addition, shark bites along the dorsal fin on both sides of the body with a mild inflammatory reaction (the edges of the wound were enlarged and retracted and the exposed tissue was covered by scarce granulation tissue and fibrin), indicating an antemortem interaction was observed (Figure 4B). Histologically, the perforation of the tongue presented cellular debris, bacteria, neutrophils and necrotic changes in skeletal muscle (hypercontraction and hyalinization of myofibers), surrounded by scarce granulation tissue with associated angiogenesis and fibrosis (Figures 4C,D). Severe changes were observed also in the longissimus dorsi, with multifocal polyphasic myocyte degeneration and necrosis: segmental myonecrosis associated with the stress stranding syndrome, atrophy due to emaciation, and myositis due to the shark bites (7).
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FIGURE 4. Gross and histological findings (hematoxylin-eosin) in a false killer whale (case 14) with fatal interaction with a stingray: (A) Full-thickness perforating glossitis with an intralesional spine of stingray visible on the dorsal surface of the tongue (arrows). Inset: Detail of the spine's tip; (B) Severe antemortem shark bites on the dorsal fin and dorsum, affecting skeletal muscle; (C) Necrotizing and pyogranulomatous glossitis, with acute degenerative changes in the skeletal muscle (asterisk), presence of cellular debris in the spine trajectory (arrow) and granulation tissue (arrowhead) ×4; (D) Detail of the granulation tissue ×20.


The other cases were two Risso's dolphins (cases 17 and 20) with decompression sickness (44). The first animal (case 17) was an immature male with good body condition that presented multifocal lacerations consistent with a live stranding as well as social intra-interspecific interaction marks. The distal segment of a squid tentacle was observed partially fixed on the mandible skin and ring-associated marks were described on the oral cavity and cervical skin. Two additional 110 cm-long tentacles ran through the esophagus associated with acute hemorrhages on the cranial part. A partially digested large squid Ommastrephes bartramii (LeSueur, 1821) was found on the keratinized gastric compartment with abundant dark liquid. Also, non-collapsed lungs with rib marks, marked pleural lymphangiectasia and pulmonary edema filling the trachea were present.

The second animal (case 20) was a mature female with external signs of live stranding in poor body condition, but presented a large undigested squid in the keratinized gastric compartment. Additionally, the left lung was partially collapsed and a 5 cm lung rupture with associated fibrosis and hemorrhage were described on the dorsal aspect. Gross and histologically, both animals presented generalized round to oval intravascular spaces consistent with gas bubbles. Gas analysis of both animals confirmed a systemic decompression sickness (45, 46).




DISCUSSION


Social Traumatic Interactions Between Cetaceans
 
Gross Findings

In this retrospective study, we focused on 24 cases with severe traumatic lesions highly compatible with intra-interspecific interactions (5, 6, 37). We found that blunt traumas were multifocal, with fractures and bruises in different locations affecting both body sides, and in some cases, associated with multiple severe tooth-rake marks. Other findings, such as tracheal edema, undigested food in the stomach, pulmonary perforation, and both, hemothorax and hemoabdomen, were also described.

It is important to emphasize that except for the acute rake marks, none of the lesions described could be considered pathognomonic for this entity, as they can be produced during other traumatic events (i.e., vessel strikes, fishing interactions, or live stranding). Undeniably, severe acute tooth-rake marks are indicative of aggressive interaction with other cetaceans. However, the absence of tooth-rake marks does not rule out this entity. For example, killer whales striking with their snouts produced internal injuries in other cetaceans without causing external wounds (24). Also, blunt-force traumas can be produced by vessel strikes with the hull. However, in vessel strikes, contusions are mostly unidirectional and located on the dorsum (38). Therefore, we should always perform differential diagnoses.

Other traumatic events include fisheries interaction and live strandings. In bycatch cases, the presence of external net marks is a diagnostic key, frequently associated with the presence of undigested food in the stomach or esophagus, red eyes, and disseminated gas bubbles (46). Finally, during active stranding events, multifocal erosions, and lacerations of variable extent can be produced, mainly in ventral parts of the body, flanks, pectoral fins, tail fluke, and rostrum (4). In our study, we discarded cases in which traumatic etiologies other than inter or intraspecific interactions could not be ruled out.



Histological Findings

There was a high prevalence of acute monophasic degeneration of the skeletal muscle and myocardium in the cases diagnosed with intra- interspecific interaction. In fewer cases we observed pigmentary tubulonephrosis, intracytoplasmic hepatocellular hyaline globules, bronchiolar sphincter contraction, and corticomedullary adrenal hemorrhages. These findings have been previously reported in association with stressful agonal events or in severely polytraumatized animals. For example: segmental myodegeneration and contraction band necrosis have been described before in traumatized stranded cetaceans (7); pigmentary tubulonephrosis, as well as hyaline casts, have been associated with capture myopathy in live strandings (47); and the presence of vacuoles, known as hyaline globules, in the hepatocytes and myocardiocytes have been previously reported in acute stressful deaths (4, 41, 48, 49). Thus, histological determination of agonal changes (in skeletal and cardiac muscle, kidneys, lungs, liver, and adrenal glands) can support gross evidence in cases suspected of traumatic intra-interspecific interaction.




Statistical Analysis
 
Species

The Canary waters contain one-third of the cetacean species recorded around the world (Banco de Datos de Biodiversidad de Canarias). In our study, the short-finned pilot whale was the most affected species. The south-west coast of Tenerife holds a resident population of short-finned pilot whales in deep waters from 800 to 2000 m (50). Oremland 2010 supports the hypothesis of intraspecific interaction due to sexual competition in this species. High prevalence of mandibular fractures, 54% (27/50), was described in individuals of both sexes [females with 47% (17/36) and males with 71% (10/14)] of two mass stranding events in North and South Carolina (51). In that research, the prevalence of mandibular fractures increased with the length of the animal, suggesting that the animals may use their heads during fights. In our study, the prevalence of mandibular fractures, as well as cranial fractures, was low [25% (2/8)], while multifocal contusions (6/8) associated with hemothorax (4/8) were more prevalent.

The study of tooth-rake marks allowed us to determine fatal interaction with killer whales in three cetacean species, including a Cuvier's Beaked whale, pygmy sperm whale and short-finned pilot whale. Killer whales have been observed predating Mesoplodon spp. (28) and feeding on fresh carcasses of Cuvier's beaked whales which they probably killed (52). Also, dwarf sperm whales (Kogia sima) have been seen attacked by killer whales in the Bahamas (53). There is also indirect evidence (remnants in the stomach) of killer whales feeding on short-finned pilot whales and pygmy sperm whales, although this evidence did not allow determination of whether the feeding behavior was predation or carrion (24).

In the Canary Islands, killer whales have been sighted in spring and summer, associated with the presence of tuna. Few aggressive encounters between killer whales and short-finned pilot whales have been observed in the Canaries. In one of them, a huge group of short-finned pilot whales was recorded pursuing and deterring a group of killer whales from their territory at the South of La Gomera (http://www.rtvc.es/noticias/video-graban-a-un-grupo-de-calderones-persiguiendo-a-una-familia-de-orcas-en-la-189459.aspx#.XcBOq5r7TIV). On the other hand, a group of killer whales was seen attacking and feeding on two short-finned pilot whales (https://www.antena3.com/noticias/sociedad/un-grupo-de-orcas-atacan-a-dos-calderones-en-tenerife_201807305b5eca210cf267fe6b5e3054.html) in the South of Tenerife. Killer whales have also been observed feeding on two fresh calf carcasses of beaked whales (https://www.elmundo.es/elmundo/2013/08/02/natura/1375440241.html), presumably Mesoplodon spp, and also on a live pygmy sperm whale (https://www.youtube.com/watch?v=8Dxkg0n4rRE) in the Canary Islands.

Tooth-rake marks compatible with bottlenose dolphins were present in two species: short-beaked common dolphin and Atlantic spotted dolphin. Bottlenose dolphins are residents in the Canary Islands (31), and are well-known for interacting aggressively worldwide within these species with different motivations (37). Either way, bottlenose dolphins are well-known for their aggressive interaction with other species (37, 54, 55). Additionally, two females of stripped dolphin presented intraspecific tooth-rake marks. One of them (case no 4) presented clear fresh tooth-rake marks surrounding the genital area, which is highly related with sexual aggressive behavior (1).

Summarizing, deep divers were more attacked by killer whales while shallower species were mainly attacked by bottlenose dolphins in our study.



Diving Behavior

Our results show that deep divers are more prone to intra-interspecific interactions than shallow divers unlike consulted references, in which more encounters have been published about shallow-diving species (e.g., 24, 37, 26, 27, 28). On the other hand, the Canary Islands are known for the presence of deep-diving species, at least one-third of the species recorded. Some deep divers require time resting on the surface, predisposing them to vessel strikes (56), but also potentially making them vulnerable to attacks from predatory cetaceans like killer whales.



Coast

The prevalence of intra-interspecific cases was highest on Tenerife and La Gomera coast. Open water observations in the archipelago support that resident populations of bottlenose dolphins and short-finned pilot whales coexist with the Atlantic spotted dolphin, the short-beaked common dolphin, and the rough-toothed dolphins in La Gomera waters (31). Prey competition due to diet overlap has been postulated to explain cases of lethal interactions between bottlenose dolphins and harbor porpoises (Phocoena phocoena) (21). Behavioral observational studies suggest that traumatic interactions between these species were rare in this area, as cetaceans occupying the same living space are separated by their prey specialization (31). However, as evidenced by our results, fatal traumatic interactions do occur, involving especially bottlenose dolphins and killer whales when present.



Age Class

In our study, 50% of the affected individuals were neonates or calves, although this group represented only 25% of the total studied cases. Three affected calves were short-beaked common dolphins and presented rake marks compatible with the bottlenose dolphin. This species is well-known for infanticide (1, 2) and attacking smaller sized cetaceans such as porpoises (57). In this way, infanticide in bottlenose dolphins, in which neonates (1–1.3 m, 12–25 kg) have similar sizes to adult harbor porpoises (0.74–1.66 m) (57), may be explained as fight practice (6).

Additionally, we found three pregnant pygmy sperm whales with intra-interspecific interactions. Interestingly, 85.7% (6/7) of mature female pygmy sperm whales stranded in the Canary Islands were pregnant. The gestation period in this species is about 9.5–11 months and the length at birth around 1 m (58, 59). In Pinedo (60), some cases of stranded females with calves and fetuses were collected. Thus, concurrent lactation and pregnancy in this species is not unusual (58, 59) and therefore a higher percentage of the female population might be pregnant at one time compared to other species.



Body Condition

This variable was statistically significant in this study as most of the cases presented good/fair body condition. However, the ecological and pathological meaning of this result remains unknown as good/fair body condition is a common finding (65%) in cetaceans in this archipelago, based on our stranding data.




Traumatic Death Due to an Accident During Predation

Predation also has its risks: dislocation of the larynx has been reported in bottlenose dolphins due to the ingestion of a black margate (Anisotremus surinamensis) (61) and a beheaded sheepshead (Archosargus probatocephalus) (62), asphyxia due to obstruction of the airway was reported in long-finned pilot whales (Globicephala melas) with a common sole (Solea solea) (63) and a European eel (Anguilla anguilla) (64), and inflammation of the throat produced by ingested fish species with strong dorsal spines lead to the death of some bottlenose dolphins (65, 66).

In three of our cases, the death of the animals was directly associated with an accident during predation. A false killer whale (case 14) presented an intralesional stingray spine in the tongue causing severe chronic perforating glossitis and stomatitis (4). This animal also presented with severe muscular atrophy due to starvation, muscular degenerative changes due to an active stranding, and antemortem shark bites (7). Fatal interactions between dolphins and stingrays have been well-documented. In bottlenose dolphins, abdominal and lateral chest perforations, organ punctures (in liver, pancreas, esophagus, stomach, heart, lung, and trachea) (66, 67), caudal vena cava perforations (68), and an intestinal concretion with intralesional stingray spines (69) have all been reported. In addition, an accidental finding of a stingray spine was reported in the right scapula of a bottlenose dolphin from South Carolina, USA (70). Also, there is a report of esophageal perforation by a stingray spine in a killer whale (71). To our knowledge this was the first report of a false killer whale fatal predation accident with a stingray.

Finally, two Risso's dolphins (cases 17 and 20) presented fatal interaction with large squids and died from decompression sickness (44). The dolphins presented evidence or struggling/fighting with the squid. In consulted references, an adult shallow Indo-Pacific bottlenose dolphin (Tursiops aduncus) died by suffocation due to fatal octopus ingestion in Bunbury, Western Australia (72). As in case 17, some octopus' arms protruded from the mouth of the dolphin and suckers were firmly adhered to the caudal tongue, pharynx, and the esophageal mucosa, producing red-purple circular umbilicated lesions (72). Also, hyperinflated lungs with marked rib impressions were described. In shallow depths of the same area, adult Indo-Pacific bottlenose dolphins have been seen handling octopus (73). Poorly handled prey items can be fatal (73). In Stephens et al. (72), the “goosebeak” larynx of the dolphin was displaced, compressed ventrally, and obstructed with a remaining tentacle. In our cases 17 and 20, no larynx dislocation was present, but struggling with the squid may have resulted in severe alterations in the diving profile and physiologically induced formation of gas emboli (44).




CONCLUSIONS

This is the first study with a focus on traumatic intra-interspecific interaction between cetaceans in the Canary Islands. The full anatomopathological study is necessary to reach a traumatic intra-interspecific interaction diagnosis and to differentiate it from other traumatic etiologies. We described acute severe tooth-rake marks compatible with killer whales and bottlenose dolphins in five species (pigmy sperm whale, Cuvier's beaked whale, short-finned pilot whale, short-beaked common dolphin, and Atlantic spotted dolphin), and intraspecific aggressive tooth-rake marks in stripped dolphin. The aggressor species was identified based on inter-tooth distances. Deep-divers, in good body condition, and/or stranded nearby La Gomera and Tenerife were more affected by social traumatic interaction in this study.

We encourage open water observations and further pathological studies to better understand the origin of this natural behavior, sometimes lethal.
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The gray whale (Eschrichtius robustus) is recognized as two geographically isolated and somewhat genetically distinct populations, with recent evidence showing exchange that questions the degree of isolation. The western gray whale subpopulation is currently listed as critically endangered, as designated by the IUCN, whereas the eastern North Pacific population is listed by the IUCN as “Least Concern.” The International Whaling Commission has stressed the value of studies on feeding ecology and contaminants for the western subpopulation. Our objective was to test for differences among epidermal tissue strata as part of an optimization effort to best use and interpret data from small biopsy samples. Fresh to moderately decomposed full thickness samples of epidermis and dermis were collected from stranded eastern gray whales along the California coast, United States (N: 14), and biopsy samples (N: 10) were collected from free-ranging western gray whales. We determined 13C and 15N stable isotope ratios (δ13C, δ15N); and total Hg concentrations ([THg]) from histologically different strata of epidermal tissue samples from the eastern gray whale population The information from these assessments (stranded whale samples) were directly applied for determining δ13C and δ15N from biopsies collected remotely from free-ranging western gray whales, as well as evaluating [THg]. We found a significant difference in [THg] values between the different strata. This has implications for analyzing Hg, and possibly other elements, from an epidermal biopsy from a free-ranging gray whale, and we recommend identifying which stratum/strata the biopsy represents. There were no significant differences in δ13C and δ15N values between the different strata, making epidermal biopsies from free-ranging gray whales an ideal sampling method to investigate δ13C and δ15N ratios regardless of strata representation.
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INTRODUCTION

Gray whales (Eschrichtius robustus) inhabit shallow coastal waters in the eastern and western coastlines of the North Pacific and are recognized as two geographically isolated and somewhat genetically distinct populations (Bradford et al., 2008; Bickham et al., 2013; Brüniche-Olsen et al., 2018a), with recent evidence showing some exchange (Weller et al., 2012; Lang et al., 2014; Mate et al., 2015; Brüniche-Olsen et al., 2018a). The western gray whale subpopulation is currently listed as critically endangered, as designated by the IUCN, whereas the eastern North Pacific population is listed by the IUCN as “Least Concern” (IUCN, 2012). The International Whaling Commission (IWC) and the IUCN have stressed the value of studies on factors that could impact recovery of the western subpopulation (Bickham et al., 2013). A research program to evaluate the western population’s biology was initiated in 1997 as a collaboration between Russian and United States scientists. The study is focused around the primary western gray whale feeding ground, which is located off the northeastern coast of Sakhalin Island, Russia, in the Okhotsk Sea, and is considered to provide access to most of the western gray whale population (Bradford et al., 2008; Bickham et al., 2013; Brüniche-Olsen et al., 2018b).

Some contaminants are known to bioaccumulate and biomagnify in marine mammals in the North Pacific and Arctic (Dietz et al., 2013). Hg concentrations have increased in Arctic environments during the past 150 years, leading to more than 92% of Hg body burden in higher trophic level species possibly originating from anthropogenic activities (Dietz et al., 2009). The relative longevity of gray whales sets the stage for bioaccumulation, but gray whales primarily feed on lower trophic levels of benthic invertebrates (Dehn et al., 2006a, b; Horstmann-Dehn et al., 2012) as compared to piscivorous cetaceans well known to have much higher Hg tissue concentrations. It is challenging to measure adverse effects from Hg in free-ranging species, but reports from pinnipeds (Van-Hoomissen et al., 2015; Kennedy et al., 2019) suggests an increase in abnormal behavior and a decrease in haptoglobin levels, associated with increased Hg concentrations. Previous reports have documented Hg concentrations in subsistence hunted gray whales (Tilbury et al., 2002; Dehn et al., 2006a), and from stranded gray whales (Varanasi et al., 1994). In contrast, there is no documentation of Hg concentrations sampled from living free-ranging gray whales, possibly biasing the reported Hg concentrations for this species. Biopsies collected remotely by boat from live animals will typically provide only a small sample of skin (epidermis and dermis). Thus, it is important to know difference in Hg concentration for the different epidermal layers as the proportion of strata may vary biologically based on sample collection dynamics (e.g., full thickness epidermis or not, angle of biopsy through the epidermis). The structure of cetacean epidermis is different from other mammals. The epidermis consists of three strata, in contrast to five strata in most terrestrial mammals. Strata granulosum and lucidum which are found in most mammals are absent in cetaceans (Sokolov, 1962; Reeb et al., 2007). Evidence shows that epidermal conditions alter Hg deposition in bottlenose dolphin (Tursiops truncatus), with a positive relationship between Hg concentrations and age, and a negative relationship with height of stratum spinosum (Miller et al., 2011). Hg analysis in different epidermal strata was previously done in beluga (Delphinapterus leucas) and narwhal (Monodon monoceros) (Wagemann and Kozlowska, 2005), but to our knowledge it has not been previously analyzed in gray whales.

Assessments of feeding ecology are also important in long-lived cetaceans. Ratios of stable isotopes of carbon-13 and nitrogen-15 have been used extensively to trace pathways of organic matter and complexity of trophic levels (Rounick and Winterbourn, 1986; Caraveo-Patino and Soto, 2005; Dehn et al., 2006b; Horstmann-Dehn et al., 2012) as well as movement (migration) between regions with varying isotopic signatures (Hoekstra et al., 2002). The eastern gray whale population migrates from their summer feeding grounds in Alaska to their winter grounds in Baja California Sur, Mexico. The western gray whale population has its summer feeding grounds in the Okhotsk Sea, and migrates south along the eastern coast of northern Asia to their winter breeding grounds thought to be along the coast of southern China (Bradford et al., 2008; Weller et al., 2012; Brüniche-Olsen et al., 2018b). Gray whales are benthic feeders filtering sediment for their primary prey of ampeliscid amphipods (Ampelisca macrocephala) (Caraveo-Patino and Soto, 2005; Dehn et al., 2006a; Caraveo-Patino et al., 2007). It had been generally accepted that gray whales only feed during summer, but δ13C and δ15N values have shown large variability in stable isotope composition during the winter months (Caraveo-Patino et al., 2007) indicating feeding behavior may be more complicated and worthy of temporal and spatial assessment for both eastern and western gray whales.

The critically endangered western gray whale population is dangerous to approach and difficult to study in the remote marine environment of the subarctic and Arctic. Biological studies of this species rarely provide robust sample materials unless a stranding occurs near an established network of responders (e.g., central California) or from well-coordinated sampling of subsistence harvested whales (Russia). Biopsy samples collected by remote sampling from boats often result in small samples of epidermal tissue with varying amounts of underlying tissue (“blubber”). Gray whale epidermis samples were morphologically and functionally divided into three distinct layers for this study: stratum corneum, stratum spinosum, and stratum basale. The epidermis and dermis interdigitate for structural support resulting in mixing of the stratum spinosum and stratum basale (Reeb et al., 2007).

In this study, we determined 13C and 15N stable isotope ratio values (δ13C, δ15N) and total Hg concentrations ([THg]) from histologically different strata of epidermal tissue samples from the eastern gray whale population where sample mass was generous. Our aim was to assess if obtaining a full depth proportionally representative biopsy sample is critical in preventing biases for Hg, and δ13C and δ15N measurements that may be introduced from a partial depth epidermis sample. In addition, these represent background data for this region and time of year. Previous studies on gray whales found that lipid extractions changes δ13C ratios in the epidermis (Horstmann-Dehn et al., 2012), and we conducted our stable isotope analysis both before and after lipid extraction for the eastern gray whale samples. The information gained from assessing full depth biopsies from stranded gray whales, is directly applied when we report δ13C and δ15N from biopsies collected remotely from free-ranging western gray whales of expected extremely limited epidermal mass.



MATERIALS AND METHODS


Collection and Storage: Eastern Gray Whale Samples

From 2000–2011 fresh to moderately decomposed (code 2–3, Raverty et al., 2018) full thickness samples of epidermis and dermis were collected from stranded eastern gray whales along the California coast, United States (N = 15). The animals ranged from calves to adults, with 9 males, 5 females and one unknown sex. The samples were obtained through a collaboration with The Marine Mammal Center (TMMC, Sausalito, CA, United States; MMPA permit No. 932-1905-00/MA-009526 to Frances Gulland). Samples were stored at −80°C prior to and after shipping and shipped on dry ice. Total mercury concentration ([THg]) and carbon (C) and nitrogen (N) stable isotope analyses were conducted at the University of Alaska Fairbanks (UAF), Fairbanks, Alaska (United States). Histologic examination was conducted at the University of Tennessee (UT). Samples and specifically targeted subsamples (e.g., individual layers) provided ample amounts (mass) with full thickness epidermis, dermis and hypodermis abundantly available from these stranded animals relative to biopsies. Thus, this investigation allowed for sharing among investigators, validation (repeated analyses), and archiving that are not possible with valuable and hard to obtain smaller biopsy samples (described next). Sample collection site on whales could not be standardized because of variation in access based on position of the stranded whales.



Collection and Storage: Western Gray Whale Biopsies (Russia)

Biopsy samples (N = 10) were collected from free-ranging western gray whales off the northeast coast of Sakhalin Island, Russia. Briefly, biopsies were obtained using a 150 lb. draw weight compound crossbow (Barnett RC-150) with 40 mm by 7 mm internal diameter tips arrows (Brüniche-Olsen et al., 2018b). Samples collected in 2011 were obtained through a collaboration with the IWC, Russian Academy of Sciences Severtsov Institute of Ecology and Evolution (IPEE RAS), and National Scientific Center of Marine Biology of the Far East Branch of the Russian Academy of Science (NNTsMB DVO RAN). The 2011 samples were imported frozen from Russia to the NOAA Southwest Fisheries Science Center, La Jolla, CA by the IWC and then to Texas Tech University under CITES permit 11US774223/9. Samples collected in 2013 were obtained through a collaboration with the Western Gray Whale Monitoring Program that Exxon Neftegas Limited and Sakhalin Energy Investment Company have conducted since 2002. These samples were imported frozen from Russia to Texas Tech University under CITES permit 13US082589/9. All frozen subsamples were subsequently shipped from Texas Tech University on dry ice to UAF for analyses. Frozen samples were stored at −80°C until analysis. Research was completed under NMFS permits No. 932-1905-00/MA-009526 and No. 932-1905-01/MA-009526-01.



Histology

Previously frozen tissues from the eastern population (stranded animals) were fixed in 10% formalin, routinely processed, sectioned at approximately 5 μm, placed on glass slides, stained with Hematoxylin and Eosin (H&E), and viewed using light microscopy. Photomicrographs of the sections were taken using an Olympus dp71 camera (Olympus America, Inc., 3500 Corporate Parkway, Center Valley, PA, United States), layers were identified as stratum corneum, stratum spinosum, and stratum basale, with significant interdigitation between stratum spinosum and stratum basale near the base of the epidermis (Figure 1).
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FIGURE 1. Gray whale epidermis is morphologically and functionally divided into three distinct layers for this study: stratum corneum (C), stratum spinosum, and stratum basale. Depth 1 (D1) includes only stratum spinosum and is equal to the top layer of the spinosum. Depth 2 (D2) is the distal portion of the epidermal-dermal interdigitation area and is composed of primarily stratum spinosum, with little stratum basale. Depth 3 (D3) is the proximal portion of the epidermal-dermal interdigitation area and is composed of primarily stratum basale, with little stratum spinosum.




Chemical Analyses; Mercury

Total mercury (THg) analysis was only conducted for the eastern gray whales due to limitation in biopsy sample size from the western gray whales. Determination of THg concentration ([THg]) was performed at the Wildlife Toxicology Laboratory (WTL) at UAF. Gray whale epidermis has three distinct morphological and functional layers for our purposes: the protective outer layer, stratum corneum (C); the middle layer, stratum spinosum; and the regenerative layer, stratum basale (Reeb et al., 2007). Based on structural analysis (histologic), samples of epidermis from 15 stranded whales were sectioned to provide the corneum and 3 equal depths for the rest of the epidermis – C (stratum corneum), D1 (only stratum spinosum), D2 (primarily stratum spinosum) and D3 (primarily stratum basale, Figure 1). The stratum corneum was easily identified visually and was removed with a clean scalpel. The remaining epidermis was then divided into three equal layers (D1–D3), removing all traces of underlying hypodermis from D3.

Subsamples from each depth were freeze-dried for 48 h and water content was calculated by subtraction of dry mass from wet mass. Dried samples were ground to a fine, homogenous powder with a cryomill. The [THg] was measured in triplicate using a direct mercury analyzer (DMA80; Milestone Inc., 25 Controls Drive, Shelton, CT, United States) according to EPA method 7473 (Castellini et al., 2012; Rea et al., 2013). Data for [THg] are reported on both a wet weight (ww) and dry weight (dw) basis. Quality control included measurement of blanks, liquid standards (3 ng THg at 0.100 μg/g) and certified reference materials IAEA 086 Hair (0.573 μg/g) and DORM 3 (0.355 μg/g) with each analytical run. Percent recoveries (mean ± SD) for liquid standards, IAEA 086, and DORM 3 were 96.7 ± 2.7, 102.4 ± 3.5 and 114.5 ± 2.6, respectively. Detection limit for [THg]dw was 0.008 μg/g for a 30 mg dry sample (0.25 ng THg). Three individuals had [THg] below the detection limit and have not been included in comparisons of epidermal layers. Thus, [THg] data represents 12 of 15 whales.



Chemical Analyses; C and N Stable Isotope Ratios

Isotopic ratios of carbon (δ13C) and nitrogen (δ15N) were analyzed at the Alaska Stable Isotope Facility at UAF by combustion using a continuous flow isotope ratio mass spectrometer according to methods described in Rea et al. (2013). Isotopic analyses are expressed in delta (δ) notation relative to an international standard (Vienna PeeDee Belemnite for δ13C and atmospheric air for δ15N) in parts per thousand (‰, Bond and Hobson, 2012). The mean analytical precision was determined using working laboratory standards (Sigma Chemical Co., Highland, IL, United States; mean δ13C = −15.82 ‰ and mean δ15N = 7.02 ‰) across separate sample runs and instrument precision was 0.1 ‰ for δ13C and 0.2 ‰ for δ15N. Enrichment of the heavy isotope of a particular element was reported using the following notation and equation:
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Where the differential notation (δR) represents the relative difference between isotopic ratios of the sample and standard gases (i.e., 13C/12C, 15N/14N).

Due to the limited amount of tissue available from biopsy samples (western gray whales), full thickness epidermis samples from stranded eastern gray whales were used to evaluate potential variability of δ13C and δ15N values based on epidermal depth in gray whale populations. Distinct sampling layers for C and N stable isotope analysis were the same as those used for THg analysis described above.

Biopsies from epidermis of western gray whales (frozen, not stored in ethanol) were very small (4–40 mg). Most samples had a small amount of hypodermis attached which was removed with a clean scalpel, being careful to preserve as much epidermis as possible. Enough tissue was recovered from 10 individuals (3 from 2011, 7 from 2013) to measure C and N stable isotopes from the D3 layer (based on presence of hypodermis). Epidermal samples from both eastern gray whales (subsampled by layer) and western gray whales (biopsies) were freeze-dried for 48 h and homogenized using a tissue mill or Wig-L-BugTM (depending on sample size) in the WTL. Stable isotope ratios of C and N were measured before and after lipid extractions for eastern gray whales as sample mass was abundant. For western gray whales, tissue samples were too small and stable isotope analysis could only be done once without lipid extractions. Lipid extractions followed the method described in Cyr et al. (2019), where 1.0–2.0 g of freeze-dried sample muscle was rinsed three times in a mixture of 2:1 chloroform: methanol for 15 min, air dried overnight, then freeze-dried for 24 h.



Statistical Analysis

All statistical analyses were performed as linear models in the statistical software R, version 3.1.1 (R Development Core Team, 2014) and SigmaPlot 11.0 (Systat Software, Inc.). Tissue variables analyzed included [THg]dw, [THg]ww, δ13C and δ15N from the three different epidermal strata, sectioned in four different layers (C, D1, D2, and D3), both before and after lipid extraction. We tested for normality with histogram, fitted values and theoretical quantiles (Normal Q-Q plot). Water content, [THg]dw and [THg]ww from different epidermal layers were analyzed using Friedman repeated measures ANOVA on ranks followed by post hoc Tukey multiple pairwise comparison tests. Comparisons of C and N stable isotope ratios between the two populations were made with ANOVA. Comparison of 13C and 15N stable isotopes before and after lipid extractions were made using repeated measures ANOVA followed by post hoc Holm-Sidak multiple pairwise comparison tests. Summary statistics for all variables were calculated with Microsoft Excel®. For all statistical analysis, we considered p values less than 0.05 significant.




RESULTS


Total Mercury

Total mercury concentration was measured in four different epidermal depths for the eastern gray whale samples (Figure 2). The mean and standard deviation (SD) of [THg] measured in wet weight and dry weight, water content and lipid content, from four different layers (for the eastern population) are reported in Table 1. There was a significant difference in water content between sectioned epidermal layers (Õ2 = 25.10, 3DF, p < 0.001), with corneum having significantly lower water content than D2 or D3 (p < 0.05). There was a significant difference in [THg] represented as both dry weight (dw) and wet weight (ww) concentrations from the different epidermal layers (X2 = 25.2, 3DF, p < 0.001 and X2 = 19.6, 3DF, p < 0.001, respectively). The pattern of significant differences (p < 0.05) between layers was different for [THg]dw compared to [THg]ww, as illustrated in Figures 2A,B, respectively.


TABLE 1. Water and lipid content and values of carbon and nitrogen stable isotopes (δ13C and δ15N) from different epidermal strata; corneum, spinosum (Depth (D) 1 and 2) and basale (D3)1 of eastern and western gray whales.
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FIGURE 2. Total mercury concentrations ([THg]) in dry weight (A) and wet weight (B) for eastern gray whales (N = 15) from different epidermal strata; corneum, spinosum (Depth (D) 1 and 2) and basale (D3). Statistically significant differences in [THg] between strata (p < 0.05) are indicated by different lower case letters.


The greatest individual [THg]dw measured was 98.92 ng/g (0.098 μg/g) in D2. There were three calves in the data set, and all had [THg]dw < 8.0 ng/g. In contrast, the lowest value measured in an adult was 29.58 ng/g measured in D3.



Stable Isotopes (Carbon-13 and Nitrogen-15; δ13C and δ15N)

For the eastern population the mean and SD of δ13C and δ15N measured from four different layers are reported in Table 1. The chemical analyses for δ13C and δ15N in eastern gray whales were conducted with and without lipid extraction. For samples that were not lipid extracted there was no significant difference in δ15N (F3,42 = 1.84, p = 0.15) or δ13C (F3,42 = 1.77, p = 0.17) values measured from the different epidermal layers for the eastern gray whale samples. These findings were consistent after lipid extraction with no significant difference in δ15N values (F3,41 = 0.652, p = 0.586) or δ13C values (F3,41 = 1.838, p = 0.155) measured from the different epidermal layers. As expected, there was a significant association between both δ15N (slope = 1.017, R2 = 0.93, p < 0.01) and δ13C (slope = 1.22, R2 = 0.86, p < 0.01) before and after lipid extraction (Figure 3) and both δ15N and δ13C were significantly enriched in the heavy isotope in lipid extracted versus non-lipid extracted samples in all epidermal layers (p < 0.001 for all pairwise comparisons). The absolute difference between lipid and non-lipid extracted samples was relatively small for δ15N (0.34 ± 0.20 ‰, maximum = 1.08 ‰), while effect of lipid extraction on δ13C was more variable (0.44 ± 0.58 ‰, maximum = 3.16 ‰).
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FIGURE 3. Comparison of nitrogen-15 (A) and carbon-13 (B) stable isotopes ratios (δ13C and δ15N) from different epidermal strata from eastern gray whales (N = 15); corneum (Layer C), spinosum (Layers D1 and D2) and basale (Layer D3) with and without lipid extraction.


Due to very small tissue volume the δ13C and δ15N values for the western gray whale population were only measured in the D3 as non-lipid extracted samples (Table 1). We found no differences in δ15N or δ13C values as measured in D3 (F1,8 = 1.24, p = 0.29 and F1,8 = 0.86, p = 0.39, respectively) when comparing eastern and western gray whale populations (non-lipid extracted samples).




DISCUSSION

We report [THg], δ15N and δ13C values from stranded animals from the eastern gray whale population; and δ15N and δ13C values from the biopsy sampled western population. The analyses were performed on the histologically distinct epidermal strata to investigate differences between epidermal layers in [THg] and δ15N and δ13C for the eastern population. This evaluation was directly applied to assist with analyzing and reporting δ15N and δ13C values from biopsies of living free-ranging gray whales from the western population as we considered use of the small but valuable biopsy material.

Mercury levels in arctic marine habitats have increased 92% in the last 150 years, and it continues to be important to conduct biomonitoring for Hg in long-lived marine mammals (Dietz et al., 2013; Peterson et al., 2016). The [THg] found in epidermal tissues in this study are higher than reported by Dehn et al. (2006a), but lower than reported by Varanasi et al. (1994) and Tilbury et al. (2002). As expected, calves had the lowest values. Using a small epidermal biopsy collected from a free-ranging animal for Hg biomonitoring in cetaceans is a valuable approach. This is analogous to use of hair and fur in pinnipeds to monitor Hg exposure (Rea et al., 2013; Van-Hoomissen et al., 2015; Peterson et al., 2016). However, as we have shown here, there are significant differences in [THg] between the different epidermal strata, with greatest [THg]dw occurring in D1 and D2. The relatively high [THg]ww in the corneum reflects lower water content in that layer (60.0 ± 0.07% water compared to 70.8 ± 2.9, 73.0 ± 2.4, and 72.0 ± 2.9% water in layers D1–D3 of the spinosum, respectively) and demonstrates the utility of comparing [THg] on both a wet and dry mass basis. Thus, determining which strata and representation of the concentration (wet or dry weight) best correlates with other tissues would be a logical next step. A previous study found that epidermal levels of Hg were weakly correlated with blubber, kidney, muscle, and liver concentrations in bowhead whales (Balaena mysticetus) (O’Hara et al., 2008). In bottlenose dolphins, epidermal Hg was closely correlated with whole blood making epidermal samples valuable for biomonitoring in this species (Woshner et al., 2008), and epidermal condition drives [THg] deposition in this tissue (Miller et al., 2011). For gray whales, further sampling should be conducted to establish correlations between epidermis and other tissues and among populations and cohorts (calves, subadults, adults) where access to stranded and subsistence harvested (Russia) whales allows a multiple tissue study design to improve interpretation of epidermal biopsies. These proposed studies could include other elements of interest such as zinc, cadmium, selenium, and lead when tissue sample weight allows.

When the distinct epidermal strata were compared in samples collected from stranded whales, we found no difference in δ13C or δ15N ratios. We do not expect the stable isotope ratios for carbon-13 and nitrogen-15 to change between fresh to moderately decomposed samples and living animals (Payo-Payo et al., 2013). This indicates biopsy sampling, allowing only for marginal tissue size, from free-ranging gray whales to study these isotopes does not require consideration of the anatomic structure of epidermis for δ13C and δ15N. We also found similar significant associations between lipid extracted and non-lipid extracted samples, although the lipid extracted samples were significantly enriched in both the 15Nitrogen and 13Carbon across strata compared to non-lipid extracted samples.

Gray whales have higher δ13C values compared to other baleen whales, likely due to their feeding habit of filtering out invertebrates from sediment in the benthic ecosystems (Dehn et al., 2006b; Horstmann-Dehn et al., 2012). The δ15N values were similar to values reported previously (Dehn et al., 2006a; Caraveo-Patino et al., 2007; Horstmann-Dehn et al., 2012), demonstrating a low trophic level and prey based on benthic gammaridean amphipods (Dehn et al., 2006a). Hoekstra et al. (2002), Gendron et al. (2015) demonstrated how tissue measures of δ13C were seasonally variable related to the migration of bowhead whales, and studies of δ13C in eastern gray whales have shown that this population likely feed during their time at the winter breeding grounds (Caraveo-Patino and Soto, 2005; Caraveo-Patino et al., 2007). Future studies might elucidate the western population of gray whales’ geographical winter range and possible temporal and spatial changes with extended monitoring and research using C and N stable isotope ratios. Our finding that δ13C and δ15N ratios do not vary in the different epidermal strata, makes a small biopsy from the endangered free-ranging western gray whales suitable for such analyses.

To maximize information obtained from each small biopsy sample from the free-ranging gray whales, histologic analyses were performed on samples collected from stranded eastern gray whale epidermis. We found that the protective corneum layer was about one tenth of the spinosum layer. In the D3 layer rete pegs interdigitate with papillae from the dermis for support, much like other cetacean epidermal tissues (Reeb et al., 2007; Miller et al., 2011). Structural studies of cetacean epidermal tissues are important for studies of free-ranging whale biopsies to assess such things as contaminants, skin lesions/disease, body condition, etc (Wagemann and Kozlowska, 2005; Woshner et al., 2008; Miller et al., 2011). Epidermal biopsies are difficult to obtain and very valuable, and the information gained helps determine whether biopsy testing may target specific strata to minimize waste of tissue and possibly enhance comparisons among whales (reduced variability in values that may be driven by strata type).



CONCLUSION

Epidermal tissues collected from stranded eastern gray whales were used to evaluate [THg] measures, and δ13C and δ15N ratios between the corneum, stratum spinosum and stratum basale. We found a significant difference in [THg] between the different strata, represented as both ww and dw. This has implications for analyzing Hg from an epidermal biopsy from a free-ranging gray whale, and we recommend identifying which stratum the biopsy represents. For these comparisons of Hg concentrations between strata it is important the comparison is done on a wet mass basis as% water is one of the main factors driving the [THg] differences between the epidermal layers. There were, however, no significant difference in δ13C and δ15N values between the different strata, making epidermal biopsies from free-ranging whales an ideal sampling method to investigate δ13C and δ15N relationships that can be conducted independent of strata identification.
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The harbor seal (Phoca vitulina richardii) population in the Salish Sea has been at equilibrium since the mid-1990s. This stable population of marine mammals resides relatively close to shore near a large human population and offers a novel opportunity to evaluate whether disease acts in a density-dependent manner to limit population growth. We conducted a retrospective analysis of harbor seal stranding and necropsy findings in the San Juan Islands sub-population to assess age-related stranding trends and causes of mortality. Between January 01, 2002 and December 31, 2018, we detected 882 harbor seals that stranded and died in San Juan County and conducted necropsies on 244 of these animals to determine primary and contributing causes of death. Age-related seasonal patterns of stranded animals were evident, with pups found in the summer, weaned pups primarily recovered during fall, and adults and sub-adults recovered in summer and fall. Pups were the most vulnerable to mortality (64% of strandings). Pups predominantly died of nutritional causes (emaciation) (70%), whereas sub-adults and adults presented primarily with clinical signs and gross lesions of infectious disease (42%) and with non-anthropogenic trauma (27%). Primary causes of weaned pup mortality were distributed equally among nutritional, infectious, non-anthropogenic trauma, and anthropogenic trauma categories. Nutritional causes of mortality in pups were likely related to limitations in mid- and late-gestational maternal nutrition, post-partum mismothering, or maternal separation possibly related to human disturbance. Infectious causes were contributing factors in 33% of pups dying of nutritional causes (primarily emaciation–malnutrition syndrome), suggesting an interaction between poor nutritional condition and enhanced susceptibility to infectious diseases. Additional primary causes of harbor seal mortality were related to congenital disorders, predation, human interaction, and infections, including zoonotic and multidrug-resistant pathogens. Bottom-up nutritional limitations for pups, in part possibly related to human disturbance, as well as top-down predatory influences (likely under-represented through strandings) and infectious disease, are important regulators of population growth in this stable, recovered marine mammal population.
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INTRODUCTION

Carrying capacity is a density-dependent phenomenon shaped by the interdependent relationships between consumers and the finite resources that control their population growth (del Monte-Luna et al., 2004). For abundant and stable populations, growth is limited by effects on reproduction and survivorship (Fowler, 1981). In birds and mammals, especially those with low reproductive rates and long lifespans, infection, starvation, and predation can act independently or synergistically in a density-dependent manner to limit growth in populations near carrying capacity (Leader-Williams, 1982; Sinclair, 1985; Sullivan, 1989; Goss-Custard et al., 2002; Benskin et al., 2009). Across vertebrate taxa, juveniles appear to be the age class most susceptible to density-dependent mortality for populations at carrying capacity (Guinness et al., 1978; Sullivan, 1989; Linnell et al., 1995). Although it is well accepted that disease is an important factor that can control wild population status and growth (e.g., May and Anderson, 1979; Deem et al., 2001), few studies have assessed cause-specific mortality in wild animal populations at carrying capacity.

Harbor seals (Phoca vitulina) are small phocids distributed along the temperate coastal regions of Asia, Europe, and North America. While infectious diseases are well documented in harbor seals, few reports detail causes of mortality in populations at carrying capacity. Even a major epizootic caused by an influenza virus (A/Seal/Mass/1/80 H7N7) that killed hundreds of seals along the New England coast (United States) in 1979 had a conspicuous local geographic effect but no apparent population-level impact (Geraci et al., 1982). In contrast, the 1988 and 2002 phocine distemper virus epizootics in Europe killed 23,000 and 30,000 harbor seals, respectively, with estimated mortality as high as 57–66% in some populations (Härkönen et al., 2006). In some locations, predation may regulate harbor seal populations. For example, a major decline in harbor seals in the western Gulf of Alaska has been attributed to increased predation by killer whales (Orcinus orca) (Springer et al., 2003), though this claim has been debated (DeMaster et al., 2006). On Sable Island, Nova Scotia (Canada), shark predation was a significant cause of mortality in harbor seal pups and adults and contributed to a decline in the productivity of this small, localized population (Lucas and Stobo, 2000).

Within the Salish Sea, a 16,925 km2 inland sea shared by Washington (United States) and British Columbia (Canada) (Gaydos et al., 2008), the harbor seal population (totaling around 50,000 individuals) has been at equilibrium for over two decades (Jeffries et al., 2003; DFO, 2010; Majewski and Ellis, 2019). Pre-exploitation harbor seal population size in the Salish Sea is unknown, but after the cessation of bounty programs in the early 1960s and the adoption of protective measures in the early 1970s, harbor seal numbers on both sides of the international border increased exponentially until reaching presumed carrying capacity in the mid-1990s. These populations have remained at equilibrium to date.

This stable population of marine mammals that resides relatively close to shore and near large human populations offers a novel opportunity to evaluate mortality in a population at carrying capacity to better understand how disease could limit population growth. We conducted a retrospective analysis of harbor seal stranding data and necropsy findings in the San Juan Islands sub-population to assess age-related stranding trends and causes of mortality. San Juan County, Washington is located in the center of the Salish Sea, is comprised entirely of islands, has nearly 150 haul-out sites used by harbor seals (Jeffries et al., 2000), and has one of the highest harbor seal densities within this inland sea (Jeffries et al., 2003).



MATERIALS AND METHODS


Study Site and Sub-Population

San Juan County (SJC), Washington is comprised of more than 400 rocks and islands with elevations above mean high tide. The county’s land and ocean occupy 450 km2 and 1,160 km2, respectively1. Harbor seals found in SJC are part of Washington’s Inland Stock, specifically the Northern Inland Waters sub-stock (Huber et al., 2012). Aerial surveys were used to count harbor seals in SJC as previously described in Jeffries et al. (2003). Aerial surveys were flown 2 h before to 2 h after low tide during the pupping season when the maximum numbers of animals were hauled out. All known haul-out sites were surveyed, and potential new sites were examined on each survey. A standardized correction factor was applied to correct for the proportion of the population not ashore during the survey.



Carcass Collection and Necropsy

The SJC Marine Mammal Stranding Network is authorized by the United States National Oceanic and Atmospheric Administration, National Marine Fisheries Service to respond to stranded marine mammals in SJC (Permit #18786). Members of the public and field biologists typically report strandings, and network personnel recover carcasses. We analyzed harbor seal stranding and necropsy data from January 01, 2002 to December 31, 2018. Stranding response, necropsy effort, and necropsy procedures were consistent over the study period. Cases used in this study included dead stranded animals or animals that stranded live, were admitted to rehabilitation, and then died or were euthanized (n = 882). Data collected for all recovered carcasses included the date, time, and coordinates of the stranding, age class, sex, weight, axillary girth, straight body length, body condition, postmortem condition, and evidence of human interaction (Geraci and Lounsbury, 2005). Complete necropsies were performed for all seals found in suitable postmortem condition (carcass code 2 or 3; Geraci and Lounsbury, 2005) to determine cause of death and to document health and natural history findings. Briefly, external examinations were performed on fresh, chilled or frozen and thawed carcasses. While sample collection varied based on lesions noted grossly, a standard set of tissues were systematically collected and preserved in 10% neutral buffered formalin for microscopic examination. If present, these included, but were not limited to: adrenal gland, bladder, brain (cerebellum, cerebrum, and brain stem), diaphragm, eye, heart, large and small intestine, kidney, liver, lung, lymph nodes, skeletal muscle, skin, spleen, testicle, thymus, thyroid, tongue, trachea, umbilicus, and uterus. Samples also were placed fresh in sterile packs and frozen for ancillary testing. Aerobic bacteriology was routinely performed and virology if histopathology warranted. As previously described (Ashley et al., 2020), liver was collected from a subset of animals and tested for trace elements. Feces were collected for biotoxins screening as previously described (Lefebvre et al., 2016), macroscopic metazoan parasites were identified to genus or species, and age for some sub-adult and adult seals was determined by cementum analysis of canine teeth. Histopathology and laboratory testing were conducted at the British Columbia Ministry of Agriculture, Animal Health Center (Abbotsford, BC, Canada). Because all harbor seals were dead prior to inclusion in this study, an Institutional Animal Care and Use Committee protocol was not required by the UC Davis Office of Research for this work.



Age and Cause of Death Classifications

As previously described (Lambourn et al., 2013), harbor seals were classified as pups (<2 months), weaned pups (2–12 months), sub-adults (12–48 months), or adults (>48 months). Pups were considered weaned if they (1) had a standard length >90 cm; and/or (2) stranded after October 1 of their first year (Geraci and Lounsbury, 2005). Non-pups were considered adults if they (1) had a standard length >150 cm, (2) were greater than 4 years old based on cementum analysis of a canine tooth, or (3) were females that were pregnant or showed evidence of past reproduction.

Two authors (JG and SR) collaboratively assigned cause of death for each animal using initial stranding reports, gross photographs of lesions, necropsy notes, histopathology, and ancillary diagnostic results. For each animal, we determined the most likely proximate (inciting) cause of death, defined as the disease, disorder, or injury that initiated the animal’s decline and subsequent death. Classifications for proximate cause of death included: congenital; infectious (e.g., bacteria, fungi, and viruses); metabolic; neoplastic; nutritional; parasitic (e.g., metazoan and protozoan); reproductive; non-anthropogenic trauma; anthropogenic trauma; or unknown (Table 1). These categories were adapted from the DAMNIT-V classification system used in veterinary medicine (Lorenz, 2009; Huggins et al., 2015). The same classification scheme was used to identify most likely contributing (secondary and tertiary) causes of death when observed. If an animal was humanely euthanized or died incidentally during rehabilitation, cause of death was assigned based on the pre-existing condition that necessitated euthanasia or rehabilitation. Where possible, we provided additional details on the specific etiology or cause of disease (or death) for each case.


TABLE 1. Causes of death for harbor seals necropsied between 2002 and 2018 in San Juan County, Washington.
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Statistical Analyses

Analyses were performed with R v3.3.3 (R Core Team 2017) using an α-level of 0.05. To analyze seasonal variation in frequency of mortality by age class for all stranded harbor seals, we summarized data by season: winter (December–February); spring (March–May); summer (June–August); and fall (September–November). We performed the chi-square goodness-of-fit test to assess sex bias within each age class for all stranded harbor seals (n = 388 stranded animals with known age and sex). Assuming the harbor seal population has an even (1:1) sex ratio, we used 100 as the expected frequency of males per 100 females in each age class of stranded animals.

We also performed the chi-square goodness-of-fit test to assess whether the sex ratio of necropsied seals (n = 243) differed from those of non-necropsied, stranded seals (n = 145) with known age and sex. We used the proportion of males to females in each age class of stranded harbor seals (excluding necropsied animals) as the expected values. The observed values were the number of males and females in each age class of necropsied seals.

Multiple correspondence analysis (MCA) is a form of multivariate exploratory data analysis used to reveal underlying patterns in datasets encompassing several categorical variables (Greenacre and Blasius, 2006). For MCA, we used only stranding cases categorized into one of the four most common causes of death (infectious, nutritional, anthropogenic trauma, and non-anthropogenic trauma), representing 89% of necropsied harbor seals (144 of 157 pups, 30 of 35 weaned pups, 12 of 12 sub-adults, and 32 of 40 adults). Once categorical variables were transformed into continuous principal components through MCA, hierarchical clustering was performed using the Ward’s criterion to group individuals with shared characteristics. A minimum of three clusters was selected based on partitioning of a hierarchical tree. Statistical analyses and graphics were computed using three R packages: (1) FactoMineR (Lê et al., 2008), (2) factoextra (Kassambara and Mundt, 2017), and (3) ggplot2 (Wickham, 2016).



RESULTS

The SJC harbor seal sub-population grew exponentially between 1970 and the mid-1990s (Figure 1) (Jeffries et al., 2003). Aerial surveys were not conducted again until 2019, when 5,202 harbor seals were reported in SJC (Figure 1) (S. Jeffries, unpublished data).
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FIGURE 1. Logistic growth curve of the harbor seal population in the San Juan Islands (i.e., San Juan County) generated using population counts from aerial surveys conducted between 1970 and 2019 (Jeffries et al., 2003; S. Jeffries, unpublished data).


Between January 01, 2002 and December 31, 2018, we found 847 dead-stranded harbor seals in SJC. An additional 35 stranded and died or were humanely euthanized in rehabilitation. Annually, dead strandings (“strandings” or “stranded” hereafter) ranged from 27 to 93 cases per year with an average of 51.8 (SD = 16.8), and complete necropsies were performed on an average of 28.8% (SD = 6.9%) of stranded seals (Figure 2). Cases of stranded seals and those that were necropsied were well distributed throughout the county (Figure 3).
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FIGURE 2. Annual count of dead stranded harbor seals (including live seals that died or were euthanized in rehabilitation) by year (mean = 51.8 ± SD = 16.8) and annual number of harbor seal necropsies performed (mean = 14.3 ± SD = 3.74) in San Juan County between 2002 and 2018. Line graph is the ratio of harbor seals necropsied per year to the total number of harbor seals dead-stranded per year (mean = 28.8% ± SD = 6.9%).
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FIGURE 3. Known stranding locations of dead harbor seals that were necropsied (closed circles, 85% represented) or were not necropsied (open circles, 79% represented) in San Juan County between 2002 and 2018.


Seasonal patterns were evident for stranded seals by age class: pups were found in the summer, weaned pups were mainly found during fall, and adults and sub-adults were mainly found in summer and fall (Figure 4).
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FIGURE 4. Percentage of stranded harbor seals (n = 882) in San Juan County per age class by season between 2002 and 2018.


For all stranded harbor seals (necropsied animals included), the sex ratio (males per 100 females) for stranded harbor seals where sex and age class were known (n = 388) was 88:100 for pups, 74:100 for weaned pups, 36:100 for sub-adults, and 78:100 for adults. Compared to a hypothetical even sex ratio for stranded animals, only sub-adults diverged [X2 (1, n = 38) = 8.52, p = 0.004]; however, sex was unknown for 36% (21 of 59) of stranded sub-adults.

For necropsied seals with known age class and sex (n = 243), sex ratios diverged from the expected values (proportion of males to females per age class of stranded seals, excluding necropsied seals) only for adults, with the male:female ratio for necropsied seals being 43:100 and expected ratio 188:100 [X2 (1, n = 40) = 20.1, p < 0.001].

The most frequently observed causes of mortality were infectious, nutritional, anthropogenic trauma, and non-anthropogenic trauma, which differed by age class and accounted for 89% of necropsies (Table 1 and Figure 5). Pups primarily died of nutritional causes (70%), whereas sub-adults and adults mainly died of infectious causes (42%) and non-anthropogenic trauma (27%). Weaned pup mortality was distributed equally among the four predominant causes of death. Cause of death could not be determined for thirteen cases (6 pups, 4 weaned pups, and 3 adults).
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FIGURE 5. Major cause of death categories by age class, which accounted for 89% of all deaths in necropsied harbor seals (144 of 157 pups, 30 of 35 weaned pups, 12 of 12 sub-adults, and 32 of 40 adults). Sub-adults are combined with adults due to the small sample size.


The two-dimension MCA solution expressed 33.8% of the total variation contained in the dataset, which was significantly greater than the variation obtained by the 0.95 quantile of random distributions (24.5%). The first and second dimensions used were eigenvalue, 0.54 and 0.39, and inertia, 19.6 and 14.2%. The variables correlated most strongly with each dimension are shown in Supplementary Table 1. Hierarchical clustering analysis on principal components of the MCA revealed that most harbor seal mortalities could be grouped into three clusters based on shared age class, season of stranding, and cause of death. Stranded seals belonging to cluster 1 were pups (p < 0.001, v = 14.6) that died in summer (p < 0.001, v = 10.8) of nutritional causes (p < 0.001, v = 9.69). Cluster 2 was characterized by weaned pups (p < 0.001, v = 10.8) that died of anthropogenic trauma (p < 0.001, v = 6.6) in the fall (p < 0.001, v = 6.69). In cluster 3, adults (p < 0.001, v = 10.7) and sub-adults (p < 0.001, v = 3.76) that died of infectious causes (p < 0.001, v = 6.83) and non-anthropogenic trauma (p = 0.04, v = 2.04) in spring (p < 0.001, v = 6.03) and fall (p = 0.004, v = 2.86) were most strongly represented.

Most pups (70%) exhibited nutritional causes of death with 97% of these diagnosed with emaciation-malnutrition syndrome. Our case definition for this diagnosis was suboptimal body weight compared to known average birth weight and expected daily weight gain based on a random sample published by Cottrell et al. (2002), or as evidenced by lack of subcutaneous adipose layer and prominent boney protuberances, where insufficient nutrition was the driver of body condition loss. A contributing cause of death was identified in 46 cases where the primary cause of death was nutritional, including infection (n = 37) and non-anthropogenic trauma (n = 9). Important contributing infectious diagnoses included omphalitis or omphalophlebitis (n = 25) and phocine herpesvirus-1 associated adrenal adenitis (n = 4) (Himworth et al., 2010). Non-anthropogenic trauma was an important primary cause of death for pups (n = 21). Often the cause of trauma could not be determined, but incomplete predation by mammal-eating killer whales (Orcinus orca) was documented in four cases in addition to the two pups and three weaned pups previously described in Gaydos et al. (2005). As expected, all four cases where congenital disease was the primary cause of death occurred in pups.

The weaned pup age class had the highest number of deaths from anthropogenic trauma (n = 7); all were suspected propeller strikes. Weaned pups also died from non-anthropogenic trauma including suspected predation events. Of the five weaned pups that died of infectious causes, all were in the fall, three were cases of bronchopneumonia, one of pleuropneumonia, and one of encephalitis.

Infectious primary causes of death in adults and sub-adults (affecting 44% of seals in these age classes) were dominated by bacterial bronchopneumonia (17 of 23 cases). With the exception of suspected killer whale predation and one case of esophageal perforation by a spotted ratfish spine (Akmajian et al., 2012), the underlying cause of most non-anthropogenic trauma in adults and sub-adults (n = 14) could not be determined. The only case of neoplasia was an emaciated adult (29-year-old) female that had a perigastric spindle cell tumor in the muscularis at the junction of the esophagus and cardia, which likely impinged upon and interfered with normal gastrointestinal transit.

Of the 12 cases for which the primary cause of death was anthropogenic trauma, nine were propeller strikes (1 pup, 7 weaned pups, and 1 adult) and three were gunshot cases (2 sub-adults, one adult).

Toxins were not identified as a primary cause of death for any harbor seal necropsied in this study. However, one adult female had a liver cadmium (Cd) concentration of 22.6 μg/g wet weight, which exceeds the putative lower limit for renal dysfunction in marine mammals (20 μg/g wet weight; Law, 1996) and is over four times greater than the mean liver Cd concentration observed in adult harbor seals in SJC (Ashley et al., 2020). This seal died of septicemia caused by Streptococcus phocae. Because possible immunosuppression from elevated liver Cd concentrations cannot be discounted, toxins were identified as a contributing cause of death.

Zoonotic pathogens were detected at a low frequency in all age classes and may reflect potential environmental and public health concerns. As previously described, Brucella pinnipedialis was isolated or detected by PCR in two sub-adults and one weaned pup (Lambourn et al., 2013). Salmonella enterica subsp. Arizonae and subsp. Litchfield were isolated from the small intestine of two pups, as was Salmonella typhimurium from the small intestine of a weaned pup. One adult and three pups were infected with parapoxviruses, and it is likely that two of the pups were exposed to the viruses while in rehabilitation. One of these pups was simultaneously infected with methicillin-resistant Staphylococcus aureus (MRSA) that we suspect was acquired during rehabilitation as well. Genotyping of the isolate revealed spa type 1 that could be either CMRSA-5 or CMRSA 7/10, which is equivalent to USA300, the most common community-associated clone in people in some areas, including British Columbia. Multidrug-resistant enterococci, which have emerged as a formidable pathogen associated with serious human infections in hospital settings (Grassotti et al., 2018), were isolated from an adult male seal. Parasitic nematodes in the family Anisakidae were identified in 12 adults, seven sub-adults, and two weaned pups. While not directly transmitted to humans by harbor seals, unembryonated nematode eggs shed by seals can infect crustaceans, squid, and fish when they ingest free-living second-stage larvae. Fish and squid infected with third-stage nematode larvae can then infect humans (Dailey, 2005).

Mucormycosis, an emerging fungal disease in marine mammals of the Pacific Northwest (Huggins et al., 2018), was identified in one sub-adult harbor seal in 2009 and one adult in 2019 (the latter was not included in the dataset for this study). During a 2007 Cryptococcus gattii epizootic in Dall’s porpoises (Phocoenoides dalli) and harbor porpoises (Phocoena phocoena), a sub-adult harbor seal was diagnosed with multisystemic C. gattii infection. The clinical presentation and pathologic findings of this animal were consistent with those described by Rosenberg et al. (2016).



DISCUSSION

Rapid population growth in the SJC harbor seal population plateaued in the mid-1990s (Jeffries et al., 2003). Surveys conducted in 2019 found the harbor seal population to be approximately the same size almost two decades later (Figure 1). While population density could have oscillated during the time when no surveys were conducted (2000–2018), the relatively stable annual stranding patterns we documented (Figure 2) suggest that any changes in harbor seal density were neither as pronounced nor as lasting as the dramatic asymptotic growth documented between 1970 and the mid-1990s, suggesting a population at equilibrium. Strandings represent an unknown percentage and bias of the population that dies. That said, our consistent stranding response and the lack of major variation seen in annual stranding rate (Figure 2) support that periodic steep population declines, such as those expected after an epizootic (Eguchi, 2002; Osinga et al., 2012), followed by years of population rebound were not responsible for maintaining this harbor seal population at equilibrium. Instead, the high level of mortality in pups observed every summer suggests that stability is maintained by a small annual population recruitment just large enough to compensate for some low level of mortality occurring in older seals.

Marine mammal strandings are an excellent opportunity to gather mortality data from a population that can be otherwise challenging to study. However, stranded animals represent a potential sample bias, as not all stranded seals are reported or are in suitable condition for postmortem examination once found (Eguchi, 2002). As has been done in other studies (e.g., Osinga et al., 2012), bias was minimized by responding to all reported strandings in all seasons, collecting all animals in suitable condition, and performing consistent complete postmortem examinations on animals.

The observed high percentage of pups dying of malnutrition during summer (Table 1 and Figures 4–6) suggests that a large fraction of pups born annually are unable to survive. While we were unable to identify the precipitating factors for each emaciation-malnutrition case, possibilities include in utero malnutrition, placental insufficiency, primiparous dams, insufficient alimentation and subsequent milk production by dams during the 32 ± 1.5 days of lactation prior to weaning (Cottrell et al., 2002), and post-partum maternal neglect or separation, which may or may not have been related to human interaction.


[image: image]

FIGURE 6. Hierarchical clustering performed on the resulting principal components of a multiple correspondence analysis. Clusters 1–3 represent groups of harbor seals sharing high frequency for categories within the variables: age class, cause of death, and season of stranding. Inertia values for each dimension are labeled on axes.


While malnutrition mainly drives pup mortality in SJC, infectious diseases also contribute to pup loss. Of the 110 pups that died of nutritional causes, 34% (n = 37) had contributing secondary infectious causes, suggesting an interaction between poor nutritional condition and enhanced susceptibility to infectious diseases, likely mediated through immunosuppression, generalized debilitation, or agonal metabolic derangements. The nutrition- and infection-mediated mortality we identify in pups operates in a density-dependent manner in juveniles in other vertebrate populations at or near carrying capacity, such as reindeer (Rangifer tarandus) introduced to the sub-Antarctic island of South Georgia, (Leader-Williams, 1982), some African plains species that compete for forage (Sinclair, 1985), and yellow-eyed juncos (Junco phaeonotus; Sullivan, 1989). Likewise, juveniles often appear to be the age class most susceptible to density-dependent mortality for populations at carrying capacity, as has been shown with red deer (Cervus elaphus scoticus) in Scotland (Guinness et al., 1978), multiple species of mule deer (Odocoileus hemionus spp.; Robinette et al., 1957), and yellow-eyed juncos (Sullivan, 1989). For some mammalian populations at carrying capacity, juvenile mortality is higher among males than females (e.g., Clutton-Brock et al., 1985); however, this was not apparent in our data.

While nutritional factors are considered bottom-up constraints on population growth, in many of the above-cited examples, it is difficult to separate the density-dependent force of nutritional limitation from the top-down influence of predation. In our 17-year retrospective analysis, we only detected cases of predation-related trauma from mammal-eating killer whales in two adults and nine pups or weaned pups. We suspect a far higher level of killer whale-associated predation on harbor seals occurs in SJC (Shields et al., 2018), but this influence is not demonstrable via stranding data as most carcasses are likely consumed rather than beach cast. Even with limited available stranding data on predation, we hypothesize that the factors keeping the harbor seal population in SJC at equilibrium are probably a combination of bottom-up nutritional limitations and top-down predatory influences.

Within the Salish Sea, adult harbor seals display moderate to high site fidelity (Hardee, 2008), usually remaining within 30 km of their primary haul-out sites (DFO, 2010; Peterson et al., 2012). Thus, it is unclear whether our observed age-related causes of mortality are specific to SJC or more widespread in the Salish Sea. It is possible that specific causes of mortality vary regionally with factors such as harbor seal density (Jeffries et al., 2003), human disturbance (Acevedo-Gutierrez and Cendejas-Zarelli, 2011), pathogen and contaminant exposure (Ross et al., 2013; Ashley et al., 2020), and mammal-eating killer whale presence (London et al., 2012; Shields et al., 2018). Regardless of regional variation in the contribution of these factors, malnutrition-related mortality likely contributes to harbor seal population regulation elsewhere in the Salish Sea, as harbor seals are at carrying capacity throughout the ecosystem (DFO, 2010; Jeffries et al., 2003). Over a 7-year period at a site south of SJC, the primary causes of harbor seal mortality were infections followed by malnutrition (Huggins et al., 2013). They also documented up to 25% perinatal mortality in some years. We therefore hypothesize that patterns noted in SJC are likely applicable to populations throughout the Salish Sea.

When looking at harbor seal populations outside of the Salish Sea, a somewhat similar pattern was noted in a study that looked at disease in European harbor seals at two different time points on their population growth curve (Siebert et al., 2007). They found no difference in the pathological changes noted in stranded seals when the population was recovering or recovered from a past epizootic (1996–2002) compared to those examined after a 2002 phocine distemper virus epizootic (2003–2005) when the population was at a much lower density. The major cause of death in all seals over both time periods was bronchopneumonia (Siebert et al., 2007). Interestingly, for the time period when the population was highest (1996–2002), the second most common causes of death were perinatal mortality and cachexia. When the population density was low (2003–2005), the second most common cause of death was infectious (septicemia), and fewer newborns were found to be weak.

It is important to note that while we identified and evaluated mortality factors in a population at equilibrium, we were not able to test for density-dependent effects. Mortality factors might be regulating population density in this population but be present in other harbor seal populations without regulating density. For example, one multi-decadal study looking at mortality in a population of harbor seals that was mostly increasing (with the exception of two phocine distemper virus outbreaks) (Osinga et al., 2012) found multiple categories of disease similar to our findings. These included a wide suite of infectious diseases, trauma cases, and nutrition-related mortality (pup starvation) (Osinga et al., 2012).

Identifying and tracking zoonotic pathogens in harbor seals is important to assess disease risk in other wildlife species, domestic animals, and humans (Greig et al., 2014). For example, while we do not believe that Brucella pinnipedialis affects harbor seals at the population level in the Salish Sea, humans may be at increased risk of contracting brucellosis when they handle weaned harbor seal pups, are exposed to their feces through rehabilitation facilities, or consume raw marine fish or invertebrates (Waltzek et al., 2012; Lambourn et al., 2013). Furthermore, exposure to B. pinnipedialis could pose a risk to mammal-eating or endangered southern resident (fish-eating) killer whales by reducing their fecundity (Gaydos et al., 2004). S. enterica (subsp. Arizonae and Litchfield) and Salmonella typhimurium are common bacteria in pinnipeds that are not typically associated with illness (Greig et al., 2014), but their isolation in harbor seals suggests land-based fecal pollution may also expose humans that swim or fish in SJC. Similarly, while gastrointestinal roundworms of the family Anisakidae are common and usually innocuous in healthy marine mammals, they are a potential concern for human health; humans that consume raw or undercooked seafood infected with the third stage larvae could develop anisakiasis (Dailey, 2005). Pinniped parapoxviruses are widespread globally and can be transmitted to humans via contact, causing painful cutaneous lesions, fever, and myalgia (Hicks and Worthy, 1987; Clark et al., 2005). The presence of poxviruses in SJC harbor seals emphasizes the importance of using personal protective equipment during stranding response and rehabilitation, as well as continued public education to prevent human-seal pup contact.

We did not identify pathogens known to cause large-scale epizootics in harbor seals from other regions, such as morbilliviruses (Härkönen et al., 2006). While bottom-up nutrition-related mortality and top-down predation are likely the major constraints to Salish Sea harbor seal population growth, exposure to a pathogen capable of causing a large epizootic could dramatically shift the SJC harbor seal population away from equilibrium. For example, during the 1988 and 2002 phocine distemper virus (PDV) outbreaks in the North Sea, the harbor seal population plummeted 60 and 50%, respectively, driving population size far below carrying capacity (Reijnders et al., 1997). Remaining harbor seal populations required 5–10 years of rapid exponential growth to recover (Reijnders et al., 1997; Brasseur et al., 2018).

Harbor seals are important components of the Salish Sea ecosystem, occupying a variety of habitats and serving as high trophic level predators. The decades-long stability of the SJC harbor seal population suggests that growth is limited by some combination of prey availability and mammal-eating killer whale predation. However, the corollary that the harbor seal population limits growth of one or more of the sixty or so species of fish and invertebrates they consume has not been demonstrated (Lance et al., 2012). The current factors keeping the harbor seal population at equilibrium could change rapidly and dramatically with the introduction of a pathogen capable of causing a large-scale epizootic.
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Variably buoyant, dead Cetacea may float, or sink and later bloat to refloat if ambient temperature and pressure allow sufficient decomposition gas formation and expansion. Mortality can result from acute or chronic disease, fishery entanglement, vessel collision, noxious noises, or toxicant spills. Investigators often face the daunting task of elucidating a complex series of events, in reverse order, from when and where an animal is found, and to diagnose the cause of death. Various scenarios are possible: an animal could die at sea remaining there or floating ashore, or strand on a beach alive, where it dies and, if cast high enough, remain beached to be scavenged or decompose. An animal that rests low on a beach may refloat again, through increased buoyancy from decomposition gas and favorable tides, currents, and wind. Here we review the factors responsible for the different outcomes, and how to recognize the provenance of a cetacean mortality found beached, or floating at sea. In conclusion, only some carcasses strand, or remain floating. Negatively buoyant animals that die at depth, or on the surface, and sink, may never surface, even after decomposition gas accumulation, as in cold, deep waters gas may fail to adequately reduce the density of a carcass, precluding it from returning to the surface.
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INTRODUCTION

Until scavenging, decomposition and the mechanical action of surface waves render its negatively buoyant parts free to sink, positively buoyant carcasses remain afloat (Reisdorf et al., 2012). A sunken whole or partial carcass will either: decay on the bottom, aided by internal and sediment micro-organisms and other scavengers, or bloat sufficient to refloat, and continue to roam, or wash ashore, decomposing and perhaps being scavenged with time or break up on the beach and percolate into the substrate, or the remains will either float or sink again if still at sea (Reisdorf et al., 2012). The sometimes extended and complex spatial and temporal meanderings of dead animals and their disassociating parts through time, can make it difficult to link potentially injurious events with morbidity or mortality. Furthermore, animals that can be closely examined may only be a small subset of actual mortality – floating animals being more likely to be observed than those that sink, and animals on the beach being more likely to be closely examined than those that remain at sea. For instance, sonar has been linked to atypical mass stranding of beaked whales (Frantzis, 1998; Jepson et al., 2003; Fernandez et al., 2005). Concern has been raised that many more cetaceans are fatally impacted than observed because they sink at the time of death (Parsons et al., 2008). Likewise it has been suggested that strandings can seriously underestimate mortality during an unusual mortality event (Williams et al., 2011). Even where a dolphin population was well-studied within a series of relatively enclosed embayments, carcass recovery only included one-third of known mortalities, as calibrated by a long-standing photo-ID catalog (Wells et al., 2015).



CARCASS BEHAVIOR

While study of whale carcasses that have been deposited naturally or anchored by humans on the ocean floor has become a major discipline (Smith et al., 2015), there has been less study of carcasses before they reach their final resting place.

An analysis of beached marine mammals (Bernaldo de Quirós et al., 2018) in the Cape Cod, United States region show only 1% (2/173) of stranded small cetaceans were dead on the beach after drowning in fishing gear and floating ashore (Bogomolni et al., 2010). In contrast, 61% (253/415) of cetaceans on the beaches of SW England, United Kingdom were determined to have died due to bycatch in fishing gear (Leeney et al., 2008). Thus, the prevailing SW United Kingdom winds blowing over fishing grounds, enable bycaught carcasses to more readily float ashore: in contrast the offshore (SW in summer and NW in winter) prevailing winds around Cape Cod drive carcasses out to sea. Wind direction also determined carcass behavior for bird carcasses in the North Sea (Bibby, 1981). A study of turtle carcasses on the North Carolina coast concluded that beach strandings can be a poor indicator of at sea mortalities (Epperly et al., 1996), where strong offshore bottom currents were thought to move carcasses away from the beach. Seasonal marine turtle strandings are predictable from physical oceanography and drift bottle experiments (Hart et al., 2006). Efforts to track turtle mortalities using satellite tracked animals have been controversial (Hays et al., 2004).

Data on the proportion of marine mammals that float versus sink at sea are not very common, however, 18% of dead bycaught common dolphins were estimated to be buoyant on release: six per cent of them beached (Peltier et al., 2012; Peltier et al., 2016). Modeling their drift and stranding increased fishery bycatch estimates ten-fold compared to fishery observer estimates (Peltier et al., 2016). Furthermore, recent hind-cast drift models were able to potentially identify the fisheries responsible for the bycatch (Peltier et al., 2020). Historically, whalers reported that certain species of whales float after death (right and sperm whales) while most others sink. Right whales have also been shown to normally need to actively swim down until lung collapse depth, where they can then glide to deeper depths (Nowacek et al., 2001). Blue and fin whales in particular were reported to sink early in the whaling season and float at the end (Slijper and Pomerans, 1962). Generally, buoyancy is considered to be a function of the animal’s body condition and fat content, especially of bone, and blubber and lung inflation. These parameters vary between and within species. In one study, the weight of an immersed dolphin was measured shortly after death (Woodcock and McBride, 1951). According to calculations and measurements the animal would either be buoyed up by roughly 12 lbs or dragged down by slightly over 9 lbs of weight depending on whether its lungs were empty or full. Captive dolphins can rest motionless on the bottom of pools or float inactive at the surface by lung-controlled buoyancy. It is also unclear if dolphins and small whales undergo a respiratory expiration at death or not, given their upper respiratory tract is closed in the relaxed state.

In vivo generated decompression gas bubbles observed in freshly asphyxiated dolphins and seals (Moore et al., 2009) could affect carcass buoyancy, along with post mortem decomposition gas, which is seen first in the abdomen (Bernaldo de Quirós et al., 2013). Rorqual whales with their expandable throat pleats may grossly distend and float belly-up until structural integrity is lost due to mechanical action of wind and waves, degradation by sunlight and scavenger damage. Once a carcass deflates it may sink, or if enough buoyancy remains in fatty tissues, they may float at or near the surface while denser tissues such as bones are shed.

A study of whale carcass temperature showed an increase from 37–38 to 41°C after 24 h, reaching 48°C after two to 3 days with heat and autolysis splitting neutral fatty acids in the blubber causing it to darken and produce an unpleasant smell (Tonnessen and Johnsen, 1982). As temperature rises, the cells of the blubber rupture, and oil leaks from the tissue. This reduces its oil content, and acts to reduce the buoyancy and insulating capacity of the remaining blubber (Tonnessen and Johnsen, 1982). Given allometric scaling and surface area to volume ratio this effect would seem to be more pronounced in small animals with proportionally larger blubber layers per body size, than larger animals that would have more fat content in bone (Smith et al., 2015).

In a mass mortality of 14 humpback whales that died during a 5-week period (Geraci et al., 1989), all but one whale (that was towed immediately after death) sunk after death and were re-floated by gas produced during decomposition. The majority of these carcasses (9 of 14) were recovered from the relatively shallow and restricted confines of Cape Cod Bay, MA United States.

Observations of whale carcasses in very deep water (∼2000 m) indicate that at extreme depths decomposition is slow and carcasses may remain stable for many years (or decades; Allison et al., 1991). In one study a skeletonized whale carcass in 400 m of water indicated that it had remained undisturbed for as long as 30 years. The belly-up position of the carcass seemed to indicate that at one time the carcass had been buoyed up by gas in the body cavity that likely originated from naturally occurring gut flora. Figure 1 summarizes the potential fates and factors impinging on dead whale carcasses.
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FIGURE 1. Schematic summary of the fates of whale carcasses, and the wind, tide, current, temperature, and pressure impinging on them. Depending on carcass buoyancy and location at death, it will either float or sink. If it floats, it will bloat, drift ashore if at sea, or eventually decompose at sea to where the negatively buoyant components sink to the ocean floor. If it is negatively buoyant at death it will sink. If it sinks in shallow water, decomposition gas may expand sufficiently to bloat, and refloat the carcass. If the depth is too great and the water too cold, then the gas volume may not be sufficient to make it buoyant and the carcass will decompose and be scavenged in situ on the bottom. Image: Natalie Renier, Woods Hole Oceanographic Institution.




PRESSURE

The depth at which hydrostatic pressure outweighs the ability of decomposition to produce a volume of gas sufficient to refloat a carcass was estimated to be around 1000 m (Allison et al., 1991). Recent observations of both naturally discovered and experimentally planted large and small whale carcasses (Smith et al., 2015) have revised that estimate to 100 m (Reisdorf et al., 2012).

While decomposition may originate with bacterial fermentation of gut bacteria, methanogenisis may also contribute or dominate – depending on temperature or pressure (Allison et al., 1991). These processes produce gas at different rates; therefore, the potential of a carcass to re-float may depend on what process dominates. Gut microbes are best adapted to, and will grow best at warm temperatures with growth slowing at cooler temperatures and halting altogether below15°C. At lower temperatures other decomposition pathways predominate. Therefore, gas production depends on temperature and type of bacterial decomposition activity taking place.

Increasing pressure also increases the solubility of gas, such that as pressure increases more gas will dissolve into surrounding tissue – and not produce gas bubbles that would create buoyancy. Thus, the buoyancy of a carcass at depth will depend on abiotic (temperature, depth or pressure, and structural integrity of the carcass) as well as biotic (bacterial type and activity) factors. An experimental approach is needed to better model the process (Allison et al., 1991).

One location of interest in terms of the potential impact of acoustic stressors is the Tongue of the Ocean, Andros, Bahamas, an area of beaked whale habitat, where defense organizations deploy sonar routinely. The maximum depth ranges from 1300 to 1800 m in this basin. Thus, if carcasses were to sink it is very likely that they will not refloat. Other locations of interest where defense training overlaps sensitive and unique ecosystems and deep waters are the Southern California Bight and offshore waters near the Hawaii main islands.



TIME SINCE DEATH

Tools such as chemical analysis used for determination of time of death in terrestrial animals are of remarkably little value in dead cetaceans (Madea, 2005), as is degree of insect invasion which is of real use in terrestrial carcass evaluation (Gennard, 2007). Similarly in addition to degree of disarticulation, observation of invasion by crustaceans, including isopods, and bacteria may be the best measures in floating and sunken marine mammal carcasses and rates of scavenger activity may vary by location with higher rates of scavenging in areas of frequent carcass deposition (Kemp et al., 2006). Studies of deposited carcasses have shed some light on this process (Kemp et al., 2006; Anderson and Bell, 2014).

The relative lack of food at the deep-sea floor means that the scavenging rate on carcasses can be much higher than in shallow marine habitats, whereas physical, chemical, and microbial decomposition are significantly more important than scavenging in the shallow-water (Reisdorf et al., 2012). Estimation of time since death is also poorly understood for beached marine mammal carcasses, where intestinal putrefaction can lead to inflation and detonation (Reisdorf et al., 2012).

Schafer (Schafer, 1972) presents some general observations of decomposing carcasses at sea and on shore. However, there are no detailed descriptions of the process or order of disarticulation (Allison et al., 1991) on which one could base a reasonable reconstruction of time since death.

Estimation of time since death of a beached whale carcass can be misled by surf maceration. North Atlantic right whale 3107 (Moore et al., 2004) floated ashore with the majority of the body volume still present. Overnight it rolled 10 miles down a beach in heavy surf. After which the majority of the soft tissues and bones had been macerated and extruded via the oral cavity from within the blubber coat. The skin was still attached. Thus, deflated whale carcasses with skin attached should not be assumed to have died many days prior, in that they can deflate very quickly in surf.



MODELING BUOYANCY CHANGE WITH DEPTH

While developing a hyperbaric chamber compatible with computer tomography (Moore et al., 2011), initial cadaver trials were undertaken without the carcass fixed to the inside of the chamber (Figure 2). A dolphin was artificially given a measured lung inflation post mortem, with a tube and valve system tied in to the trachea, so it had a fixed volume of lung air, at surface pressure. As the pressure was increased in the chamber, the lungs collapsed and the buoyancy became negative. This was seen by the position of the carcass in the chamber dropping as the pressure increased. Thus, one could envisage an animal dying at greater depth that was negatively buoyant whereas the same animal, with the same surface inspiration volume, that died at the surface could float. What we don’t know is if animals that die near the surface actually retain air in their lungs.
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FIGURE 2. CT sections through head (left) and chest (right) of a common dolphin in a pressure chamber (Moore et al., 2011). Note lung is compressed at higher pressure (shrinking dark areas on right series), whereas trachea remains the same size (dark circle on left series). Note also loss of buoyancy with increasing pressure, and shunting of air into one lung, resulting in the carcass rotating such that the more inflated lung is uppermost, having made that side of the body more buoyant. Chamber pressure for each pair of images is shown in kiloPascals (kPa).


Another feature reported in the hyperbaric chamber CT experiment (Moore et al., 2011) was that the orientation of the animal being on its side, with the upper lung more expanded than the lower lung, suggested that in a dead but not decomposed cadaver at least, the air will follow the small but real pressure difference across the width of the animal in the vertical axis, seeking the highest point (Figure 1). Thus, not surprisingly many fresh carcasses are observed floating on their side, and very rarely belly down. Later as intestinal gas accumulates they tend to then roll onto their backs. With only a small sample size it is speculative to suggest this asymmetrical lung compression is also found in live animals. But if so, while diving deeper, as lung compression increases, when the body is more horizontal than vertical, they may need to use flipper and fluke surfaces to counter the tendency to passively roll and adopt a one side down orientation due to unequal buoyancy.



DISCUSSION

Given all of the above, Cetacea most likely to float or refloat and be cast ashore after death are a relatively small subset of animals that die at sea (Moore et al., 2011). Animals that are most likely to float would tend to be large, robust, positively buoyant and either die or refloat near shore. The least likely animals to be discovered after death would be sick or naturally lean animals sinking over water deeper than 100 meters. This is the vast majority of offshore odontocetes.


•Considering the above observations, the hypothesis seems reasonable that a whale that dies during a dive may well not come to the surface immediately, nor after a period of time, if sunk in deep, and cold water. Similarly, for many species, dying at the surface could also result in sinking and not refloating if over deep, cold water. In light of this the following would seem to be useful next steps:




• Gather more data on the sink or float behavior of marine mammals discarded from fishing vessels after removal from fishing gear. Documenting their condition with increasing time after death.

•Retrospectively analyze data from large whale necropsy cases that were found floating at sea, for information about how carcass condition changed with time, and prospectively document changes through time of marine mammal carcasses floating at sea and beached.





AUTHOR CONTRIBUTIONS

MM drafted the manuscript. GM, TR, and GE contributed perspectives and assisted with manuscript review.



REFERENCES

Allison, P. A., Smith, C., Kukert, H., Deming, J., and Bennett, J. (1991). Deep-water taphonomy of vertebrate carcasses: a whale skeleton in the bathyal Santa Catalina Basin. Paleobiology 17, 78–89.

Anderson, G. S., and Bell, L. S. (2014). Deep coastal marine taphonomy: investigation into carcass decomposition in the saanich inlet, British Columbia Using a Baited Camera. PLoS One 9:e110710. doi: 10.1371/journal.pone.0110710

Bernaldo de Quirós, Y., Hartwick, M., Rotstein, D. S., Garner, M. M., and Bogomolni, A. (2018). Discrimination between bycatch and other causes of cetacean and pinniped stranding. Dis. Aquat. Org. 127, 83–95. doi: 10.3354/dao03189

Bernaldo de Quirós, Y., Seewald, J. S., Sylva, S. P., Greer, B., Niemeyer, M., Bogomolni, A. L., et al. (2013). Compositional discrimination of decompression and decomposition gas bubbles in bycaught seals and dolphins. PLoS One 8:e83994. doi: 10.1371/journal.pone.0083994

Bibby, C. J. (1981). An experiment on the recovery of dead birds from the North Sea. Ornis Scand. 12, 261–265.

Bogomolni, A. L., Pugliares, K. R., Patchett, K., Herzig, S. M., Harry, C. T., LaRocque, J. M., et al. (2010). Mortality trends of stranded marine mammals on Cape Cod and Southeastern Massachusetts between 2000-2006. Dis. Aquat. Org. 88, 143–155. doi: 10.3354/dao02146

Epperly, S., Braun, J., Chester, A., Cross, F., Merriner, J., Tester, P., et al. (1996). Beach strandings as an indicator of at-sea mortality of turtles. Bull. Mar. Sci. 59, 289–297. doi: 10.1371/journal.pone.0056776

Fernandez, A., Edwards, J. F., Rodriguez, F., Espinosa De Los Monteros, A., and Herraez, P. (2005). Gas and fat embolic syndrome involving a mass stranding of beaked whales (Family Ziphiidae) exposed to anthropogenic sonar signals. Vet. Pathol. 42, 446–457. doi: 10.1354/vp.42-4-446

Frantzis, A. (1998). Does acoustic testing strand whales? Nature 392:29.

Gennard, D. (2007). Forensic Entomology: An Introduction. Chichester: Wiley.

Geraci, J. R., Anderson, D. M., Timperi, R. J., St-Aubin, D. J., Early, G. A., Prescott, J. H., et al. (1989). Humpback whales (Megaptera novaeangliae) fatally poisoned by dinoflagellate toxin. Can. J. Fish. Aquat. Sci. 46, 1895–1898.

Hart, K. M., Mooreside, P., and Crowder, L. B. (2006). Interpreting the spatio-temporal patterns of sea turtle strandings: going with the flow. Biol. Conserv. 129, 283–290.

Hays, G. C., Broderick, A. C., Godley, B. J., Luschi, P., and Nichols, W. J. (2004). Tracking turtles to their death. Mar. Ecol. Prog. Ser. 283, 299–300.

Jepson, P. D., Arbelo, M., Deaville, R., Patterson, A. P. I, Castro, P., Baker, J. R., et al. (2003). Gas-bubble lesions in stranded cetaceans. Nature 425, 575–576. doi: 10.1038/425575a

Kemp, K. M., Jamieson, A. J., Bagley, P. M., McGrath, H., Bailey, D. M., Collins, M. A., et al. (2006). Consumption of large bathyal food fall, a six month study in the NE Atlantic. Mar. Ecol. Prog. Ser. 310, 65–76.

Leeney, R. H., Amies, R., Broderick, A., Witt, M. J., Loveridge, J., Doyle, J., et al. (2008). Spatio-temporal analysis of cetacean strandings and bycatch in a UK Fisheries hotspot. Biodivers. Conserv. 17, 2323–2338.

Madea, B. (2005). Is there recent progress in the estimation of the postmortem interval by means of thanatochemistry? Forensic Sci. Int. 151, 139–149. doi: 10.1016/j.forsciint.2005.01.013

Moore, M., Hammar, T., Arruda, J., Cramer, S., Dennison, S., Montie, E. W., et al. (2011). Hyperbaric computed tomographic measurement of lung compression in seals and dolphins. J. Exp. Biol. 214, 2390–2397. doi: 10.1242/jeb.055020

Moore, M., Knowlton, A., Kraus, S., McLellan, W., and Bonde, R. (2004). Morphometry, gross morphology and available histopathology in Northwest Atlantic right whale (Eubalaena glacialis) mortalities (1970 to 2002). J. Cetacean Res. Manag. 6, 199–214.

Moore, M. J., Bogomolni, A. L., Dennison, S. E., Early, G., Garner, M. M., Hayward, B. A., et al. (2009). Gas bubbles in seals, dolphins and porpoises entangled and drowned at depth in gill nets. Vet. Pathol. 46, 536–547. doi: 10.1354/vp.08-VP-0065-M-FL

Nowacek, D. P., Johnson, M. P., Tyack, P. L., Shorter, K., McLellan, W. A., and Pabst, D. A. (2001). Buoyant balaenids: the ups and downs of buoyancy in right whales. Proc. R. Soc. Lond. B 268, 1811–1816. doi: 10.1098/rspb.2001.1730

Parsons, E. C. M., Dolman, S. J., Wright, A. J., Rose, N. A., and Burns, W. (2008). Navy sonar and cetaceans: just how much does the gun need to smoke before we act? Mar. Pollut. Bull. 56, 1248–1257. doi: 10.1016/j.marpolbul.2008.04.025

Peltier, H., Authier, M., Deaville, R., Dabin, W., Jepson, P. D., van Canneyt, O., et al. (2016). Small cetacean bycatch as estimated from stranding schemes: the common dolphin case in the northeast Atlantic. Environ. Sci. Policy 63, 7–18.

Peltier, H., Authier, M., Willy, D., Cécile, D., Fabien, D., Ghislain, D., et al. (2020). Can modelling the drift of bycaught dolphin stranded carcasses help identify involved fisheries? An exploratory study. Glob. Ecol. Conserv. 21:e00843.

Peltier, H., Dabin, W., Daniel, P., Van Canneyt, O., Dorémus, G., Huon, M., et al. (2012). The significance of stranding data as indicators of cetacean populations at sea: modelling the drift of cetacean carcasses. Ecol. Indic. 18, 278–290. doi: 10.1371/journal.pone.0062180

Reisdorf, A., Bux, R., Wyler, D., Benecke, M., Klug, C., Maisch, M., et al. (2012). Float, explode or sink: postmortem fate of lung-breathing marine vertebrates. Palaeobiodivers. Palaeoenviron. 92, 67–81.

Schafer, W. (1972). Ecology and Paleoecology of Marine Environments. Chicago, IL: University of Chicago Press.

Slijper, E. J., and Pomerans, A. J. (1962). Whales. London: Hutchinson.

Smith, C. R., Glover, A. G., Treude, T., Higgs, N. D., and Amon, D. J. (2015). Whale-fall ecosystems: recent insights into ecology, paleoecology, and evolution. Annu. Rev. Mar. Sci. 7, 571–596. doi: 10.1146/annurev-marine-010213-135144

Tonnessen, J., and Johnsen, A. (1982). The History of Modern Whaling C. London: Hurst and Company.

Wells, R. S., Allen, J. B., Lovewell, G., Gorzelany, J., Delynn, R. E., Fauquier, D. A., et al. (2015). Carcass-recovery rates for resident bottlenose dolphins in Sarasota Bay, Florida. Mar. Mamm. Sci. 31, 355–368.

Williams, R., Gero, S., Bejder, L., Calambokidis, J., Kraus, S. D., Lusseau, D., et al. (2011). Underestimating the damage: interpreting cetacean carcass recoveries in the context of the Deepwater Horizon/BP incident. Conserv. Lett. 4, 228–233.

Woodcock, A. H., and McBride, A. F. (1951). Wave-riding dolphins. J. Exp. Biol. 28, 215–217.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Moore, Mitchell, Rowles and Early. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 25 May 2020
doi: 10.3389/fmars.2020.00344





[image: image]
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Studies on the occurrence of fungal communities in the marine environment are still scarce, but mycotic infections in cetaceans are increasingly reported. Fungal disease following infection with Aspergillus species is most frequently reported, with the respiratory tract commonly affected in cetaceans and other taxa, like humans and birds. Infection with Aspergillus spp. is dependent on the characteristics of the fungus as well as the hosts immune status, with dissemination into other organs being relatively common. Along the southern North Sea, harbor porpoise (Phocoena phocoena) strandings increased significantly since 2005 and necropsies to determine causes of death have been conducted since 2008. Here we describe the post-mortem findings in stranded, free-ranging harbor porpoises on the Dutch coast which were diagnosed with fungal disease, to determine the prevalence of mycotic infections, and to compare them to those described in other species. A total of 18/754 (2.4%) harbor porpoises showed lesions compatible with localized or disseminated fungal disease as confirmed by histological examination. The respiratory tract was most commonly affected (67%), followed by the central nervous system (CNS, 33%), and auditory system (AS, 17%). Aspergillosis was confirmed for 11/18, by fungal growth (as A. fumigatus species complex, n = 9) and PCR (as Aspergillus spp., n = 1, and as A. fumigatus sensu strictu by sequence analysis, n = 1). One live stranded and euthanized animal presented partial hemiplegia of the blowhole and therefore an MRI was conducted, which resulted in a unique image of the extensive, fungus-induced lesion in the left cerebellar hemisphere, deforming and displacing the brainstem, and additionally affected the AS. The gross- and histologic lesions in the 18 porpoises diagnosed with fungal disease were similar to changes described in other mammalian species. The prevalence of fungal disease in free-living harbor porpoises is lower than seen in captive and rehabilitated animals, suggesting that captivity increases the risk to develop mycotic infections. Finally, fungal infection in the CNS and AS are usually considered consequences of vascular dissemination originating from pulmonary foci. However, only 1/7 cases with otitis and/or encephalitis demonstrated pulmonary aspergillosis, suggesting a different pathogenesis.

Keywords: aspergillosis, cetacean, North Sea, histopathology, culture, MRI, otitis, bronchopneumonia


INTRODUCTION

Mycotic infections in wild cetaceans are assumed to be rare, however, increasingly reported in the last decades. This is most often following infection with Aspergillus species, mostly A. fumigatus, which is a ubiquitous filamentous, spore-producing, saprotrophic terrestrial fungus, and opportunistic pathogen (Seyedmousavi et al., 2015). Aspergillosis occurs in many species, including human beings, terrestrial and marine mammalian and avian hosts (Lass-Flörl et al., 2005; Balajee et al., 2009). Disease due to Aspergillus infection is variable, with targeted organs varying between species, but with the respiratory tract most commonly affected in human beings, birds, and cetaceans (summarized in Seyedmousavi et al., 2015). However, regardless of the primary infection site, dissemination into other organs is a relatively common sequence (Reidarson et al., 2001; Abdo et al., 2012). Infection with Aspergillus species seems to be dependent on the characteristics of the fungus as well as the hosts immune status (Seyedmousavi et al., 2015).

Aspergillus-associated lesions in free-ranging cetaceans include: occlusive tracheobronchitis in a striped dolphin (Stenella coeruleoalba; Grattarola et al., 2018); pneumonia and a focus of malacia in the cerebrum of a bottlenose dolphin (Tursiops truncatus; Cassle et al., 2016); localized pulmonary disease in an Atlantic spotted dolphin (Stenella frontalis; Groch et al., 2018); intracranial granuloma in a harbor porpoise (Phocoena phocoena; Dagleish et al., 2006); encephalitis in a northern bottlenose whale (Hyperoodon ampullatus; Dagleish et al., 2008) and in striped dolphins (Domingo et al., 1992); and otitis media in harbor porpoises (Seibel et al., 2010; Prahl et al., 2011). From an epidemiologic perspective, aspergillosis in free-ranging delphinids is often occurring with co-infection of dolphin morbillivirus (DMV; Cassle et al., 2016; Terio et al., 2018), but for other species, including the harbor porpoise, morbillivirus infections are reported only infrequently (Kennedy et al., 1991; De Swart et al., 1995, Müller et al., 2000).

Knowledge on the pathologic basis of disease and the understanding of causes of mortality in stranded marine mammals is vital for evaluating marine ecosystem health (Bossart, 2011). Studies regarding the occurrence of fungal communities and distribution in the marine environment are to date, however, still scarce and the presence of A. fumigatus in the North Sea is yet to be confirmed. Here, the harbor porpoise is the most abundant marine mammal (Hammond et al., 2002). A recent study has shown that stranding numbers in the southern North Sea raised significantly since 2005, with exact causes yet to be determined (IJsseldijk and ten Doeschate, 2019). Post-mortem examinations on stranded porpoises and the diagnosis of (emerging) infectious diseases, like aspergillosis, will aid in quantifying the health status of the harbor porpoises of the North Sea population. Therefore, the goals of this study were to describe the post-mortem findings in stranded harbor porpoises from the southern North Sea diagnosed with fungal disease, to determine the prevalence of mycotic infections, and to compare them to those described in other species.



MATERIALS AND METHODS


Post-mortem Investigations

Necropsies were performed on 1282 harbor porpoises that were found dead along the Dutch coastline or were euthanized following live stranding based on welfare grounds from January 2009 to December 2019. Carcasses were transported to Utrecht University (UU), Faculty of Veterinary Medicine, Division of Pathology for immediate necropsy, or temporally stored at −20°C prior to further investigations. From live stranded animals, photo and video footage was collected at the location of stranding and prior to euthanasia. Animals that were rehabilitated following live stranding or those that were given any medication prior to euthanasia, were not included in this study.

A post-mortem examination was conducted following internationally standardized protocols (IJsseldijk et al., 2019). Each case was appointed a decomposition condition code (DCC), on a five-point scale with DCC1 representing very fresh carcasses, and DCC5 the skeletal remains of animals. Only animals in a relatively fresh condition (DCC1-3) for which histological examination were performed, were included in this study (n = 754). The minimal data collected of each case was: stranding date, location, sex, total body length, weight, and blubber thickness. The latter was measured immediately anterior to the dorsal fin at three locations (dorsal, lateral and ventral, in mm). Every individual was assigned a nutritional condition code (NCC), based on blubber thickness, muscularity, weight and the presence of subcutaneous and pleural fat, with NCC1 representing a very good nutritive condition, and NCC6 representing an extremely poor nutritional condition. Individuals were categorized into age classes based on total body length, with animals <90 cm classified as neonates, from 91 to 130 cm considered juveniles, and >130 cm classified as adults. Reproductive organs were assessed grossly in order to make a final differentiation between juveniles and adults.

Samples for histopathological evaluation varied on a case-to-case basis, but generally included skin, muscle, lung, heart, liver, adrenals, kidney, esophagus, stomach, intestine, pancreas, reproductive tissue, brain and spinal cord, spleen and various lymph nodes, and macroscopically identified lesions. Tissues were routinely fixed in 10% neutral buffered formalin and embedded in paraffin wax, sectioned at 5 μm, stained with hematoxylin and eosin (HE), and examined. Additional staining was performed, including periodic acid–Schiff (PAS) to confirm presence of fungal hyphae for respiratory tract tissue of fourteen cases (#1–10, #12, #14, #16, and #18), the central nervous system (CNS) of seven cases (#1, #7–8, #11–12, #15, and #17) and fourteen other tissue samples, including the skin (n = 3) and the auditory system (AS, n = 2), of nine cases (#1–4, #7, #9–10, and #13–15), and Grocott’s methenamine silver (GMS) stain of lung tissue from one case (#14) for better visualization of fungal organisms. In order to determine other pathological changes, Ziehl-Neelsen (ZN) stain on lung tissue (n = 5, #2, #9, #10, #12, and #14) and humerus (n = 1, after decalcification, and #14), Fite-Faraco (FF) stain on lung tissue of one animal (#2), and Von-Kossa (VK) stain of cerebellum of one animal (#2) were conducted (an overview is given in Supplementary Table 1).



Diagnostic Imaging

Post-mortem MRI examination of the head of one animal (#15) that was euthanized following live stranding was performed using a 1.5 Tesla scanner (Philips Ingenia; Philips Medical Systems Nederland B.V., Best, Netherlands) using a head coil. Images of the brain included transverse T2-weighted turbo spin echo [acquisition parameters repetition time (TR) 6852.36 ms, echo time (TE) 100 ms, flip angle 90°, matrix = 356 × 285, slice thickness/spacing = 5 mm/5 mm, field of view (FOV) 214 × 170 cm, and 34 interleaved axial slices]; transverse T1-weigthed spin echo (TR 450 ms, TE 15 ms, flip angle 69°, matrix = 284 × 271, slice thickness/spacing = 5 mm/5 mm, FOV = 214 × 170 cm, and 34 interleaved axial slices); T1 3D gradient echo (TR 9.37 ms, TE 4.61 ms, flip angle 8°, matrix = 232 × 230 slice thickness/spacing = 1 mm/1 mm, FOV = 230 × 171 cm, and 171 interleaved axial slices); transverse fluid attenuated inversion recovery (FLAIR; TR 11000 ms, TE = 140, flip angle 90°, matrix = 240 × 187, slice thickness/spacing = 5 mm/5 mm, FOV = 214 × 170 cm, and 34 interleaved axial slices); transverse T2∗ gradient echo (TR 947.76 ms, TE 13.81 ms, flip angle 18°, matrix = 328 × 266, slice thickness/spacing = 5 mm/5 mm, FOV = 214 × 170 cm, and 34 interleaved axial slices); and sagittal T2-weighted turbo spin echo (TR 4898.48 ms, TE 110 ms, flip angle 90°, matrix = 312 × 229, slice thickness/spacing = 2.5 mm/3.5 mm, FOV = 160 × 250 cm, and 44 interleaved axial slices). The MRI was evaluated by a veterinary diagnostic imaging resident (DSW) using a viewer of PACS (Impax, version 6.6.1.3004, N.V., Agfa Healthcare, Mortsel, Belgium).



Microbiological Investigation

Tissues from organs with macroscopic lesions related to suspect fungal disease, belonging to the respiratory tract, the CNS, the AS, along with liver, spleen, subcutis, and intestine, were analyzed at the Veterinary Microbiological Diagnostic Centre (VMDC) of UU. Tissue samples were cultured on Sabouraud and Malt agar plates (bioTRADING, Netherlands) and incubated at 30°C for up to 10 days. Fungal identification was based on colony characteristics of isolates and microscopic morphology on lactophenol cotton blue mount. When conventional identification was not possible, additional molecular analysis was performed by sequencing the nuclear ribosomal internal transcribed spacer (ITS) region using primers ITS1 (TCCGTAGGTGAACCTGCGG), and ITS4 (GGAAGTAAAAGTCGTAACAAGG; Schoch et al., 2012).

Culture negative samples were analyzed using a real-time PCR to detect Aspergillus DNA at the Department of Medical Microbiology of Radboudumc. Approximate 10 mm3 tissue samples were added to a 1.5 ml tube with MagNA Lyser Green Beads (Roche Diagnostics, Basel, Switzerland). To disrupt the fungal cell, tissue samples were lysed by bead beating twice. DNA was extracted with the MagNA Pure LC Total Nucleic Acid Kit (Roche Diagnostics, Basel, Switzerland). A real-time PCR was performed using Aspergillus specific primers (GCACGTGAAATTGTTGAAAGG and CAGGCTGGCCGCATTG) and probe (CATTCGTGCCGGTGTACTTCCCCG) using a LightCycler® 480 System (Roche Diagnostics, Basel, Switzerland) as previously described (Williamson et al., 2000; White et al., 2006).



RESULTS

A total of 18/754 (2.4%) harbor porpoises were diagnosed with localized or disseminated fungal disease on the basis of gross findings correlating to histopathological mycotic changes, microbiological characterization, and molecular identification (Supplementary Tables 1, 2). These were twelve juveniles and six adult harbor porpoises, of which more males (n = 16) had fungal disease than females (n = 2). 15 animals were found dead, three animals live stranded, of which two were euthanized, and one animal died naturally. The first case was found in 2012, with yearly reports since: four cases in 2013, two in both 2014 and 2015, three in 2016, four in 2017, and one case in both 2018 and 2019 (Figure 1). Most animals were (very) fresh at the time of the necropsy, with six porpoises in DCC1 and eleven in DCC2, with the remaining animal in moderate state of decomposition (DCC3). Most animals were in a good nutritional condition (NCC1-2, n = 8), four presented a moderate nutritional condition (NCC3-4) and four porpoises a poor nutritive condition (NCC5) and the remaining two harbor porpoises were emaciated (NCC6; Table 1).


TABLE 1. Biological information of harbor porpoises with fungal infections.
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FIGURE 1. Stranding locations of harbor porpoises diagnosed with fungal disease (n = 18).



Gross Lesions

The respiratory tract was most commonly affected (12/18, 67%), followed by the CNS (6/18, 33%), and the AS (3/18, 17%; Table 2). Disease affecting multiple organ systems was seen in 3/18 animals (17%, #1, #8, and #13).


TABLE 2. An overview of lesions related to mycotic infections, additional significant pathological findings and most likely cause of death.

[image: Table 2]Nine cases (#1–3, #5–6, #9–10, #14, and #16) showed focal to multifocal granulomatous pneumonia with condensed foci varying in size (from pinpoint to 5 cm in diameter) and distribution. Two animals (#4, #7) presented a bilateral bronchopneumonia and one case (#18) showed severe narrowing of bronchi by granular, irregular plaques (Figure 2A). In all cases with respiratory involvement, the pulmonary and prescapular lymph nodes appeared edematous, and variably enlarged (2:1–3:1).
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FIGURE 2. (A) Granular, irregular plaques in the bronchi of case #18. (B) Purulent meningoencephalitis demonstrated by purulent exudate in the cranium after removal of the brain in case #1. (C) Severe necro-purulent otitis in case #15 (left side). (D) Large, purulent and necrotic mass from abdominal cavity of case #9 (size: 20 × 20 × 15 cm).


Unilateral hemorrhage and lytic necrosis of the caudal part of the cerebrum (#11–12) and brainstem (#17) was visible in three animals. Purulent meningoencephalitis involving the cerebellum was evident in three cases (#1, #8, #15; Figure 2B). In two of these animals (#1, #15), as well as in another (#13) there was a severe necro-purulent otitis media (Figure 2C). One of these animals (#15) live stranded and during respiration, asymmetry of the blowhole musculature and a partial hemiplegia of the blowhole was observed (Supplementary Video).

In the three cases with disseminated disease (#1, #9, and #14), granulomatous foci and hemorrhages were present in heart, lungs, epaxial muscles, and the subcutis. One case (#9) had a large abscess (20 × 20 × 15 cm) in the abdominal cavity, dorsal to the intestine, which most likely originated from lymph nodes (Figure 2D and Supplementary Table 2). Parasitic presence related to respiratory tract, AS, liver, and gastrointestinal tract is presented in Table 3.


TABLE 3. Parasite presence and severity.

[image: Table 3]


Histopathology

Intralesional hyphae were observed histologically in all eighteen harbor porpoises. Granulomatous to pyogranulomatous pneumonia with centrally located intralesional fungal hyphae was observed in ten animals (#1–7, #9–10, and #16). Intact and degenerated neutrophils and macrophages, surrounded by neutrophils and numerous epithelioid macrophages with small numbers of multinucleated giant cells often around a tertiary bronchus, were the predominant cell types in granulomas. The tissue reaction was purulent without obvious macrophages in one harbor porpoise (#14). In the case of obstructive bronchitis (#18; Figure 3A), the fungal invasion was restricted to the airways. The epithelium of affected bronchi was extensively necrotic and fungal hyphae had massively invaded the bronchial cartilage. In most cases, there were also cross sections of parasites present, notably not in the case with occlusive bronchitis (#18). The draining lymph nodes in all cases were reactive with follicle formation and sinusoidal histiocytosis.
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FIGURE 3. (A) Occlusive bronchitis in case #18 with extensive necrosis of the bronchial epithelium and presence of fungal hyphae into the bronchial cartilage (HE stain, microscopic magnification ×4). (B) Extensive necropurulent to pyogranulomatous vasculitis in cerebrum of case #17 (HE stain, microscopic magnification ×20). (C) Extensive necropurulent to pyogranulomatous meningoencephalitis of case #15 (PAS stain, microscopic magnification ×20). (D) Severe necropurulent otitis media with necrosis and erosion of the periotic bone, extensive fibrosis and inflammatory infiltrates (arrows) in case #15, with B indicating the bone tissue and N the nervous tissue (HE stain, microscopic magnification ×10).


Focally extensive necropurulent to pyogranulomatous inflammation affecting the cerebrum and/or the cerebellum was present in three cases with meningitis, that was characterized by the presence of thick hyphal plaques (#1, #8, and #15; Figure 3C). The cerebrum (#11–12) and brainstem (#17) in three cases presented with necropurulent encephalitis and extensive bleeding. There was abscess formation and extensive hemorrhage and intralesional fungal hyphae with vasculitis and thrombosis. Hyphae often invaded the vascular wall (Figure 3B) and vasculitis was commonly observed.

The AS of three animals (#1, #13, and #15) presented severe necropurulent otitis media with necrosis and erosion of the tympanoperiotic bone, extensive fibrosis and inflammatory infiltrates. The latter consisted of mainly degenerate neutrophils, with fewer lymphocytes, and occasionally many plasma cells. In two animals (#1, #15) this inflammation extended into the adjacent cerebellum. The expansion into adjacent bone was characterized by extensive osteolysis and hemorrhage admixed with fungal hyphae (Figure 3D).

The large abdominal abscess in one case (#9), which presumably originated from lymph nodes, presented histopathological changes comparable to those seen in the other infected organs, with extensive necrosis and presence of large amounts of fungal hyphae. Secondary findings, including the presence and severity of parasites, are given in Tables 2,3.



Diagnostic Imaging

The post-mortem MRI images (#15) revealed an extensive, ill-defined intra-axial lesion in the left cerebellar hemisphere Figure 4. The lesion was T2 hyperintense and T1 hypointense involving gray and white matter of almost the entire hemisphere. Multiple small signal voids (bleedings) were noted in the left hemisphere on the T2∗ sequence. An ill-defined T2-hyperintense zone was noted in the parenchyma of the adjacent brain stem. The lesion had a mass effect, deforming and displacing the brainstem to the right. The cerebellar midline was displaced to the right. The left tympanic bulla was filled with heterogeneous T2 hyperintense material, versus mainly hypo-intense content of the right middle ear. There was diffuse loss of bone in the region between the cerebellar lesion and the left ear, as observed during the gross pathological assessment. The bony loss was replaced by a rounded accumulation of heterogeneous tissue (2–2.5 cm), that was isointense to white matter. From these imaging findings it was concluded that the animal had suffered from an otitis media and interna with secondary granulomatous meningoencephalitis and osteomyelitis of the adjacent bone and cerebellum.
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FIGURE 4. Transverse images of the brain of case #15 at the level of the cerebellum (A–C) and transverse image at the level of the mesencephalon (D), including T1-weigthed (A), T2 weighted (B,D) and T2∗ weighted (C) images. Large, ill-defined T2 hyperintense lesion affecting the left middle ear (black arrow), brainstem (white arrows), and cerebellum (asterisk) with T2∗ signal voids in the left cerebellar hemisphere. L, left; R, right.




Fungal Identification

The diagnosis of fungal disease was based on the occurrence of intralesional fungal elements in microscopic sections, which were present in all 18 cases. Fungal elements where characterized uniformly by hyphae of 6 to15 μm in diameter, that had parallel walls, were septated and branched acutely in a dichotomous manner. The hyphae appeared pale and eosinophilic in HE microscopic sections (Supplementary Table 1). In PAS-stained sections, hyphae appeared intensely positive with the exception of one case, where the fungus formed faintly stained spherules (#14). Here, a GMS stain was performed, in which the fungus stained black with multiple thick round to oval spherules of 6 to 12 μm, round to lemon-shaped yeast-like bodies with thick, refractile walls commonly arranged in rows and frequently germinated.

Culture was performed in 17/18 of the cases and was positive in 10/17. Nine fungal isolates showed rapid growth with green colored conidia. Microscopy showed a smooth conidiophore with a pear-shaped vesical. The upper 2/3 was covered with uniseriate phialides and round to oval spores specific for A. fumigatus species complex (Lamoth, 2016). One case (lung of #14) yielded an aspecific growth which could not be identified based on the macroscopic and microscopic characteristics and was therefore submitted for additional molecular analysis. The isolate was identified as A. fumigatus sensu strictu by sequence analysis of the nuclear ribosomal ITS region (Schoch et al., 2012). In addition, the cases that yielded negative culture results and one case for which no culture was attempted were submitted for molecular analysis. By Aspergillus PCR, one additional case of aspergillosis was confirmed: the cerebrum of case #8 (Table 4).


TABLE 4. Overview of microbiology and PCR results.
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DISCUSSION

Fungal infections were diagnosed on the basis of histopathological evaluation in 18/754 free-living harbor porpoises that were bycaught or stranded dead or alive on the Dutch coast. The mycotic infections of eleven of 18 cases were confirmed to be aspergillosis, either by fungal culture (n = 9), or by PCR (n = 2). Similar to changes described in other mammalian species, the associated lesions of aspergillosis consisted of varying numbers of neutrophils and macrophages, and tissue necrosis. This is typical tissue reaction to infection with Aspergillus spp., including A. fumigatus, making the harbor porpoise no different from other mammalian hosts. The most commonly affected organ system was the lower respiratory tract. This is in contrast to terrestrial mammals (except human beings), where other organ systems are targeted, and symptoms described (summarized in Seyedmousavi et al., 2015). Presumably this difference is a direct consequence of the specific anatomy and physiology of cetaceans. They lack nasal turbinates and thus cannot filter particles, which therefore more easily enter the deeper respiratory tract (St. Leger et al., 2009; Cozzi et al., 2017). In addition, the manner of respiration allows the deposition of particles (including pathogens) deep into the pulmonary tissue, thus making cetaceans more sensitive for significant and fatal pulmonary disease (St. Leger et al., 2009).

Most of the animals with respiratory tract fungal disease had additionally pulmonary parasites. Pulmonary parasitism, however, is very common in the study population, especially for juveniles and adults (ten Doeschate et al., 2017). Therefore, the presence and severity of parasites was considered to have no significant effect on the development of the fungal disease. Interestingly, the animal with obstructive bronchitis (#18) had no macroscopic or histologic evidence of pulmonary parasites. It remains speculation whether the presence or absence of pulmonary parasites has an influence on the character of the pathological changes, as this was observed in only one animal.

Encephalitis and otitis media as presentations of a fungal infection are usually considered to be consequences of vascular dissemination originating from pulmonary foci (Terio et al., 2018; van Elk et al., 2019). However, of the seven cases with encephalitis and/or otitis media, only one animal (#1) additionally had pulmonary fungal disease. It cannot be excluded with absolute certainty that fungal elements were missed during post-mortem investigation, however, as said elsewhere (van Elk et al., 2019) macroscopic and microscopic changes associated to aspergillosis are usually easily recognized. Therefore other possible explanations include clearance of pulmonary lesions or another port d‘entrée for the fungal spores (see below). Pathological changes were present in the brain and AS, either alone or in combination. Lesions were considered to be too advanced to give a reliable indication about their temporal relation.

It is assumed that the three cases with severe Aspergillus-induced otitis (#1, #13, and #15) suffered of unilateral hearing loss as a direct consequence. The inner ear of harbor porpoises carry expanded accessory tympanoperiotic air sinuses called pterygoid sacs (Racicot and Berta, 2013). These are homologous to guttural pouches in horses (Cozzi et al., 2017) representing air-filled extensions of the Eustachian tube that have openings into both the middle ear and oropharynx (Couetil and Hawkins, 2013). It has been suggested that air may be transferred from the lungs via the pharynx to the pterygoid sinuses while diving (Cozzi et al., 2017). That connection increases the probability of infection of the middle ear through the pterygoid sinuses, similar to the guttural pouch mycosis in horses. The most common route of infection is through inhalation of aerolized conidia from the neuston layer of the sea during surfacing, in areas with elevated presence of the fungus, since conspecific infection is thought to be rare (Dagleish et al., 2008), or from open cutaneous lesions. An additional partial paralysis of the blowhole musculature was observed in one of our cases (#15, Supplementary Video and Figure 4), that suffered from A. fumigatus infection which involved all components of the ear, and including the area of the exit of the cranial nerves at the skull base (Cozzi et al., 2017). The facial, hypoglossal, glossopharyngeal, vagal, and accessory cranial nerves exit the skull base in proximity to the middle ear (Cozzi et al., 2017). This could suggest that clinical signs such as those seen in horses could also occur in porpoises. The blowhole musculature is innervated by the facial nerves and is important for e.g. nasal vocalization and breathing motions (Huggenberger et al., 2009; Oelschläger et al., 2010). Dysfunction of the blowhole could lead to predisposition to aspiration pneumonia and dysfunction of the inner ear might have been responsible for insufficiency in foraging, communication and navigation of this animal, and thus could explain the live stranding. The importance of the assessment of the AS is increasingly stated (Morell et al., 2017; Wohlsein et al., 2019) and should be incorporated routinely in all post-mortem examinations.

In all the cases of mycotic infections we encountered microscopic presentation of fungal elements in form of septated hyphae with acute angle branching (except for #14), placing aspergillosis high in the list of differential diagnosis. Identification of Aspergillus spp. is indicative during histopathologic examination when invasive, 45°-branched, septate filaments are observed within characteristic (granulomatous) lesions (Desoubeaux et al., 2017). However, infections with Scedosporium spp. Fusarium spp. and several other fungal species have similar histopathological appearance (Guarner and Brandt, 2011). Therefore, definite diagnosis requires the presence of the typical hyphae in tandem with coniodiophores. In animal tissue, Aspergillus usually develops without producing conidial heads (Seyedmousavi et al., 2015) limiting the characterization to Aspergillus –like hyphae. In our study aspergillosis was established in 9/18 cases following consistent microscopic hyphae with positive culture and in 2/18 cases following consistent microscopic hyphae with positive PCR. In the remaining 7 cases the aspergillus-like hyphae were morphologically similar to the positive cases but culture and PCR were negative and therefore we cannot confirm infection with Aspergillus spp.

The prevalence of fungal disease in the free-living harbor porpoise population, bycaught in Dutch waters or stranded on the Dutch coast, was 2.4%. This is lower than the prevalence recently reported by van Elk et al. (2019), who diagnosed aspergillosis in nine of 61 (14%) harbor porpoises that stranded alive on the Dutch, German, and Belgian coasts. The fundamental difference with the animals of that study was that these were rehabilitated following live stranding. The time between initial stranding and death was not presented. In birds, rehabilitation has been associated with increased risk to develop aspergillosis, most likely due to the microenvironment and/or the diseased state of animals in rehabilitation (Burco et al., 2014). It is possible that similar factors play a role in disease development of mycotic infections in captive harbor porpoises, highlighting that caution should be taken when extrapolating such findings to free-living animals. Other studies reporting prevalence of aspergillosis in cetaceans are scarce. In a worldwide survey including both captive and wild marine mammals, aspergillosis accounted for 36% of all the fungal infections (Reidarson et al., 1998). On the Atlantic and Pacific coast, this prevalence was significantly lower with aspergillosis accounting for 0,5% of the fungal infections (Fenton et al., 2017). Two surveys investigating causes of death in harbor porpoises of the North Sea and a retrospective study in a population of bottlenose dolphins from the US marine mammal program had no records of aspergillosis (Siebert et al., 2001; Jauniaux et al., 2002, Venn-Watson et al., 2012). In a study in the United Kingdom on pulmonary pathology of harbor porpoises, a prevalence of 4% of mycotic infections was reported, without further typing of mycotic species given (Jepson et al., 2000). It is unclear what might have caused the difference in prevalence between these studies. Mycotic infections were diagnosed most frequently in juvenile male harbor porpoises in our study, and mainly in animals stranded in the Dutch Delta area (Zeeland), but it should be noted that this reflects stranding numbers in Netherlands (IJsseldijk and ten Doeschate, 2019).

In human beings, aspergillosis was once considered to be restricted to immunosuppressed individuals, but this association is no longer valid as cases have also been described in immunocompetent people (Seyedmousavi et al., 2015). The role of immunosuppression in the pathogenesis of aspergillosis in other mammals remains a point of discussion, and for harbor porpoises will remain uncertain as this involves the assessment of all factors that could result in immunosuppression. Aspergillosis in free-living cetaceans has often been reported in co-infection with morbillivirus (e.g., Domingo et al., 1992). In our animals, there was no indication for morbillivirus induced lesions and in general, morbillivirus is an uncommon pathogen in harbor porpoises (Kennedy et al., 1991; De Swart et al., 1995, Müller et al., 2000), however, this was not further assessed in our study and we therefore cannot fully rule out viral coinfections. There may be multiple other causes that could explain immunosuppression in harbor porpoises from the southern North Sea, which were also not further assessed in this study, and that do not necessarily affect the numbers of macrophages or polymorphonuclear leukocytes. These are the main cell populations responsible for the clearance of Aspergillus infections, and impairment of their function reduces their ability to contain the disease (Su et al., 2019). Malnutrition, other viral diseases, increased parasitic load, chemical pollutants and heavy metals are usually incriminated to induce immunosuppression, along with any kind of increased physiologic stress: all of which have previously been noted to affect porpoises in the North Sea (Jepson et al., 1999; Bennett et al., 2001, Murphy et al., 2015, van Beurden et al., 2015b, 2017). Burdens of chemical pollutants and heavy metals are found to exceed threshold levels for negative effects in at least a proportion of porpoises from the North Sea (Murphy et al., 2015; Jepson et al., 2016). Although decreased nutritional condition was present in some of the studied animals (Table 1), this was not consistently found. This suggests that, at least for some animals, the development of the lesions was rather quick and disruptive. Environmental degradation is thought to be related to lowering of cetacean population immune response, following disturbance of the balance between populations and pathogens (Van Bressem et al., 2009). This poses the harbor porpoises inhabiting the coastal North Sea, with their habitats altered by anthropogenic factors more severely than those of pelagic cetaceans, at higher risk of a range of infectious diseases, including those of fungal origin. Mycoses may therefore become more common in coastal cetacean species, and along with the rise of anthropogenic activities.
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Emergence of a Zoonotic Pathogen in a Coastal Marine Sentinel: Capillaria hepatica (syn. Calodium hepaticum)-Associated Hepatitis in Southern Sea Otters (Enhydra lutris nereis)
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Capillaria hepatica is a globally distributed zoonotic nematode parasite that most commonly infects feral and native rats. Soil contact, pica, and living in close proximity to rat populations are risk factors for human infection. Larval nematodes and eggs that were morphologically consistent with C. hepatica were observed microscopically in livers of stranded southern sea otters (Enhydra lutris nereis) from California. Large (90–100 × 45–55 μm), barrel-shaped non-embryonated parasite eggs with large polar prominences and a roughened or striated surface, or 105–120 μm diameter larval aphasmid nematode profiles with a prominent stichosome and hypodermal bands were observed in the livers of three otters. The liver of a fourth animal exhibited serpiginous tracts of necrosis, micro-cavitation and pleocellular inflammation, with intralesional linear eosinophilic material that resembled cuticle from degenerating metazoan parasites. Capillaria hepatica-associated hepatitis and capsular adhesions were the cause of death for one otter, and parasite-associated liver lesions were observed in all cases. All infected otters were adult females that stranded from 2006 through 2016 at multiple sites along the central California coast. All cases stranded from December through May; during and soon after peak seasonal precipitation and land-sea runoff in California. This same seasonal pattern has been reported for other land-based parasites infecting southern sea otters. Neither C. hepatica, nor any similar nematodes have been reported from marine mammals, and southern sea otters are not typical hosts for C. hepatica or any other nematode parasites. The most likely route of exposure was via freshwater runoff containing embryonated eggs liberated from predated or decomposing terrestrial hosts, especially rats. Similar to the land-based parasites Toxoplasma gondii and Sarcocystis neurona, C. hepatica eggs may be concentrated and transmitted through filter-feeding marine invertebrates that serve as southern sea otter prey, which may also pose an unrecognized public health risk for people who consume these species.
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INTRODUCTION

Capillaria hepatica (syn. Calodium hepaticum) is a globally distributed nematode parasite of mammals, including humans. Wild and feral rodents of the genus Rattus serve as the main source of environmental contamination by parasite eggs in urban environments. Under crowded and unsanitary conditions >70% of rats can be infected, and cannibalism facilitates transmission between successive rodent generations (Fuehrer et al., 2014a). Ingestion of water or food contaminated by embryonated C. hepatica eggs can cause infection in humans and other mammals (Fuehrer et al., 2014b). In an early report of human infection, eggs compatible with C. hepatica were detected in material recovered from a 3rd to 4th century grave in France (Mowlavi et al., 2014).

Capillaria hepatica is the only vertebrate nematode known to require host death for completion of the parasite life cycle (Wright, 1961). Following 3 weeks of hepatic maturation, females begin laying eggs around portal tracts. Nematode migration within the parenchyma can cause necrosis (Redrobe and Patterson-Kane, 2005), and adults ultimately die and disintegrate. Eggs and dying parasites elicit an inflammatory response composed of macrophages, multinucleated giant cells, lymphocytes, plasma cells and eosinophils, often resulting in granuloma formation (Redrobe and Patterson-Kane, 2005). In live animals, eggs remain un-embryonated in the hepatic parenchyma, and are not released through the biliary tract.

Eggs are deposited in the liver in dense masses and may be most concentrated in the subcapsular parenchyma (Moreira et al., 2013). Due to localized egg deposition and exuberant perilesional fibroplasia, affected areas can appear grossly as serpiginous or multinodular yellow-white capsular spots (Moreira et al., 2013). On histopathology the distinctive eggs are barrel-shaped and un-embryonated, with two shallow polar prominences (i.e., polar plugs), and a characteristically rough, pitted shell (Joint Pathology Center [Joint Pathology Center [JPC], 2015]). Once deposited in the liver, eggs can remain viable for months to years (Wright, 1961).

Eggs are released into the environment following either predation, or host death and decomposition. When liver from freshly killed prey is consumed by predators, un-embryonated C. hepatica eggs simply pass via feces into the environment without causing infection. Predators and scavengers serve as paratenic hosts, facilitating egg dissemination and maturation (Redrobe and Patterson-Kane, 2005). Following host death, decomposition and exposure to air and damp soil, liberated eggs embryonate (i.e., become infective) over approximately 30 days, and can overwinter in cold environments (Wright, 1961).

The infection cycle continues when embryonated eggs are consumed by a new mammalian host.

The larvae hatch, penetrate the intestinal mucosa, travel via the portal veins to the liver, invade the parenchyma, and mature over 35–50 days. Adults lay hundreds of eggs, then die 40–59 days later and decompose (Gardiner and Poynton, 1999). Due to their short lifespan, nematodes are less commonly observed on liver histopathology than deposited eggs (Moreira et al., 2013). When present, long, slender C. hepatica nematodes and migration tracks are observed in the parenchyma, often just beneath the hepatic capsule. Infection of other organs is less common (Moreira et al., 2013).

The host range of C. hepatica has been reviewed (Fuehrer et al., 2011, 2014a,b), with only two prior reports of mustelid infection (Solomon and Handley, 1971; Forrester, 1992), and no reports of C. hepatica in marine mammals. Here, we describe C. hepatica infection in a threatened marine mammal from California, the southern sea otter (Enhydra lutris nereis), in which hepatic lesions ranged from mild and incidental, to severe and fatal.

Invertebrate-feeding southern sea otters are not normally parasitized by nematodes, in contrast with their more piscivorous northern counterparts (Margolis et al., 1997). No morphologically similar parasites or eggs have been described from marine mammal livers. Otters are likely infected via ingestion of embryonated C. hepatica eggs reaching the ocean through runoff, or through consumption of eggs in filter-feeding invertebrates, as reported for oocysts and sporocysts of the terrestrial parasites Toxoplasma gondii and Sarcocystis neurona (Arkush et al., 2003; Miller et al., 2008; Michaels et al., 2016). Because C. hepatica can infect humans, our findings could suggest health risks for humans consuming raw or undercooked aquatic invertebrates from areas where rats are abundant, where watersheds are degraded, and where environmental contamination by C. hepatica eggs is high.



MATERIALS AND METHODS

Stranded southern sea otters from throughout Central California were necropsied by collaborating veterinary pathologists (MM and PD). Necropsy included gross photography and microscopic examination of all major tissues as described (Kreuder et al., 2003). Livers containing suspect C. hepatica eggs, nematodes, and putative parasite migration tracts were further assessed via microscopic examination of formalin-fixed, paraffin-embedded, hematoxylin and eosin (H&E)-stained, 5 μm thick serial sections. The size, location, and morphology of eggs and nematodes were compared with published reports from terrestrial and aquatic mammals, and humans. The stranding location and date, stranding season, sex, and age were assessed to provide insight on the origin and timing of C. hepatica infection. One animal had been implanted with a very high frequency (VHF) radio transmitter and time-depth recorder (TDR) antemortem as part of life history research, so visual resight and electronic monitoring data were compiled by collaborating biologists.



RESULTS

Table 1 summarizes case findings for four sea otters with confirmed or suspected C. hepatica infection.


TABLE 1. Summary of stranding data, gross findings and histopathology for southern sea otters (Enhydra lutris nereis) with putative or confirmed Capillaria hepatica infection.

[image: Table 1]Case 1 was an emaciated adult female that stranded alive, but died within hours. This animal had been captured, and a VHF radio transmitter and TDR had been surgically implanted in the peritoneal cavity approximately 3.5 years prior to death to facilitate life history research. At the time of capture, the otter weighed 18.5 kg and was in good nutritional condition with no apparent clinical or physical abnormalities. Surgical implantation was uneventful, and parameters on a perioperative complete blood count and blood chemistry panel were unremarkable. Post-capture monitoring revealed that this animal foraged mainly in the vicinity of San Simeon California, and her diet consisted of 46% clams, 18% Cancer spp. crabs, 19% other crab species, and smaller amounts of other prey. Case 1’s TDR data showed body temperature fluctuations suggestive of potential estrus events in 2013 and 2014, but copulation or pupping was not visually confirmed. Data collection by her TDR ceased approximately 18 months prior to death.

At necropsy, the otter’s weight had decreased by 4.5 kg (24%) to 14 kg. Based on mammary, uterine and ovarian morphology, it appeared that abortion had occurred approximately 3 weeks prior to death during the first half of post-implantation pregnancy (Chinn et al., 2016). Although aerobic culture of endometrium grew non-hemolytic Escherichia coli and Vibrio parahaemolyticus, significant endometritis was not noted. Gastric erosions and melena were considered perimortem lesions, reflective of severe stress.

Multifocal pale yellow, raised, 0.5 to >8 cm diameter fibrinous to fibrous plaques were scattered across the hepatic capsule, causing marked contracture of individual hepatic lobes, and extensive adhesions between lobes (Figure 1A). A large adhesion encompassed the visceral surface of the right lateral hepatic lobe and 50% of the omentum, which was bunched into a dense (12 cm × 8 cm × 5 cm) mass (Figure 1A). Adjacent omentum and mesentery were severely congested, thick and opaque. The TDR was recovered from the omental mass, and severe necrosuppurative omentitis with intralesional mixed bacteria was noted adjacent to the TDR entrapment site on histopathology. Aerobic and anaerobic culture of peritoneal exudate yielded E. coli, while V. parahaemolyticus and Clostridium perfringens were identified on fecal culture.
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FIGURE 1. (Case 1): Southern sea otter (Enhydra lutris nereis) with chronic, severe hepatic capillariasis due to Capillaria hepatica, with secondary intraperitoneal instrument entrapment in omentum, leading to chronic bacterial omentitis and peritonitis. (A) Cranioventral peritoneum, showing multifocal fibrinosuppurative to fibrous hepatic lobular adhesions, and a severe, focally extensive hepatic-omental adhesion (broad arrow). The firm, adherent omental mass contained an entrapped time-depth recorder (TDR) that had been surgically implanted in the peritoneal cavity during a capture event 3.5 years previously (a blue lateral edge of the entrapped TDR is indicated by the slender arrow). Also visible is severe secondary fibrinopurulent and necrotizing omentitis and peritonitis. Based on findings from histopathology and bacterial culture, the entrapped TDR appears to have served as a nidus for colonization by bacteria originating from the C. hepatica-associated hepatic lesions (Bar = approximately 6 cm). (B) Transverse histological view of the large hepatic-omental adhesion shown grossly in (A). The hepatic-omental adhesion (arrowhead) is composed of a thick layer of fibrin, granulation tissue, and maturing fibrous connective tissue with admixed neutrophils and granulomatous inflammation. The former hepatic capsular surface (dashed line) lies well below this thick band of surface exudate. Subjacent hepatic parenchyma contains numerous large, elliptical to barrel-shaped nematode eggs (broad arrow), accompanied by mild to moderate pleocellular inflammation (hematoxylin and eosin stain. Bar = 200 μm). (C) Higher magnification view of the nematode eggs. These large, non-pigmented, un-embryonated, barrel-shaped nematode eggs had large polar prominences (arrowhead), and roughened, striated and moderately refractile shell that are characteristic of C. hepatica. Egg masses were encased in a fine fibrovascular stroma admixed with granulomatous inflammation. Inflamed tissue containing parasite eggs were interspersed with large expanses of unaffected hepatic parenchyma with no visible eggs. Linear bands and clusters of parasite eggs were often located immediately subjacent to the hepatic capsule, and were associated with capsular fibrin exudation, inflammation, granulation tissue and fibroplasia, facilitating formation of the severe intrahepatic and hepatic-omental adhesions observed at gross necropsy (hematoxylin and eosin stain. Bar = 100 μm).


On histopathology, multifocal clusters of large (90–100 by 45–55 μm), non-pigmented, un-embryonated, barrel-shaped parasite eggs with large polar prominences at each end, and a roughened, striated and moderately refractile shell were apparent in the subcapsular hepatic parenchyma beneath the omental adhesion (Figure 1B). The hepatic capsule overlying the egg masses was markedly expanded by fibrinosuppurative inflammation, granulation tissue, and fibroplasia (Figure 1B). The egg masses were surrounded by areas of coagulation necrosis and moderate infiltrates of neutrophils, monocytes, macrophages, lymphocytes, eosinophils, hemorrhage, granulation tissue, and fibroplasia (Figure 1C). Egg masses were encased in a fine fibrovascular stroma admixed with granulomatous inflammation, and interspersed with large expanses of unaffected parenchyma (Figure 1C). Low numbers of intramuscular Sarcocystis sp. were also noted on histopathology, but were considered incidental.

Serological testing of serum collected at necropsy showed a high IgG titer to the protozoan parasite T. gondii (10,240; the cutoff for seropositivity is ≥320) (Miller et al., 2002). Mild lymphoplasmacytic meningitis and perivasculitis was observed in the brain on histopathology, accompanied by a focal mild scar in the cerebrum; no parasites compatible with T. gondii were observed on histopathology in any tissue. Serology for the protozoan parasite Sarcocystis neurona was negative (IgG titer 40; the cutoff for seropositivity is presumed to be ≥320) and a single mature intramuscular sarcocyst was observed in the left atrial wall. Protozoan parasite culture, immunohistochemistry, or PCR was not performed. Based on these findings, incidental T. gondii and S. neurona infection was suspected.

Case 2 was an emaciated adult female that died from wound infection and septicemia approximately 2 weeks after a white shark (Carcharodon carcharias) attack. Aerobic bacterial culture of a laceration yielded Streptococcus pyogenes, Streptococcus viridans, Morganella morganii, Vibrio parahaemolyticus, and Shewanella putrefaciens, and heart blood was positive for S. pyogenes and V. parahaemolyticus. Significant health conditions that predated shark bite included severe cardiomyopathy (Kreuder et al., 2003), end-lactation syndrome (ELS) (Chinn et al., 2016), and mild lymphoplasmacytic meningoencephalitis associated with T. gondii infection. Perimortem lesions included dehydration and intestinal melena. Multifocal discrete, pale yellow, raised hepatic capsular plaques and severe necrotizing hepatitis were noted grossly. Several large (90–100 by 45–55 μm), non-pigmented, un-embryonated, barrel-shaped parasite eggs similar to those described for Case 1 were found in hepatic parenchyma subjacent to the capsular plaques (Figure 2A). Parasite eggs were arranged in discrete masses, and were surrounded by large expanses of coagulation necrosis, hemorrhage, inflammation and fibrous connective tissue similar to that described above (Figure 2B). Also present were tiny circular foci of hepatic cavitation with perilesional granulomatous inflammation (putative parasite migration scars) (Figure 2C).
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FIGURE 2. (Case 2): Hepatic capillariasis in a southern sea otter (Enhydra lutris nereis) that died from shark bite with secondary bacterial infection. (A) Microscopic examination of hepatic parenchyma subjacent to grossly apparent hepatic fibrinous to fibrous capsular plaques revealed multifocal clusters of large (90–100 × 45–55 μm), non-pigmented, un-embryonated, barrel-shaped parasite eggs similar to those described for Case 1 above (hematoxylin and eosin stain. Bar = 50 μm). (B) Lower magnification view of the same parasite eggs shown in (A): the parasite eggs were arranged in discrete masses, and were surrounded by areas of coagulation necrosis, hemorrhage, inflammation, and fibrous connective tissue (hematoxylin and eosin stain. Bar = 200 μm). (C) Small circular, linear, or serpiginous bands of hepatic cavitation with perilesional granulomatous inflammation were suggestive of parasite migration tracks (arrowhead). Parasite eggs were often located along the outer edge of the cavitated lesions (broad arrow) (hematoxylin and eosin stain. Bar = 200 μm).


Serological testing revealed a low positive IgG titer to T. gondii (1,280), and this parasite was isolated from brain tissue in cell culture. Brain histopathology showed mild lymphoplasmacytic meningitis, perivasculitis and encephalitis with a single mature T. gondii tissue cyst; the tissue cyst was not present in recuts and immunohistochemistry was negative. Serology found a high IgG titer (10,240) to S. neurona, but no parasites were observed on histopathology or immunohistochemistry. No PCR was attempted. Based on these findings, incidental T. gondii and S. neurona infection was suspected.

Case 3 was an adult female in excellent nutritional condition that died due to boat strike, resulting in multiple limb, rib, and sternal fractures, a lacerated aorta, hemothorax and diaphragmatic rupture, with herniation of portions of the liver and intestines into the thorax. All liver lobes were fractured and hemorrhagic, limiting assessment of lesions that could be attributable to C. hepatica infection, but multiple 1–3 cm diameter pale pink to yellow, sessile capsular foci were noted on histopathology. No bacterial culture was performed.

Serial liver sections contained multiple cross-sectional, oblique and partial longitudinal larval nematode profiles in the parenchyma (Figure 3A). The parasites were 105–120 μm diameter and coelomate with a cuticle, hypodermal bands, a prominent stichosome, and single round to oval intestinal and gonadal profiles (Figures 3B,C). The gonads were small and immature, with no visible ova or spermatozoa. Parasite profiles were clustered within a localized region of subcapsular parenchyma encompassing approximately 50 μm of serial sections. Although small foci of coagulation necrosis and mild suppurative hepatitis were apparent near the parasites, minimal necrosis, host inflammatory response or fibrosis were visible immediately adjacent to the nematodes, and no eggs were observed. Low numbers of intramuscular Sarcocystis sp. were noted on histopathology, but were considered incidental.
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FIGURE 3. (Case 3): Larval nematode profiles (putative C. hepatica larvae) in the hepatic parenchyma of a southern sea otter (Enhydra lutris nereis). (A) Serial 5 μm thick tissue sections revealed multiple cross-sectional, oblique, and longitudinal nematode profiles that were clustered in a small area of the hepatic parenchyma. Cross-sections of these parasites showed single round to oval intestinal (broad arrow) and gonadal (arrowhead) profiles (hematoxylin and eosin stain. Bar = 100 μm). (B,C) The nematodes were 105–120 μm diameter and coelomate with a cuticle, a prominent stichosome surrounding the esophagus (indicated by arrowhead in B), and paired hypodermal bands (indicated by arrowheads in C); these morphological characteristics are indicative of C. hepatica. The gonads were small with no visible ova or spermatozoa, and no eggs were visible in the adjacent hepatic parenchyma, suggesting that the parasites were immature (hematoxylin and eosin stain. Bar = 50 μm for both B,C).


Serology was negative (IgG titers <40) for both T. gondii and S. neurona. Sparse mature sarcocysts were observed in skeletal myofibers without appreciable inflammation. No PCR or parasite isolation was attempted. Based on these findings, this otter appeared to have incidental S. neurona infection, and was not infected with T. gondii.

Case 4 was a lactating adult female in excellent nutritional condition that was euthanized due to severe neurological disease. At necropsy, a 778 gm, fully haired, meconium-smeared male fetus was recovered from the uterus. On histopathology the most significant lesion was hippocampal necrosis consistent with domoic acid intoxication; maternal and fetal urine were biochemically positive for domoic acid at 317 and 312 ppb, respectively. As with the previous cases, perimortem gastric erosions and melena were acute comorbidities. Multifocal subcapsular hepatic necrosis was randomly distributed within all lobes.

Serial sectioning of liver contained multifocal to coalescing serpiginous bands of necrosuppurative hepatitis, mild tissue cavitation and granulomatous inflammation, especially in the subcapsular hepatic parenchyma (putative parasite migration tracks) (Figure 4A). Multifocal discontinuous, linear to round fragments of eosinophilic hyaline and often striated material resembling partially degenerated nematode cuticle were observed at the center of some lesions (presumptive degenerating metazoan parasites) (Figures 4B,C). No parasite eggs were observed on multiple serial sections.
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FIGURE 4. (Case 4): Probable hepatic metazoan parasite migration tracks with intralesional degenerating metazoan cuticle. (A) Linear to serpiginous tracts of necrosuppurative hepatitis, mild tissue cavitation and granulomatous inflammation in the subcapsular hepatic parenchyma (putative parasite migration tracks) (hematoxylin and eosin stain. Bar = 200 μm). (B) Higher magnification view of affected liver. Multifocal discontinuous, linear to round fragments of eosinophilic hyaline, variably striated material (putative degenerating metazoan parasite cuticle) are visible at the center of some lesions (arrows) (hematoxylin and eosin stain. Bar = 100 μm). (C) In this high magnification view of a single inflammatory nodule, putative fragments of metazoan cuticle (arrow) are surrounded by dense clusters of eosinophils (arrowhead), and an outer rim of granulomatous inflammation (hematoxylin and eosin stain. Bar = 50 μm).


On histopathology, multifocal, mild to severe lymphoplasmacytic meningoencephalomyelitis and gliosis was associated with sparse mature T. gondii tissue cysts. No sarcocysts were observed in any tissue and cell culture was negative for all protozoa. Protozoal serology, immunohistochemistry, and PCR were not performed. Toxoplasma gondii-associated meningoencephalomyelitis was considered a contributing cause of death.



DISCUSSION

In the current study, three confirmed, and one suspect case of hepatic capillariasis were identified in wild sea otters stranding along the central California coast. Interestingly, all were adult females (Table 1). Given our small sample, this age and sex bias could represent random chance, or could suggest enhanced risk of C. hepatica infection for sexually mature females. Prior studies report distinct differences in sea otter behavior by sex; adult females have smaller home ranges and greater site fidelity than adult males (Loughlin, 1980; Jameson, 1989; Riedman and Estes, 1990). Females often feed at shallower depths when compared with males, and seek shorelines with calm water and higher kelp density when raising pups (Sandgren et al., 1973; Bodkin et al., 2006; Nicholson et al., 2018). These areas could correspond spatially to a higher density of introduced rats, a key source of C. hepatica infection (Fuehrer et al., 2014a), greater risk of exposure to parasite-contaminated freshwater runoff, and/or recurrent parasite introduction due to infected rodents escaping from moored ships. Infected sea otters stranded at several locations along the Central California coast spanning >250 km, suggesting multiple areas of C. hepatica exposure.

A possible seasonal bias was also noted, with all C. hepatica-infected sea otters stranding during or immediately following the period of peak annual precipitation and freshwater runoff into California coastal marine waters, and the period of highest prevalence and density of C. hepatica infection in Rattus sp. reservoir populations (Conlogue et al., 1979; Rothenburger et al., 2014). A late spring peak has also been reported for sea otter death due to other terrestrial parasites that are spread through dispersal of environmentally resistant stages, such as S. neurona sporocysts (Miller et al., 2008; Shapiro et al., 2012).

Differential diagnoses for gross, microscopic, and clinical pathology findings associated with C. hepatica include hepatic infection or aberrant migration by other nematodes (e.g., Ascaris, Toxocara, Toxascaris, or Baylisascaris spp.), cestodes (e.g., Echinococcus and Mesocestoides sp.), and flukes (e.g., Fasciola hepatica and Fascioloides magna). The range of hepatic macroparasites that could be confused with C. hepatica infection has been reported (Joint Pathology Center [JPC], 2015).

Localization of infection to the hepatic parenchyma, and the unique morphology of the parasites and eggs on histopathology helps distinguish C. hepatica from infection by other parasites. The nematodes are slender, with narrow anterior, and swollen posterior ends (Yadav et al., 2016). Adult C. hepatica average 100–150 μm diameter, and are pseudocoelomate with a cuticle, polymyarian-coelomyarian musculature, and single, round to oval gastrointestinal and gonadal profiles on cross-section (Gardiner and Poynton, 1999; Eberhard, 2014; Joint Pathology Center Joint Pathology Center [JPC], 2015). Other distinctive characteristics that can help distinguish C. hepatica from other nematodes include absence of lateral cords, presence of hypodermal bands (Figure 3C), and presence of a unique glandular structure (stichosome) surrounding the esophagus that is composed of distinctive basophilic cells (stichocytes) (Figure 3B) (Gardiner and Poynton, 1999). The stichosome is diagnostic of C. hepatica (Gardiner and Poynton, 1999; Yadav et al., 2016). Other morphological features include a long esophagus that spans half of the female’s body, and one third for males (Yadav et al., 2016) and a lack of sensory papillae (i.e., phasmids) on their caudal end. Although phasmids are not identifiable histologically, when observed in intact worms they can help differentiate C. hepatica from phasmid nematodes (e.g., strongyles, ascarids, oxyurids, rhabditoids, and spirurids) (Joint Pathology Center [JPC], 2015).

Capillaria hepatica eggs are also distinctive based on their distribution in hepatic parenchyma and morphology; eggs are approximately 66 μm × 36 μm, barrel-shaped, non-pigmented, and un-embryonated, with large polar prominences, and a roughened, striated and moderately refractile shell containing numerous minipores (Yadav et al., 2016) (Figures 1C, 2A). Although some other nematode eggs are elliptical and bioperculate, they differ in size, shape and morphological characteristics, may be embryonated or un-embryonated in tissue, and are unlikely to be observed in dense clusters in the hepatic parenchyma. Trichuris trichiura eggs resemble those of C. hepatica, but differ in size, morphology and tissue location (Cochrane et al., 1957; Li et al., 2010). Although aberrant larval migration is possible, T. trichiura and ascarid eggs are unlikely to be observed in hepatic parenchyma.

Finally, the peri-parasitic, egg-associated and hepatic capsular fibrin exudation and fibrosis that often accompanies C. hepatica infection is distinctive. The host response to C. hepatica can be severe and fatal, forming adhesions between liver lobes, or from the liver to other abdominal structures (Otto et al., 1954). This lesion was apparent for Case 1 (Figure 1A), and the resulting hepatic-omental adhesion with TDR entrapment was the underlying cause of death. The tightly adherent omental pocket containing the TDR appeared to serve as a nidus for chronic secondary bacterial peritonitis, with the bacteria likely originating from the adjacent necrotic hepatic lesions. A pattern of parenchymal fibrosis in association with discrete clusters of subcapsular, bioperculate nematode eggs in the hepatic parenchyma is characteristic of C. hepatica infection in mammals (Joint Pathology Center [JPC], 2015).

In addition to visualization of parasites and eggs, other microscopic lesions can suggest C. hepatica infection, including elongated, linear to serpiginous, tracks that are variably necrotic, cavitated and/or inflamed (putative parasite migration tracts) (Figure 4A), degenerating nematodes associated with these tracts (Figures 4B,C), and multifocal discrete areas of subcapsular hepatitis and fibrosis, with relative sparing of adjacent tissue. The pattern of hepatic fibrosis can also be distinctive: Rats infected with C. hepatica commonly exhibit bridging fibrosis, where hepatic portal tracts are connected to adjacent portal tracts (or rarely centrilobular spaces) by thin strands of connective tissue (Joint Pathology Center [JPC], 2015). Interestingly, C. hepatica-associated septal fibrosis is not necessarily preceded by hepatic necrosis or chronic inflammation (Ferreira and Andrade, 1993; Gaban et al., 2010). In severely affected areas (especially in rats), the hepatic architecture can be reminiscent of porcine liver.

Lymphoplasmacytic, and to a lesser extent, eosinophilic infiltration can also be apparent in portal tracts and near centrilobular veins, and aggregates of eggs may be surrounded by granulomatous inflammation or fibrosis. Liver damage induced by C. hepatica in rodents has been used to study the extensive regenerative capacity of mammalian liver (Santos et al., 2007), and for testing antifibrotic drugs (De Souza et al., 2000). Yi et al. (2010) also noted associations between C. hepatica-induced hepatitis and pulmonary arteriolar hypertrophy in rats, and suggested this model to clarify mechanisms of porto-pulmonary hypertension in humans.

Rodents in the genus Rattus are considered primary C. hepatica hosts (Resendes et al., 2009), and the main source of parasite contamination in urban environments (Redrobe and Patterson-Kane, 2005). In Maryland, Norway rats were far more frequently infected (87.4%) than sympatric house mice (5.4%), and no lesions were observed in meadow voles or white-footed mice (Childs et al., 1988). Rats from urbanized locations had a higher prevalence and intensity of infection, when compared with parkland-associated rats, and higher rat population density and body mass were associated with increased C. hepatica prevalence and lesion severity. Risk factors for C. hepatica infection in feral Norway rats from Vancouver, Canada included older age, sampling during fall and winter, and presence of cutaneous bite wounds (Rothenburger et al., 2014). Higher prevalence of C. hepatica infection in rats sampled during winter was also reported in Connecticut, United States (Conlogue et al., 1979). In studies of C. hepatica transmission ecology, the mean egg count per rat liver was 457,783 (range 11,270–1,400,000) (Farhang-Azad, 1977a, b). Rapid population turnover and cannibalism are considered primary drivers of transmission within rat populations (Farhang-Azad, 1977a, b; Rothenburger et al., 2014).

Other communally living rodents with a high prevalence of C. hepatica infection include muskrats, eastern wood rats (Fuehrer et al., 2014a), and captive prairie dogs (Landolfi et al., 2003; Redrobe and Patterson-Kane, 2005). Along with a high prevalence of C. hepatica infection in native aquatic rodents (i.e., muskrats), cotton rats sampled from freshwater marshes in Florida had higher prevalence of C. hepatica infection (30%), compared with those from saltwater marshes (12%) and upland habitat (5%) (Kinsella, 1974). Capillaria hepatica has also been reported from <140 non-rodent mammals, including humans (Berentsen et al., 2015). The only prior reports of C. hepatica infection in North American mustelids were in a river otter (Lontra canadensis) in Florida (Forrester, 1992), and two long-tailed weasels (Mustela frenata) from Virginia (Solomon and Handley, 1971).

Through 2011, 72 confirmed cases of C. hepatica-associated human hepatic capillariasis were reported worldwide, with the majority affecting children (Fuehrer et al., 2011). Infection was associated with pyrexia, chronic eosinophilia, hepatomegaly, eosinophilic granulomatous hepatitis, hepatic fibrosis, cirrhosis, and rarely, death (Otto et al., 1954; Cochrane et al., 1957; Li et al., 2010). Also reported were abdominal pain, anorexia, emaciation, ascites, cholelithiasis (Ferreira and Andrade, 1993), anemia, and hypergammaglobulinemia (Yadav et al., 2016). Humans can be infected following ingestion of embryonated eggs in food, water, or soil. Residing in areas with poor hygiene, close contact with rats or other rodents, pica, and extensive soil contact are risk factors for human infection (Cochrane et al., 1957; Yadav et al., 2016; Walker et al., 2017). Sub-standard housing conditions may facilitate rat infection rates of up to 85%, increasing risk of human infection (Walker et al., 2017). Common non-native rodents along the central California coast include roof rats (Rattus rattus), Norway rats (Rattus norvegicus) and Eastern fox squirrels (Sciurus niger). Common native rodents include California ground squirrels (Spermophilus beecheyi), Botta’s pocket gophers (Thomomys bottae), California voles (Microtus californicus), western harvest mice (Reithrodontomys megalotis) and dusky-footed woodrats1 (Neotoma fuscipes).

Hepatic capillariasis is often diagnosed in humans by finding C. hepatica nematodes and eggs in biopsy or autopsy specimens, but serodiagnostic tests are now available (Juncker-Voss et al., 2000; Assis et al., 2004; Huang et al., 2001). Because infections are non-patent, detection of C. hepatica eggs in feces indicates spurious passage of ingested eggs, not infection, and has been associated with consumption of wild game (Foster and Johnson, 1939). Options for treating clinical C. hepatica infection in humans include thiobendazole, albendazole, and ivermectin (Yadav et al., 2016).

The potential for parasite co-infection to facilitate C. hepatica infection, or cause more severe disease should be considered. Recent reports have described fatal co-infection of a Korean squirrel (Tamias sibiricus) (Carrasco et al., 2006) and a ring-tailed lemur (Lemur catta) (Siskos et al., 2015) with C. hepatica and T. gondii. In the current study, all four sea otters were concurrently infected with T. gondii, Sarcocystis sp., and/or intestinal trematodes (Table 1). Given the very high prevalence of T. gondii and S. neurona infection in southern sea otters (Miller et al., 2017), and the potential for polyparasitism to cause more severe disease in marine mammals (Gibson et al., 2011), the potential for parasite interactions should be considered as part of future assessment of C. hepatica infections.

Gross lesions suggestive of C. hepatica infection were noted for both cases where C. hepatica eggs were observed on histopathology, but were less clear for the cases where only larval or degenerating worms were present. Although comparatively uncommon, the prevalence of C. hepatica infection in southern sea otters is probably much higher than the four cases reported here. Because the hepatic lesions are often multifocal and are interspersed with areas of normal tissue, C. hepatica infection is very easy to miss unless suspect lesions are collected and examined microscopically. The capsular lesions could also be easily confused with other common peritoneal diseases of sea otters, including acanthocephalan or bacterial peritonitis (Kreuder et al., 2003). Future efforts should include microscopic examination of hepatic parenchyma beneath areas of capsular fibrin deposition and fibrosis. Efforts to more accurately characterize the prevalence of infection could include digesting liver tissue to recover parasite eggs from patchy areas of deposition, and serological testing. It would also be interesting to screen coastal rodents, soil, and runoff for C. hepatica.

Similar to the land-based parasites T. gondii and S. neurona (Miller et al., 2008, 2010), C. hepatica eggs may be concentrated and transmitted through filter-feeding marine invertebrates that serve as southern sea otter prey, which may also pose an unrecognized public health risk for people who consume these species. Although C. hepatica can be transmitted to humans via ingestion of embryonated eggs, risks from handing infected sea otters are negligible unless the carcasses have significantly decomposed, allowing the eggs to become infective. However, because the most likely source of C. hepatica infection for sea otters is consuming water or prey contaminated with embryonated eggs originating from predated or dead, decomposing, land-based rats, sea otter parasitism could suggest un-recognized human health risks for acquiring C. hepatica infection from contaminated water, or raw/undercooked filter-feeding marine and estuarine invertebrates; this pathway for marine wildlife and human exposure to C. hepatica merits further investigation.
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In the North Sea, white-beaked dolphins (Lagenorhynchus albirostris) occur regularly and are the second most common cetacean in the area, while their close relative, the Atlantic white-sided dolphin (Lagenorhynchus acutus), prefers the deeper waters of the northern North Sea and adjacent Atlantic Ocean. Though strandings of both species have occurred regularly in the past three decades, they have decreased in the southern North Sea during the last years. Studies describing necropsy findings in stranded Lagenorhynchus spp. are, to date, still scarce, while information gained through post-mortem examinations may reveal valuable information about underlying causes of this decline, including age structure and the reproduction status. Therefore, we retrospectively assessed and compared the necropsy results from fresh Lagenorhynchus spp. stranded along the southeastern North Sea between 1990 and 2019. A full necropsy was performed on 24 white-beaked dolphins and three Atlantic white-sided dolphins from the German and Dutch coast. Samples of selected organs were taken for histopathological, bacteriological, mycological, parasitological and virological examinations. The most common post-mortem findings were emaciation, gastritis and pneumonia. Gastritis and ulceration of the stomach was often associated with an anisakid nematode infection. Pneumonia was most likely caused by bacterial infections. Encephalitis was observed in three animals and morbillivirus antigen was detected immunohistochemically in one case. Although the animal also showed pneumonic lesions, virus antigen was only found in the brain. Parasitic infections mainly affected the gastro-intestinal tract. Lungworm infections were only detected in two cases and no associations with pathological alterations were observed. Stenurus spp. were identified in two of three cases of parasitic infections of the ears. Twelve of the 26 white-beaked dolphins stranded in Germany were found between 1993 and 1994, but there was no evidence of epizootic disease events or mass strandings during the monitored period.

Keywords: pathology, Lagenorhynchus albirostris, Lagenorhynchus acutus, North Sea, Germany, The Netherlands


INTRODUCTION

The white-beaked dolphin (Lagenorhynchus albirostris, WBD) inhabits the temperate and subarctic waters of the North Atlantic and mainly occurs in shelf and shallow coastal waters (1). Little is known about the behavior and ecology of this marine mammal (2). The age of sexual maturity varies between 7 and 12 years in males, and 6 and 10 years in females. Male size ranges between 230 and 255 cm, while females tend to be smaller; 232–238 cm (3). Calving season takes place in the summer, after 11 months of gestation, as calves have been sighted from June to September (1). The calf length at birth ranges from 110 to 120 cm (4). Stomach content analysis revealed that whiting (Merlangius merlangus), cod (Gadus morhua), gobies (Gobidae) (5) and haddock (Melanogrammus aeglefinus) (2) play an important role in the diet of the WBD.

In the North Sea, WBDs are the second most common cetacean after the harbor porpoise (Phocoena phocoena) (6, 7). Abundance estimates conducted in the last 20 years indicated a relatively stable population with estimates from large scale surveys in the North Sea and adjacent areas ranging from 23,716 individuals (95% CI: 13,440–41,851) in 1994 [(8), revised in Hammond et al. (9)], 37,689 animals (95% CI: 18,898–75,164) in 2005 [(10), revised in Hammond et al. (9)] to 36,287 individuals (95% CI: 18,694–61,869) in 2016 (9). WBDs migrate to the north-western North Sea during summer months (June to August) with the occurrence peaking in August (11). A large scale spatiotemporal analysis on stranded WBDs from 1991 to 2017 across the North Sea area revealed a decrease in overall stranding numbers along the North Sea coast. A higher density of WBD strandings in earlier years could particularly be observed for the southern North Sea coastline, while increases in the densities in the north western area were seen more recently, and therefore suggest a shift in the distribution of the animals (12). A possible explanation for the observed trend difference was believed to be a difference in prey distribution and availability as a result of climate change. However, post- mortem findings, including causes of death, were not included in the study of Ijsseldijk et al. (12) and any changes in the health status of individuals, including the presence of infectious diseases, were therefore not considered when drawing these conclusions.

The Atlantic white-sided dolphin (Lagenorhynchus acutus, AWSD) inhabits the North Atlantic, prefers slopes and deeper waters and is therefore mainly seen offshore (13). The size of the adult animals drawn from different mass stranding events ranged from 218 to 243 cm for females and 249–274 cm for males (14, 15). Calving season starts in early summer with sightings of calves mainly ranging from June to September (16).

The AWSD is sighted less often in waters of the North Sea. The species is known to be highly mobile and travels long distances (16). Although genetic studies have found a difference between animals of the North Sea and other areas of the North Atlantic, it is assumed that there is no resident population living in the North Sea (16, 17). Population surveys made in the North Sea and adjacent waters regularly record AWSD individuals (2,187 [95% CI: 0–6071] in 2016), confirming their frequent passage in the area (9).

The protection status of the WBD as well as the AWSD is evaluated as ‘least concern‘ due to its wide spread abundance (18, 19). As for other marine mammal species, the main threats include those associated with human interactions (namely bycatch, small-scale hunting and contamination with anthropogenic compounds) (18, 19). Climate change, particularly the rise of the water level and temperature, may also contribute to the decline of the two Lagenorhynchus species in the future (12, 20, 21).

In order to assess the health status of marine mammals, systematic pathological investigations on population levels are necessary. Although the WBD is the second most common cetacean species in the North Sea, the knowledge on their health status is still scarce. Previous pathological findings from stranded WBDs in the North Sea included morbillivirus infection in a sub-adult live stranded animal on the North Frisian coast of Germany (22), parasitic infections with helminths such as Anisakis simplex and Pholeter gastrophilus (23), a classic vertebral osteophytosis in an animal found in Danish waters (24) and third stage deforming spondylosis as well as deformation and sclerosis of the bony plate in museum material of an adult female (25). The latter seems to occur frequently in adult individuals of this species (26). Parasitic infections and associated gastritis with penetrating ulcers, septicemia, enteritis, Brucella antibodies (detected in one animal) have been detected in animals stranded in Denmark (21).

Also, in the Netherlands, a virus with Rhabdovirus morphology has been described in a WBD (27). Skin disorders, such as lesions of possible infectious or traumatic origin, were described in animals from the Irish coast (28). Additionally, bacterial pneumonia (e.g., caused by staphylococci) and an infection with Erysipelothrix rhusiopathiae caused the death of six female WBDs in Newfoundland, Canada (29).

The aim of this study is to provide a comprehensive overview of the pathological findings of 24 white-beaked dolphins and three Atlantic white-sided dolphins stranded along the North Sea coast of Schleswig-Holstein, Germany, between 1990 and 2019 and along the North Sea coast of the Netherlands between 2008 and 2019. These findings, as well as the causes of disease and most likely causes of death, will help to evaluate results of future studies about these species and contribute to the assessment of risk factors, disease outbreaks and future stranding events.



MATERIALS AND METHODS


Materials From Germany

Between 1990 and 2019, a total number of 26 WBD and two AWSD strandings were recorded on the North Sea coast of Schleswig-Holstein, Germany. The animals were either found dead or were euthanized due to severe illness without possibility of rehabilitation. As part of an on-going marine mammal health monitoring program, an element of the existing stranding network in the state of Schleswig-Holstein, the carcasses were transported to the Institute for Terrestrial and Aquatic Wildlife Research, University of Veterinary Medicine Hannover, Foundation. Depending on their state of preservation, carcasses were stored at −20°C until necropsy or were examined immediately after admission (for very fresh specimens). Of the 26 WBDs stranded in Schleswig-Holstein in the stated time period, 15 were considered suitable to perform a full post-mortem examination and for histological, microbiological and immunohistochemical investigations. Both AWSDs were considered suitable for further investigations.



Materials From the Netherlands

Stranding records on the Dutch coast of the North Sea are maintained by Naturalis Biodiversity Center, Leiden and available online at http://www.walvisstrandingen.nl (30). A total of sixteen WBDs stranded between 2008 and 2019, of which nine animals were transported to the Faculty of Veterinary Medicine, Utrecht University (UU) for necropsies. One AWSD stranded in 2008 and was additionally collected for post-mortem examination at UU, while three other AWSDs stranded between 2010 and 2015, were not examined further. Animals that stranded prior to 2008 were not collected for necropsy at UU and therefore not described or included in this study. Ten animals stranded in the Netherlands (9 WBDs and 1 AWSD) were subject to a full macroscopic and histological examination.



Gross Examination

All individuals were measured and weighed, and sorted into two age classes – immature and mature – according to total length measured from the rostrum to the fluke notch (3, 12, 14). Sexual maturity was also evaluated based on testicular and ovarian weight, presence of milk in the mammary glands or presence of a fetus (3). In 14 animals from the German coast and two from the Netherlands, four to six teeth from the middle of the lower jaw were removed for age determination based on annual growth layer groups, as described by Lockyer (31).

The necropsy examinations were performed according to international standardized guidelines (32, 33). The nutritional status was determined based on the state of development of the epaxial musculature, the total body weight and blubber thickness measured dorsally, laterally and ventrally in three different locations (sternal, cranial and caudal to the dorsal fin, DE) or only cranial to the dorsal fin (NL). Table 1 gives an overview of the conducted analyses per case for which a full necropsy was performed.


Table 1. Overview of additional examinations conducted per case.
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Histology

Samples for histological examination were collected from a range of tissues, varying on a case-to-case basis, for fresh animals, including: adrenal gland, aorta, blubber, brain, diaphragm, esophagus, eye, gonads, heart, intestine (small and large), kidneys, liver, lungs, lymph nodes (retropharyngeal, pulmonary and mesenteric), mammary gland, nasal sinus, pancreas, rete mirabile, skeletal muscle, skin, spinal cord, spleen, stomach (1st, 2nd, and 4th compartment), thymus, thyroid gland, tongue, tonsils, trachea, urinary bladder and from tissues displaying gross lesions. These samples were fixed in 10% phosphate-buffered formalin, embedded in paraffin, cut at 4 μm and stained with hematoxylin and eosin (H&E). Selected sections were stained with elastica van Gieson stain, a trichrome stain for connective tissue. Furthermore, special stains were applied when histological lesions were suggestive of particular agents: Ziehl-Neelsen, to detect mycobacteria, Giemsa, to highlight protozoal organisms, or the periodic acid-Schiff (PAS) reaction, to detect fungi in the tissue.



Parasitology

Parasitic infections were assessed macroscopically and level of infections graded semiquantitatively as mild, moderate or severe (34) during necropsy. Associated lesions were recorded and parasites were collected in tap water and later (after 1 h) fixed in 70% ethanol. After clearing with lactophenol or glycerine, specimens were identified according to morphological characteristics (35, 36), using a stereomicroscope (Olympus SZ61 Stereo Microscope).



Microbiology

Samples of intestine, kidney, lung, liver, mesenteric lymph node and spleen were submitted for routine bacteriological and mycological investigation. Bacteria and fungi were cultivated as described by Siebert et al. (37) and identified using standard morphological and biochemical methods. Since 2014, identification is supported by a matrix-assisted laser desorption/ionization time-of-flight-analysis with Microflex LT/SH instrument as per manufacturer [Bruker Daltonics Bremen, Germany; (38–40)]. Additionally, samples of blood, blowhole, central nervous system, ear, esophagus, larynx, oral cavity, penis, placenta, pulmonary lymph node, nasal sinus, retropharyngeal lymph node, salivary glands, skin, thymus and uterus were submitted for bacteriological and mycological investigation, when gross lesions were of suspected bacterial origin [as described in Siebert et al. (32)].



Immunohistology

Four WBDs and one AWSD from German waters showed macro- and microscopical lesions in the lung and/ or brain resembling those of morbillivirus infection. Therefore, these organs were examined immunohistologically with an immunoperoxidase technique for the presence of morbillivirus antigen. Different monoclonal antibodies [PDTC4, produced by the Institute of Virology, University of Veterinary Medicine Hanover, see also: Harder et al. (41); MCA387, MCA1893, produced by Serotec, no longer available] were used as described previously (22, 42). In one WBD displaying encephalitis, sections of the brain were immunohistochemically stained following a protocol of an avidin-biotin complex staining method using a polyclonal antiserum against Toxoplasma gondii (1:100) (43).




RESULTS


Sex and Age Distribution

Twenty-five WBDs (60%, 25/42) were female and nine (21%, 9/42) were male. In eight of the WBD, sex determination was not possible. Sixteen females (64%) were mature, eight (32%) were immature and in one animal age was not possible to estimate. Only one male animal (11%) was mature, while the other eight males (89%) were immature. One female was pregnant with a male fetus and another female, which stranded alive, was accompanied by a calf. All AWSDs were males, two being mature and the other immature. Table 2 gives an overview on sex and age distribution of all WBDs.


Table 2. Sex and age classes of all WBDs stranded in Germany between 1990 and 2019 and in the Netherlands between 2008 and 2019.
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Stranding locations are represented in Figure 1. The majority of strandings in Germany occurred between 1993 and 1994 (Recorded from 1990-2019, Figure 2). Most strandings (24%, 4/17) in The Netherlands occurred in 2011, but with an overall consistent distribution during the stranding period assessed in this study (Recorded from 2008 to 2019, Figure 2).


[image: Figure 1]
FIGURE 1. Stranding location of 40 white-beaked dolphins (triangles) and three Atlantic white-sided dolphins (circles) as well as one WBD calf (star) on the North Sea coast of Schleswig-Holstein and the Netherlands. Stranding location of one WBD from Germany was not possible to obtain. Stranding location of four WBDs and three AWSDs from the Netherlands is not pictured, as they only consisted of loose bones (Basemap provided by Bundesamt für Kartographie und Geodäsie, Frankfurt am Main, 2011).
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FIGURE 2. Year distribution of all strandings of white-beaked dolphins and Atlantic white-sided dolphins along the German and Dutch coast of the North Sea from 1990 to 2019. Strandings in the Netherlands prior to 2008 are not included, as they were not examined further at UU.




Nutritional Condition

In general, the nutritional status of the studied animals was poor. Sixteen WBDs (38%, 16/42) were emaciated and eight (19%, 8/42) had a moderate nutritional status. Only two WBDs (5%, 2/42) were in a good nutritional condition. The nutritional status was not evaluated in 18 animals (43%, 18/42). All AWSDs were in a poor nutritional condition. The distribution of the nutritional status in relation to the age is shown in Table 3.


Table 3. Age classes of the white-beaked dolphins and Atlantic white-sided dolphins in relation to the nutritional status.
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After a gross examination, 24 WBDs and the three AWSDs were considered suitable for further investigations, based on their state of preservation. In the following paragraphs only these 27 animals are taken into account and referred to by their case numbers (see Table 1). An overview of the macroscopic and histological findings, as well as the causes of death is given in Table 4.


Table 4. Overview of macroscopic and histologic findings of the 27 WBDs and AWSDs, that were fully examined during necropsy, and the causes of death.
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Skin and Blubber

Granulomatous and histiocytic dermatitis was found in WBD3, which had a swelling on the upper lip. WBD6 had several older scars along one side of the body as well as a suppurative dermatitis with epidermal hyperplasia. In the fascia underneath the blubber of this animal, several nematodes were found, which were specified as Crassicauda spp. (Spiruromorpha: Tetrameridae). WBDs 7 and 15 showed suppurative inflammation of the blubber, but no parasite infection was detected in the skin/ sub cutis of these two animals. WBD7 also had superficial skin wounds and suppurative myositis. A microbiological examination revealed beta-hemolytic streptococci, Edwardsiella tarda, yeast, Pseudomonas spp., Erwinia spp. and Enterobacter spp. in WBD7. In WBD15 a foreign body (lower jaw of a horn pike) was perforating the skin and blubber on the right abdomen, ventral of the dorsal fin, and was therefore the cause of the inflammation. Origins of the foreign body of the skin lesion remained unclear and also if the skin lesions of the other animal were caused by trauma, inter- or intraspecific interaction or anthropogenic impact. LA11 showed several lesions of the skin and blubber. It had an elevated white plaque (Figure 3A) cranial to the blowhole on the rostrum with severe hemorrhage in the underlying tissue. The same animal also had multifocal hemorrhages in the brain, and it was assumed that blunt trauma to the head was the cause. Histology of these lesions showed erosions of the superficial epithelium, apoptotic epithelial cells and single granulocytes in the sub cutis. On the fluke, a large depressed scar was seen (Figure 3B), indicating a chronic traumatic lesion. The histological examination of the scar revealed severe ulceration, necrosis and accumulation of bacteria, eosinophils and neutrophils. On the lateral body flanks, several parallel lesions, including rake marks, with hemorrhage in the underlying tissue and microscopic ulcerations and erosions of the superficial layers were seen. Several dark, depressed patches on the lateral body resembling those of pox-virus infection were also examined microscopically. They showed erosion of the epithelium, hemorrhages and apoptosis, not typical for pox-virus infections. Pox-like lesions, found mainly on the head and tailstock, were detected on an additional WBD (LA10). Histologically, swollen keratinocytes and inclusion body-like structures could be seen in samples of the skin, but no definite histological identification for pox-virus could be made.


[image: Figure 3]
FIGURE 3. Elevated white plaque (~5 x 8 cm) cranial to the blowhole on the head of LA11 (A). Depressed scar (~8 × 6 cm at its widest point) on the dorsal tailstock (B) of the same animal. (photo credit: Steve Geelhoed).


Two AWSDs (AWSD1, AWSD2) had multifocal alterations of the skin and subcutaneous tissue. AWSD1 had multiple irregularly pigmented areas of the skin of different sizes and shapes (1–17 cm) (Figure 4A) as well as round shaped lesions with multiple holes reaching into the blubber (Figure 4B). The skin lesions were examined microbiologically and gamma-hemolytic streptococci were detected. Additionally all investigated AWSDs (AWSD1, AWSD2, LA2) had infections with nematodes (Crassicauda spp.; Tetrameridae; Spirumorpha) along their dorso-lateral flanks. On both sides of the abdomen Crassicauda spp. infected the subcutaneous muscle and fascia of AWSD1. The histological examination showed multifocal, nodular calcification of the muscle and the blubber displayed multiple necrotic areas as well as lympho-histiocytic inflammation. In the musculature, a parasitic cyst was seen containing oval, 60–80 μm large parasite eggs. Similar to the first AWSD, Crassicauda nematodes (Tetrameridae; Spiruromorpha) infected the subcutaneous fascia of AWSD2 (Figure 5A). Several abscesses (up to 10 × 7 cm) were detected in the blubber and musculature of AWSD2 (Figure 5B). Histologically, the musculature and skin displayed granulomatous-necrotizing inflammation, parasites in the muscle and parasite eggs in muscle and skin. Linear calcifications in the blubber, resembling lesions of Crassicauda infection, were also seen in LA2, but the lesions were not as severe as in the other two animals.


[image: Figure 4]
FIGURE 4. Skin lesions of AWSD1, showing severe discoloration on the right side of the abdomen, ~8 cm cranial to the fluke (A) and round shaped lesions with holes perforating into the blubber (B).
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FIGURE 5. Parasite infection with nematodes (Crassicauda spp.) of the subcutaneous fascia in AWSD2 appeared on both sides of the caudo-lateral abdomen (A). The same animal also displayed several abscesses in the musculature and sub cutis on the left side of the caudo-lateral abdomen, which were also infected by Crassicauda spp. (B).


AWSD1 and AWSD2 had infections with cestode larvae in the blubber, intra- and extraperitoneal fascia as well as musculature in different locations. Multiple parasitic cysts of varying size (0,7–3 cm in diameter) were seen upon gross examination of AWSD1. The cestode merocercoid morphotype Phyllobothrium delphinii (Phyllobotriidea) was isolated and identified from the blubber.



Respiratory System

The major gross pathological finding was pneumonia, which was observed in nine WBDs (33%, 9/27) (WBD3, WBD5, WBD6, WBD7, WBD8, WBD13, WBD15, WBD26, LA9). Histologically, interstitial pneumonia (55%, 5/9) and interstitial bronchopneumonia (22%, 2/9), suppurative bronchopneumonia (44%, 4/9), granulomatous/ pyogranulomatous pneumonia (22%, 2/9) and necro-suppurative pneumonia (11%, 1/9) were detected. Additionally, two animals showed pleuritis (WBD3, WBD26), which is most likely associated with the lung inflammation, specified in WBD3 as suppurative and granulomatous and in WBD26 as interstitial. Microbiological examination was performed on six of the nine animals with pneumonia. Detected microorganisms included Pseudomonas spp. (n = 2), beta-hemolytic streptococci (n = 2), gamma-hemolytic streptococci (n = 2), coliform bacteria (n = 2), Escherichia coli (n = 2), yeast (n = 1), Enterobacter spp. (n = 1) and Edwardsiella tarda (n = 1) in cases with suppurative or interstitial pneumonia/ bronchopneumonia and Erwinia spp (n = 1), Acinetobacter spp. (n = 1), Proteus spp. (n = 1) and aerobic Bacillus spp. (n = 1) only in correlation with interstitial pneumonia/bronchopneumonia. Two animals (WBD7, WBD8) were selected and tested for morbillivirus antigen, as these two WBDs were also diagnosed with encephalitis in addition to the pneumonia. Antigen of morbillivirus was not detected in the lungs of these animals. A mild infection with lung nematodes was observed in two WBDs (WBD20, WBD22). The lung of WBD20 was mildly infected and displayed lungworm nodules macroscopically, as well as slightly enlarged lung lymphnodes. In WBD22, parasitic nodules were recorded on gross examination as well. In both animals, this was probably caused by pseudaliid nematodes (Halocercus spp.), but the lungs did not display further pathological alterations. Histopathological examinations were not conducted for these two WBDs. Other common pathological findings in the lungs of the examined WBDs included pulmonary edema (58%, 14/24) and emphysema (21%, 5/24). Similar to this observation, pulmonary edema was seen in all of the AWSDs (AWSD1, AWSD2, LA2) and emphysema and congestion in LA2.

Less common diagnoses included focal, interstitial, pulmonary fibrosis (WBD6, WBD13), pneumoconiosis (LA1, LA6) and multifocal pulmonary calcification in WBD6. WBD6 also showed calcification in the stomach wall. Hypercalcemia related to hyperparathyroidism could be suspected, as the animal also showed hyperplasia of the parathyroid, but no blood screening was performed to confirm this hypothesis.



Gastrointestinal System

Of the 27 examined animals (including the three AWSDs), 20 animals were diagnosed with gastritis (74%). In 12 animals (WBD3, WBD7, WBD13, WBD14, WBD15, WBD24, WBD25, AWSD1, LA1, LA7, LA10, LA11) the gastritis was restricted to one compartment of the stomach (first or second), five animals (WBD5, WBD6, WBD8, WBD21, LA3) had lesions in the first and second compartment and in LA9 all compartments were affected. For WBD20 and LA5, there was no further information on the location of the lesions. In six cases, gastritis was diagnosed solely macroscopically, with ulcers visible grossly ranging from a few mm to 6 cm in size (Figure 6). In 14 animals, pathohistological examination specified the gastritis as ulcerative (50%, 7/14), granulomatous/pyogranulomatous (36%, 5/14), necro-suppurative (14%, 2/14), eosinophilic (7%, 1/14) and/or hemorrhagic (7%, 1/14).
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FIGURE 6. Gastric ulceration (arrow) in the 1st compartment of the stomach of WBD8.


Eighteen animals (2 AWSDs, 16 WBDs) had parasitic infections of at least one stomach compartment. Parasites were detected in the lumen on gross examination (n = 10) and were seen histologically, penetrating the gastric wall in 8 cases. In 12 animals, parasites were identified as anisakid nematodes. LA10, from the Netherlands, was found to be infected with Pseudoterranova decipiens (Rhabditida: Anisakidae) in the 2nd stomach. AWSD1 and AWSD2 displayed an additional infection with the trematode Pholeter gastrophilus (Digenea: Heterophyidae) in the stomach wall (ampulla duodenalis). A combination of both gastritis and anisakid nematode infection was observed in 14 (82%, 14/17) animals. An overview of the parasitic infections in the different parts of the gastrointestinal tract is given in Table 5. Ulceration of the esophagus was detected in three WBDs (WBD3, LA1, LA3) and one AWSD (LA2). Three other WBDs (WBD6, WBD21, WBD22) had parasites in the esophagus, in WBD6 identified as anisakid nematodes. Enteritis was diagnosed in four cases (WBD3, WBD5, WBD6, LA10) and six animals presented parasitic infections of the intestine (WBD5, WBD6, WBD21, WBD22, AWSD1, LA1). In WBD6 the acanthocephalan Bolbosoma capitatum (Acanthocephala; Polymorphidae) was identified and associated with a pyogranulomatous enteritis. Acanthocephalan infections were recorded in two more cases (WBD21, WBD22). WBD5 showed a combination of parasitic infection and enteritis, but no identification of the parasites was performed. WBD14, a female, had an intestinal volvulus, associated with hemorrhagic infarction, severe bloating of the intestine and large amounts of dark red fluid in the abdomen. Apart from ulcerative gastritis, no other abnormalities of the gastrointestinal tract were observed in this animal.


Table 5. Distribution and level of parasitic infection found in the different compartments of the stomach and gastrointestinal system from WBDs from the German and Dutch North Sea.
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Central Nervous System

Encephalitis was found in two WBDs (WBD7, WBD8) and one AWSD (AWSD2), an acute meningoencephalitis in one (LA10) and a mild meningitis in another (LA11). WBD7 had a non-suppurative encephalitis and also showed mild, perivascular lymphocytic infiltration, cell necrosis, moderate calcification, moderate, focal malacia, astrogliosis and microgliosis and moderate amounts of cytoplasmatic and nuclear, eosinophilic inclusion bodies in neurons and glial cells. WBD8 had a necrotizing encephalitis. AWSD2 had a non-suppurative meningitis in three localizations that were assessed, as well as non-suppurative encephalitis. LA10 and LA11 showed hemorrhages (Figure 7) and focal purulent nodules on the meninges as well as a larger amount of cerebrospinal fluid. The histological examination showed necrosis of individual neurons and activated microglia in LA10, while LA11 presented hyperemia and hemorrhages in several areas of the brain and infiltration with eosinophils in the cerebrum and bacterial colonies in the cerebellum. Other pathological findings of the central nervous system were hyperemia, seen in four WBDs (LA6, LA9, LA10, LA11), and mild perivascular hemorrhages in two cases (LA10, LA11). LA11, with severe hemorrhages and hyperemia, had a blood clot (3 × 1 cm) in the cerebellum, which may be indicative of a brain infarction, although other findings described for this animal in the skin and subcutis section also suggest a traumatic cause. No histological image of the specific area, where the blood-clot was located, was made to help determine the cause of this finding. Lipofuscin accumulation was detected in two WBDs (WBD3, LA9) and LA9 had a satellitosis in the cerebrum.


[image: Figure 7]
FIGURE 7. Dorsal view of the right hemisphere of the cerebrum with multifocal hemorrhages (stars) and purulent areas (arrows) in LA10 with acute meningoencephalitis. (photo credit: Steve Geelhoed).


Immunohistochemical analysis was performed on the brain and lung tissue of WBD7, WBD8 and AWSD1, with the intent to detect a morbillivirus infection. Morbillivirus antigen was found in WBD7 and specified as dolphin morbillivirus (DMV). A detailed report on this case has been published previously (22).

Serology to detect antibodies against Brucella abortus, Brucella melitensis and Leptospirae (L. canicola, L. grippotyphosa, L. tarassovi, L. icterohaemorrhagiae, L. pomona, L. hardjo, L. bratislava) was performed for WBD7. The results were negative.



Ears and Eyes

Three animals (WBD14, AWSD1, AWSD2) showed nematode infections in the tympanic bullae and cranial sinus. Nematodes were found in the Eustachian tube of AWSD1. Both AWSDs showed mild to moderate infections. Identification of the parasites revealed Stenurus globicephalae (Metastrongyloidea; Pseudaliidae) in AWSD1 and AWSD2. For WBD14 no speciation was performed. WBD6 had suppurative otitis media in both ears. No ear nematodes were detected in this animal. Microbiological examination detected Salmonella spp., Pseudomonas spp., Klebsiella oxytoca and Clostridium perfringens. LA4 showed dark red coloration of the subcutaneous tissue around the ears during gross examination, but no histological examination was performed. No abnormalities were detected in the eyes of any of the animals.



Hematolymphatic System

Three WBDs (WBD5, WBD6, LA9), two mature females and an immature male, had multiple macroscopically visible cysts in the thymus, ranging from 1 to 2.5 cm in diameter. Histologically, the cysts of the female animals (WBD5, WBD6) were lined by epithelial cells and contained colloid in WBD6, while the male animal (LA9) showed lymphoid depletion and necrosis. Macroscopically, no other animal showed cysts of the thymus, but as histological examination of the thymus was only performed on eight animals, no definite statement can be made, especially concerning the occurrence of microcysts in WBDs.

One AWSD (AWSD1) had a splenitis. To detect certain pathogens, the tissue was stained with Giemsa, Ziehl-Neelsen and PAS, but all were negative. Bacteriological examination detected gamma-hemolytic streptococci. Apart from the splenitis, pathological findings in the spleen were rare. Macroscopic swelling of the red pulp (LA9) and histologically detected hyperplasia of the white pulp (LA11) were detected once in two WBDs, both together with extra medullary hematopoiesis.



Skeletal System

Only two WBDs showed abnormalities of bone structures, both were mature females (WBD15, LA1). WBD15 was 5 years old by growth layers in the teeth and showed ankylosis of several vertebrae and ossification of the humerus with radius and ulna. In LA1, irregular new bone formation and sequestration of the left lateral spinous processes of the tail vertebrates and osteomyelitis was seen. The subepidermal tissue in the same area showed a large hematoma; trauma is likely to have caused the bone reaction.



Urogenital Systems and Abdominal Cavity

A suppurative vaginitis with lympho-histiocytic inflammation of the cervix was found in WBD6. WBD3 had a moderate pyometra. No bacteriological, mycological or virological examination was performed on these animals.

Two WBDs (LA1, LA6) displayed a necrosis of the tubular epithelial cells of the kidneys and LA11 had hyperemic kidneys, interstitial fibrosis and mineralization of the renal parenchyma. Only the right kidney showed cystic dilatation of the tubules. Other pathological findings of the kidneys included congestion in two WBDs (WBD3, WBD26), atrophy of the glomeruli in one animal (WBD5) and one case of fibrosis (WBD6). In LA9 a lymphoplasmacytic cystitis was diagnosed. AWSD1 had a parasitic cyst in the peritoneum left of the urinary bladder close to the head of the epididymidis and several cysts in the mesenteries of the right testicle, which likely have a parasitic origin as well. Furthermore a 6 × 5 cm abscess with caseous content was located between the testicles.

In the peritoneal wall, close to the accessory glands, AWSD2 displayed parasitic cysts, containing cestode larvae of the morphotype Monorygma grimaldii (Diphyllobotriidea). The same animal also had a single nematode in the area of the papilla seminalis, suggestive of Crassicauda spp., which resembles the findings of nematodes in fascia and musculature of this animal (see above).



Liver

Hepatitis was detected in three WBDs (WBD5, WBD14, LA9) and was specified macroscopically as suppurative-granulomatous with focal abscesses in WBD14 and histologically as multifocal, lymphocytic/lymphohistiocytic in WBD5 and LA9. Microbiological examination detected Staphylococcus epidermidis, Pseudomonas spp., Erwinia spp., Acinetobacter spp. as well as coliform bacteria in WBD5 and infection with Clostridium sordellii in LA10, without signs of hepatitis. No further tests were conducted for WBD14 and LA9. WBD14, with several lesions in the liver, also had an intestinal volvulus, mentioned in the “Gastrointestinal tract” section. AWSD1 had a multifocal, necrotizing hepatitis, together with focal complete vascular thrombosis. To detect certain pathogens, the tissue was stained with Giemsa, Ziehl-Neehlsen and PAS, but all were negative. No pathogens were detected during the bacteriological examination. The same animal also had a necrotizing splenitis, mentioned above, which was associated with gamma-hemolytic streptococci. Other pathological findings in the liver were periportal fibrosis (WBD5, WBD6, WBD14, LA10), congestion (WBD3, WBD26), multifocal necrosis with lymphoplasmacytic infiltration (LA1, LA6), cytoplasmatic, brown-yellow pigmentation in approximately 90% of the hepatic cells (LA1, LA6), hyperemia, vacuolization and periportal roundcell and polymorph infiltration (LA11).



Immunohistochemistry

Immunohistochemical investigation of brain and lung samples failed to detect morbillivirus antigen in the studied animals from Germany, except for WBD7, which has been described previously (22). AWSD2 which was diagnosed with encephalitis was tested negative for morbillivirus. WBD8 was tested for the presence of Toxoplasma gondii, but results were negative. No immunohistochemistry was performed on the animals stranded in the Netherlands.



Bacteriology and Mycology

Microbiological examination was conducted on 85 organ samples from 12 animals which were in a fresh state of conservation. Twenty nine bacterial species and yeasts were isolated. The most frequently detected bacteria, based on the number of organs they were detected in, were coliform bacteria (26), Pseudomonas spp. (24), gamma-hemolytic streptococci (18), E. coli (17) and aerobic bacilli (16). In association with pathological findings, streptococci (beta- and gamma-hemolytic species), Pseudomonas spp. and coliform bacteria were the most commonly detected microbes, mainly detected in the lungs, pulmonary lymph nodes and mouth/throat. The detection of multiple microorganisms in the same animal was observed regularly (n = 8). In Table 6 only bacteria and yeast are listed, that were detected in organs with macroscopic and/or histopathological lesions. Beta- and gamma-hemolytic streptococci, E. coli, coliform bacteria as well as Pseudomonas spp. were the most common microbes associated with pneumonia and were often found in the pulmonary lymph nodes as well. In WBD7, a serum analysis for antibodies against Brucella abortus, Brucella melitensis and Leptospirae as potential zoonotic agents was performed. All results were negative. Clostridium sordellii was cultured from the spleen, kidney, liver and tissue of an abscess in the musculature of the throat area of a WBD (LA10) diagnosed with septicemia. The kidneys, liver and spleen of the same animal did not present any pathological changes. A coinfection with Streptococcus spp. in the lung and Edwardsiella tarda in the area of the abscess was also observed.


Table 6. Microorganisms detected in organs with pathological lesions from WBDs and AWSDs stranded along the German and Dutch coast.
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DISCUSSION

The most common pathological findings diagnosed in white-beaked and Atlantic white-sided dolphins stranded along the South-eastern North Sea were emaciation, gastric ulceration, parasitosis and pneumonia. This resembles findings of a former study on L. albirostris strandings along the Danish coast of the North and Baltic Sea (21). Furthermore, the high incidence of parasitic infections of the skin, blubber and musculature in AWSDs is comparable with the results of a pathological study by Rogan et al. (15).

Gastritis and infection with anisakid nematodes were common and a correlation with anisakid nematode infections and gastric ulceration has been described (23, 32, 34). Parasitic infections were associated with gastritis in a majority of the animals (82%, 14/17). Although these lesions were severe in some cases, it was not considered the main cause of death of these animals. A contribution to emaciation has been assumed (21) and seems likely in this study, with the majority of animals with pathological findings of the stomach and/ -or parasitosis, regardless of the severity of the findings, being in a poor nutritional condition (54%, 13/24). Table 7 shows the relation between the nutritional status and pathological findings of the stomach. Emaciation was considered the cause of stranding or death in four animals from the Netherlands, but would have likely played a role in weakness and stranding of other dolphins investigated in this study as well.


Table 7. Nutritional condition in relation to the occurrence of pathological findings of the stomach (gastritis, parasitic infection) in WBDs and AWSDs from South-eastern North Sea.
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For most stranded WBDs and AWSDs the ultimate cause of death could not be assigned and for those, in which a cause was determined (n = 12), this significantly varied between individuals (see Table 4). Emaciation was the most likely associated with spontaneous death (19%, 5/27). One animal died due to septicemia caused by Clostridium sordellii. Clostridium sordelli has been described as cofactor in septicemic infections in cetaceans (44) and is known to cause fatal disease in humans (45). Trauma was suspected to cause the death of two WBDs from the Netherlands, although infectious diseases might have played a role in both cases. Intestinal volvulus was diagnosed in one animal from Schleswig-Holstein and considered as the cause of death in this individual. As the animal also showed ulceration of the stomach, gastrointestinal disease as a risk factor for the development of volvulus cannot be excluded in this case. Other possible risks linked to the development of volvulus, such as parasitic infection, bycatch or encephalitis causing changes in movement and behavior (46) were not observed in this animal. Among the animals from Germany, other diseases associated with spontaneous death include pneumonia, endoparasitosis, encephalitis and splenitis combined with hepatitis.

Suffocation as a consequence of bycatch frequently causes death and is considered as a threat to several cetacean species in the North Sea and North Atlantic (32, 47, 48) External scars or wounds indicating trauma or bycatch were not detected in any of the animals in this study except for one WBD (LA11) from the Netherlands, with possible trauma to the head and multifocal wounds and scarring on body and tailstock. Nevertheless, possible bycatch or entanglement in fishing gear prior to stranding cannot be ruled out, as external lesions can be missing. Lung edema has been linked to suffocation before, and was observed in other studies from Europe, dealing with post-mortem pathological findings (32, 49, 50), but was not significantly associated with bycatch in cetaceans from the Atlantic coast in a study dealing with discrimination of bycatch and other causes of death in ceataceans and pinnipeds (51), where multi-organ congestion, disseminated gas bubbles and red or bulging eyes were some of the lesions most commonly seen. Lung edema as an unspecific sign for bycatch was seen in nine animals from Germany and six animals from the Netherlands. As other signs were missing, it seems unlikely, that bycatch was a cause of death in any of the dolphins, which were examined in this study.

Bronchopneumonia was a common pathological finding in WBDs and AWSDs. In most cases the pneumonia seemed to be of bacterial origin, with Streptococcus spp. being the main detected microorganisms in affected animals. Beta-hemolytic streptococci have been associated with pneumonia, abscessation and septicemia in harbor porpoises (32, 52) and are known to cause pneumonic lesions in pinnipeds as well (53). The lungworms found in this study likely belonged to the Pseudaliidae family (Metastrongylidae), which typically infect odontocete respiratory tracts (23, 54). Interestingly, none of the cases with lungworm infections (7%, 2/27) showed signs of inflammation in this study. In comparison to other cetaceans and marine mammals inhabiting the North Sea, this is very unusual. Parasitic lung infections in harbor porpoises are common and often cause pneumonia, which can be severe and is frequently considered as the main cause of disease and death (23, 32, 34). The two cases in this study with nematode infections in the lung did not present any lesions. Halocercus delphini, a lung parasite infecting the common dolphin (Delphinus delphis) has been described to have no significant effect on their host (23). Little impact on the host could be possible for parasitic lung infections in WBDs as well, however more research is needed to substantiate this. Summarizing all organs, at least seven species of parasites from six families and four classes (Table 8) were found in the investigated dolphins showing a diverse parasite fauna, but not having any serious impacts on the health status of the investigated animals. Little information about parasitism and its impact in WBDs and AWSDs is available (23), warranting more research and systematic surveys.


Table 8. Parasite species and infection site in WBDs and AWSDs.
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Two animals from Schleswig-Holstein showed bronchitis and encephalitis and therefore displayed the typical general findings associated with morbillivirus infection in cetaceans (55). Morbillivirus infection has been linked to mass stranding events and fatal disease of cetacean species (55, 56), but in a different study dealing with morbillivirus in WBD, the virulence of the virus for WBDs was rated as uncertain (57). Virus antigens were detected in one WBD from Germany in this study. Although the gross and histological examination showed lesions in lung and brain, the virus was only detected in brain tissue. As the animal showed the typical pathological findings, it is likely, that the virus caused disease in this animal. The infected dolphin stranded alive and was euthanized, so if the virus was the cause of the stranding or if death of the animal would have occurred otherwise, remains unclear, but it might have played a role in emaciation and weakness.

Thymic cysts were a rare finding in this study, which seems striking, as it was more commonly found in other studies on thymic cysts in cetaceans (50, 58). As mentioned before, no definite statement on the occurrence of microcysts can be done, due to the lack of histological examinations. Concerning the age of the animals (two adults, one subadult) with macrocysts, the findings fit into the results of former studies, in which the development of thymic cysts in harbor porpoises and bottlenose dolphins (Tursiops truncatus) correlates with age and physiological involution of the thymus (58, 59).

The occurrence of ankylosis of the vertebrae, as observed in a mature, female WBD (WBD15) has been described in previous studies on L. albirostris and other cetaceans (26, 60). It seems to be a common finding in older WBD specimen, as sign of advanced spondylosis deformans, especially affecting females (26), although it can occur in younger animals, according to a study on harbor porpoises (60). WBD15 from this study was 5 years by growth layers in the dentine, and therefore still quite young. Another possibility apart from age related physical stress on the vertebral column can be an inflammatory reaction. Bacterial infections of the intervertebral disc or bacterial osteomyelitis might also lead to new bone formation, especially in younger animals (26). No signs of inflammation were described in WBD 15, but a large scar (15 × 2 cm) on the right side of the back, just ventral of the dorsal fin could be a sign for an older trauma, which primarily caused the reaction of the bone.

Here we present a broad overview of pathological findings and appearance of diseases in stranded white-beaked dolphins as well as three Atlantic white-sided dolphins in the North Sea. Data has been published after mass stranding events of WBDs in Denmark (21) and AWSDs in Ireland (15), but knowledge of disease pathology of both species is still scarce. Further studies and homogeneously collected data on pathology is needed to gain a deeper insight into diseases and evaluate their role for the species health and management and in potential future stranding events.

Strandings, abundance and pathological findings should be observed further in the years ahead, to be able to assess the health and population status of Lagenorhynchus species. Although WBDs and AWSDs are both listed as ‘least concern’ by the IUCN Red list, population trends for both species are still unknown. The potential impact of direct takes in certain parts of the Atlantic, as well as bycatch and combined anthropogenic threats, including those associated with climate change, need further assessment (18, 19, 61).
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Toxoplasma gondii is known to cause sporadic clinical disease and fatality in marine mammals worldwide. It has been recognized primarily in odontocetes, pinnipeds, and mustelids; however, there is very limited information available in mysticetes. We report the results of pathological, immunohistochemical, and molecular genotyping analyses in a Bryde’s whale (Balaenoptera edeni) with disseminated toxoplasmosis. A 10.7-m-long, adult, male Bryde’s whale in poor body condition was stranded alive on August 21, 2018 in Pontal do Ipiranga, Linhares, Espirito Santo state (Brazil). The animal died shortly after stranding and was promptly autopsied. The main gross findings were diffuse axial skeletal muscle atrophy, generalized congestion, petechiation and ecchymoses, necrotizing splenitis, hepatitis, myocarditis, pneumonia, and lymphadenitis (prescapular, pulmonary, mediastinal, and mesenteric), bilateral scapulohumeral hemarthros, and severe pulmonary edema. A microscopic examination confirmed the aforementioned diagnoses, featuring a histopathologic signature characterized by multisystemic necrotizing inflammation with vasculitis and disseminated intravascular coagulation, thrombosis, and numerous intralesional protozoal cysts and extracellular tachyzoites morphologically compatible with T. gondii. The immunohistochemical and polymerase chain reaction (PCR) analysis targeting a repetitive 529-bp DNA fragment of T. gondii confirmed toxoplasmosis in the liver, spleen, lung, and lymph nodes. PCR-restriction fragment length polymorphism analysis using 11 markers identified a new non-archetypal genotype, ToxoDB-RFLP genotype #300. Further, the genotyping by microsatellite technique employed 15 markers and confirmed a unique non-archetypal T. gondii strain, designated as PS-TgBaledBrES1. These novel results add to the diversity of this parasite in the world and to the scarce data on T. gondii genotype distribution in cetaceans, representing the first record of toxoplasmosis in a Bryde’s whale and setting the baseline knowledge for future research on T. gondii genotyping research in marine mammals from South America.
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INTRODUCTION

Toxoplasma gondii (phylum Apicomplexa), an intracellular protozoan parasite responsible for toxoplasmosis, affects a wide number of hosts including non-human animals and humans with varying morbidity and mortality (Howe and Sibley, 1995; Dubey, 2010; Calero-Bernal and Gennari, 2019). Notwithstanding, T. gondii is known to cause sporadic clinical disease and fatality in marine mammals in many geographic areas. It is considered emergent in certain locations, such as the Arctic (Donahoe et al., 2014). T. gondii was first described in Brazil and Tunisia in 1908 (Nicolle and Manceaux, 1908; Splendore, 1908; Ferguson, 2009). Furthermore, the first record of toxoplasmosis in cetaceans was in a Guiana dolphin (Sotalia guianensis) from Rio de Janeiro state, Brazil, in the 1970s (Bandoli and Oliveira, 1977). Since then, knowledge on the exposure and the infection of this protozoan has been gained primarily by serological, pathological, and molecular techniques in a wide variety of captive and free-ranging cetaceans worldwide (Inskeep et al., 1990; Omata et al., 2006; Mazzariol et al., 2012; Gonzales-Viera et al., 2013; Costa-Silva et al., 2019).

In recent years, T. gondii has increasingly been recognized in odontocetes, pinnipeds, and mustelids (Van Wormer et al., 2016; Reisfeld et al., 2019; Shapiro et al., 2019). Nonetheless, there is very limited information in mysticetes, including a seropositive humpback whale (Megaptera novaeangliae) from the Atlantic Ocean (Forman et al., 2009) and a fin whale (Balaenoptera physalus) co-infected with Cetacean Morbillivirus (CeMV) in the Mediterranean Sea (Mazzariol et al., 2012). The Bryde’s whale (B. edeni) is one of the least known baleen whales (Kato and Perrin, 2008) being currently regarded as “data deficient” by the International Union for Conservation of Nature (Redlist of threatened species, 2013). The geographical location of the Bryde’s whale ranges from 40° N to 40° S in tropical and temperate waters, including the Indian, North and South Pacific, and Atlantic oceans (Kato and Perrin, 2008). This species occurs regularly along the coast off the states of S o Paulo and Rio de Janeiro, southeastern Brazil (Lodi et al., 2015).

Toxoplasma gondii has been typically regarded as a secondary or opportunistic pathogen for cetaceans (Migaki et al., 1990; Domingo et al., 1992; Kennedy, 1998; Mikaelian et al., 2000; Dubey et al., 2008; Van Bressem et al., 2009), yet various reports have suggested its primary pathogenic role in the absence of evident concomitant disease and/or demonstrated toxicologic stress levels (Miller et al., 2001; Di Guardo et al., 2011; Gonzales-Viera et al., 2013). Genotyping of T. gondii may provide insight into the dynamics of the protozoan at terrestrial and aquatic environments and their interfaces with implications for public health. Three clonal lineages (I, II, and III) and various atypical (non-archetypal) strains are described based on their variability in genetic markers and pathogenicity in mice (Howe and Sibley, 1995; Ajzenberg et al., 2004; Pena et al., 2008; Sibley et al., 2009; Shwab et al., 2014). Overall, there is very limited information available on T. gondii genotypes affecting marine mammals. In North America, the T. gondii genotypes identified in marine mammals include types I, II, X, and A (Conrad et al., 2005; Dubey, 2010; Gibson et al., 2011). Interestingly, most human infections in North America and Europe are linked to type II T. gondii, which is also common in livestock in these regions (Sibley et al., 2009). Type II and atypical type II T. gondii isolates were detected in striped dolphins (Stenella coeruleoalba) stranded on the Ligurian Sea coast of Italy (Di Guardo et al., 2011). Atypical type II genotypes were also recently identified in Hector’s dolphins (Cephalorhynchus hectori) from New Zealand (Roe et al., 2013) and a fur seal (Arctocephalus forsteri) from New South Wales, Australia (Donahoe et al., 2014). Given the relatively limited knowledge on T. gondii genotype distribution among marine mammals worldwide and more specifically in Brazil, as well as the elusive potential epidemiological associations with public health and terrestrial T. gondii epidemiology, this study aimed at reporting the results of pathological, immunohistochemical, and molecular genotyping analyses in a Bryde’s whale with disseminated toxoplasmosis.



METHOD

A 10.7-m-long, adult, male Bryde’s whale was stranded alive on August 21, 2018 in “Pontal do Ipiranga,” Linhares, Espirito Santo state (Brazil). The animal died shortly after stranding and autopsy was performed promptly as per standard protocol (Geraci and Lounsbury, 2005). Representative tissue samples of the heart, aorta, lung, trachea, mediastinal, pulmonary, tracheobronchial, mesenteric and prescapular lymph nodes, diaphragm, tongue, stomach, intestine, liver, kidney, urinary bladder, spleen, pancreas, testicle, epididymis, skin, rectus abdominis, and longissimus dorsi were collected and fixed in 10% neutral buffered formalin. All these tissues were processed routinely and embedded in paraffin wax, and 5-μm-thick sections were stained with hematoxylin and eosin (H&E) for microscopic analysis. Selected tissue samples were collected and kept frozen (−20°C) for molecular analyses. For immunohistochemistry (IHC), a primary polyclonal anti-T. gondii antibody (1:400 dilution; VMRD Inc., Pullman, WA, United States) was employed, followed by an avidin-biotin-peroxidase complex method (Elite ABC kit, Vector Laboratories, Burlingame, CA, United States) (Costa-Silva et al., 2019), in the lung, liver, spleen, and lymph node (prescapular, pulmonary, mediastinal, and mesenteric) tissue sections. A positive control included the adrenal gland from a T. gondii-positive Guiana dolphin (Gonzales-Viera et al., 2013). As negative control, sequential tissue sections were incubated with non-immune homologous serum.

For the molecular analysis, tissue fragments (∼1 g each) of lung, liver, spleen, and lymph nodes (prescapular, mediastinal, pulmonary, and mesenteric) were homogenized separately with 500 μl of Tris-ethylenediaminetetraacetic acid (EDTA) buffer (10 mM Tris–HCl and 1 mM EDTA, pH 8.0) using a pestle and a mortar. Furthermore, 250 μl of each homogenate was used with a commercial kit (DNeasy Blood® & Tissue kit, Qiagen, Hilden, Germany) for DNA extraction, according to the manufacturer’s instructions. A polymerase chain reaction (PCR) targeting the amplification of the repetitive 529-bp fragment from T. gondii genome was employed for the molecular detection of T. gondii (Homan et al., 2000). PCR-restriction fragment length polymorphism (RFLP) was performed to identify the genotypes of T. gondii. Reference archetypal strains RH (type I), PTG (type II), and CTG (type III) and T. gondii non-archetypal strains (TgCgCa1, MAS, and TgCatBr5) were included as positive controls in all reactions. The following markers were used: SAG1, 5′3′SAG2 and alternatively SAG2, SAG3, BTUB, GRA6, c22-8, c29-2, L358, PK1, Apico (Su et al., 2010), and CS3 (Pena et al., 2008). The genotyping by microsatellite (MS) technique employed 15 markers (TUB2, W35, TgM-A, B18, B17, M33, MIV.1, MX1, M48, M102, N60, N82, AA, N61, and N83) (Ajzenberg et al., 2010). The reference archetypal strain PTG was used as the positive control. An automatic sequencer (3500 Genetic analyzer AB Hitachi, Life Tech, São Paulo, Brazil) and the GeneMapper software (version 4.1; Applied Biosystems) were used for electrophoresis and fragment analysis, respectively. All DNA from the positive controls used in this study were kindly provided by Dr. Chunlei Su from the Department of Microbiology, The University of Tennessee, Knoxville, Knoxville, TN, United States. This study was approved by the Instituto Chico Mendes de Conservação da Biodiversidade and was conducted under SISBIO license #48279-4. This study is in agreement with the Ethical Principles in Animal Research adopted by the “Ethic Committee in the Use of Animals” of the School of Veterinary Medicine and Animal Science of the University of São Paulo (protocol #5580110315).



RESULTS

Grossly, the main pathologic findings were diffuse axial skeletal muscle atrophy, systemic congestion, petechiation, ecchymoses, necrotizing splenitis, hepatitis, myocarditis, pneumonia, lymphadenitis (prescapular, pulmonary, mediastinal, and mesenteric), bilateral scapulohumeral hemarthros, and severe pulmonary edema (Figure 1). Microscopically, the lymphoid system had marked, multifocal to coalescing, acute multicentric necrotizing lymphadenitis and splenitis with necrotizing vasculitis and thrombosis. The liver had marked, multifocal to coalescing, acute necrotizing hepatitis with vasculitis and thrombosis. In the respiratory system, there was marked, diffuse, acute fibrinonecrotizing interstitial pneumonia with abundant hyaline membranes, vasculitis, and thrombosis. The cardiovascular system had mild to moderate, multifocal, acute/subacute lymphohistiocytic myocarditis with necrosis and hemorrhage and moderate, multifocal, chronic fibrosing endarteritis and endocarditis with hemorrhage. In the reproductive system, there was necrotizing orchitis and periorchitis with hemorrhage and acute neutrophilic and lymphohistiocytic epididymitis with vasculitis and hemorrhage. In the digestive system, there was multifocal, acute enteritis with fibrin and edema and mild, multifocal, acute necrotizing gastric leiomyositis with vasculitis and fibrin. The inflammatory foci in all the aforementioned organs had moderate to large numbers of protozoan cysts and extracellular tachyzoites morphologically compatible with T. gondii (Figure 2). Additional relevant pathologic findings non-related to toxoplasmosis were those attributed to live stranding stress response, primarily characterized by acute, hyaline segmental myodegeneration and necrosis in the rectus abdominis and longissimus dorsi muscles.
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FIGURE 1. Macroscopic findings in a Bryde’s whale (Balaenoptera edeni) with disseminated toxoplasmosis. (A) Whole body, left lateral view. Inset: characteristic three rostral cephalic ridges used as morphologic identification criterion. (B) Severe pulmonary edema. Inset: necrotizing interstitial pneumonia. (C) Necrotizing hepatitis. Inset: greater detail of necrotizing hepatitis. (D) Necrotizing splenitis. The arrows indicate the foci of necrosis. (E) Necrotizing lymphadenitis. Inset: greater detail of necrotizing lymphadenitis. (F) Endocardial hemorrhages.
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FIGURE 2. Microscopic findings in a Bryde’s whale (Balaenoptera edeni) with disseminated toxoplasmosis. (A) Liver: marked, multifocal random to coalescing, acute necrotizing hepatitis. H&E, ×40. Right upper inset: focus of necrotizing hepatitis (asterisk) and two adjacent protozoal cysts (arrows). H&E, ×400. Right lower inset: protozoal cysts immunolabeled by anti-Toxoplasma gondii antibody. Immunohistochemistry, ×1,000. (B) Spleen: fibrinous exudate and necrotic cell debris along with loss of cellular detail and hemorrhage. H&E, ×100. Inset: detail of intracytoplasmic endothelial protozoal cyst. H&E, ×1,000. (C) Pulmonary lymph node: necrotizing lymphadenitis with extensive lymphoid loss and focal capsular obliterative fibrinocellular thrombus (asterisk). H&E, ×40. Inset: intracellular protozoal cyst amidst fibrinonecrotizing inflammation. H&E, ×40. (D) Lung: abundant fibrin layers coating the alveolar septa with necrotic pneumocytes and inflamed septa. H&E, ×100.


Results of the immunohistochemistry showed cysts and tachyzoites in tissues (Figure 2). All analyzed whale tissues were T. gondii-positive by the 529-bp fragment PCR. This strain from B. edeni was designated as PS-TgBaledBrES1. Based on genotyping by PCR-RFLP and MS analysis, the novel ToxoDB-RFLP genotype #3001 (Table 1), a non-archetypal, unique genotype (Table 2), was revealed in all the samples analyzed.


TABLE 1. Toxoplasma gondii PCR-restriction fragment length polymorphism genotype from a Bryde’s whale (Balaenoptera edeni) stranded in Pontal do Ipiranga, Linhares, Espirito Santo state (Brazil).
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TABLE 2. Genotyping results of Toxoplasma gondii with 15 microsatellite markers from a Bryde’s whale (Balaenoptera edeni) stranded in Pontal do Ipiranga, Linhares, Espirito Santo state (Brazil).
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DISCUSSION

Fatal toxoplasmosis in marine mammals often is associated with hepatitis, meningoencephalitis, adrenalitis, lymphadenitis, interstitial pneumonia, retinochoroiditis, thymitis, placentitis, and myocarditis. Early embryonic death and resorption, fetal death and mummification, and stillbirth and neonatal death may be seen in animals with transplacental infections (Inskeep et al., 1990; Migaki et al., 1990; Jardine and Dubey, 2002; Resendes et al., 2002; Dubey et al., 2008; Dubey, 2010). In the present case, the pathological signature was characterized by multisystemic necrotizing inflammation with vasculitis and disseminated intravascular coagulation with thrombosis and myriads of intralesional protozoal cysts morphologically compatible with T. gondii. These pathological findings are analogous to various previous reports of fatal systemic acute toxoplasmosis in susceptible marine and terrestrial animal species, including man (Dubey and Jones, 2008). To the best of our knowledge, only one previous report documented toxoplasmosis in a mysticete, specifically a fin whale (Mazzariol et al., 2012). Although no pathological findings were observed in the latter (probably related to decomposition status), the IHC analysis revealed protozoan cysts in kidney and heart (Mazzariol et al., 2012). Moreover, the PCR analyses detected T. gondii genomic sequences in renal, cardiac, and skeletal muscle and in mesenteric lymph node (Mazzariol et al., 2012). The whale had positive PCR results for CeMV but no evident morbilliviral antigen in the tissues examined (Mazzariol et al., 2012). The findings observed in the present case suggest that T. gondii may be a cause of severe systemic infection and death in Bryde’s whales, widening the host record for this pathogenic protozoan. Immunosuppression by chemical pollutants, such as polychlorinated biphenyls, or concurrent infections, such as CeMV, are known predisposing factors for toxoplasmosis in cetaceans (Mikaelian et al., 2000; Di Guardo and Mazzariol, 2013; Lair et al., 2016). In this case, CeMV infection was ruled out on the basis of immunohistochemical and molecular analyses (data not shown). We did not perform toxicologic analyses; thus, potential chemical pollutant-based immunosuppression could not be excluded in this case.

The genus Toxoplasma consists of only one species that shows a clonal population structure in the northern hemisphere with few dominant genotypes and an epidemic population structure in the southern hemisphere with high diversity, particularly in Central and South America (Shwab et al., 2014). RFLP genotype #1 (type II), #2 (type III), #3 (type II variant), and #10 (type I) are identified globally. Genotypes #2 and #3 dominate in Africa, genotypes #9 and #10 are prevalent in Asia, genotypes #1, #2, and #3 are prevalent in Europe, and genotypes #1, #2, #3, #4, and #5 dominate in North America. In Central and South America, there is no clear dominance of any genotype, even though a few have relatively higher frequencies (Shwab et al., 2014). In Brazil, considering all published studies, the three most frequent genotypes are #6 (Type BrI), #11 (Type BrII), and #13 (Pena et al., 2008; Shwab et al., 2014; Feitosa et al., 2017). There are limited reports of T. gondii with genotyping characterization in marine mammals, particularly in cetaceans. The three clonal lineages are sporadically reported in marine mammals, but other genotypes (atypical, type A, type X, and type 12) appear to be common (Jardine and Dubey, 2002; Conrad et al., 2005; Miller et al., 2004; Honnold et al., 2005; Dubey et al., 2007, 2008, 2009, 2011; Sundar et al., 2008; Dubey, 2010; Gibson et al., 2011). Molecular analyses in stranded St. Lawrence Estuary (Québec, Canada) belugas identified primarily genotype II (Iqbal et al., 2018), which predominates in humans from North America and Europe, and two new atypical genotypes of T. gondii (De Guise et al., 1995; Mikaelian et al., 2000; Haman et al., 2013; Lair et al., 2016). Interestingly, in North America and Europe, type II T. gondii is also common in livestock (Sibley et al., 2009).

Mixed or atypical infections of genotypes with unique alleles, combinations of alleles, or multiple genotypes have been rarely documented in marine mammals (Gibson et al., 2011). Types X, A, and II-like were shown to comprise a new 4th clonal lineage, haplogroup 12 (Dubey et al., 2011; Khan et al., 2011). Type II and atypical type II T. gondii isolates were detected in striped dolphins (S. coeruleoalba) stranded on the Ligurian Sea coast of Italy (Di Guardo et al., 2011). Atypical type II genotypes were also recently identified in Hector’s dolphins (C. hectori) from New Zealand (Roe et al., 2013) and a fur seal (A. forsteri) from New South Wales, Australia (Donahoe et al., 2014). In the present case, the genotyping results identified a novel non-archetypal T. gondii, which in this case appears to be highly pathogenic for the whale host species, although many factors other than strain type can be related to pathogenicity, including dose, infective stage, and immunity status. The potential public health implications/associations of this novel non-archetypal T. gondii remain elusive in this case due to lack of identical isolates to date. It is worth mentioning that there is potential risk for transmission of T. gondii by whale meat consumption in geographic areas where this practice may still occur, including Brazil (Lima et al., 2006a).

The transmission pathways through which “inshore” and “offshore” cetaceans acquire T. gondii infection remain uncertain. Three main infective stages of T. gondii are recognized: (1) sporozoites (in sporulated oocysts), (2) bradyzoites (in tissue cysts of intermediate hosts), and (3) tachyzoites (Dubey et al., 1998). T. gondii oocysts have been demonstrated in runoff waters, shellfish, and filter-feeding fish (Van Bressem et al., 2009; Massie et al., 2010; Putignani et al., 2011). Multiple T. gondii genotypes have been reported in marine invertebrates (Shapiro et al., 2015). Furthermore, oocysts may survive in seawater and remain infective for up to 6 months (Lindsay and Dubey, 2009). Domestic and wild felids are the only known definitive hosts, shedding unsporulated oocysts. After sporulation, the oocysts can be infectious to susceptible intermediate hosts, which include most vertebrate species (Dubey, 2010). The carnivorous intermediate hosts can also become infected by consuming tissue cysts within other intermediate hosts (Dubey, 2010).

The source of T. gondii infection in the present Bryde’s whale is unknown. In Brazil, in the post-whaling era, Bryde’s whales are reported mainly along the southeastern coast (Gonçalves and Andriolo, 2006; Figueiredo et al., 2015; Lodi et al., 2015) and in offshore areas of São Paulo (Goncalves et al., 2016). This species primarily occurs in deep waters far off the coast (Andriolo et al., 2010) at different depths and at relatively high densities in upwelling areas (Wiseman et al., 2011; Forney et al., 2012; Weir et al., 2012). It possibly uses coastal areas for feeding and may migrate to oceanic areas for breeding (Goncalves et al., 2016). Sardines (Siciliano et al., 2004), Engraulidae fish (Lima et al., 2006b), aviu shrimp (Acetes americanus) (Moura and Siciliano, 2012), snubnose anchovy (Anchoviella brevirostris), and white snake mackerel (Thyrsitops lepidopoides) are part of the known diet of Bryde’s whale in Brazil (Lodi et al., 2015). Recent evidence showed Bryde’s whales feeding in the coastal waters of Brazil, primarily preying upon sardines (Goncalves et al., 2016). Furthermore, in coastal waters, the likelihood of exposure to runoff waters and interactions with seabirds increases. Interestingly, sardines and anchovies are able to pass T. gondii oocysts in their feces (Massie et al., 2010). If exposed to contaminated nearshore waters, sardines could then serve as biotic vectors for T. gondii in neritic and oceanic waters (offshore migrations) (Marino et al., 2019). Waterborne T. gondii exposure by infective oocysts in polluted water is an increasingly recognized source of infection. Surface water runoff tributes to coastal streams or directly to the ocean from urban and non-urban areas with no pre-treatment (Miller et al., 2002). Seabirds, including Brazilian species of orders Suliformes and Phaethontiformes, are known to be exposed to T. gondii (Gennari et al., 2016); however, their potential contribution to T. gondii transmission from land to sea environments remains unknown. From the discussion above, the ingestion of infecting oocysts or cysts from the water column or preys is the most plausible possibility in this case. Unfortunately, this whale had no solid gastrointestinal contents that might shed some light into a potential prey-associated T. gondii transmission. Further source and transmission-related conclusions are precluded by the lack of any previous report on this novel non-archetypal T. gondii strain, which also highlights the genetic diversity yet to be reported of the agent.



CONCLUDING REMARKS

In summary, we documented a case of fatal, acute systemic toxoplasmosis in a Bryde’s whale stranded in Brazil. The pathologic signature in this animal was characterized by multisystemic necrotizing inflammation with vasculitis and disseminated intravascular coagulation with thrombosis and numerous intralesional protozoan cysts and extracellular tachyzoites morphologically compatible with T. gondii. This pathogen was further confirmed by IHC and PCR analyses. PCR-RFLP and MS techniques identified a novel non-archetypal T. gondii called PS-TgBaledBrES1 (ToxoDB-RFLP genotype #300). These novel results add to the scarce data on T. gondii genotype distribution in cetaceans, represent the first record of toxoplasmosis in a Bryde’s whale, and set the baseline knowledge for future research on T. gondii genotyping research in marine mammals from South America.
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Southern sea otters (Enhydra lutris nereis) are threatened marine mustelids that commonly have gastric ulcers with secondary hemorrhage (melena) as a contributing cause of death. Although Helicobacter spp. infections are known to cause gastric ulcers and gastritis in humans and ferrets, it is unknown if the sea otter bacterium, H. enhydrae sp. nov., causes similar gastric pathology. Determining whether Helicobacter detection is associated with sea otter gastric pathology is the first step toward using this information to expedite diagnosis and treatment. We investigated the proportion of Helicobacter infections in 46 necropsied southern sea otters via quantitative real-time polymerase chain reaction (qPCR) of the 16S rRNA gene. Helicobacter DNA was detected in fresh-frozen and formalin-fixed gastric body and pyloric tissues using Helicobacter genus-specific 16S rRNA primers. Data from gross necropsy and histopathology were analyzed for associations between Helicobacter detection via qPCR and presence/absence of gastric pathology. ETEST® gradient strips were utilized to investigate antimicrobial minimum inhibitory concentrations for H. enhydrae isolates. Helicobacter spp. were detected in the gastric tissue of 85% of sea otters in this study. Fresh-frozen samples were more commonly Helicobacter qPCR-positive than formalin-fixed tissue, indicating variable sensitivity of detection in relation to post-necropsy tissue processing methods. Diagnosis of gastric ulcers at necropsy was significantly associated with Helicobacter qPCR detection in gastric mucosa (P = 0.005), while age, sex, presence of melena, shark trauma, and protozoal infection were not associated (P > 0.1). Helicobacter enhydrae isolates were sensitive to clarithromycin and tetracycline in vitro at physiologically relevant concentrations. Overall, this work suggests that Helicobacter spp. might be commonly found in southern sea otters, particularly those with ulcers, and that H. enhydrae can be treated with several commonly used anti-Helicobacter therapies.
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INTRODUCTION

Sea otters (Enhydra lutris) are one of the smallest marine mammals, but are the heaviest member of the family Mustelidae, with a unique metabolism. These animals have twice the metabolic rate of other marine mammals and 2–3 times the rate of a comparably sized terrestrial animal; as a result, they require food consumption equivalent to 25% of their body weight each day (Iversen, 1972; Morrison et al., 1974; Yeates et al., 2007). With such high caloric demands, gastrointestinal health is critical for the well-being of sea otters. Bacteria in the Helicobacter genus are a highly influential component of overall gastric health. In humans, gastric infection by the bacterium Helicobacter pylori is found in up to 50% of people worldwide and is associated with gastritis, gastric ulcers, and gastric cancers (Marshall and Warren, 1984; Cover and Blaser, 1996; Zamani et al., 2018). Mammalian infections with non-pylori Helicobacter species have been shown to co-occur with gastritis, gastric ulcer, and/or gastric adenocarcinoma development, specifically, H. cetorum in marine mammals and H. mustelae in ferrets (Fox et al., 1990, 1997; Harper et al., 2002, 2003).

A novel Helicobacter species, H. enhydrae sp. nov. (strain MIT 01-6242, GenBank No. AY203901), was isolated and characterized from the gastric mucosa of southern sea otters (Enhydra lutris nereis) (Shen et al., 2017). Electron microscopy and silver stains showed a slightly curved bacterial rod with lateral flagellae (Shen et al., 2017). This novel bacterium was catalase- and oxidase-positive and urease-negative with 65 genes homologous to virulence factors in related genera (Shen et al., 2017). Based on targeted Helicobacter spp.-specific 16S rRNA polymerase chain reaction (PCR), 58% of 31 tested sea otters were positive for Helicobacter DNA in gastric mucosa collected at necropsy (Fox et al., 1988; Shen et al., 2017). The H. enhydrae sp. nov. strain demonstrated close phylogeny to H. mustelae from domestic ferrets (Mustela putorius furo), based on Helicobacter 16S and 23S rRNA gene sequences (Shen et al., 2017). A prior study found, but did not characterize, two southern sea otter Helicobacter isolates (MIT 01-5923 and MIT 01-5924) that shared phylogeny with Helicobacter spp. from a California sea lion (Zalophus californianus) (MIT 02-5519-C) and a harp seal (Phoca groenlandica) (MIT 01-5529-A) (Harper et al., 2003). Sea otter microbiome analyses had also identified 11 Helicobacter spp. amplicon sequence variants from gingival and rectal swabs (Dudek, 2018).

As part of a large retrospective study of southern sea otter mortality patterns from 1998 to 2012, gastric ulcers and melena (i.e., upper gastrointestinal bleeding) were identified as a contributing cause of death (COD) for 42.3% (237/560) of sea otters examined via necropsy and histopathology (Miller et al., 2017). While gastric ulcers have been previously reported as a cause of sea otter mortality (Kreuder et al., 2003; Williams et al., 2018; Mansour-Ghanaei et al., 2019), the high prevalence of this condition was not appreciated until this comprehensive study. In prior reports, gastric ulcers and melena in sea otters have often been attributed to captivity-associated stress or were considered a sequela to petroleum exposure (Lipscomb et al., 1993; Loughlin, 1994; Williams and Davis, 1995; Reimer and Lipscomb, 1998). Other potential causes of gastric ulcers and melena in sea otters have not been systematically assessed, such as Helicobacter spp.-associated gastric infections. In a closely related mustelid, the ferret, H. mustelae, is strongly linked to gastric ulcers (Fox et al., 1988, 1990, 1991a; Batchelder et al., 1996).

As a federally listed threatened species with population estimates of just over 2,962 animals (Hatfield et al., 2019), it is important to determine whether gastric pathology in southern sea otters may be associated with Helicobacter infections. As a first step, we screened southern sea otter fresh-frozen and formalin-fixed gastric tissues for the presence of Helicobacter spp. DNA via quantitative real-time PCR (qPCR) using Helicobacter 16S rRNA primers. Demographic, gross postmortem, and histology data were evaluated to measure associations with Helicobacter detection via qPCR. As a secondary objective, we assessed the antibiotic efficacy of H. enhydrae in vitro to antibiotics tested against H. pylori.



MATERIALS AND METHODS


Tissue Collection and Processing Procedures

Gastric samples were from fresh, necropsied sea otters collected by staff of the California Department of Fish and Wildlife (CDFW) in the course of their duties as an official or state employee. All work was performed in accordance with Section 109(h) of U.S. Marine Mammal Protection Act (MMPA), U.S. Fish and Wildlife Service (Service) regulations implementing the MMPA at 50 CFR 18.22(a), and in accordance with Service regulations implementing the US Endangered Species Act at 50 CFR 17.21(c)(3).

Necropsy and histology sampling protocols for the 46 enrolled sea otter carcasses were performed as previously described (Kreuder et al., 2003). In brief, opportunistic sampling of minimally decomposed sea otters of various age classes and sexes was performed; the sea otters were refrigerated at 7–10°C and examined at CDFW—Marine Wildlife Veterinary Care and Research Center (CDFW-MWVCRC) (Santa Cruz, CA, United States) between 2015 and 2017. During necropsy, the stomach and proximal duodenum were opened lengthwise; and the mucosa was visually inspected for erosions, ulcers, and melena. Gastric lesion locations and relative severities were documented via summary notes and, in some cases, photographs. Two sets of adjacent gastric body and pylorus samples were collected using sterile scalpel blades. One set was placed in cryovials and then frozen in a −80°C freezer until processed for DNA purification. The other set was placed in 10% buffered formalin for fixation, tissue processing, and microscopic examination. The formalin-fixed gastric mucosa was trimmed and submitted to the UC Davis Veterinary Medical Teaching Hospital for paraffin embedding, cutting of 5 μm thick sections, and hematoxylin and eosin (H&E) staining for examination by light microscopy.

Gastric erosions were defined as foci of denuded surface epithelium and underlying lamina propria where tissue loss did not extend into the muscularis mucosa; ulcers penetrated more deeply and extended into or through the muscularis mucosa (Tarnawski et al., 1995). Both forms of gastric lesions were combined, and the pooled dataset was referred to as “ulcers” to facilitate analyses.



DNA Purification From Gastric Tissues and qPCR Assay

DNeasy Blood and Tissue Kit (Qiagen) and QIAamp DNA FFPE Tissue Kit (Qiagen) were used for DNA extraction of the fresh-frozen (“frozen”) gastric body and pylorus samples (25 mg/sample) and the formalin-fixed, paraffin-embedded (“fixed”) samples (60–80 μm/sample), respectively, per Qiagen’s extraction protocols. Primer sequences (forward primer 116F 5′-AGT AAT GCA TAG GTT ATG TGC CCT-3′ and reverse primer 237R 5′-CAA GCT GAT AGG ACA TAG GCT GAT-3′) were constructed by Geneious R10.1.3 (Biomatters Ltd.) and amplified a 117–122 bp product of the 16s rRNA gene from the Helicobacter genus. qPCR was performed on the CFX ConnectTM Thermal Cycler (Bio-Rad Laboratories, Inc., United States) using a 25 μm primer concentration and a 20 μL reaction mix final volume.

The following qPCR conditions were specific for SensiMixTM SYBR® No-ROX (Bioline) and the primer sequences: 1 cycle of polymerase activation at 95°C for 10 min, then 40 cycles of denaturing at 95°C for 15 s, annealing at 57°C for 15 s, and elongation at 72°C for 15 s. The following were used as qPCR controls: no-template control (NTC) with nuclease-free water, negative control with Escherichia coli DH10B genomic DNA, positive control with H. enhydrae genomic DNA, isolated as above. All frozen and fixed gastric samples had 2–4 technical replicates (Supplementary Tables S1, S2). For the frozen samples (n = 92), we were able to obtain separate gastric body and pylorus for all 46 sea otters (Table 1). For the fixed samples (n = 59), gastric body and pylorus samples were either on separate paraffin blocks (30/59) or on a single block (29/59) (Table 1).


TABLE 1. Number of enrolled sea otters and total samples based on gastric sampling type.
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The quantification cycle (Cq) is the cycle (1–40, with 40 being the lowest value) in which the intensity of the fluorogenic-marked amplicons is higher than background noise. Serial dilutions of purified H. enhydrae genomic DNA, including 89, 8.9, 8.9 × 10–2, 8.9 × 10–4, and 8.9 × 10–6 ng/μL via NanoDrop 2000 Spectrophotometer (Thermo Scientific), were used to run an amplification plot and standard curve to determine the sensitivity and specificity of the qPCR assay (Figure 1). The H. enhydrae genome size of 1.6 mb was used to calculate the copy number (URI Genomics Sequencing Center, 2004).
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FIGURE 1. Quantitative PCR results for serial dilutions of Helicobacter enhydrae genomic DNA. Amplification plots from left to right were generated from 89, 8.9, 8.9 × 10–2, 8.9 × 10–4, and 8.9 × 10–6 ng/μL.




Statistical Analyses

Associations between sea otter gastric Helicobacter detection and demographic, gross postmortem, and histologic variables were assessed using statistical software JMP Pro 15.0 (SAS Institute Inc., United States). Similar relationships were evaluated for gastric pathology. The Fisher’s exact test evaluated possible associations between Helicobacter PCR detection and gastric ulcers, as well as demographic, gross postmortem, and histology data. The significance level was set at α = 0.05, such that P < 0.05 indicated a statistically significant difference.



Histology

Histological evaluations performed by lead author (F. Batac, MS) were reviewed by a veterinary pathologist (M. Miller, DVM, Ph.D., MS). Current human and sea otter gastric histology grading systems were reviewed and referenced in conducting sea otter histology evaluations (Supplementary Table S3). H&E stained slides were used to evaluate the fixed gastric body and pylorus for features including erosions, ulcers, melena, gastritis, inflammatory cell type (neutrophilic or lymphoplasmacytic), and detection of suspect Helicobacter-like organisms (Supplementary Table S4).



H. enhydrae Culture and ETEST® Antimicrobial Sensitivity Testing

Helicobacter enhydrae MIT 01-6242 from Shen et al. (2017) was used for the antimicrobial sensitivity testing. Southern sea otter Helicobacter isolates MIT 01-5923 and MIT 01-5924 from Harper et al. (2003) were unavailable. Helicobacter enhydrae MIT 01-6242 was grown on solid media consisting of Columbia agar with 5% defibrinated horse blood (CHBA; Hemostat Laboratories) containing 10 μg/mL vancomycin, 50 μg/mL cycloheximide, 5 μg/mL cefsulodin, and 2.5 units/mL polymyxin B, or liquid media containing Brucella broth with 10% heat-inactivated fetal bovine serum (BB10). For either growth mode, H. enhydrae was cultured at 37°C under microaerobic conditions (10% CO2 and 5% O2, balance N2). For the antimicrobial sensitivity testing, H. enhydrae was cultured on solid CHBA media, with subculture and passage to fresh plates every 3 days for 6 days. For the BB10 overnight incubation, a small amount of the plate-grown sample was transferred to the liquid. After overnight growth with shaking at 220 rpm, the absorbance (OD600) was determined and cultures were used when the absorbance was between 0.199 and 0.785. Then, 100 μL of this broth was spread evenly onto separate CHBA plates. After spreading, the ETEST® strips (BioMérieux, each impregnated with a separate antibiotic), were placed on the surface of individual plates, and the plates were incubated as above. The zones of bacterial growth inhibition around the ETEST® strips were recorded visually and photographically following 2 days of incubation. The antibiotics tested in the study were amoxicillin, clarithromycin, chloramphenicol, kanamycin, nalidixic acid, and tetracycline.




RESULTS


Helicobacter spp. Is Frequently Detected in Frozen Sea Otter Gastric Tissue

We first examined our set of 92 frozen gastric tissue samples (body and pylorus) from 46 southern sea otters using qPCR to quantify the amount of Helicobacter DNA. We first ran an amplification plot and standard curve with purified H. enhydrae DNA (Figure 1). With this approach, we could detect H. enhydrae DNA concentrations as low as 8 × 10–6 ng/μL and a qPCR assay sensitivity of 5 copies of Helicobacter DNA. These samples were considered Helicobacter qPCR-positive, while samples below this detection were marked as Helicobacter qPCR-negative. Of the 46 sea otters, 39 (85%) had at least one positive tissue. By tissue, 83% of gastric pylorus (38/46) and 65% of gastric body (30/46) samples were Helicobacter qPCR-positive (Figure 2). Among sea otters that were qPCR-positive, nearly three-quarters had Helicobacter DNA detected in both the gastric body and pylorus (29/39), while a quarter had Helicobacter DNA detected in only one of the two anatomical locations (10/39). Overall, these data show that majority of sea otters in this study had Helicobacter DNA in their stomachs, with more sea otters showing positive gastric pyloric samples than gastric body ones.
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FIGURE 2. Helicobacter quantitative PCR results for the fresh-frozen and formalin-fixed southern sea otter gastric tissue samples. (A) Results for the fresh-frozen gastric samples (n = 92). (B) Results for the formalin-fixed paraffin embedded gastric samples (n = 59). (C) Results for the fresh-frozen gastric body samples (n = 46). (D) Results for the fresh-frozen gastric pylorus samples (n = 46).




Formalin-Fixed Tissues Underrepresent Helicobacter Status

We next asked how formalin-fixed paraffin-embedded gastric tissue samples, from the same otters as those analyzed above, would compare for Helicobacter spp. detection. We were curious about this question because laboratories often have preserved tissue that could be used for similar analyses. Our tissues had been preserved in 10% buffered formalin for varying lengths of time (2 days to 2–3 weeks) prior to paraffin-embedding, and the paraffin-embedded samples were used for our analysis. qPCR of DNA extracted from these fixed tissues found that only 40% (18/45, fixed samples unavailable for one otter) scored positive for Helicobacter DNA. The fixed samples produced a mean Cq that was 4.2–4.7 higher than frozen samples, resulting in many of them being called as Helicobacter qPCR-negative (Figure 3). Both the gastric body and pylorus fixed samples yielded much lower Helicobacter detection than did frozen tissue. These results suggested that sea otter Helicobacter spp. qPCR testing of frozen gastric tissue was a more sensitive method than testing fixed gastric tissues.
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FIGURE 3. Comparison of the average quantification cycle for sea otter gastric tissues as fresh-frozen (fresh) (n = 92) and formalin-fixed, paraffin-embedded (fixed) (n = 59) samples. Fixed both = gastric body and pylorus in same paraffin-embedded sample. Error bars = standard deviation.




Positive Association Between Helicobacter spp. Detection and Gastric Ulcers in Sea Otters

To investigate possible associations between Helicobacter spp. detection and gastric pathology, we evaluated a subset of 82 frozen gastric body and pylorus samples from 41 sea otters for which gross gastric evaluations were included in the postmortem examination (Table 1). Fifty-one percent (21/41) of necropsied sea otters had gastric ulcers observed in the gastric body and/or pylorus, with 45% (37/82) of frozen gastric samples displaying gastric ulcers. Among frozen gastric samples that had ulcers, nearly 90% (33/37) were also Helicobacter qPCR-positive (Figure 4). Helicobacter qPCR-positive gastric samples were significantly associated with gastric ulceration (2-sided Fisher’s exact test, P = 0.005). Among the 41 sea otters with gross gastric evaluations at necropsy, the proportion of otters that were Helicobacter qPCR-positive was higher among those with gastric ulcerations (2-sided Fisher’s exact test, P = 0.04), and in fact, 6 of the 7 Helicobacter qPCR-negative individuals had no visible gastric ulcers. Collectively, these findings suggest that Helicobacter qPCR-positive sea otters were more likely to have gastric ulcers than Helicobacter qPCR-negative animals (Figure 4).
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FIGURE 4. Comparison of southern sea otter Helicobacter spp. infections and postmortem coding of gastric ulcers in the stomach body and pylorus (n = 82, 10 samples with unknown ulcers removed from this analysis).


No associations were found between Helicobacter qPCR detection and age, sex, melena, shark trauma COD, or parasitic CODs (e.g., acanthocephalan or protozoal infections) (Fisher’s exact test, P > 0.1), although small sample sizes limited our ability to detect differences (Supplementary Table S1).



Histologic Assessments of Ulcers Did Not Reflect Gross Postmortem Assessments

We determined whether histological samples could accurately reflect grossly apparent gastric ulcer status in sea otters (Supplementary Table S3). H&E-stained histology slides determined 25% (14/57) gastric ulcer presence as compared to gross postmortem examination which reported 45% (37/82) ulcer presence (Supplementary Tables S1, S4). A histological determination of gastritis or melena were not statistically associated with qPCR Helicobacter detection (Fisher’s exact test, P = 0.3), suggesting that these may not be useful indicators of possible Helicobacter infection. This result may be partially explained by our small sample size for histology assessment (Table 1), due in part to autolysis and varying gastric tissue sizes on the microscopic slides. Additionally, gastric histology is performed on a small sample of tissue, which may not accurately represent all pathology present in the organ itself (i.e., focal gastric ulcers may be missed).



Select Histologic Findings for Individual Helicobacter qPCR-Positive Sea Otters

While different histologic attributes were graded, the main characteristics assessed were gastric erosions/ulcers, gastritis, and melena (Supplementary Table S4). Figure 5 shows severe pyloric gastric ulcers from a Helicobacter qPCR-positive subadult female. Severe pyloric gastric mucosal ulcers with perilesional mucosal hemorrhage were confirmed at gross necropsy, based on a dark brown to black appearance due to the action of gastric acid pH on blood (Figure 5A). Histopathology of these lesions revealed mucosal coagulation necrosis associated with thrombosis of underlying blood vessels and perilesional hemorrhage (Figure 5B). This pattern of deep vascular thrombosis leading to an acute wedge-shaped mucosal infarct is more typical of stress, hypovolemia, shock, etc., and not usually Helicobacter-associated.
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FIGURE 5. Gross and hematoxylin and eosin (H&E) images from a Helicobacter qPCR-positive, gastric ulcer-positive subadult female southern sea otter. (A) Gross image of severe pyloric gastric mucosal ulcers with perilesional mucosal hemorrhage. (B) Microscopic view of a pyloric mucosal infarct from the same animal as in (A). Focally extensive mucosal coagulation necrosis is associated with thrombosis of underlying blood vessels and perilesional hemorrhage. Scale bar = 500 μm.


Chronic inflammation would be more characteristic for Helicobacter-associated lesions. Figure 6 shows pyloric gastric mucosal lesions from a Helicobacter qPCR-positive adult male. Grossly, this otter had severe pyloric gastric mucosal ulcers, severe perilesional mucosal hemorrhage, and melena (Figure 6A). Histopathology revealed focal expansion of pyloric lamina propria by nonsuppurative inflammation and mild stromal collapse (Figure 6B).
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FIGURE 6. Gross and hematoxylin and eosin (H&E) images from a Helicobacter qPCR-positive, gastric ulcer-positive adult male southern sea otter. (A) Severe pyloric mucosal erosions and ulcers with perilesional mucosal hemorrhage and melena. Most of the lesions are aligned along the tips and edges of rugal folds. (B) Microscopic view of pylorus showing focal expansion of pyloric lamina propria by nonsuppurative inflammation, in association with mild stromal collapse. H&E, Scale bar = 500 μm.




Antimicrobial Sensitivity Tests on H. enhydrae Reveal Sensitivity to Clarithromycin and Tetracycline in vitro

We investigated the antimicrobial sensitivity of southern sea otter H. enhydrae strain MIT 01-6242 (Shen et al., 2017). We chose ETEST® gradient strips with antibiotics commonly used to treat H. pylori or were previously tested against this H. enhydrae strain to assess minimum inhibitory concentration (MIC). ETEST® gradient strips have comparable results for the most part to other antimicrobial sensitivity tests, such as agar dilution, broth microdilution, and disk diffusion (Glupczynski et al., 1991; Hachem et al., 1996; Miftahussurur et al., 2020). We assessed MICs for the following antibiotics: amoxicillin, clarithromycin, chloramphenicol, kanamycin, nalidixic acid, and tetracycline. These broad-spectrum antibiotics exhibited varying MICs (Table 2) based on their respective zones of inhibition of bacterial growth (Figure 7). Antibiotics effective at low dosages create a large “zone of inhibition” in vitro. Bacterial isolates that can withstand a high antibiotic dosage exhibit a smaller zone of inhibition around the ETEST® gradient strip and are described as more resistant. Clarithromycin and tetracycline, antibiotics effective against H. pylori as well as numerous gram-positive and gram-negative bacteria (Peters and Clissold, 1992; Chopra and Roberts, 2001; Chey et al., 2017), exhibited the largest zones of inhibition with MICs between ≤0.016 and 0.047 μg/mL (Table 2). In comparison, the MICs for clarithromycin and tetracycline against H. pylori isolates ranged from <0.016 to 0.064 μg/mL (Glupczynski et al., 1991; Hachem et al., 1996; Miftahussurur et al., 2020). Amoxicillin, chloramphenicol, kanamycin, and nalidixic acid were less effective antibiotics than clarithromycin and tetracycline, with MIC ranging from 0.5 to 16 μg/mL (Table 2).


TABLE 2. The minimum inhibitory concentrations (MICs) of Helicobacter enhydrae sp. nov (MIT 01-6242) against antimicrobial agents targeted toward bacteria like H. pylori.
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FIGURE 7. A visible zone of Helicobacter enhydrae growth inhibition around an ETEST® amoxicillin (AC) gradient strip on CHBA media showed this trial with a minimum inhibitory concentration at 1.0 μg/mL.





DISCUSSION

We found that 85% (39/46) of necropsied sea otters in our study between 2015 and 2017 were qPCR positive for Helicobacter DNA in fresh-frozen gastric tissues. Our reported Helicobacter prevalence in our sample population is higher than the 58% reported in a prior study (Shen et al., 2017) that used conventional PCR. This may be because qPCR has higher sensitivity than conventional PCR. Our study and Shen et al. (2017) described higher Helicobacter detection in the gastric pylorus (83 and 45%, respectively) than the gastric body (65 and 10%, respectively). The gastric body glands all contain acid-secreting parietal cells, while in the pylorus/antrum, parietal cells are either present in only half of the glands in humans or are absent in rodents (Willet and Mills, 2016). The antrum/pylorus is also the preferred Helicobacter colonization site for ferrets, with higher bacterial abundance and more significant gastritis in this region (Vargas et al., 1991; Yu et al., 1995; Fox et al., 1997). We tested matching formalin-fixed tissues to investigate whether we could use archived formalin-fixed gastric tissues to determine Helicobacter DNA presence. Fixed tissue analysis underrepresented Helicobacter status and produced an average overall Cq of 4.2–4.7 higher than their frozen counterparts, and thus, more fixed tissues were falsely Helicobacter qPCR negative. The differing Cq values may be due to the creation of abasic sites and DNA fragmentation by formalin fixatives, which can lower DNA integrity and quantity, negatively affecting its ability to be amplified by PCR as shown in other tissues (Do and Dobrovic, 2015). Our study confirms that this effect is true in sea otter tissue samples as well. Due to the differing qPCR Cq values of fixed tissues, the study did not utilize archival fixed southern sea otter gastric tissues dating back to the mid-1990s, which would have increased the sample size and provided a retrospective look into Helicobacter prevalence.

Southern sea otters were previously known to be infected with H. enhydrae sp. nov., which is related to the pathogenic species H. mustelae from ferrets (Shen et al., 2017). The novel species contained virulence factors, such as two copies of flagellin (flaA) and chaperone protein DnaJ (dnaJ), that have aided pathogenicity in the related H. mustelae (Shen et al., 2017). In addition, gastric ulcers were recognized as a common pathologic lesion in sea otters, often contributing to morbidity and mortality (Miller et al., 2017). However, associations between H. enhydrae presence and sea otter gastric ulcers were previously undetermined. In this study, we found that Helicobacter qPCR detection was common among the 46 sea otters in our study and had a statistically significant association with gastric ulcers (Figure 4).

An extensively studied mustelid with Helicobacter are captive domestic ferrets, which are highly colonized by H. mustelae (Fox et al., 1990; Forester et al., 2000). Previous analysis found that 100% of 67 sampled ferrets from United States research facilities and veterinary practices in a 2-year span were H. mustelae positive via culture from gastric biopsies (Fox et al., 1991a). This prevalence is higher than we reported for H. enhydrae. Helicobacter mustelae is known to inhibit acid secretion by parietal cells, increasing gastric pH and creating a favorable environment for bacterial proliferation (Fox et al., 1991b; Vargas et al., 1991), possibly explaining the high levels of ferret infection. Helicobacter mustelae is the only non-pylori Helicobacter reported to cause gastric ulcers and cancer in its native host (O’Toole et al., 2010), and lesion development was confirmed through fulfillment of Koch’s postulates (Fox et al., 1991b).

Gastric ulcer etiology is likely multifactorial in wild and captive sea otters, including a multitude of stressors such as oil spill contamination, captivity, trauma, hypovolemia, shock, and concurrent disease (Lipscomb et al., 1993; Williams and Davis, 1995; Reimer and Lipscomb, 1998). Stress ulcers are defined as multiple superficial erosions of the gastric mucosa. Stress ulcers are considered independent of Helicobacter spp. infection and arise in humans from damage to the mucosal barrier that is secondary to some other systemic stress, refluxed bile, and/or high gastric acid secretion (Goldman and Rosoff, 1968; Haglund, 1990). Stress elevates glucocorticoids that can increase vasoconstriction and promote clotting, and thus ulcer development (Loughlin, 1994). Glucocorticoids also have potent anti-inflammatory and immunosuppressive effects (Munck et al., 1984; Sapolsky et al., 2000), potentially allowing pathogens like Helicobacter to proliferate and cause gastric lesions. Thus, stress gastric ulcers and Helicobacter-associated gastric ulcers may not be mutually exclusive in sea otters.

Gastric ulcers have been reported in necropsied southern sea otters since the 1960s, and captive sea otters with suspected gastric lesions have been treated medically with various approaches (Mattison and Hubbard, 1969; Williams and Davis, 1995). During the 1989 Exxon Valdez Oil Spill in Alaska, oiled northern sea otters (Enhydra lutris kenyoni) with suspected gastrointestinal ulcers were treated via stress reduction (i.e., reduced human interactions) and the antacid cimetidine (Williams and Davis, 1995). Cimetidine may be non-ideal, since it interacts with cytochrome p450 and may have adverse effects on hepatic petroleum hydrocarbon detoxification (Williams and Davis, 1995). Other treatment options include histamine H2-receptor antagonists (e.g., famotidine) and an antibiotic (e.g., procaine penicillin, amoxicillin, or metronidazole), which are routinely given to sick or injured southern sea otters in rehabilitation to prevent gastric ulcers (Dr. Michael Murray—Monterey Bay Aquarium, pers. comm.). Antibiotics and gastric relief medications are typically used in tandem to treat humans and ferrets with Helicobacter infections and gastric illnesses. Studies investigating medical treatments for ferret H. mustelae determined that a combination of drugs was the most effective mode of bacterial eradication, including a triple therapy consisting of amoxicillin, metronidazole, and bismuth subsalicylate (Otto et al., 1990). Bismuth subsalicylate triple therapy with amoxicillin and metronidazole cleared current H. mustelae infections and decreased gastritis in 100% (9/9) of ferrets tested (Czinn et al., 1996). Triple therapies are commonly used to treat human H. pylori infections with an increasing shift to quadruple therapy due to antibiotic resistance (Graham and Fischbach, 2011). Similar triple therapies as those used for H. pylori and H. mustelae could be explored for treating H. enhydrae.

A prior study reported H. enhydrae sensitivity toward two antibiotics, cephalothin and nalidixic acid, at 30 μg each (Shen et al., 2017). Our findings for nalidixic acid agree with the previous reports, but we did not test cephalothin due to discontinuation of the ETEST® strips by the manufacturer. We expanded the antibiotic profile to evaluate the best antibiotic choices and dosages that could be used against H. enhydrae. Clarithromycin and tetracycline were effective at the lowest dose. Since procaine penicillin and metronidazole had been used on aquaria sea otters (Dr. Michael Murray—Monterey Bay Aquarium, pers. comm.), it would be beneficial if additional studies determined their MICs against H. enhydrae.

Although our work has advanced our understanding of Helicobacter spp. in sea otters, some unanswered questions remain. It is unknown if H. enhydrae has multiple strains with varying virulence and antibiotic sensitivities, like H. pylori. There have been no in vivo studies on H. enhydrae, and murine models could be useful for experimental validation of whether or not this bacterium causes gastric pathogenesis. Fecal–oral transmission of Helicobacter spp. through poor sanitation and water quality is a human health concern and is a likely route of exposure for sea otters in close quarters in aquaria and/or rehabilitation. Helicobacter spp. have recently been isolated and sequenced from 12/22 fecal samples of marine zoo mammals in Belgium (De Witte et al., 2018). PCR analysis of sea otter fecal matter and survival of H. enhydrae in seawater will help elucidate whether this is a potential route of transmission for this species. An immunohistochemistry (IHC) stain for H. enhydrae would expedite future diagnosis. We used a H. pylori IHC stain on known positive and negative H. enhydrae cases from Shen et al. (2017) but results were inconclusive.

In summary, our results provide evidence of Helicobacter DNA in gastric samples of southern sea otters and a positive association between Helicobacter detection and gastric ulcers. Fresh frozen gastric tissue, rather than formalin-fixed tissue, is the recommended sample type for qPCR detection of Helicobacter spp. in sea otters. Furthermore, these bacteria are sensitive to antibiotics in vitro, and if future studies suggest clinical intervention is warranted, this information can help guide treatment choices. These findings provide evidence that Helicobacter spp. may be an important component of sea otter gastric health and disease and support the need for additional research to characterize the population impact on this threatened marine species.
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Hepatic trematodiasis is a common condition in a number of free-ranging cetacean species, which occasionally result in severe hepatic and/or pancreatic lesions. However, even the basic pathological information of this disease is unknown for the majority of affected species. The current study describes and compares the histomorphology and immune reaction induced by hepatic trematodes of the family Brachycladiidae in the liver of the harbor porpoise (Phocoena phocoena, n = 8), Dall's porpoise (Phocoenoides dalli, n = 8), and Hubbs' beaked whale (Mesoplodon carlhubbsi, n = 2). Immunohistochemistry for eight antibodies (CK19, CD3, Foxp3, CD20, Iba1, CD68, CD163, and CD204) was conducted to analyze the pathology of these parasitic infections. In all three odontocete species, the changes observed in the trematode-affected biliary epithelium were comparable with marked hyperplasia and goblet cell metaplasia, as well as lymphoplasmacytic and eosinophilic inflammation. Additionally, regions of the Glisson's sheath were diffusely and severely fibrotic in all examined species, regardless of the physical presence of trematodes. Differences among the three species included the presence of characteristic lymphoid follicles formed in the fibrotic bile duct walls of only the two porpoise species. In the Hubbs' beaked whale, the degree of lymphoplasmacytic cholangitis was more severe, and ductular reaction was generally more prominent. In terms of the overall macrophage population among the three species, CD163- and CD204-positive cells (M2 macrophages) outnumbered Iba1- and CD68-positive cells (M1 macrophages), indicating a chronic infection stage in all analyzed individuals. Species-specific differences among the infiltrating macrophages included numbers of CD68-positive cells being significantly more abundant in the harbor porpoises, whereas CD163-positive cells were significantly more numerous in the Dall's porpoises. The numbers of CD204-positive macrophages were higher in the Hubbs' beaked whales compared to those in the porpoises. Trematode species of the harbor and Dall's porpoises were Campula oblonga, while they were Oschmarinella macrorchis in the Hubbs' beaked whales. This study concludes that interspecies differences in the tissue reactions to hepatic trematode infections are present among odontocete species and that the immune reaction varies depending on the species. This information aids in furthering our understanding of the pathogenesis of hepatic trematodiasis in cetaceans.

Keywords: cetacean, liver, fluke, pathology, parasite, macrophage, Campula oblonga, Oschmarinella macrorchis


INTRODUCTION

Parasitic infections are one of the most common pathological findings recognized among free-ranging cetaceans (1–5). These parasites affecting cetaceans are highly diverse, ranging from non-pathogenic species such as cestodes of Monorygma spp. (6) and highly harmful species such as nematodes of Crassicauda spp. (7–9). One of the groups considered pathological in nature are trematodes that consist of four families in cetaceans, namely, the families Brachycladiidae, Heterophyidae, Brauninidae, and Notocotylidae (10). The family of most importance in terms of diversity and distribution is the Brachycladiidae (11), consisting of 52 species in which 45 impact various cetaceans across the globe (10).

Species of Campula and Oschmarinella among the family Brachycladiidae are found in the bile and pancreatic ducts of odontocetes (toothed whales), occasionally acting as problematic pathogens (12, 13). Campula oblonga is a species commonly infecting porpoises of the family Phocoenidae, including the harbor porpoise Phocoena phocoena (6, 14), Dall's porpoise Phocoenoides dalli (15–17), and the narrow-ridged finless porpoise Neophocaena asiaeorientalis (18, 19) but also occasionally infecting others like the common dolphin Delphinus delphis (20, 21). Histopathology of the lesions caused by Campula has been well-documented with hypertrophy of the biliary epithelium, portal fibrosis, cholangitis, pericholangitis, and formation of lymphoid follicles (22–24). On the other hand, Oschmarinella macrorchis has been reported only from the biliary tracts of Stejneger's beaked whales Mesoplodon stejnegeri (25) and Hubbs' beaked whales Mesoplodon carlhubbsi (26), indicating a narrower host range. Descriptions of Oschmarinella-infected liver histopathology have been scarce to date with limited reports of fibrosis and pericholangitis (12, 27, 28) and a single case report from a Hubbs' beaked whale describing prominent ductular reaction and lack of lymphoid follicles (26). The lesions described in the Hubbs' beaked whale had not been described in hepatic trematode infections of marine mammals before, indicating a possibility of interspecies difference in the response against various trematode species.

Hepatic fibrosis is a healing response to various chronic liver injuries such as viral infections and cholestasis (29). It is caused by a combination of inflammation and activation of stellate cells in which it triggers an accumulation of extracellular matrix, and among other complex mechanisms, the role of macrophages including Kuppfer cells are considered important (30, 31). In the case of hepatic trematodiasis in cetaceans, severe fibrosis is considered to be due to the physical presence of the parasite within bile ducts and exfoliated eggs around portal tracts (13). There have been several reports on the infiltrating inflammatory cell types (13, 32, 33), but details of the infiltrating and resident macrophages and the host's immune response have not been investigated.

The current study focused on the comparative immune responses of the harbor porpoise, Dall's porpoise, and Hubbs' beaked whale against hepatic trematode infections by characterizing the histomorphology as well as immunophenotyping the inflammatory cell population and tissue macrophages.



MATERIALS AND METHODS


Study Population

The formalin-fixed paraffin embedded (FFPE) liver tissues used in this study were obtained from eight harbor porpoises (case nos. 1–8), eight Dall's porpoises (case nos. 9–16), and two Hubbs' beaked whales (case nos. 17–18) of various sex and age class (34) from Hokkaido, northern Japan, between 2013 and 2019 (Table 1). The numbers of females and males were equal for the harbor porpoise (body lengths, 127.2–186.5 cm) and Hubbs' beaked whales (body lengths, 493.0, 510.0 cm), while there were three females and five males for the Dall's porpoises (body lengths 169.1–204.3 cm). Cases were obtained from naturally stranded animals except for three harbor porpoises and two Dall's porpoises, which died of fishing gear entanglement. The specimens were selected on the basis of decomposition codes (35) to guarantee detailed histopathological and immunohistochemical evaluations. Detailed gross and histopathological investigations were performed on all of these cetaceans, confirming that they were free of any severe systemic and/or liver specific diseases other than the liver fluke infection, which may potentially alter the hepatic histomorphology.


Table 1. Biological and parasitological data of the examined harbor porpoises, Dall's porpoises, and Hubbs' beaked whales (Mesoplodon carlhubbsi).
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Histopathology, Histochemistry, and Immunohistochemistry

One FFPE liver block with the most prominent of trematode lesions was selected per animal for histopathological analyses. Serial sections were made from each block at 4 μm, and hematoxylin and eosin (HE) sections were prepared for review of general histomorphology. The histochemical stains used and their purposes were as follows: Masson's trichrome, to highlight the presence and distribution of reactive fibrosis; reticulin, to assess the hepatic plate architecture and regeneration; and Prussian blue, to demonstrate intracellular iron and evaluate hepatocellular injury. The extent of lymphoid follicle formation, periportal and perivenular/perisinusoidal fibrosis, ductular reaction, and iron deposition in the Kuppfer cells and hepatocytes were graded semiquantitatively as none (0), minimal (1), mild (2), moderate (3), and severe (4).

For immunohistochemistry, the following eight primary antibodies were applied: cytokeratin (CK) 19, cluster of differentiation (CD) 3, forkhead box protein P3 (Foxp3), CD20, ionized calcium binding adaptor molecule 1 (Iba1), CD68, CD163, and CD204. Details on the antibodies and protocol are listed in Table 2. Briefly, antigen retrieval was followed by blocking of endogenous peroxidase activity with 0.3% hydrogen peroxide incubation for 10 min at room temperature, and blocking of non-specific staining with 5% skim milk for 45 min at room temperature. The slides with each primary antibody were incubated overnight at 4°C in a humidified chamber. Antigen visualization was performed using the Histofine Simple Stain MAX-PO kit (Nichirei Biosciences, Tokyo, Japan), followed by 3,3′-diaminobenzidine (Nichirei Biosciences) as chromogen, with a Meyer's hematoxylin counterstain. In place of the MAX-PO kit, the protocol for Foxp3 differed by a sequential incubation with a biotin-labeled antirat immunoglobulin (IgG) antibody (1:200; Vector Laboratories, California, USA) and a horseradish peroxidase-conjugated streptavidin (1:400; Dako, Glostrup, Denmark) at room temperature for 30 min, respectively. Tissue sections in which the primary antibody was replaced by non-immune mouse/rabbit/rat serum served as negative controls, respectively, while normal livers and lymph nodes of the harbor porpoise/Dall's porpoise/Hubbs' beaked whale were used as positive controls.


Table 2. Details of the primary antibodies tested for immunohistochemistry with working dilutions and antigen retrieval methods.
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Cell Counts and Statistical Analysis

Photomicrographs of five randomly selected areas at the lamina propria of the proliferative bile duct epithelium (BD), portal fibrotic tissue including lymphoid follicles (PF), and hepatic parenchyma adjacent to the portal fibrotic tissue (HP) in each animal were taken at a magnification of 400× for each of the CK19, CD3, Foxp3, CD20, Iba1, CD68, CD163, and CD204 stained samples. For CD3, Foxp3, and CD20, photomicrographs of only the BD and PF areas were analyzed due to the consistently minimal number of immunopositive cells in the hepatic parenchyma. Additionally, the extent of biliary ductular reaction was evaluated on a scale of 1–4 with the number of immunoreactive cells for CK19 in the PF areas (1 = <30; 2 = 30–60; 3 = 61–100; 4 = 101 <). The numbers of distinctively immunopositive cells for each area (0.036 mm2) were counted using the ImageJ software version 1.52q (National Institutes of Health, MD, USA), and the mean values for each area per antigen and animal were obtained. In order to compare the interspecies differences in the immune response, the median, mean, and standard deviation for each of the species were calculated per area and antigen, and statistical differences among the harbor porpoises and Dall's porpoises were determined by the two-sided Mann–Whitney U-test. Difference with P < 0.05 was considered significant. Data from the Hubbs' beaked whales were not included in the statistical test since the number of infected animals was too small at n = 2.



Trematode Identification

At the time of postmortem examinations of each animal, the hepatic trematodes were subjected to simplified morphological observations. Genomic DNA of the trematodes were extracted either from specimens fixed and stored in 100% ethanol or from FFPE liver tissue containing the parasite, using the NucleoSpin Tissue kit (MACHEREY-NAGEL, Düren, Germany) following the manufacturer's instructions. PCR and subsequent sequencing of the trematode mitochondrial DNA NADH dehydrogenase subunit 3 (mtND3) sequence was conducted using primers ND3F (36) and ND3-4 (37) as described previously (26). The obtained DNA sequences were analyzed on Sequence Scanner Software, version 2 (Applied Biosystems, California, USA), and aligned on MEGA7, version 7.0.18 with the MUSCLE program. The phylogenetic relationships of the obtained sequences were analyzed with a known C. oblonga sequence obtained from the Baltic Sea (GenBank accession no. AF034554) and a previously identified O. macrorchis sequence of Case no. 18 (GenBank accession no. LC326064). Tormopsolus orientalis (GenBank accession no. KT180219) was set as the outgroup following formerly described relationships (38).




RESULTS


Histopathological Characterization

The results for the semiquantitative histomorphological and histochemical analyses are summarized in Table 3 and Supplementary Table 1.


Table 3. Summary of the results for semiquantitative analyses of various histopathological features in hepatic trematode infected livers of the harbor porpoise, Dall's porpoise, and Hubbs' beaked whale.
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The histomorphology of the bile duct epithelium were similar in all three species. Within the severely dilated bile ducts were trematodes with suckers and numerous cuticles on the body surface (Figure 1A). These parasites were surrounded by a mixed inflammatory population of eosinophils, lymphocytes, plasma cells, and macrophages, along with infrequent triangular trematode eggs and moderate amounts of cellular debris. The biliary epithelium was highly hyperplastic with goblet cell metaplasia, and the lamina propria contained mild to severe infiltrates of inflammatory cells as described. Inflammation was especially severe in the Hubbs' beaked whales, while small lymphoid follicles were formed in some of the porpoises. In two of the Dall's porpoises (case nos. 9 and 10) were cystic and embolic bile ducts filled with abundant trematode eggs (Figure 1B). The adjacent hepatic parenchyma in these areas was hemorrhagic.


[image: Figure 1]
FIGURE 1. Histopathology of hepatic trematodiasis, liver, odontocetes. (A) Trematodes are present within the dilated biliary lumen, while the biliary epithelium is highly hyperplastic. Case no. 3, harbor porpoise. Hematoxylin and eosin (HE). (B) Numerous trematode eggs occlude the dilated biliary lumen. Note hemorrhage in the adjacent parenchyma. Inset, higher magnification of triangular-shaped eggs within the lumen. Case no. 9, Dall's porpoise. HE. (C) Large lymphoid follicles are formed in portal areas, while abundant bridging fibrosis dissects normal hepatic architecture. Inset, higher magnification of the reactive biliary epithelium in areas of bridging fibrosis. Case no. 4, harbor porpoise. HE. (D) Severe lymphoplasmacytic infiltration in the lamina propria of a dilated bile duct, partially effacing the hyperplastic biliary epithelium. Case no. 17, Hubbs' beaked whale. HE. (E) Severe ductular reaction replaces the hepatic parenchyma. Inset, higher magnification of proliferating bile ducts. Case no. 17, Hubbs' beaked whale. HE. (F) An island of hepatocytes remains within an area of prominent ductular reaction with fibrosis. Case no. 17, Hubbs' beaked whale. Masson's trichrome. (G) Individuals with severe fibrosis are characterized with portal-to-portal bridging fibrosis, perivenular and perisinusoidal fibrosis, and a fibrous septum formation. Inset, demonstration of intracytoplasmic inclusion-like vacuoles in hepatocytes. Case no. 13, Dall's porpoise. Masson's trichrome. (H) An island of hepatocytes is not delineated by apparent fibrous scarring, and the transition from hepatocytes to proliferative bile ducts is uninterrupted by reticular fibers, indicating a lack of apparent hepatocellular damage. Note the relatively organized hepatocyte cords. Case no. 12, Dall's porpoise. Reticulin. (I) Moderate amounts of Prussian blue-positive hemosiderin deposits are detected in Kuppfer cells. Inset, demonstration of intracytoplasmic hemosiderin also within hepatocytes. Case no. 2, harbor porpoise. Prussian blue.


The walls of the dilated bile ducts in the harbor porpoises and Dall's porpoises were thickened due to moderate to severe fibrosis. In these walls were frequent formations of large lymphoid follicles, focal to locally extensive inflammation, and mild to moderate ductular reaction. Similar changes were observed in the Glisson's sheath, with fibrosis, eosinophil-rich inflammation, formation of small lymphoid follicles, and mild biliary hyperplasia. In animals with severe fibrosis, bridging fibrosis with ductular reaction expanded the Glisson's sheaths (Figure 1C). However, the degree of fibrosis in the portal region and level of bridging fibrosis did not necessarily correlate to each other. The levels of bridging fibrosis and ductular reaction were more severe in the harbor porpoises compared to the Dall's porpoises. Small granulomas in reaction to trematode eggs were observed in the portal regions of all animals except for two harbor porpoises (case nos. 3 and 7) and one Dall's porpoise (case no. 16).

The histological reaction in the Hubbs' beaked whales was unique compared to the porpoises by the following three changes. First, the lamina propria of the hyperplastic biliary epithelium was severely infiltrated by lymphocytes and plasma cells, resulting in a lymphoplasmacytic cholangitis (Figure 1D). Secondly, instead of mature lymphoid follicles forming in the fibrotic bile duct walls, there were small and loose aggregates of mononuclear cells, primarily composed of lymphocytes. Finally, severe fibrosis and ductular reaction not only affected the Glisson's sheaths but also the adjacent parenchyma (Figure 1E).

Findings from histochemical stains were as follows: the Masson's trichrome stain highlighted collagen fibers of periportal and bridging fibrosis. In individuals with severe fibrosis, there was diffuse loss of hepatic parenchyma (Figure 1F), and scarring around the central vein extended to portal areas, forming a fibrous septum (Figure 1G). Additionally, some of the periportal scar tissue stained lighter compared to collagen fibers of the portal tract. With the reticulin stain, regenerative nodules were not observed in any of the individuals. Transition from hepatocytes to cholangiocytes was smooth between small foci of hepatocytes and surrounding advanced ductular reaction, and the reticulin fibers within the remaining hepatocyte cords were organized (Figure 1H). In the Hubbs' beaked whales, postmortem changes obscured detailed structures of hepatocytes and reticulin fibers. The Prussian blue stain demonstrated intracellular iron deposits within hepatocytes in only a single animal from each species, where these individuals had severe periportal fibrosis. Minimal to moderate iron deposits within Kuppfer cells (Figure 1I) were noted in every animal except for one Hubbs' beaked whale.

Changes in hepatocytes included cytoplasmic vacuoles of various sizes in the majority of individuals. These vacuoles were slightly eosinophilic on the HE stain and stained blue tinged with purple on the Masson's trichrome stain (Figure 1G inset). Some of the animals had mild to moderate cytoplasmic lipofuscin deposits.

Moderate to severe pancreatic lesions were found in 2/8 harbor porpoises and 6/8 Dall's porpoises with intralesional trematodes of the same species (Supplementary Figure 1). These lesions were comparable to that of the liver, characterized by ductal hyperplasia, eosinophil-rich inflammation, and fibrosis of the duct wall and adjacent parenchyma with formation of numerous lymphoid follicles. In the pancreas of a harbor porpoise (case no. 8) and a Dall's porpoise (case no. 11) were granulomatous cysts of up to 4 cm in diameter, containing thick dark-green material admixed with adult trematodes and numerous eggs. Slight ductal hyperplasia was detected in four harbor porpoises and two Dall's porpoises that had no trematodes present in the ducts.



Quantitative Analyses and Immunophenotyping of Infiltrative Cells

Cross-reactivity to all antibodies was confirmed. These immunohistochemical results are summarized in Table 4 and Supplementary Table 2.


Table 4. Summary of the results for selected immunomarkers in hepatic trematode infected livers of the harbor porpoise, Dall's porpoise, and Hubbs' beaked whale.
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The number of CK19-positive cholangiocytes varied greatly among individuals. The average numbers of cholangiocytes were greatest in the order of Dall's porpoises, Hubbs' beaked whales, and harbor porpoises (Figures 2A–C), although the extent of ductular reaction was most prominent in the Hubbs' beaked whale.
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FIGURE 2. Characterization of cholangiocytes and inflammatory cell populations in hepatic trematode infected livers of the harbor porpoise (left), Dall's porpoise (center), and Hubbs' beaked whale (right). (A–C) CK19-positive cholangiocytes are detected in areas of fibrosis, which form irregularly shaped hyperplastic bile ducts (A, case no. 3; B, case no. 14; C, case no. 18). (D–F) CD3-positive T cells are found in the paracortical areas of formed lymphoid follicles in the harbor porpoise (D, case no. 2) and Dall's porpoise (E, case no. 12), while it is more diffusely scattered within inflammatory infiltrates in the Hubbs' beaked whale (F, case no. 17). (G–I) Numerous CD20-positive B cells are detected within formed lymphoid follicles in the harbor porpoise (G, case no. 7) and Dall's porpoise (H, case no. 9), while the inflammatory infiltrates in the Hubbs' beaked whales have a mixed cell population (I, case no. 17). (J–L) Low numbers of Foxp3-positive regulatory T cells (arrowheads) are scattered within the inflammatory infiltrates of all three species (J, case no. 4; K, case no. 15; L, case no. 18).


CD3-positive T and CD20-positive B cells were abundant in the porpoises, which had frequent lymphoid follicles. These formed follicles were histologically indifferent from normal follicles in lymphoid organs primarily composed of B cells, and there were no interspecies differences among the numbers of T and B cells. Whereas, in the Hubbs' beaked whales, the inflammatory foci consisted of an even mixture of T and B cells (Figures 2D–I), in the BD region of the Hubbs' beaked whale, there was marked and diffuse infiltration of B cells. Foxp3-positive regulatory T cells were limited in all analyzed individuals, while comparatively large numbers were detected within inflammatory foci and lymphoid follicles of BD and PF regions, respectively (Figures 2J–L).

In terms of macrophage immunophenotyping, relatively large numbers of Iba1-positive cells were observed in inflammatory foci, while they were generally limited in the HP regions (Figures 3A–C). Although there were no apparent interspecies differences, the greatest number was recorded in the BD region of the harbor porpoises. CD68-positive cells were the least recorded macrophage type in all species, where they were better observed in the harbor porpoises (Figures 3D–F). The number of CD163-positive cells were increased in the HP region, staining Kuppfer cells (Figures 3G–I). Similarly, CD204-positive cells were most plentiful in the HP region (Figures 3J–L), although large numbers were also observed in the BD and PF regions for some individuals. The Hubbs' beaked whales tended to have more CD204-positive cells compared to the two porpoise species, where apparent disparities in the average positive cells numbers were recorded particularly in the PF and HP regions.
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FIGURE 3. Distribution of various macrophages in hepatic trematode infected livers of the harbor porpoise (left), Dall's porpoise (center), and Hubbs' beaked whale (right). (A–C) Iba1-positive macrophages aggregate in moderate numbers within areas of the periportal hepatic parenchyma. (A, case no. 1; B, case no. 12; C, case no. 17). (D–F) CD68-positive macrophages (arrowheads) are infrequent in all three species (D, case no. 2; E, case no. 11; F, case no. 17). (G–I) CD163-positive Kuppfer cells in the periportal hepatic parenchyma are found in close numbers across all three species (G, case no. 3; H, case no. 15; I, case no. 18). (J–L) CD204-positive Kuppfer cells in the periportal hepatic parenchyma appear to be most abundant in the Hubbs' beaked whale (J, case no. 6; K, case no. 13; L, case no. 17).


Significant differences among the harbor and Dall's porpoises were calculated for CD68-positive cells in the PF and HP regions (P = 0.014, P = 0.036, respectively), and for CD163-positive cells in the PF region (P = 0.005), where CD68-expressing cells were significantly greater in the harbor porpoises, and CD163-expressing cells in the Dall's porpoises.



Trematode Identification

Phylogenetic analysis of the obtained mtND3 gene sequences (344 bp) revealed all trematodes of the harbor porpoises and Dall's porpoises clustering with C. oblonga from the Baltic Sea, while clearly separating from sequences from the Hubbs' beaked whales (Figure 4). The sequences generated from the trematodes of the two Hubbs' beaked whales were identical. Thus, trematodes of the harbor porpoises and Dall's porpoises were identified as C. oblonga, and trematodes of the Hubbs' beaked whales as O. macrorchis. Results of the molecular analyses matched with the morphological observations.
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FIGURE 4. Phylogenetic relationships of Brachycladiidae trematodes Campula oblonga and Oschmarinella macrorchis based on mitochondrial DNA NADH dehydrogenase subunit 3 (mtND3) gene sequences, as inferred by the maximum likelihood method and Hasegawa–Kishino–Yano model. Bootstrap values are shown on the left of the supported node. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Accession numbers are indicated in parentheses.


From the 16 C. oblonga trematodes analyzed, eight distinct haplotypes were identified. Seven of these haplotypes were found only in the same host species, but one was shared among both the harbor (n = 1) and Dall's (n = 2) porpoises. Differences of 7–21 bases were identified between C. oblonga of the Baltic Sea, where C. oblonga of the Dall's porpoises were genetically closer than those of the harbor porpoises. The novel gene sequences obtained are deposited in the GenBank/DDBJ database under accession nos. LC532144–LC532151.




DISCUSSION

The current study identified histopathological differences among the harbor porpoises, Dall's porpoises, and Hubbs' beaked whales infected by hepatic trematodes of C. oblonga and O. macrorchis. Despite the histomorphology in the harbor and Dall's porpoises being comparable, there were significant differences in the population of tissue macrophages. On the other hand, the Hubbs' beaked whales had a distinct immune response in comparison to the porpoise species, especially with the number of CD204-positive macrophages. Different strains of laboratory animals such as rats are known to react differently toward the same stimulant (39), and hence, interspecies differences among these cetaceans were to be expected. We conclude that the immune reactions toward hepatic trematodes in cetaceans are not uniform and are variable among species.

The histomorphology of cetacean hepatic trematodiasis has been described best in those of Campula sp. infection (22–24), and the findings from the harbor and Dall's porpoises were generally in accordance with these reports. There were no apparent disparities in the histomorphology between the two species, but significant differences were noted in the immunophenotype of macrophages. Moreover, the cystic bile ducts due to egg embolism observed in two of the Dall's porpoises are previously unreported. In humans and laboratory animals, obstruction of bile ducts leading to chronic cholestasis and eventual cirrhosis is a well-known pathway of hepatic failure (40). Concerns alike may be relevant in cetaceans too, when these obstructive lesions are diffusely distributed. Meanwhile, similar lesions were observed in the pancreas of the two porpoise species. Interestingly, although these porpoises have a similar immune reaction and are infected by the same trematode, C. oblonga, the Dall's porpoises had a higher percentage (75%) of adult trematodes being observed in the pancreatic duct compared to 25% in the harbor porpoises. Since trematode-related lesions in the pancreas occupy a relatively larger area than in the liver, severe pancreatic lesions caused by the trematodes may lead to decreased pancreatic function and eventually alimentary dysfunction, as proposed previously (12).

The immune response to hepatic trematodes in the Hubbs' beaked whale was unique, characterized by a lack of lymphoid follicles, marked lymphocytic (B cell) cholangitis, and prominent proliferation of cholangiocytes. Despite some variability in the degree of fibrosis between the two individuals analyzed, severe ductular reaction in the Glisson's sheath appears to be a characteristic feature in this species.

With the present study, there is a possibility that the interspecies differences observed in the reactions of respective species may have been due to differences in the infecting trematode species: C. oblonga in the harbor and Dall's porpoises and O. macrorchis in the Hubbs' beaked whales. However, the two trematode species only differ morphologically by the presence of the lateral diverticula and are genetically very close (26). In fact, the genetic distance inferred from its mtND3 sequences between O. macrorchis and C. oblonga are closer than that between O. rochebruni within the same genus (26). Therefore, from both morphological and genetic perspectives, we presumed that the host response should naturally be alike. On these accounts, the differences in the histopathology and immune response between the porpoises and the Hubbs' beaked whales were more likely to be related to the difference in host species than to the infecting parasite species.

Aside from the Hubbs' beaked whale, severe fibrosis associated with hepatic trematodiasis among cetaceans has been reported from four harbor porpoises and a striped dolphin, and they have been described as biliary cirrhosis (13). With the Masson's trichrome stain in this study, individuals with severe fibrosis had collagen fibers with a light blue coloration in addition to the dark blue fibers. Since the trichrome stain can differentiate chronic fibrosis that stains dark blue from newer fibrosis that stains lighter/grayer (41), the pathogenesis of hepatic trematodiasis in cetaceans was confirmed to be in constant progress, even in cases of chronic infection. Although none of the individuals analyzed at this time fit with the diagnosis of biliary cirrhosis, cirrhosis is most likely to be the end-stage picture of the disease. On the other hand, the same previous study has reported nodular regeneration of the hepatic tissue in animals diagnosed as biliary cirrhosis (13), which was also not present in this study. The reticulin fibers of the hepatocyte cords were maintained even within the small aggregates of hepatocytes among areas of severe ductular reaction, and hepatocellular damage appeared minimal. Furthermore, the Prussian blue stain did not show high levels of cytoplasmic iron deposition in hepatocytes of any of the individuals. In humans and rats, infection with the hepatic trematode Clonorchis sinensis causes excessive iron deposition in hepatocytes, and a correlation between iron deposition and the degree of liver injury has been demonstrated (42). Thus, neither hepatocellular damage nor iron deposition is heavily involved in the pathogenesis of hepatic trematodiasis in cetaceans.

To date, several immunopathological investigations have been conducted in parasite infections of cetaceans (13, 32, 33, 43, 44), but none of them has focused on macrophages in detail. Macrophages are phagocytic, antigen-presenting cells that are consistently present in tissues and are involved in maintaining tissue homeostasis (45). Macrophages migrating to lesion sites are classified into two main types: M1 and M2 macrophages. M1 macrophages are induced in the early stage of inflammation and show high phagocytic capacities while M2 macrophages are involved in tissue repair by inducing fibrosis (46). These macrophages express different antigens, where Iba1-, CD68-, and major histocompatibility complex (MHC) class II-positive cells are considered M1, and CD163- and CD204-positive cells are considered M2 macrophages (46). In the current analyses, M2 macrophages were dominant over M1 macrophages especially in the HP regions, suggesting that all analyzed individuals were in the chronic stage of fibrosis rather than in the early stage of infection and injury. The obtained number of Iba1-positive macrophages was in concordance with a previous study on the immune response of hepatic trematodiasis reporting limited numbers of MHC class II-positive macrophages (33). On the contrary, an investigation of fascioliasis with Fasciola hepatica in cattle Bos taurus, an evolutionarily related species to cetaceans, had approximately equal numbers of M1 and M2 macrophages (47), and hence, differences were recognized between responses of cetaceans and cattle to hepatic trematodes.

The stage of disease was also inferred from the number of Foxp3-positive cells. In the three species analyzed, while Foxp3-positive cells were found in the lesion sites of all individuals, the numbers were generally small. Experimental infection of F. hepatica in sheep Ovis aries have demonstrated that the number of regulatory T cells is significantly higher in the early stages of infection and decrease as the infection progresses, which has been speculated to be due to the parasite inducing a modulation in the host response to evade its immune system (48). The results of immunohistochemistry for Foxp3 in the analyzed cetaceans also suggested a chronic stage of the disease, which may be indicating a similar evading system in the trematodes of cetaceans to that of F. hepatica. Since the infection rate of C. oblonga is extremely high in both the harbor and Dall's porpoises of northern Japan by exceeding 95% (excluding calves; unpublished data), obtaining samples from non-infected animals and animals at an early stage of infection is challenging. Further verifications are needed on the correlation between regulatory T cell numbers in uninfected cetaceans and in the initial infection of hepatic trematodiasis.

Hepatocytes in the majority of harbor and Dall's porpoises contained cytoplasmic vacuoles. Cetaceans under highly stressful conditions such as stranding and bycatch respond with various physiological changes (49–51). These changes include acute hepatic congestion due to alterations in the blood flow and secondary hypoxic hepatocellular injury, possibly leading to formations of hyaline inclusions in hepatocytes (13). The cytoplasmic vacuoles observed in the hepatocytes of the current harbor and Dall's porpoises were likely to be caused by the same mechanism and hence are not directly related to trematode infections.

Many of the trematodes of Brachycladiidae are yet to be genetically sequenced. Even for species such as C. oblonga (36, 38) and O. macrorchis (26) that do have their partial sequences available, there is much uncertainty about the intraspecies mutations and regional variations. Regarding the genetics of C. oblonga, the current study provided information of this species outside Europe (Baltic Sea and North Sea) for the first time. Differences of up to 21 bp out of 344 bp in the mtND3 region were identified between the waters off Hokkaido and Europe, indicating regional genetic variations in C. oblonga, analogous to regional variations in the harbor porpoises themselves (52). Moreover, one genotype of C. oblonga was found in both the harbor and Dall's porpoises around Hokkaido, suggesting coevolution of C. oblonga and the two porpoise species.

Investigations on the distribution of hepatic macrophages and cellular responses to various diseases in wildlife, including cetaceans, are still an area with limited research activities (53). Hepatic trematodiasis is a concern not only in wild cetaceans but also in captive animals (54) that requires treatment. This study concludes that there are interspecies differences in tissue reactions to hepatic trematode infections among different odontocete species and that the immune reactions also vary depending on the species. The obtained information aids in furthering our understanding of the pathogenesis of hepatic trematodiasis in cetaceans and its implications to the host. Furthermore, the distinct immune responses noted among the three species will serve as baseline knowledge when assessing the pathology of different diseases among odontocetes.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the GenBank/DDBJ database under accession nos. LC532144–LC532151.



ETHICS STATEMENT

Ethical review and approval was not required for the animal study because no live animals were used in this study and all animals were found dead.



AUTHOR CONTRIBUTIONS

SN conceived, designed, carried out the experiments, and drafted the manuscript. YK supervised the study, gave conceptual advice, and revised the manuscript. All authors analyzed the data.



FUNDING

Research and publication of this study was funded by Grants-in-Aid for Scientific Research (KAKENHI) from the Japan Society for the Promotion of Science (#19J10574).



ACKNOWLEDGMENTS

The authors sincerely thank all individuals, personnel, agencies, and municipal offices involved in the retrieval of the carcasses. Sample collection would not have been possible without the support provided from Stranding Network Hokkaido, led by Prof. Takashi Matsuishi (Hokkaido University). This study was part of a Ph.D. thesis of the United Graduate School of Veterinary Sciences, Gifu University.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2020.00336/full#supplementary-material



REFERENCES

 1. Baker JR. Causes of mortality and parasites and incidental lesions in dolphins and whales from British waters. Vet Rec. (1992) 130:569–72. doi: 10.1136/vr.130.26.569

 2. Díaz-Delgado J, Fernández A, Sierra E, Sacchini S, Andrada M, Vela AI, et al. Pathologic findings and causes of death of stranded cetaceans in the Canary Islands (2006–2012). PLoS ONE. (2018) 13:e0204444. doi: 10.1371/journal.pone.0204444

 3. Giorda F, Ballardini M, Di Guardo G, Pintore MD, Grattarola C, Iulini B, et al. Postmortem findings in cetaceans found stranded in the Pelagos Sanctuary, Italy, 2007–14. J Wildl Dis. (2017) 53:795–803. doi: 10.7589/2016-07-150

 4. Nakagun S, Watanabe K, Matsuishi T, Kobayashi M, Kobayashi Y. Surveillance of amyloidosis in stranded and bycaught cetaceans off Hokkaido, Japan. J Vet Med Sci. (2019) 81:897–902. doi: 10.1292/jvms.18-0706

 5. Woodard JC, Zam SG, Caldwell DK, Caldwell MC. Some parasitic diseases of dolphins. Pathol Vet. (1969) 6:257–72. doi: 10.1177/030098586900600307

 6. Dailey M, Stroud R. Parasites and associated pathology observed in cetaceans stranded along the Oregon coast. J Wildl Dis. (1978) 14:503–11. doi: 10.7589/0090-3558-14.4.503

 7. Díaz-Delgado J, Fernández A, Xuriach A, Sierra E, Bernaldo de Quirós Y, Mompeo B, et al. Verminous arteritis due to Crassicauda sp. in Cuvier's beaked whales (Ziphius cavirostris). Vet Pathol. (2016) 53:1233–40. doi: 10.1177/0300985816642228

 8. Geraci JR, Dailey MD, St. Aubin DJ. Parasitic mastitis in the Atlantic white-sided dolphin, Lagenorhynchus acutus, as a probable factor in herd productivity. J Fish Res Board Can. (1978) 35:1350–5. doi: 10.1139/f78-210

 9. Lambertsen RH. Disease of the common fin whale (Balaenoptera physalus) – crassicaudiosis of the urinary system. J Mammal. (1986) 67:353–66. doi: 10.2307/1380889

 10. Raga JA, Fernández M, Balbuena JA, Aznar FJ. Parasites. In: Würsig B, Thewissen JGM, Kovacs KM, editors. Encyclopedia of Marine Mammals, 3rd ed. London: Academic Press (2017). p. 678–85.

 11. Raga JA, Fernández M, Balbuena JA, Aznar FJ. Parasite. In: Perrin WF, Würsig B, Thewissen JGM, editors. Encyclopedia of Marine Mammals, 2nd ed. Burlington, MA: Academic Press (2008). p. 821–30.

 12. Geraci JR, St. Aubin DJ. Effects of parasites on marine mammals. Int J Parasitol. (1987) 17:407–14. doi: 10.1016/0020-7519(87)90116-0

 13. Jaber JR, Pérez J, Rotstein D, Zafra R, Herráez P, Carrascosa C, et al. Biliary cirrhosis caused by Campula spp. in a dolphin and four porpoises. Dis Aquat Organ. (2013) 106:79–84. doi: 10.3354/dao02630

 14. Cobbold TS. Observations on Entozoa, with notices of several new species, including an account of two experiments in regard to the breeding of Taenia serrata and T. Cucumerina. Trans Linn Soc Lond. (1858) 22:155–72. doi: 10.1111/j.1096-3642.1856.tb00090.x

 15. Conlogue GJ, Ogden JA, Foreyt WJ. Parasites of the Dall's porpoise (Phocoenoides dalli True). J Wildl Dis. (1985) 21:160–6. doi: 10.7589/0090-3558-21.2.160

 16. Dailey MD, Walker WA. Parasitism as a factor (?) in single strandings of southern California cetaceans. J Parasitol. (1978) 64:593–6. doi: 10.2307/3279939

 17. Yamaguti S. Studies on the helminth fauna of Japan. part 45. Trematodes of marine mammals. Arb Med Fak Okayama. (1951) 7:283–94.

 18. Kuramochi T, Kikuchi T, Okamura H, Tatsukawa T, Doi H, Nakmura K, et al. Parasitic helminth and epizoit fauna of finless porpoise in the Inland Sea of Japan and the western North Pacific with a preliminary note on faunal difference by host's local population. Mem Natn Sci Mus Tokyo. (2000) 33:83–95.

 19. Shiozaki A, Amano M. Population and growth-related differences in helminthic fauna of finless porpoises (Neophocaena asiaeorientalis) in five Japanese populations. J Vet Med Sci. (2017) 79:534–41. doi: 10.1292/jvms.16-0421

 20. Adams AM, Hoberg EP, McAlpine DF, Clayden SL. Occurrence and morphological comparisons of Campula oblonga (Digenea: Campulidae), including a report from an atypical host, the thresher shark, Alopias vulpinus. J Parasitol. (1998) 84:435–38. doi: 10.2307/3284507

 21. Gibson DI, Harris EA, Bray RA, Jepson PD, Kuiken T, Baker JR, et al. A survey of the helminth parasites of cetaceans stranded on the coast of England and Wales during the period 1990–1994. J Zool Lond. (1998) 244:563–74. doi: 10.1111/j.1469-7998.1998.tb00061.x

 22. Jaber JR, Pérez J, Arbelo M, Andrada M, Hidalgo M, Gómez-Villamandos JC, et al. Hepatic lesions in cetaceans stranded in the Canary Islands. Vet Pathol. (2004) 41:147–53. doi: 10.1354/vp.41-2-147

 23. Jauniaux T, Petitjean D, Brenez C, Borrens M, Brosens L, Haelters J, et al. Post-mortem findings and causes of death of harbour porpoises (Phocoena phocoena) stranded from 1990 to 2000 along the coastlines of Belgium and Northern France. J Comp Pathol. (2002) 126:243–53. doi: 10.1053/jcpa.2001.0547

 24. Siebert U, Wünschmann A, Weiss R, Frank H, Benke H, Frese K. Post-mortem findings in harbour porpoises (Phocoena phocoena) from the German North and Baltic Seas. J Comp Pathol. (2001) 124:102–14. doi: 10.1053/jcpa.2000.0436

 25. Demaree RS, Critchfield RL, Tinling SP. Oschmarinella macrorchis sp. n. (Digenea: Campulidae) from the liver sinuses of a beaked whale, Mesoplodon stejnegeri (Cetacea: Ziphiidae). J Helminthol Soc Wash. (1997) 64:183–7.

 26. Nakagun S, Shiozaki A, Ochiai M, Matsuda A, Tajima Y, Matsuishi T, et al. Prominent hepatic ductular reaction induced by Oschmarinella macrorchis in a Hubbs' beaked whale Mesoplodon carlhubbsi, with biological notes. Dis Aquat Organ. (2018) 127:177–92. doi: 10.3354/dao03201

 27. Sweeney JC, Ridgway SH. Common diseases of small cetaceans. J Am Vet Med Assoc. (1975) 167:533–40. 

 28. Oliveira JB, Morales JA, González-Barrientos RC, Hernández-Gamboa J, Hernández-Mora G. Parasites of cetaceans stranded on the Pacific coast of Costa Rica. Vet Parasitol. (2011) 182:319–28. doi: 10.1016/j.vetpar.2011.05.014

 29. Friedman SL. Liver fibrosis – from bench to bedside. J Hepatol. (2003) 38:S38–53. doi: 10.1016/S0168-8278(02)00429-4

 30. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest. (2005) 115:209–18. doi: 10.1172/JCI24282

 31. Holt AP, Salmon M, Buckley CD, Adams DH. Immune interactions in hepatic fibrosis. Clin Liver Dis. (2008) 12:861–82. doi: 10.1016/j.cld.2008.07.002

 32. Jaber JR, Pérez J, Arbelo M, Herráez P, Espinosa de los Monteros A, Rodnguez F, et al. Immunophenotypic characterization of hepatic inflammatory cell infiltrates in common dolphins. J Comp Pathol. (2003) 129:226–30. doi: 10.1016/S0021-9975(03)00008-2

 33. Jaber JR, Zafra R, Pérez J, Suárez-Bonnet A, González JF, Carrascosa C, et al. Immunopathological study of parasitic cholangitis in cetaceans. Res Vet Sci. (2013) 95:556–61. doi: 10.1016/j.rvsc.2013.05.011

 34. Jefferson TA, Webber MA, Pitman RL. Marine Mammals of the World: a Comprehensive Guide to Their Identification. London: Academic Press (2008) p. 592.

 35. Geraci JR, Lounsbury VJ. Marine Mammals Ashore: A Field Guide for Strandings. 2nd ed. Baltimore: National Aquarium in Baltimore (2005). p. 371.

 36. Fernández M, Aznar FJ, Lattore A, Raga JA. Molecular phylogeny of the families Campulidae and Nasitrematidae (Trematoda) based on mtDNA sequence comparison. Int J Parasitol. (1998) 28:767–75. doi: 10.1016/S0020-7519(98)00027-7

 37. Fernández M, Aznar FJ, Raga JA, Lattore A. The origin of Lecithodesmus (Digenea: Campulidae) based on ND3 gene comparison. J Parasitol. (2000) 86:850–2. doi: 10.1645/0022-3395(2000)086[0850:TOOLDC]2.0.CO;2

 38. Fraija-Fernández N, Aznar FJ, Fernández A, Raga JA, Fernández M. Evolutionary relationships between digeneans of the family Brachycladiidae Odhner, 1905 and their marine mammal hosts: a cophylogenetic study. Parasitol Int. (2016) 65:209–17. doi: 10.1016/j.parint.2015.12.009

 39. Hoffman PM, Powers JM, Weise MJ, Brostoff SW. Experimental allergic neuritis. I. rat strain differences in the response to bovine myelin antigens. Brain Res. (1980) 195:355–62. doi: 10.1016/0006-8993(80)90071-2

 40. Kountouras J, Billing BH, Scheuer PJ. Prolonged bile duct obstruction: a new experimental model for cirrhosis in the rat. Br J Exp Pathol. (1984) 65:305–11. 

 41. Lefkowitch JH. Special stains in diagnostic liver pathology. Semin Diagn Pathol. (2006) 23:190–8. doi: 10.1053/j.semdp.2006.11.006

 42. Han S, Tang Q, Chen R, Yihong L, Shu J, Zhang X. Hepatic iron overload is associated with hepatocyte apoptosis during Clonorchis sinensis infection. BMC Infect Dis. (2017) 17:531. doi: 10.1186/s12879-017-2630-3

 43. Jaber JR, Pérez J, Arbelo M, Zafra R, Fernández A. Pathological and immunohistochemical study of gastrointestinal lesions in dolphins stranded in the Canary Islands. Vet Rec. (2006) 159:410–4. doi: 10.1136/vr.159.13.410

 44. Zafra R, Jaber JR, Pérez J, de la Fuente J, Arbelo M, Andrada M, et al. Immunohistochemical characterisation of parasitic pneumonias of dolphins stranded in the Canary Islands. Res Vet Sci. (2015) 100:207–12. doi: 10.1016/j.rvsc.2015.03.021

 45. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat Rev Immunol. (2011) 11:723–37. doi: 10.1038/nri3073

 46. Yamate J, Izawa T, Kuwamura M. Histopathological analysis of rat hepatotoxicity based on macrophage functions: in particular, an analysis for thioacetamide-induced hepatic lesions. Food Saf. (2016) 4:61–73. doi: 10.14252/foodsafetyfscj.2016012

 47. Golbar HM, Izawa T, Juniantito V, Ichikawa C, Tanaka M, Kuwamura M, et al. Immunohistochemical characterization of macrophages and myofibroblasts in fibrotic liver lesions due to Fasciola infection in cattle. J Vet Med Sci. (2013) 75:857–63. doi: 10.1292/jvms.12-0536

 48. Pacheco IL, Abril N, Zafra R, Molina-Hernández V, Morales-Prieto N, Bautista MJ, et al. Fasciola hepatica induces Foxp3 T cell, proinflammatory and regulatory cytokine overexpression in liver from infected sheep during early stages of infection. Vet Res. (2018) 49:56. doi: 10.1186/s13567-018-0550-x

 49. Câmara N, Sierra E, Fernández-Maldonado C, Espinosa de los Monteros A, Arbelo M, Fernández A, et al. Stress cardiomyopathy in stranded cetaceans: a histological, histochemical and immunohistochemical study. Vet Rec. (2019) 185:694. doi: 10.1136/vr.105562

 50. Herráez P, Espinosa de los Monteros A, Fernández A, Edwards JF, Sacchini S, Sierra E. Capture myopathy in live-stranded cetaceans. Vet J. (2013) 196:181–8. doi: 10.1016/j.tvjl.2012.09.021

 51. Sierra E, Espinosa de los Monteros A, Fernández A, Díaz-Delgado J, Suárez-Santana C, Arbelo M, et al. Muscle pathology in free-ranging stranded cetaceans. Vet Pathol. (2017) 54:298–311. doi: 10.1177/0300985816660747

 52. Rosel PE, Dizon AE, Haygood MG. Variability of the mitochondrial control region in populations of the harbour porpoise, Phocoena, on interoceanic and regional scales. Can J Fish Aquat Sci. (1995) 52:1210–9. doi: 10.1139/f95-118

 53. Kawashima M, Nakanishi M, Kuwamura M, Takeya M, Yamate J. Distributive and phagocytic characteristics of hepatic macrophages in five cetaceans belonging to Delphinidae and Ziphiidae. J Vet Med Sci. (2004) 66:671–80. doi: 10.1292/jvms.66.671

 54. Migaki G, Lagios MD, Herald ES, Dempster RP. Hepatic trematodiasis in a Ganges River dolphin. J Am Vet Med Assoc. (1979) 175:926–8. 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Nakagun and Kobayashi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 02 July 2020
doi: 10.3389/fmars.2020.00503





[image: image]

Novel Necropsy Findings Linked to Peracute Underwater Entrapment in Bottlenose Dolphins (Tursiops truncatus)

Alexandra L. Epple1*, Joanna T. Daniel1, Susan G. Barco1, David S. Rotstein2 and Alexander M. Costidis1

1Stranding Response Program, Research and Conservation Section, Virginia Aquarium & Marine Science Center, Virginia Beach, VA, United States

2Marine Mammal Pathology Services, Olney, MD, United States

Edited by:
Stephen Raverty, Animal Health Center, Canada

Reviewed by:
Michael John Moore, Woods Hole Oceanographic Institution, United States
Todd Schmitt, SeaWorld Entertainment, United States
Sam Ridgway, National Marine Mammal Foundation, United States

*Correspondence: Alexandra L. Epple, AlexandraEpple@gmail.com

Specialty section: This article was submitted to Marine Megafauna, a section of the journal Frontiers in Marine Science

Received: 14 February 2020
Accepted: 03 June 2020
Published: 02 July 2020

Citation: Epple AL, Daniel JT, Barco SG, Rotstein DS and Costidis AM (2020) Novel Necropsy Findings Linked to Peracute Underwater Entrapment in Bottlenose Dolphins (Tursiops truncatus). Front. Mar. Sci. 7:503. doi: 10.3389/fmars.2020.00503

Peracute underwater entrapment (PUE) is a recognized cause of death associated with anthropogenic trauma in marine mammals. We describe internal lesions likely resulting from extreme agonal exertion in bottlenose dolphins due to entanglement and forced submergence in fishing gear during PUE. We reviewed necropsy findings from bottlenose dolphins with known PUE statuses in Virginia, United States from 2016–2019 (n = 31) for the presence of five lesions: pulmonary petechiae, pulmonary perivascular edema, hemorrhagic pulmonary lymph, separation of the rectus abdominis muscles, and acute abdominal hernias. Of the 31 cases, 23 were considered PUE cases due to the presence of external ligature marks consistent with entanglement in fishing gear. Of the animals examined, pulmonary perivascular edema, pulmonary petechiae, and hemorrhagic pulmonary lymph were found in both PUE and non-PUE cases. Though found in one non-PUE case, pulmonary perivascular edema was significantly related to PUE. There was no significant relationship between PUE and pulmonary petechiae or hemorrhagic pulmonary lymph. Rectus abdominis muscle separations and acute abdominal hernias were only found in PUE cases and nine animals exhibited either one (n = 7) or both (n = 2) of these traumatic lesions. Although these two lesions were relatively rare, there was a statistically significant relationship between the presence of one or both of the lesions and positive PUE status. This study suggests that pulmonary perivascular edema, acute hernias and separations of the rectus abdominis muscles may be useful for diagnosing PUE in the absence of external fishery interaction lesions, and highlights the severity of agonal fisheries interactions.
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INTRODUCTION

Wild cetaceans and other marine mammals can experience anthropogenic trauma via vessel, gunshot, or entanglement in debris or fishing gear, among other scenarios (Moore et al., 2013). One type of anthropogenic trauma is peracute (brief and intense) underwater entrapment (PUE), which describes an agonal entanglement/entrapment event that involves extreme physical struggle and asphyxiation (Moore et al., 2013). PUE can occur via entanglement in active fishing gear, marine debris, or any material that can lead to restraint and forced submersion. In our study, fishing gear was used as a representative for this mechanism because: (1) it can be more easily confirmed via external gross examination than other types of PUE, and (2) since fishing practices can be directly managed by various authorities (Read et al., 2006; Geijer and Read, 2013; Hayes et al., 2018), increased understanding and diagnosis of PUE cases could have management implications.

Though it can be difficult to determine true numbers, previous studies have indicated that anthropogenic trauma, and specifically bycatch, can be a significant source of mortality in small cetacean populations (Read et al., 2006; Brownell et al., 2019). Despite its contribution to mortality, the number of animals that are observed and reported as fatally taken in fishery interactions is generally under representative of the true total number. Few animals are reported as bycaught, partially due to low observer coverage (Hayes et al., 2018) and a disincentive for fishers to report bycatch. Furthermore, many never wash ashore to be recovered (Peltier et al., 2012). Of the stranded carcasses recovered, the only currently accepted lesions diagnostic of fishery interaction are external gear lesions (Kuiken, 1996; Read and Murray, 2000; Moore and Barco, 2013; Moore et al., 2013). However, decompositional sloughing of the epidermis, desiccation, scavenging, and impermanence of ligature lesions often results in undiagnosed PUE cases.

One of the primary goals of a necropsy on stranded cetaceans is to determine a cause of death/stranding, sometimes in conjunction with histopathological diagnosis. Although external examination may not always lead to a conclusive diagnosis or diagnoses, there are several previously published internal lesions that have been shown to be consistent with PUE. These include pulmonary edema, vascular congestion, undigested fish in the forestomach, froth in airways, edema/hemorrhage, and unhealed fractures (Kuiken, 1996; Jepson et al., 2000; Duignan et al., 2003; Moore et al., 2013; Bernaldo de Quirós et al., 2018). Some of these can be directly attributed to the fishing gear itself, such as skin lesions, fractures, and subcutaneous edema and/or hemorrhage (Kuiken, 1996; Duignan et al., 2003). Other lesions, such as pulmonary edema, pulmonary petechiae, and froth in the airways, can be caused by internal forces or imbalances (Lunde and Waaler, 1969; Farber et al., 1983; Kuiken, 1996; Goodman, 2001). However, none of these internal lesions on their own are diagnostic of PUE. Most of these lesions can be attributed to trauma and other pathologies, or can be confused with post-mortem changes such as lividity. For example, traumatic findings such as contusions, hemorrhagic edema, and fractures can be seen in cetaceans with a cause of death/stranding of blunt vessel strike, chronic entanglement, or infanticide (Moore et al., 2013; Estrade and Dulau, 2017). Therefore, diagnosis of PUE often depends on the weight of internal and external evidence.

In this study, we investigated the prevalence of five internal findings that we hypothesized were present in PUE cases: pulmonary petechiae, pulmonary perivascular edema, hemorrhagic pulmonary lymph, separation of the rectus abdominis muscles, and acute abdominal hernias. None of these lesions, with the exception of pulmonary petechiae, have been previously described in relation to PUE in cetaceans. Both pulmonary petechiae and pulmonary perivascular edema involve bloody fluid (presumptive hemorrhage) within the lung parenchyma, so we suspected that the pulmonary lymph channels would reflect this as hemorrhagic pulmonary lymph. To investigate this possible relationship we chose to include pulmonary petechiae in our review. We examined each lesion’s potential to be diagnostic of peracute underwater entrapment in the absence of external fishery lesions.



MATERIALS AND METHODS


Cases

All necropsies were permitted by the federal government and were performed by staff of the Virginia Aquarium & Marine Science Center. Included cases were limited to bottlenose dolphins that stranded in Virginia from January 2016 through September 2019, and were fresh or in moderate decomposition at the time of necropsy (Geraci and Lounsbury, 2005). They also must have received a full external and internal examination, anthropogenic trauma evaluation (Moore and Barco, 2013) and a gross necropsy report. Necropsies were performed using standard technique (Geraci and Lounsbury, 2005) except for the use of parasagittal ventral incisions as opposed to the routine ventral midline incision. This method facilitated better examination of the linea alba and rectus abdominis muscles. In order to eliminate confounding variables associated with ontogenetic differences in physiology and behavior, neonates were excluded (Mead and Potter, 1990; Noren et al., 2006). Additionally, only cases that were either positive or negative for signs of PUE (no cases for which PUE could not be determined) were included. Positive signs of PUE were defined as external lesions consistent with interaction with fishing gear and a cause of death associated with that interaction. Negative signs of PUE were defined as no external lesions consistent with interaction with fishing gear, and a cause of death not associated with fishery interaction.



Lesion Presence

Two reviewers retrospectively examined internal photographs and necropsy reports for the presence of the five internal lesions: pulmonary petechiae, pulmonary perivascular edema, hemorrhagic pulmonary lymph, separation of the rectus abdominis muscles, and acute abdominal hernias. Lesions were scored as “present” if a photograph of the lesion was present or if the lesion was mentioned in the necropsy report. Lesions were scored as “not present” if photographic and/or written documentation was available for the full anatomical area where the lesion is found, but the lesion was not present in the photographs, or absence of the lesion was specifically mentioned in the necropsy report. Lesion presence was scored as CBD if the anatomical area where the lesion is found was poorly documented and neither presence nor absence were mentioned in the necropsy report. The anatomical area where the lesion is found was defined as the lungs for pulmonary petechiae, pulmonary perivascular edema, and hemorrhagic pulmonary lymph and as the ventral abdominal wall for hernias and separation of the rectus abdominis muscles. If both reviewers agreed on the presence/absence of the lesion, no further action was necessary. If the reviewers did not agree on a lesion, a third reviewer was consulted and the majority opinion was selected. All lesions were evaluated grossly. When available, hernias and separation of the rectus abdominis muscles were evaluated histopathologically by a veterinary pathologist to validate gross diagnoses of chronicity (e.g., acute vs. chronic, ante- vs. post-mortem).


Lesion Definitions

The definitions used in this paper were based primarily on gross observations, but were validated using histopathological observations when available (Costache et al., 2014). Pulmonary petechiae were defined as small, subserosal, multifocal, diffuse to coalescing hemorrhages of various sizes visible on the serosal surfaces of the lungs (Figures 1A,B). Pulmonary perivascular edema was defined as presence of edema and/or diffuse hemorrhage in the adventitia and/or parenchyma surrounding pulmonary vessels (and occasionally airways) (Figures 1C,D). Hemorrhagic pulmonary lymph was defined as blood-tinged fluid present within the superficial pulmonary lymph channels visible on the serosal surfaces of the lungs (Figures 1E,F). Separation of the rectus abdominis muscles was defined as rupture of the linea alba with concomitant separation of the left and right muscles from each other (Figures 2A,B). Abdominal hernia was defined as entrapment of the peritoneum, often in addition to mesentery (including the omentum, medial umbilical ligaments, median umbilical ligament, and/or falciform ligament) through the internal lamina of the rectus sheath or linea alba that showed evidence of an acute response (Figures 2C,D).
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FIGURE 1. Pulmonary lesions in bycaught bottlenose dolphins. (A) Pulmonary petechiae. (B) Detail of pulmonary petechiae. (C) Pulmonary perivascular edema and/or hemorrhage. (D) Detail of pulmonary perivascular edema and/or hemorrhage. (E) Hemorrhagic lymph draining (black arrows) to the pulmonary marginal lymph node (PMLN; white arrow). (F) Detail of hemorrhagic pulmonary lymph.
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FIGURE 2. Abdominal lesions in bycaught bottlenose dolphins. (A) Separation of the rectus abdominis muscles with intact peritoneum reflected back. Emissary blood vessels from cranial epigastric artery and veins visible as long strands. Note the hemorrhagic edema present along the length of the separation (dotted arrows). (B) Detail of caudal margin of rectus abdominis separation showing hemorrhagic edema (dotted arrows) and irregular margins consistent with tearing. (C) Omental hernia through rectus sheath (solid arrow). This hernia is chronic, however, gross presentation of acute hernias did not differ. Note that the caudal incision (to the right of the image) with the intestinal loop is an artifact of dissection. (D) Detail of omental hernia. Note the emissary vessel emanating from the hernia location and an additional emissary vessel to the right of the hernia.




Gross and Histopathologic Criteria for Evidence of Chronicity

Morphological diagnoses of chronicity were based predominantly on gross diagnosis but often bolstered with histopathological diagnosis. Since edema and/or hemorrhage are considered acute ante-mortem processes, all pulmonary lesions (pulmonary petechiae, pulmonary perivascular edema, hemorrhagic pulmonary lymph), which by definition included edema and/or hemorrhage, were considered acute based on gross diagnosis. Gross evidence for acute separation of the rectus abdominis muscles included retroperitoneal and intralesional edema and/or hemorrhage and evidence of tendinous rupture without overt tissue response (ex: adhesions, remodeling of irregular rupture margins such as fiber fringing, lack of wound bridging, etc.). No chronic separations of the rectus abdominis muscles were present in our study, so this was not defined. Gross evidence for acute hernias included congestion (vascular engorgement or bloody discoloration), and lack of firm adhesion. Histopathological evidence for acute processes included the presence of edema, hemorrhage, fibrin, and/or neutrophils. Gross evidence for chronic hernias included green-gray to black discoloration (presumptive necrosis) of tissue at the site of herniation and adhesion of the entrapped tissue to the surrounding tissue. Histopathological evidence for chronic processes included lymphoplasmacytic infiltrates, fibroblasts, and/or mature collagen.



Gear Type and Anatomical Entanglement Location

Photographs, necropsy reports, and anthropogenic trauma evaluations were reviewed to determine anatomical entanglement locations and gear type based on external lesions. When possible, presumptive gear type was determined based on seasonal fisheries prosecuted in Virginia waters (Hayes et al., 2018). When animals exhibited evidence of monofilament net or both monofilament and larger diameter multifilament line, they were presumed to have interacted with a gillnet. When animals exhibited evidence of fine twisted twine impressions, they were presumed to have interacted with a pound net. When animals exhibited only thick braided multifilament line, they were presumed to have interacted with pot buoy line (consistent with crab or whelk pots). Anatomical entanglement locations were separated into the following categories: rostrum/mandible, head, pectoral flippers, dorsal fin, body, peduncle, and flukes.



Analyses

Stranding demographics and internal findings were compiled in Microsoft Excel (RRID:SCR_016137). The anatomical entanglement location was examined in relation to gear type and internal lesion type. To evaluate size-based relationships, animals were placed into 25 cm total length bins, starting at 150 cm and ending at 250+ cm. R Project for Statistical Computing (RRID:SCR_001905) was used to perform 2 × 2 Pearson’s Chi-squared contingency tests (Pearson, 1900; Fisher, 1922) to determine if there was a significant relationship between the presence of lesion(s) and positive PUE status, with p ≤ 0.05 considered significant.



RESULTS

Selected cases (n = 31) ranged in total length from 151 to 302 cm and consisted of an almost equal distribution of sexes (see Supplementary Material). All carcasses ranged from fresh to moderate decomposition. Eight cases were scored as not having any external signs of PUE, and 23 cases were scored as having external signs of PUE (Table 1). Lesion presence and presumptive gear type were determined for all cases (Table 1).


TABLE 1. Internal lesion presence for each case.
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Pulmonary Petechiae

Pulmonary petechiae were present in both PUE (n = 7, 30%) and non-PUE cases (n = 5, 63%) but were observed in a higher proportion of non-PUE cases. There was not a significant relationship between PUE and pulmonary petechiae (χ2 = 2.572; p = 0.108).



Pulmonary Perivascular Edema

Pulmonary perivascular edema was more prevalent in PUE cases (78%, n = 18) than non-PUE cases (13%, n = 1) and this relationship was significant (χ2 = 10.819; p = 0.001). However, 75% of non-PUE cases scored as CBD for the presence of this lesion.



Hemorrhagic Pulmonary Lymph

Hemorrhagic pulmonary lymph was a common finding in this study and was present in 15 (65%) PUE and 6 (75%) non-PUE cases. There was not a significant relationship between PUE and hemorrhagic pulmonary lymph (χ2 = 0.260; p = 0.610). Of those 21 cases, 17 exhibited one or more of the other pulmonary lesions (six exhibited pulmonary perivascular edema, five exhibited pulmonary petechiae, and an additional six exhibited both pulmonary perivascular edema and pulmonary petechiae). Although four hemorrhagic pulmonary lymph cases exhibited neither pulmonary perivascular edema nor pulmonary petechiae, each case had at least one CBD for pulmonary perivascular edema or pulmonary petechiae.



Separation of the Rectus abdominis Muscles

Separation of the rectus abdominis muscles occurred in six PUE animals (26%) ranging in length from 151 to 200 cm. Although no non-PUE cases in our study exhibited separation of the rectus abdominis muscles, there was not a significant relationship between PUE and separation of the rectus abdominis muscles (χ2 = 2.588; p = 0.108). For all cases, the peritoneum overlying the rupture was intact (Figure 2A). Separations ranged from partial to full thickness (down to the ventral subdermal connective sheath) and ranged in length from a few centimeters to the majority of the rectus abdominis muscles. All of the separations were at least partially centrally located (peri-umbilical) (i.e., none of the separations were only caudal sections or cranial sections). For all cases of separation of the rectus abdominis muscles, ante-mortem tissue reaction was observed grossly, including irregular tearing margins, sometimes with intermittent remnant tendinous fibers bridging the separation (Figure 3). Additionally, all separations of the rectus abdominis muscles exhibited intralesional retroperitoneal hemorrhage and edema, most pronounced at the apices of the separation. Histopathological diagnoses were obtained for two cases, which indicated disruption of myofiber bundles, edema, hemorrhage, and neutrophilic infiltrates which aligned with the ante-mortem gross diagnoses.
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FIGURE 3. Rectus abdominis separation in a bycaught bottlenose dolphin. Intact superficial midline and irregular margins are consistent with tearing due to tension, rather than incision. Note the hemorrhagic edema present on the left of the image (cranial aspect), the remnant tendinous fibers bridging the wound, the lack of healing wound bridging fibers, and the presence of emissary vessels.




Acute Hernias

Acute abdominal hernias occurred in five PUE cases (22%) and animals exhibiting this lesion ranged in length from 194 to 282.2 cm. Although no non-PUE cases exhibited acute hernias, there was not a significant relationship between PUE and hernias (χ2 = 2.588; p = 0.108). All cases of acute hernias were observed in animals with a cause of death/stranding of PUE. Histology results were obtained for three out of five hernias and confirmed that the hernias exhibited acute changes (Figure 4A and Table 2). In addition to the acute changes, two cases revealed additional underlying chronic changes associated with the sampled tissue (Figure 4B).


TABLE 2. Hernia chronicity determined by gross diagnosis and histopathological diagnosis, location of hernia, and herniated structure(s).
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FIGURE 4. Microphotographs of hernias in bottlenose dolphins. (A) Disruption of collagen bundles with associated hemorrhage in an acute hernia. (B) Fibrovascular fronds extend from the site of the chronic hernia (solid arrow). Inflammatory cells infiltrate the wall (dashed arrow).


Though not considered acute hernias, one additional hernia was observed in a PUE positive animal which had undetermined chronicity and three chronic hernias were found in non-PUE animals (Table 2). These chronic hernia cases were assigned a natural cause of death/stranding unrelated to PUE. Histopathologic evaluation was obtained on two out of three of the chronic hernias, which confirmed solely chronic processes in both cases. The total length of these animals ranged from 193 to 214 cm.

All hernias were either within the linea alba (n = 3) or within the tendinous portion of the rectus abdominis sheath a few centimeters lateral to the linea alba (n = 6; Table 2). All hernias by necessity included the peritoneum, however, entrapped tissue sometimes also included mesenteric tissue such as the omentum or falciform ligament.



Separation of the Rectus abdominis Muscles and Acute Hernias Combined

Separation of the rectus abdominis muscles and hernias were relatively rare lesions compared to others discussed above, but they were the only lesions that occurred exclusively in PUE cases. Thus, we tested the relationship between PUE and the presence of either of the two lesions. When combined, there was a significant relationship between the presence of at least one of these muscular lesions and PUE status (χ2 = 4.411; p = 0.036).



External Gear Evidence

It was possible to infer gear type in 22 out of 23 PUE cases (Table 1), using previously established guidelines (Moore and Barco, 2013). Most animals exhibited evidence of interaction with a gillnet (n = 13) or a pound net (n = 9). One animal exhibited only signs of multifilament line entanglement, which was suspected pot buoy line. Preliminary analysis of entanglement location indicated that there were no obvious relationships among entanglement location, presence of each lesion, and gear type. However, due to low sample size, a potential association cannot be eliminated (see Supplementary Material for further information on entanglement locations).



Summary

Out of 23 PUE cases, pulmonary perivascular edema was the most common lesion and was present in 78% of cases (n = 18), followed by hemorrhagic pulmonary lymph, which was present in 65% (n = 15; Figure 5). Out of eight non-PUE cases, hemorrhagic pulmonary lymph was the most common lesion and present in 75% of cases (n = 6), followed by pulmonary petechiae (63%; n = 5). Separations of the rectus abdominis muscles and hernias were not present in any non-PUE cases. Separations of the rectus abdominis muscles were present in 26% of the PUE cases (n = 6) and hernias were present in 22% of the PUE cases (n = 5). Overall, the total number of lesions in non-PUE cases was lower (range: 0–2) than the total number of lesions in PUE cases (range: 1–4, Figure 6) and only PUE cases exhibited three or more lesions.
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FIGURE 5. Lesions present in bottlenose dolphins. Pulmonary petechiae and hemorrhagic pulmonary lymph were more common in non-PUE cases, while rectus abdominis separations and hernias were only found in PUE cases. Pulmonary perivascular edema was the most common lesion observed in PUE cases.
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FIGURE 6. Lesions present in bottlenose dolphins. PUE cases exhibited a higher total number of abdominal and/or pulmonary lesions (range: 1–4) than non-PUE cases (range: 0–2). Only PUE cases exhibited three or more lesions.


In addition to the lesions of interest, many PUE and non-PUE cases exhibited other significant findings, including infectious disease, trauma, and lesions of unknown etiology.

A preliminary analysis of length indicated no clear relationships between each lesion and length, but pulmonary petechiae appeared slightly more common in larger animals and separation of the rectus abdominis muscles appeared slightly more common in smaller animals (see Supplementary Material for additional information). However, low sample size did not allow for confident analysis of significant relationships between length and lesion presence.



DISCUSSION


Pulmonary Petechiae

Pulmonary petechiae have been used previously as a bycatch evidence criterion in cetaceans (Kuiken, 1996; Moore et al., 2013), however, the mechanism is poorly understood. In humans, petechiae are caused by hemorrhages from capillaries or small blood vessels in the lungs which can rupture due to traumatic asphyxia or hypoxia (Guntheroth et al., 1973; Farber et al., 1983; Ambade et al., 2009). Previous studies in rats indicated that pulmonary petechiae were uncommon with respiratory paralysis and that vigorous respiratory effort was necessary for their production (Guntheroth et al., 1973). A forensic study of strangulation indicated that petechiae on conjunctivae, mucosal surfaces, and facial skin were an indication of the severity of the strangulation and the result of vessel occlusion and rupture of capillaries (Plattner et al., 2005).

In rabbits, there is a positive relationship between the progression of left heart failure and presence of pulmonary petechiae (Farber et al., 1983). Airway occlusion and hypoxia can result in increased pulmonary circulatory pressures, which cause small pulmonary hemorrhages in human infants (Farber et al., 1983). We suggest that an increase in pulmonary intravascular pressure during agonal struggle and hypoxia lead to petechial hemorrhages in dolphins during PUE, but that other mechanisms can also result in pulmonary petechiae formation.

This is the only lesion included in this study that had been previously suggested as supportive of PUE as the cause of death/stranding when present in association with other PUE supportive lesions (Kuiken, 1996; Moore et al., 2013). However, in our study pulmonary petechiae were present in a higher percentage of non-PUE cases than PUE cases, indicating that this lesion may be associated with many other pathologies and should be interpreted with caution.



Pulmonary Perivascular Edema

There is limited mention of this lesion in existing literature in relation to other species, and its prevalence in marine mammals is even more poorly documented. One study in humpback whales and another in bycaught dolphins and porpoises mention pulmonary perivascular edema as a histological finding (Knieriem and Hartmann, 2001; Groch et al., 2018) but its etiology and mechanism were not determined. Pressure differences in the perivascular interstitial space and hypoxic physical exertion have been mentioned as possible contributors of this lesion in other species (Whayne and Severinghaus, 1968; Timby et al., 1990). Edema surrounding the vasculature of the lungs was present in rats both swimming and relaxing in a hypoxic environment (Whayne and Severinghaus, 1968). This finding was also associated with acute altitude change and vigorous exercise in humans (Whayne and Severinghaus, 1968). The aforementioned study also suggested that pulmonary perivascular edema was due to a “focal rupture or separation of elements of the arterial wall that permits the passage of blood, plasma, or both into extravascular spaces.”

The widely accepted Starling hypothesis states that the transmural movement of fluid is dictated by the hydrostatic pressure gradient, which normally favors fluid leaving a vessel, and the osmotic pressure gradient, which normally favors fluid retention in the vessel (Lunde and Waaler, 1969; Goodman, 2001). Therefore, an increase in transmural hydrostatic pressure has been shown to cause the net outward movement of fluid from the pulmonary vessels into the surrounding lung parenchyma (Lunde and Waaler, 1969; Goodman, 2001). We suggest that in the case of PUE, this increased hydrostatic transmural pressure is caused by increased systemic blood pressure resulting from amplified abdominal muscle contractions. Changes in thoracic and intra-abdominal pressure caused by muscle contractions have been previously documented in humans (Kawabata et al., 2010) and cetaceans (Slijper, 1962; Lillie et al., 2017). Additionally, effects of the mammalian dive response (Scholander, 1940; Davis and Williams, 2012) and stress related peripheral vasoconstriction and tachycardia (Bonanno, 2011) may contribute to detrimental systemic blood pressure, but the effects are not well-understood and there may be compensatory mechanisms.

In the cases examined during this study, pulmonary perivascular edema was significantly associated with PUE cases. Most often, this lesion was observed around veins, and less often around airways and arteries. This supports the hypothesis that transmural pressure plays a role in the pathogenesis of this lesion as veins are thin walled and more vulnerable to elevated pressures. The one non-PUE case with pulmonary perivascular edema exhibited numerous gross pulmonary findings (including severe pneumonia and diffuse interstitial pulmonary edema) as well as signs of a systemic infectious process. It is possible these conditions may have contributed to the pulmonary perivascular edema.

Due to the significant association with PUE, it is our belief that pulmonary perivascular edema is generated under conditions of extreme agonal exertion typically encountered in PUE, and is a useful finding for supporting PUE as the cause of death/stranding.



Hemorrhagic Pulmonary Lymph

Pulmonary edema increases lymphatic drainage (Ware and Matthay, 2005). As the lymph channels drain fluid from the lung interstitium, hemorrhage in the lungs will be reflected as dark red pulmonary lymph channels visible on serosal surfaces. We were unable to find a published example of this lesion in cetaceans.

Hemorrhagic pulmonary lymph was a common finding in this study and was present in 21 cases, including both PUE (n = 15) and non-PUE cases (n = 6). Though we hypothesized that hemorrhagic pulmonary lymph would co-occur with pulmonary petechiae or pulmonary perivascular edema since both lesions result in hemorrhage and interstitial edema, it is unclear if they were related in this study group. Though 17 of the 21 cases had either pulmonary perivascular edema, pulmonary petechiae, or both, four cases had neither. However, all four of these cases had at least one CBD for pulmonary perivascular edema or pulmonary petechiae, so their association cannot be ruled out. Additionally, many other pulmonary findings can contribute to the presence of hemorrhagic pulmonary lymph, including interstitial hemorrhage, severe infection, or blunt trauma. Due to the commonality of pulmonary disease in cetaceans (Ridgway, 1972) and the lack of significant association with PUE, we suggest that this lesion should be noted, but interpreted with caution.



Separation of the Rectus abdominis Muscles

Each rectus abdominis muscle is encased in tendinous aponeurotic fibers which intertwine with the contralateral fibers along the ventral midline forming the linea alba (Askar, 1977; Cotten et al., 2008; Figure 7). In delphinids, these muscles play a major role in the downward stroke of the tail during locomotion (Cotten et al., 2008). When the muscles contract, the abdominal or thoracic cavity of the dolphin may be compressed which assists with expiration. We suggest that if an animal is entangled and anchored or restrained, locomotory effort becomes amplified, but results in isometric-like contractions. The agonal struggle associated with PUE likely results in muscle hypercontraction with elevated forces and pronounced muscle swelling or bulging (Baskin and Paolini, 1967; Dick and Wakeling, 2018; Eng et al., 2018). This bulging increases the cross sectional surface area of the muscles, which tears the aponeuroses along the linea alba and separates the two muscles.
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FIGURE 7. In bottlenose dolphins each rectus abdominis muscle stretches from the sternal ribs and sternum to the pelvic bones and transverse processes of caudal vertebrae (Cotten et al., 2008). Each muscle is enveloped by the rectus sheath, formed by aponeuroses of the external and internal abdominal oblique and transverse abdominal muscles (Schaller et al., 2007). The fibers of the internal and external laminae wrap around the rectus muscles and intertwine with the contralateral fibers along the ventral midline, forming the linea alba. Figure adapted from Cotten et al. (2008) and Cozzi et al. (2017).


We were unable to find examples in existing literature of this lesion. However, observation of this lesion requires a non-standard parasagittal incision along the ventrum, in place of the common midline incision (Geraci and Lounsbury, 2005). We recommend careful examination of the midline prior to examination or excision of abdominal organs, followed by reflection of the peritoneum to reveal potential separation of the rectus abdominis muscles. Frequently hemorrhagic edema can be observed retroperitoneally along the midline, prior to reflection of the peritoneum.

There are several published examples of extremely forceful muscle contractions during events such as seizures, electrocution, and weight lifting leading to fractures and muscle tears in humans (Finelli and Cardi, 1989; Naffaa et al., 2014; Lana et al., 2017; Rushworth et al., 2018). This literature suggests that internal forces alone generated by extreme muscle contractions can lead to catastrophic musculoskeletal injuries. We believe that separation of the rectus abdominis muscles in dolphins may, similarly, represent a catastrophic self-inflicted injury resulting from extreme agonal exertion.

We have not seen severe bloating, advanced decomposition, or any external bloating-related defects (e.g., urogenital and lingual prolapse) in the study cases with separation of the rectus abdominis muscles. All cases that exhibited a rectus abdominis separation also had a completely intact peritoneum overlaying the separation. We also have observed cases with separation of the rectus abdominis muscles that exhibited some intact rectus sheath fibers dispersed intermittently along the length of the separation, likely precluding decompositional-induced forces (e.g., bloating) as the mechanism of generation. These areas of remnant fibers have included the umbilicus, which is a weak point in the abdominal wall and often the first area to experience decompositional related defects. These, combined with histologic results, indicate that this lesion is not related to decomposition and is an ante-mortem lesion, likely related to the traumatic struggle.

The location and morphology of many of the rectus abdominis muscle separations suggest that peri-umbilical weaknesses play a role in the pathogenesis of this lesion. Separations ranged from minimal separation to full thickness separation. It is possible that these differences were related to the intensity/duration of the struggle or the extent of the restraint, and that partial and/or short separations represent a lesser intensity or duration of struggle.

Though we are not aware of literature on the microstructure of the linea alba of the dolphin, there is ample evidence in other species of differential morphology and orientation of the linea alba fibers cranial and caudal to the umbilicus (Askar, 1977). In humans, pregnancy can increase the risk and incidence of defects within the linea alba, including rectus abdominis diastasis (Reinpold et al., 2019). Though pregnancy did not play a role in the formation of lesions in these particular cases (all were sexually immature and two were males), the effect of mechanical stress on the linea alba should always be considered as a differential contributing factor.

As all animals that exhibited separation of the rectus abdominis muscles were ≤200 cm, it is possible that size or ontogenetic differences (e.g., linea alba development) may play a role in the formation of this lesion. However, the sample size was too small to establish any clear relationship between separation of the rectus abdominis muscles and total length. Two neonate cases that were not PUE positive and did not qualify for inclusion in this study, however, exhibited separation of the rectus abdominis muscles which we believe was associated with conspecific or interspecific aggression resulting in blunt trauma. It is not known if the separation of the rectus abdominis muscles in either case was the direct result of blunt trauma or the self-inflicted result of agonal exertion due to the traumatic event.

Although the low numbers in our preliminary data did not show a significant relationship between PUE and separation of the rectus abdominis muscles, the presence of this lesion only in PUE cases within this study and the relative rarity of the lesion (6 of 23 PUE cases) suggest that, though not common, it may be a good indicator of PUE. Additionally, when separation of the rectus abdominis muscles was combined with acute abdominal hernias, there was a significant relationship between presence of either of these lesions and PUE.



Acute Hernias

Hernias occur when an organ or tissue is displaced through muscle or connective tissue into another space in the body (Jubb and Kennedy, 1970). This may occur when there is an increase in intra-abdominal pressures (Light and Routledge, 1965; Smith et al., 1999; Jensen et al., 2015) and/or weakening in the surrounding tissue (Zelel et al., 1992; Smith et al., 1999; Moles et al., 2005). In cetaceans, there are two published examples of diaphragmatic hernias: a chronic hernia with unknown etiology and a congenital hernia (Stephen, 1993; Kastelein et al., 2009). Diaphragmatic, umbilical, and inguinal hernias have also been documented in pinnipeds (Beekman, 2010; Colegrove et al., 2010; Greene et al., 2015), manatees (Gerlach et al., 2012), and terrestrial mammals (Hayes, 1974) and all were associated with congenital or unknown causes. We were unable to find any published examples of acute traumatic hernias in pinnipeds or cetaceans or any hernias associated with a fishery interaction or entanglement. However, manipulation of the peritoneum, mesentery, or other abdominal organs and tissues prior to examination of the midline may displace acute abdominal hernias. Additionally, the ventral abdominal wall is an often overlooked structure that is casually removed.

We have observed peritoneum, omentum, and falciform ligament herniated in bottlenose dolphins of various PUE determinations. These tissues have protruded through the linea alba into the midline cavity, or between fibers of the internal lamina of the rectus sheath into the rectus abdominis muscle. Chronic hernias exhibited gross and histological findings such as firm adhesions, fibrosis, inflammation, and neovascularization. This could support a past fisheries interaction, congenital defect, or other trauma, but was not considered directly related to PUE. Since acute abdominal hernias do not exhibit these chronic findings, we suggest they occur as a result of large muscular excursions, increased force of muscle contraction, and elevated intra-abdominal pressures forcing peritoneum and mesentery between the rectus fibers. As the rectus abdominis muscles contract and bulge with increased force, space is created between the fibers for tissue to become entrapped. Although the low numbers in our preliminary data did not show a significant relationship between PUE and acute abdominal hernias, the presence of this lesion only in PUE cases and the relative rarity of the lesion (5 of 23 PUE cases) suggest that, though not common, it may be a good indicator of PUE. Additionally, when acute abdominal hernias were combined with separation of the rectus abdominis muscles, presence of either lesion was significantly related to PUE.

Previously described hernias are often associated with weak points in tissues, like the linea semilunaris or esophageal hiatus (Zelel et al., 1992; Smith et al., 1999; Moles et al., 2005). Under normal circumstances, small emissary vessels from the cranial and caudal epigastric arteries and veins travel between the fibers of the internal lamina of the rectus sheath to the ventral mesentery (Schummer et al., 1981; Schaller et al., 2007). We have observed sequential hernias in the same individual containing these emissary vessels and surrounding tissue (Figure 8). At least one of these hernias also exhibited gross acute evidence of congestion/hemorrhage of the entrapped peritoneum. We believe that emissary vessels may create weak points within the tendinous sheath, making these spaces more susceptible to herniation. Many hypotheses exist for the etiology of non-traumatic abdominal wall hernias in humans (Moles et al., 2005). One of the earlier hypotheses for the pathogenesis of spigelian hernias suggested that hernias were occurring at openings created by perforating vessels and nerves (Cooper, 1804). However, a more recent hypothesis suggested that defects at the arcuate line lead to the weaknesses in the muscle layers (Zimmerman et al., 1944). We suggest an additional hypothesis regarding the relationship between sites of herniation and locations of vessels. As the rectus abdominis muscles bulge during contraction, the epigastric vessels are stretched and may create tension on the peritoneum, pulling it toward and through the fibers of the rectus sheath to create a hernia.
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FIGURE 8. Acute abdominal hernias in a bycaught bottlenose dolphin (with the peritoneum reflected back). Blood vessels are visible at the site of both hernias (solid arrows), and congestion/hemorrhage is present surrounding the hernia on the left. Additional emissary veins (not associated with hernias) are also present (dashed arrows) and may predispose the region to herniation.


In addition to inherent defects or weaknesses, trauma has been shown to induce hernias, including those caused by both internally generated forces (Smith et al., 1999) and external forces (Dreyfuss et al., 1986). The bulging of the rectus abdominis muscle during agonal PUE may further accentuate weak points within the rectus sheath, such as the site of emissary vessels. The increased abdominal pressure caused by the increased intensity/effort during isometric contractions (Harman et al., 1988; Hagins et al., 2004; Kawabata et al., 2010) provides additional opportunity for herniation. In humans, the inhalation form of breath control has been shown to produce greater intra-abdominal pressure than other forms of breath hold (Hagins et al., 2004). Cetaceans normally breath hold on inhalation (Kooyman and Cornell, 1981) so the contribution of this to intra-abdominal pressure in cetaceans and its potential contribution to hernia development is unknown. Though a single defect is sometimes at work, hernias are often caused by a combination of factors (Light and Routledge, 1965). We propose that the combined effects of the forceful contractions (leading to muscle bulging, fiber stretching, and increased intra-abdominal pressure) and the vascular weak points contribute to the formation of hernias in PUE cases. In this study, all hernias were either within the linea alba or within the medial half of the tendinous portion of the rectus abdominis sheath. This finding is consistent with the previously mentioned emissary vessel hypothesis since those vessels are located medially.

All three cases with chronic hernias had a cause of death/stranding unrelated to PUE. These chronic hernias were presumptively related to other causes (ex: previous non-fatal entanglement, previous trauma, congenital factors, infectious processes, etc.). The chronic components of acute hernias are of unknown origin. However, they may be associated with chronic mesenteric changes unrelated to the acute hernia. For example, fibrosis of the falciform ligament could be a normal sequel of aging and hepatic tension in an acrobatic species, or may be associated with a traumatic birth or a previous hernia.

Though not included in our study, two bottlenose dolphins in North Carolina that were observed beachcast from gillnets exhibited several peritoneal hernias. These cases provide examples of confirmed bycaught dolphins exhibiting abdominal hernias with no gross evidence of chronicity, providing support for this being a PUE-related traumatic lesion. Both animals were recently deceased, ∼210 cm in length and were in robust body condition, suggesting lack of long term debilitation or decompositional artifact. Interestingly, both animals also exhibited moderate to severe lungworm infections. It is unknown to what degree pulmonary compromise could affect the degree of agonal exertion and therefore the presence of the lesions in this study. All other gross pathology exhibited by these two animals was consistent with previously published criteria for PUE diagnosis (Moore et al., 2013).



Separation of the Rectus abdominis Muscles and Acute Hernias Combined

One potential mechanistic hypothesis for separation of the rectus abdominis muscles and acute abdominal hernias is that entanglement at both the cranial and caudal ends (resulting in the animal being “hogtied”), may immobilize the animal in extension or flexion. This immobilization would result in forceful isometric muscle contractions, which in turn contribute to the formation of the traumatic musculoskeletal lesions. A length-dependent relationship exists between muscle damage and isometric contractions at maximal effort, with maximal damage occurring during the plateau phase of contraction, rather than the rising or relaxation phases (Allen et al., 2017). Perhaps most importantly, this same study found that the extent of muscle damage was more closely related to length of the muscle than to force generated, whereby extended muscle states resulted in more damage than shortened, more powerful muscle states (Allen et al., 2017). An additional study showed significant increases in cross-sectional surface area of muscles with increased isometric contraction effort, with peak increases around the middle of the muscle belly (Raiteri et al., 2016). In the six animals with separation of the rectus abdominis muscles, evidence for being hogtied was present in three, could not be determined in two, and was not present in one. In the five animals with acute abdominal hernias, evidence of being hogtied was present in four, and could not be determined in one. However, if presumed that all animals with missing flukes/peduncle due to human mutilation experienced entanglement at the flukes, one CBD for each lesion above would be counted as a yes. Therefore, all hernia cases and four out of six separation of the rectus abdominis muscles cases would have exhibited evidence of being hogtied. Though our data do not suggest hogtied animals exclusively develop these traumatic musculoskeletal lesions, we consider it a likely mechanistic contributor.



External Gear Evidence

The most frequent types of gear involved in the cases examined for this study were gillnets (n = 13), closely followed by pound nets (n = 9). In the geographic region where the strandings occurred, gillnets are anchored, making both pound nets and gillnets fixed gear. Fixed gear configurations may facilitate separation of the rectus abdominis muscles and hernias due to the physics of the interaction (e.g., fixed gear forces opposing locomotory effort during agonal struggle). The relatively high prevalence of separation of the rectus abdominis muscles & hernias in Virginia PUE cases may, therefore, be due to prevalence of bottlenose dolphin interactions with fixed gear in Virginia rather than lack of detection in other regions. Targeted examinations of the abdomen in other geographic regions may shed light on the prevalence of those lesions outside of Virginia.

Only cases for which PUE status could be determined were included in the study. However, this represents a very small portion of the total strandings in Virginia. During the study period, findings of anthropogenic trauma and thus PUE could not be determined for more than 200 stranded bottlenose dolphins. Since PUE detection rates likely underrepresent actual number of interactions, it is likely that numerous cases go undetected each year. If a constellation of internal lesions could be a diagnostic indicator of PUE in the absence of external lesions (such as in decomposed cases), stranding network members may observe more PUE positive cases.



Summary

Of the examined lesions, pulmonary perivascular edema, separation of the rectus abdominis muscles and acute abdominal hernias had the strongest association with PUE cases. Neither separation of the rectus abdominis muscles nor hernias were frequent findings, and individually did not have a significant relationship with PUE. However, when presence of either or both lesions was combined, they were significantly related to PUE status. Additionally, separation of the rectus abdominis muscles and acute abdominal hernias were both solely present in PUE study cases, and we believe them to be the result of extreme agonal struggle that does not commonly occur. Thus, though not the most common lesion present in PUE cases, separation of the rectus abdominis muscles and acute abdominal hernias are more likely to be indicative of PUE than other lesions discussed here. Despite a small sample size, two animals exhibited both acute abdominal hernias and separation of the rectus abdominis muscles, suggesting that similar physiologic processes may result in their formation. Though present in both PUE and non-PUE cases, pulmonary perivascular edema was significantly associated with PUE cases, and we recommend it for inclusion in future PUE investigations. There was no significant association between PUE and pulmonary petechiae or hemorrhagic pulmonary lymph and both lesions were present at higher rates in non-PUE animals compared with PUE animals. Therefore, we suggest that these lesions should be interpreted with caution and may not provide robust support for PUE diagnosis.

Multiple lesions were present in varying degrees of severity and in different combinations. It is possible that these represent different levels of intensity and/or duration of struggle. Physical forces at work during an entanglement (ex: degree of extension and flexion, intensity of contracture, and duration of struggle) all may contribute to different manifestations of these lesions. Additionally, unrelated pathologies may have compounding or confounding effects. For example, an animal with a severe lungworm infection may expire more rapidly or be weakened and unable to generate maximal force, thereby avoiding the more catastrophic injuries. Furthermore, the impact of ontogenetic differences and variations in size and/or strength is unknown, but may also contribute to the formation and/or presentation of the lesions. Gear type and its ability to anchor or immobilize an animal may also influence the pathogenesis. Finally, behavioral and physiologic differences between species are likely to play a role in how animals manifest agonal struggle and to what degree these lesions occur.

All dolphins included in this study stranded after the 2013 bottlenose dolphin unusual mortality event, attributed to dolphin morbillivirus (Morris et al., 2015) had ended. Though some symptoms of active morbillivirus have been documented (Di Guardo et al., 2005), the effects of post-morbillivirus exposure pathology are not well-understood. Both PUE and non-PUE cases exhibited evidence of underlying disease and its contribution to the presence of the pulmonary lesions in this study is unknown.

For prosectors interested in examining for the presence of separation of the rectus abdominis muscles and hernias, we suggest the following approach, in order: (1) parasagittal ventral incision, (2) examination of the ventral peritoneum to look for hernias and median retroperitoneal hemorrhage and edema prior to substantial abdominal viscera examination, (3) examination of abdominal organs, and (4) blunt dissection and reflection of the peritoneum to look for separation of the rectus abdominis muscles (see example in Figure 2A). As the pulmonary lesions (pulmonary petechiae, pulmonary perivascular edema, hemorrhagic pulmonary lymph) are not highly affected by manipulation and dissection artifact, they can be examined in situ or ex situ.



Future Work

Though all necropsies included in the study were considered full internal examinations, 52 lesions of interest were scored as CBD in this retrospective review due to insufficient documentation. In order to combat that in the future, our program has already implemented a standardized PUE checklist to enhance documentation and increase consistent evaluation of the lesions discussed above, which has resulted in fewer CBD determinations during 2019 than previous years. This checklist includes the novel lesions introduced in this study, additional lesions that the authors have observed that may be relevant to PUE, and previously published lesions.

Though these additional lesions are of interest, our research into them was still in its early stages at the time of publication. However, they are factors to consider when conducting necropsies. One such lesion is self-inflicted fractures and/or luxations. Intense physical events like electrocution and seizures have been shown to create self-inflicted fractures in humans (Finelli and Cardi, 1989; Kotak et al., 2000; Nekkanti et al., 2016). One of the two cases that exhibited both an acute abdominal hernia and separation of the rectus abdominis muscles during the study period also presented with numerous skeletal fractures, hemorrhage, and multi-organ fractures. Morphologic and histopathological reviews agreed that these findings were acute and consistent with extreme internal forces/agonal muscle contractions resulting from PUE. Additionally, one unpublished lesion with possible association to PUE is cutaneous ventral bruising/erythema, likely associated with the violent muscle excursions during agonal struggle. Based on preliminary observations, this lesion appears primarily focused in the gular and sternal regions, but can also present more subtly along the abdomen, and becomes more evident with time (see Supplementary Material for images). We are continuing to examine the patterns associated with this bruising/erythema and its relationship to entanglement locations and musculoskeletal attachments.

Within our study animals we observed several previously published PUE supportive lesions, such as intravascular gas bubbles, recently ingested GI contents, intramuscular bruising/hemorrhage, and vascular congestion, which are all included in our PUE checklist. After employing our full checklist with additional cases, we hope to combine both the novel and previously published lesions for a comprehensive analysis to present as many facets of PUE diagnosis as possible. Approximately 75% of all bottlenose dolphins that stranded in VA over the past 10 years were undiagnosed as to whether anthropogenic trauma was present (unpublished data). It is likely that some of those were PUE positive, but could not be diagnosed due to lack of external evidence (frequently due to decomposition). Though not all cases outside of our study group were reviewed, we know of at least six cases that had a hernia or separation of the rectus abdominis muscles during our 2016–2019 study period, but were undiagnosed as to whether anthropogenic trauma was present (and therefore did not qualify for inclusion in the current study). With additional future development, if internal lesions in the absence of external lesions could be used to diagnosis PUE, it may be possible to identify additional animals whose mortality could be directly attributed to fisheries. This data could then be included in stock assessments and fishery management plans. Though there is still no single internal lesion that is pathognomonic of PUE, our hope is that the PUE checklist and larger sample size will help us determine if the lesions in this study can be used, alone or in combination with other lesions, to diagnose PUE.
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Primary fungal diseases in marine mammals are rare. Mucormycosis, a disease caused by fungi of the order Mucorales, has been documented in few cetaceans and pinnipeds. In 2012, the first case of mucormycosis in the Pacific Northwest was documented in a dead stranded harbor porpoise (Phocoena phocoena) in Washington state. Since then, mucormycosis has been detected in a total of 21 marine mammals; fifteen harbor porpoises, five harbor seals (Phoca vitulina), and one southern resident killer whale (Orcinus orca). Infected animals were predominately found in the inland waters of Washington and British Columbia, and one harbor seal was recovered in northern Oregon. Fungal hyphae were detected histologically in a variety of tissues, including brain, lung, spleen, pancreas, kidneys, muscle, lymph nodes, and skin. Three fungal species were identified from seven cases by PCR screening or fungal culture; Rhizomucor pusillus (four cases), Lichtheimia corymbifera (two cases), and Cunninghamella bertholletiae. Underlying conditions such as emaciation, current or recent pregnancy, multisystemic parasitism, protozoal infection, and herpesvirus were found in several affected animals. Reasons for the appearance and subsequent increase of these fungal infections in marine mammals are unknown. The emergence of this disease as a source of marine mammal mortality in the Pacific Northwest is of particular concern for endangered southern resident killer whales that spend time in this region. Current population-level stressors such as insufficient prey, high levels of contaminants, and noise pollution, could predispose them to these fatal infections.

Keywords: mucormycosis, harbor porpoise, harbor seal, killer whale, fungus, marine mammal, strandings


INTRODUCTION

Mucormycosis is a disease caused by fungi of the order Mucorales and its global incidence is increasing, particularly on the Asian continent (Prakash and Chakrabarti, 2019). These fungi are found in a variety of decaying organic matter such as leaves, rotting wood and vegetation, and in animal excrement (Ribes et al., 2000; El-Herte et al., 2012; Petrikkos et al., 2012; Seyedmousavi et al., 2018; Hassan and Voigt, 2019). Modes of infection include inhalation of sporangiospores, direct inoculation into the skin, or, less frequently, ingestion (Roden et al., 2005; Guarner and Brandt, 2011; El-Herte et al., 2012; Petrikkos and Tsioutis, 2018). Despite the ubiquity of Mucorales in the environment, mucormycosis is uncommon, accounting for only 8–13% of all fungal infections in humans (Petrikkos et al., 2012). However, documented human cases have been increasing worldwide (Bitar et al., 2009; Petrikkos and Tsioutis, 2018; Prakash and Chakrabarti, 2019).

Mucoralean fungi are considered to be opportunistic pathogens, primarily causing disease in immunocompromised hosts (Ribes et al., 2000; Binder et al., 2014; Seyedmousavi et al., 2018). In susceptible individuals the disease is aggressive and spreads hematogenously, causing thrombosis and infarction (Guarner and Brandt, 2011; Ibrahim et al., 2012; Binder et al., 2014; Ibrahim and Voelz, 2017). Virulence can vary depending on the fungal agent involved (Gomes et al., 2011; Ibrahim and Voelz, 2017) but mortality rates are generally high, particularly in pulmonary or disseminated forms (Roden et al., 2005; Hassan and Voigt, 2019). Primary risk factors for mucormycosis in humans include hematological malignancies, organ or bone marrow transplants, unregulated diabetes mellitus, intravenous drug use, and iron overload (Guarner and Brandt, 2011; El-Herte et al., 2012; Lanternier et al., 2012; Petrikkos et al., 2012). In immunocompetent individuals, cutaneous mucormycosis may develop when the agent is introduced with penetrating wounds, injections, or other localized trauma (Skiada et al., 2012).

Mucormycosis in marine mammals is rare but has been documented in captive and wild stranded cetaceans and pinnipeds. Huckabone et al. (2015), reported only two cases in over 7000 marine mammal necropsies conducted in California, and a single case was documented in 444 examined harbor porpoises (Phocoena phocoena) in the Baltic Sea (Wunschmann et al., 1999). Affected captive animals include killer whales (Orcinus orca), finless porpoise (Neophocaena phocaenoides), bottlenose dolphins (Tursiops truncatus), Pacific white-sided dolphins (Neophocaena phocaenoides), a harp seal (Pagophilus groenlandicus), and a hooded seal (Cystophora cristata) (Kaplan et al., 1960; Robeck and Dalton, 2002; Naota et al., 2009; Barnett et al., 2011; Abdo et al., 2012a, b). Isolated cases in wild stranded marine mammals have been described in a Southern right whale (Eubalaena australis) (Best and McCully, 1979), a bottlenose dolphin (Eubalaena australis) (Isidoro-Ayza et al., 2014), an Atlantic spotted dolphin (Stenella frontalis) (Cerezo et al., 2018), a harbor porpoise (Wunschmann et al., 1999), a harbor seal (Phoca vitulina) and a California sea lion (Zalophus californianus) (Huckabone et al., 2015).

In the Pacific Northwest, which includes Washington and Oregon states in the United States and British Columbia, Canada, fatal fungal diseases are infrequent. Mycotic infections in Dall’s porpoises (Phocoenoides dalli), harbor porpoises, and harbor seals in this region have chiefly been attributed to an outbreak of Cryptococcus gattii that began in humans and animals in southern British Columbia in 1999 and subsequently spread to Washington state (Stephen et al., 2002; Datta et al., 2009; Norman et al., 2011; Huggins et al., 2015; Rosenburg et al., 2016). In 2012, the first case of mucormycosis was documented in a stranded harbor porpoise in Washington. Since then, the number of cases and species involved have increased, and the disease has been recorded throughout the Pacific Northwest. We provide details of the emergence, gross and histologic lesions, and culture and molecular characterization of the disease. Implications for local marine mammals, specifically the endangered southern resident killer whale population, are discussed.



MATERIALS AND METHODS

Marine mammals included in this study were documented during routine stranding response activities authorized by the Department of Fisheries and Oceans (Canada) and the National Oceanic and Atmospheric Administration Marine Mammal Health and Stranding Response Program (United States). Systematic gross necropsies were performed according to established protocols (Geraci and Lounsbury, 2005; Pugliares et al., 2007; Raverty et al., 2018). Nutritional condition was determined by a combination of morphometric measurements, visual assessment of the carcass and microscopic evaluation of blubber and visceral adipose stores (Raverty et al., 2014). Emaciated animals feature loss of nuchal fat (peanut head) and bilaterally symmetric atrophy of the epaxial musculature with more prominent ribs and vertebral processes; whereas, more robust individuals present with a rounded contour of the torso and fat oozes on incision of the blubber. Representative samples of all available organs and lymph nodes, including all gross lesions were collected in 10% neutral buffered formalin for routine histology, conducted at Northwest ZooPath in Monroe, WA and the Animal Health Center (AHC) in Abbotsford, British Columbia. An additional set of tissues was frozen from most cases for ancillary studies.

For histological evaluation, tissues were embedded in paraffin, sectioned at 3–5 μm thickness, mounted on frosted glass slides and stained with hematoxylin and eosin (HE). For select cases, sections were also stained with Gomori’s methenamine silver technique (GMS).

Samples of targeted tissues from 14 infected animals were analyzed via polymerase chain reaction (PCR) and sequencing; these included samples stored in RNAlater, frozen in Whirl-Pak bags, or paraffin blocks. PCR analyses were performed primarily at the Northwest Fisheries Science Center (Seattle, WA) and the British Columbia Centre for Disease Control (Vancouver, BC). Some duplicate samples were screened at the Washington Animal Disease Diagnostic Laboratory (WADDL, Pullman, WA). Tissue subsamples were minced to ∼ 1 mm and homogenized with a handheld rotor-stator (Tissue Tearor, Biospec) in 2 ml of lysis buffer (400 ml sodium chloride, 750 mM sucrose, 20 mM ethylenediaminetetraacetic acid, 50 mM Tris-hydrochloride, pH 9). Homogenates were sequentially digested with 1 mg ml–1 lysozyme at 37°C, and 100 μg ml–1 proteinase K with 1% sodium dodecylsulfate at 55°C. After digestion, homogenates were subjected to three freeze-thaw cycles with liquid nitrogen, then phenol:chloroform extraction (Green and Sambrook, 2017). DNA was recovered from tissue samples in paraffin blocks using a protocol adapted from Bialek et al. (2002, 2005), and Pikor et al. (2011).

End-point PCR for fungal species employed multiple primer sets targeting internal transcribed regions of ribosomal RNA genes (White et al., 1990). Amplicons were cleaned by spin columns (Qiagen) and analyzed by Sanger sequencing (Molecular Cloning Labs). Taxonomic identifications were made by comparison to NCBI’s nucleotide database using their Basic Local Alignment Search Tool® and to the ISHAM Barcoding Database for curated sequences. Amplicon sequences were submitted to NCBI GenBank (SUB7506891, SUB7518690; 06/30/20 release date).

Fungal cultures were attempted on tissues from seven cases, six at AHC (includes Canadian and Washington cases), and one Washington case at Phoenix Labs in Mukilteo, WA. Growth from the latter case was forwarded to the Fungus Testing Laboratory at the University of Texas Health Science Center at San Antonio (San Antonio, Texas, United States), for identification.



RESULTS


Stranding Demographics

Between 2012 and 2019, 1,801 necropsies were conducted on stranded harbor porpoises, harbor seals, and killer whales in the Pacific Northwest (Table 1). A total of 21 cases of mucormycosis were documented; 13 in Washington state, 7 in British Columbia, and 1 in Oregon (Figure 1 and Table 1). From 2012–2015, cases only occurred in Washington. Harbor porpoises were the most frequently affected species and represent 71% (n = 15) of the total cases. The annual number of infections in the region peaked in 2016 (n = 6), the same year that mucormycosis was detected in other marine mammal species (harbor seal and killer whale) and locations (British Columbia). The single Oregon case, a harbor seal, occurred in 2017.


TABLE 1. Necropsies conducted and mucormycosis cases (in parentheses) in the Pacific Northwest, 2012–2019, by year and subarea.
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FIGURE 1. Stranding locations of harbor porpoises, harbor seals, and killer whale with mucormycosis infection.


Infected animals included both sexes and all age classes, although there were some differences in age class distribution between harbor porpoises and harbor seals (Table 2). Among harbor porpoises, mucormycosis was only seen in adults (n = 10) and subadults (n = 5). Harbor seals that presented with the disease were primarily pups (n = 3), and one each of the subadult and adult age classes. The killer whale was a 20-year-old adult male.


TABLE 2. Details of mucormycosis cases found in the Pacific Northwest, 2012–2019, in order of occurrence.

[image: Table 2]Mucormycosis was diagnosed in marine mammals in all seasons, although more cases occurred during the summer months (June–August) than other times of the year (Table 2). This was driven by harbor seal cases, all five of which occurred during the summer. The highest number (n = 5) of harbor porpoise cases were documented in the winter months (December-February), followed by spring (n = 4), summer (n = 4) and fall (n = 2). The killer whale died in the spring.



Gross and Histologic Findings

On gross examination, the lesions caused by mucormycosis appeared similar to those caused by other types of mycotic infections. In general, gross lesions were pale (cream or yellowish) raised firm masses of varying sizes (Figure 2). Gross lesions were most commonly noted in the lungs and associated lymph nodes, but in cases of disseminated mucormycosis, fungal lesions were seen in other organs, including brain, kidney, spleen, pancreas, uterus, diaphragm, skeletal muscle and skin (Table 2). In two harbor seal pups, the fungal infections were localized to the nasal cavity with occasional aspiration of fungal elements, deep into bronchoalveolar spaces.
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FIGURE 2. (A) Harbor porpoise, pulmonary abscess. Note large bulging white nodular mass in lung. (B) Harbor seal, Pulmonary abscesses. Note variably sized irregular nodular white masses. (C) Harbor porpoise, lung. Note undulating, broad, septate intensely eosinophilic fungal element (arrow), terminating in a large spherical sporangium (s). Pulmonary tissue around the fungi is necrotic. HE, bar = 75 μ. (D) Harbor porpoise, brain. Note small blood vessel (v) with luminal and perivascular fungal elements (arrows). The neuropil around the vessel is infiltrated by low numbers of plasma cells, lymphocytes and histiocytes. HE, bar = 75 μ.


Histologic lesion morphology was variable depending on the chronicity of the lesion (Figure 2). Grossly visible lesions were typically abscesses or granulomas and comprised of large numbers of neutrophils and histiocytes with fewer lymphocytes and plasma cells, frequently oriented around accumulations of necrotic cellular or caseous debris. Undulating somewhat flattened large eosinophilic septate and branching fungal elements were occasionally detected in the necrotic foci. In the lung these lesions were commonly associated with peripheral fibrin deposition and edema in the alveoli and fibrinoid necrosis of vessel walls and fibrinocellular thrombi. Similar lesions were seen in other viscera of some of the animals. Acute lesions in various tissues, including the brain, generally were associated with necrosis of small vessel walls, thrombosis, and fungal elements within the thrombi, vessel walls and adjacent tissue. Tissue surrounding the thrombi was variably necrotic and infiltrated by low numbers of neutrophils.



Additional Findings and Causes of Mortality

Mucormycosis was determined to be the primary cause of mortality in 76% (n = 16) of the documented cases (Table 2). In these animals, the proximate cause of death was due to massive pulmonary infections, presumptive disruption of the perfusion-ventilation coefficient, secondary microbial involvement, fungemia with embolism to the brain, toxin production and other factors. In the remaining cases (n = 5), mucormycosis was identified as a contributing factor to morbidity and mortality; with primary cause attributed to traumatic injuries and infectious disease.

In addition to the mycotic infections, other conditions were documented in most individuals (Table 2). Suboptimal nutritional status was noted in nine cases. Parasitism was a common finding (n = 11), primarily involving the liver and the lungs. Three adult female harbor porpoises were lactating but not pregnant, and three animals (two harbor porpoises and one harbor seal) were pregnant, with no evidence of fungal infection in the fetal tissues. Phocid herpesvirus was isolated in two harbor seal pups in BC, and one harbor porpoise in Washington presented with protozoal encephalitis caused by Toxoplasma gondii. One porpoise (Pp-5), an adult female in good nutritional condition, did not appear to have any underlying conditions other than active lactation, but represented one of the most severe disseminated mucormycosis infections in our study.



Molecular and Culture Results

The fungal species involved could only be determined in seven cases (Table 2), six of them by PCR sequencing and the other by culture. Three cases of Rhizomucor pusillus and two cases of Lichtheimia corymbifera were detected by PCR sequencing of frozen harbor porpoise tissue (≥ 99% identity in 580 nucleotides and 100% identity in 455 nucleotides, respectively; GenBank Accession numbers MT537730, MT537731, MT537732, MT548024, and MT548025). One case of Rhizomucor pusillus in killer whale was detected by PCR sequencing of histology sections of lung (> 96% identity in 202 nucleotides). Scant growth from culture was obtained from the tissues from one harbor porpoise; the species Cunninghamella bertholletiae was identified by combined phenotypic characterization of wide (10–20 μm), aseptate, or partially septate hyphae with erectile sporangiophores, and DNA sequencing of the following targets: ITS, D1/D2.



DISCUSSION

The recent emergence of mucormycosis as a source of mortality in marine mammals in the Pacific Northwest is unusual and unexplained. There have been no apparent increases in mortality that would suggest that populations of harbor porpoises and harbor seals are less healthy, and therefore more susceptible to this fungal infection, than observed in the past. As non-migratory animals, harbor porpoises and harbor seals are considered sentinel species for the local ecosystem and causes of mortality have been monitored for decades. The distinctive histologic appearance of mucormycosis likely would have been identified if present prior to 2012. Stranded harbor porpoises are of particular interest and are prioritized for collection and necropsy. Examinations of stranded harbor seals are a slightly lower priority due to high numbers of animals and limited funding, so the disease prevalence in harbor seals could be underrepresented in this report.

A variety of conditions in addition to the mucormycosis were documented, but none were consistently present among the infected animals. Some were obviously compromised by viral, parasitic, or bacterial agents and many showed signs of nutritional stress. Risk factors for mucormycosis in marine mammals are poorly understood, and it is possible that an emergent underlying component or unusual combination of factors exists that has made these animals more susceptible to this disease than their cohorts. Geraghty et al. (2011) assessed numerous health and environmental parameters for infection in Tasmanian platypuses (Ornithorhynchus anatinus) and found that higher altitude, low trypanosome numbers and reduced tail fat content appeared to be associated with ulcerative mucormycosis. Chemical contaminants, which are known immunosuppressants in marine mammals, were suggested as a possible contributor to mucormycosis in a harbor porpoise in the Baltic Sea (Wunschmann et al., 1999). Free iron plays a key role in pathogenesis of Mucorales in humans (Ibrahim et al., 2012; Kousser et al., 2019), and zinc, copper and manganese are important elements for the growth of many fungal species (Spellberg et al., 2005; Kousser et al., 2019). Serum is difficult to obtain from stranded animals; however, all of these trace elements are stored in marine mammal livers and analysis of liver tissue could possibly be used as a proxy for serum values. More research is needed to evaluate the possible roles and interplay of conditions such as chemical contaminants, metal/trace element accumulations, infectious disease, parasitism, pregnancy and malnutrition in the susceptibility of the individual hosts. Efforts are currently underway to identify potential demographic, environmental, and other risk factors that may be associated with mucormycosis in harbor porpoises in Washington State.

Lung was the most commonly affected tissue in this study, and inhalation was the suspected route of fungal infiltration in all cases except the killer whale, in which case fungal spores were introduced via percutaneous attachment of a satellite tag. Spores may have come from the environmental air, on the surface of the water, or both. Surveys conducted in the region by Raverty et al. (2017) found Mucor sp. in the sea surface microlayer (SML), and hypothesized that the breathing patterns (several quick breaths followed by a deep breath for diving) and anatomy (direct link between the blowhole and lungs) of cetaceans may allow small amounts of the SML to be aspirated deep into the lung tissue. Harbor seals also may aspirate the SML but are more frequently exposed to mucoralean fungi while hauled out on land. Ingestion of infectious spores seems a less likely route of infection in the study population, as gut lesions associated with mucormycosis were not seen.

Fungal displacement caused by environmental disturbances such as construction activities, flooding, earthquakes, tornadoes and other natural disasters may increase concentrations of spores or distribute the fungi to new areas through wind or runoff of the fungi into bodies of water (Miller and Lodge, 2007; Benedict and Park, 2014; Engelthaler and Casadevall, 2019). Clusters of mucormycosis cases in humans have been documented in the aftermath of environmental disasters, when infections are the result of inhalation or injury-related inoculation (Benedict and Park, 2014; Walsh et al., 2019). The majority of marine mammal cases occurred in the inland waters of Washington and British Columbia. Among harbor porpoises in Washington, mucormycosis infections were only documented in inland waters, despite relatively equal numbers of necropsies conducted between the inland and outer coast regions of the state (n = 125 and n = 126, respectively). Screening of water samples from inland marine waters of Washington (in 2011) and nearshore to the outer coast from norther California to British Columbia (in 2016) detected mucoralean fungal DNA in 1.8% of the inland water samples but no evidence of these fungal general in outer coast samples (L. Rhodes, pers. comm.). The inland waters have highly populated coastlines with large cities that have undergone tremendous growth in recent years. Construction projects are numerous (Puget Sound Business Journal, 2020) and construction-associated soil disruption could be contributing to increased dissemination of these pathogenic fungi.

The seasonality of human mucormycosis in the Middle East (El-Herte et al., 2012) shows most cases occur in the late summer, fall and early winter. When evaluating seasonality in marine mammals, seasonal stranding trends for each species must be considered. In harbor porpoises, there was little difference in the number of mucormycosis cases that occurred in the spring, summer and winter months, but winter numbers were slightly higher. However, harbor porpoise strandings are substantially lower in the winter than in other seasons (Norman et al., 2004; Huggins et al., 2015), suggesting a higher proportion of infections during the winter months, when heavy rain and flooding is common, which could be a mode of fungal dispersal into the marine environment. All of the infected harbor seal cases occurred in summer, coincident with pupping season and highest seasonal harbor seal strandings (Warlick et al., 2018). Given the low number of harbor seals with mucormycosis in this study, we could not determine seasonality.

The three species of Mucorales identified have also been documented in humans and terrestrial animals. L. corymbifera is one of the most common causes of mucormycosis and is frequently seen in trauma-related infections (Walsh et al., 2019), while infections caused by R. pusillus and C. bertholletiae are less frequent but have higher mortality rates (Ribes et al., 2000; Gomes et al., 2011). R. pusillus is a common cause of mucormycosis in mammals and has been linked to mycotic abortion and mastitis in cattle (Ribes et al., 2000; Gomes et al., 2011). This agent was responsible for fatal pneumonia in a captive harp seal (Kaplan et al., 1960). Disseminated C. bertholletiae infection was documented in a stranded bottlenose dolphin in Spain (Isidoro-Ayza et al., 2014) and a captive killer whale in Japan (Abdo et al., 2012a). Although human infections caused by C. bertholletiae are rare, they are almost always fatal; its virulence is attributed to very fast germination (Ibrahim and Voelz, 2017). Mucormycosis is not a reportable disease in the United States or Canada, and a corresponding emergence in human or terrestrial animals has not been determined.

To our knowledge, this increase in cases in populations under surveillance is the first documented multi-year and multi-species occurrence of mucormycosis in free-ranging marine mammals. The prevalence in this study (1.16%) is much higher than was observed in similar studies in California (<0.025%, Huckabone et al., 2015) and the Baltic Sea (0.23%, Wunschmann et al., 1999). Harbor porpoises in inland waters appear to be disproportionately vulnerable. Although the population is not threatened or endangered, they have recently recolonized the southern portion of Washington’s inland waters after virtually disappearing several decades ago (Evenson et al., 2016) and a larger-scale epizootic could negatively affect this portion of the inland water stock. This disease is of particular concern for endangered southern resident killer whales that seasonally occur these waters (Olsen et al., 2018). This small population has been in a declining trend for the past several years, with few carcasses recovered for necropsy and limited information available on causes of mortality (Raverty et al. in prep). It is at risk to nutritional, immunological, and anthropogenic stressors (NMFS, 2008) that could increase their susceptibility to fatal infection by Mucorales. Additional research to understand what causes increased fungal dispersion and what risk factors are most associated with infection is needed to evaluate and potentially mitigate the risks to these and other marine mammal species in the region.
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Echolocating Whales and Bats Express the Motor Protein Prestin in the Inner Ear: A Potential Marker for Hearing Loss
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Prestin is an integral membrane motor protein located in outer hair cells of the mammalian cochlea. It is responsible for electromotility and required for cochlear amplification. Although prestin works in a cycle-by-cycle mode up to frequencies of at least 79 kHz, it is not known whether or not prestin is required for the extreme high frequencies used by echolocating species. Cetaceans are known to possess a prestin coding gene. However, the expression and distribution pattern of the protein in the cetacean cochlea has not been determined, and the contribution of prestin to echolocation has not yet been resolved. Here we report the expression of the protein prestin in five species of echolocating whales and two species of echolocating bats. Positive labeling in the basolateral membrane of outer hair cells, using three anti-prestin antibodies, was found all along the cochlear spiral in echolocating species. These findings provide morphological evidence that prestin can have a role in cochlear amplification in the basolateral membrane up to 120–180 kHz. In addition, labeling of the cochlea with a combination of anti-prestin, anti-neurofilament, anti-myosin VI and/or phalloidin and DAPI will be useful for detecting potential recent cases of noise-induced hearing loss in stranded cetaceans. This study improves our understanding of the mechanisms involved in sound transduction in echolocating mammals, as well as describing an optimized methodology for detecting cases of hearing loss in stranded marine mammals.

Keywords: prestin, hair cells, inner ear, bat, whale, echolocation, noise-induced hearing loss, immunofluorescence


INTRODUCTION

The mammalian cochlea contains two types of auditory sensory cells, the inner hair cells (IHCs) and the outer hair cells (OHCs) that are arranged in one single row of IHCs and three rows of OHCs along the organ of Corti, or hearing organ. While OHCs amplify the incoming sound stimulation within the cochlea and are essential for the exquisite frequency selectivity and sensitivity, IHCs transduce the acoustic stimulation into the release of glutamate onto the afferent auditory nerve fibers. To achieve these tasks, both hair cell types differ in their molecular and protein composition.

Prestin is the motor protein of OHCs that is responsible for electromotility (changes in length) and required for cochlear amplification (1). Prestin is a member of the membrane transporter superfamily of SLC26A proteins. It is expressed on the whole basolateral membrane of OHCs of terrestrial mammals (2, 3) and undergoes a conformational change at a high rate when detecting changes in the membrane potential [(4), reviewed in (5–7)].

In response to incoming sound stimulation, the stereociliary bundle on the apical surfaces of the OHCs is deflected, leading to the opening of the mechano-electrical transduction channels. The cation influx through these channels then depolarizes the cells, which results in a conformational change of prestin. Because of the high density of prestin within the basolateral membrane [estimated to be 8,400 motor elements/μm2, (8)], depolarizing and hyperpolarizing current injection, shortens and lengthens the OHCs, respectively. Thus, the electromotile response of OHCs enhances the membrane basilar motion in response to sound stimulation. The targeted deletion of prestin in mice results in loss of OHC electromotility and a 40–60 dB loss of hearing sensitivity by the cochlea (9), as well as a loss of frequency selectivity (10).

Although prestin works in a cycle-by-cycle mode up to frequencies of at least 79 kHz (11, 12), it is not known whether prestin is required for the extreme high frequencies used by echolocating species.

Echolocating whales are known to possess a prestin coding gene that shows a sequence convergence with the prestin gene in echolocating bats (13–15). However, the expression and distribution patterns of the protein in the cetacean and bat cochleas have not been determined, and the contribution of prestin to echolocation has not yet been resolved.

Toothed whales, or odontocetes, are cetaceans that echolocate and, depending on the species, are able to produce and hear acoustic signals typically up to 120–180 kHz. Audiograms measured on these species indicate different low threshold hearing ranges, including 125 Hz for beluga whales [Delphinapterus leucas, (16)], 150 Hz for bottlenose dolphins [Tursiops truncatus, (17)], and 250 Hz both for striped dolphins [Stenella coeruleoalba, (18)] and for harbor porpoises [Phocoena phocoena, (19)]. The upper end of the hearing range of echolocating bats is similar to the lower ranges of toothed whales, extending from 5.2 kHz up to 150 kHz for Seba's short-tailed bat [Carollia perspicillata, (20)] and up to 111 kHz for Parnell's mustached bat [Pteronotus parnellii, (21)]. Currently, we do not know if echolocating species express prestin or if the protein is required to transduce the very high frequencies.

There is an increasing concern about how noise pollution might affect hearing in cetaceans. Exposure to high intensity sound for long periods of time can damage the auditory neurons and the hair cells of the organ of Corti and can ultimately lead to the hair cell death by apoptosis. Since cochlear hair cells do not regenerate in mammals, the neighboring supporting cells actively participate in the process of hair cell elimination and “scar” formation. The scarring comprises the simultaneous expansion and sealing of the reticular lamina (22–24) as a rapid protective response to hair cell apoptosis. The 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.

In other mammals that have been studied, such as guinea pigs and mice, the distribution patterns of prestin change as the result of damage to the OHCs. According to Abrashkin et al. (25), clumps of prestin are found up to at least 9 days after noise or ototoxic drug exposure in the cytoplasm of supporting cells. Previous studies on guinea pigs, mice, humans, chinchillas, monkeys and cats also showed swelling of the afferent nerve endings on the IHCs with incipient retrograde nerve degeneration (26) and loss of spiral ganglion cell bodies and primary auditory neurons after acoustic overstimulation (27–29).

The current optimized protocol to visualize scars in the cochlea of stranded cetaceans using scanning electron microscopy (SEM) allows a very high definition of the cuticular plate and the possibility to distinguish between hair cell death from post-mortem decomposition artifacts (30, 31). However, it is not possible to visualize the sensory cell body and auditory innervation with this particular dissection for SEM. In addition, it is extremely challenging to determine the age of a lesion when found with SEM. Consequently, there is a need to describe a method optimized for cetacean cochlea that allows the visualization of the hair cells and supporting cells of the organ of Corti, as well as type I afferent innervation, that permits distinguishing between newly formed and old lesions. Thus, if prestin is expressed in the OHCs of cetaceans, we could use its labeling as a marker for recent cases of noise-induced hearing loss. In addition, it is well-described how scars are formed and how to distinguish their shape over the first 9 h of exposure in the guinea pig using phalloidin labeling (32). In cases of recent hair cell death, anti-prestin antibody and phalloidin labeling would help explaining potential causes of death of stranded cetaceans. In some cases, there are no apparent gross or microscopic lesions, which may have accounted for the loss of the stranded animal and diagnostic testing do not identify any specific pathogen or toxin. In these cases, the analysis of the inner ear would be particularly helpful in better understanding the potential contribution of noise-induced hearing loss to the stranding. Additionally, in all cases, the analysis of inner ears aids in evaluating effects of noise pollution (as well as other etiologies) on cetacean hearing.

In this study, we report the presence of the motor protein prestin all along the cochlear spiral in five species of echolocating whales (harbor porpoise, bottlenose dolphin, common dolphin, striped dolphin and beluga whale) and two species of echolocating bats (Parnell's mustached bat and Seba's short-tailed bat). Our conclusions are based on immunofluorescence staining patters using three different antibodies, two that recognize the n-terminus and one antibody against the c-terminus of the protein prestin. In addition, we present a protocol that can be used to distinguish between newly formed and old lesions combining several antibodies to label the cells of the organ of Corti and associated innervation.



MATERIALS AND METHODS


Sample Collection

Nineteen ears from five odontocete species were perfused perilymphatically between 1 and 16 h post-mortem with 10% neutral buffered formalin or 4% paraformaldehyde following the protocol by Morell and André (33). The variability on the delay in fixation was due to the opportunistic nature of cetacean samples. Specifically, cochleas were collected and preserved from stranded harbor porpoises (Phocoena phocoena, n = 12 ears, one individual from a rehabilitation facility), bottlenose dolphin (Tursiops truncatus, n = 2), common dolphin (Delphinus delphis, n = 1), striped dolphin (Stenella coeruleoalba, n = 1), and beluga whales from oceanaria and sustainably harvested (Delphinapterus leucas, n = 3). The details on the origin of the samples and cause of death are given in Table 1.


Table 1. Details of the origin and species of the inner ear samples processed for this study, as well as the number of hours between the death of each animal and fixation of its cochlea, the cause of death and the time used to decalcify the periotic or petrossus bone with ethylenediaminetetraacetic acid.
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Four cochleas from two species of echolocating bats, Parnell's mustached bat (Pteronotus parnellii, n = 1) and Seba's short-tailed bat (Carollia perspicillata, n = 3), were perfused intracardially at a rate of 4 ml/min, the first 5 min with 0.9% NaCl, and then for 30 min with 4% paraformaldehyde in 0.1 M phosphate buffer. The samples from bats were provided by Dr. Manfred Kössl (Institute of Cell Biology and Neuroscience, Goethe University, Germany) and euthanized for another study.

All protected cetacean samples were transported with the appropriate CITES permits and all required permits were as follows: Aurora Research Institute License No. 15467, Department of Fisheries and Oceans Fishing License No. S-14/15-3019-YK, Marine Mammal Transport License #18843, and Environmental Impact Screening Committee (EISC) #03-14-03. All experiments with bats were performed in accordance with current laws for animal experimentation in Germany (Regierungspräsidium Darmstadt) and with the declaration of Helsinki.



Sample Preparation

The periotic, or petrossus, bones were decalcified by immersion in 14% ethylenediaminetetraacetic acid (EDTA) tetrasodium salt hydrate (Alfa Aesar or Sigma-Aldrich), pH 7.4, at room temperature [changing the solution once every 7–10 days; (34)]. Table 1 shows the decalcification times. The decalcification time varies depending on the volume of the periotic bone of each species (35).

All 23 cochleas were dissected for immunofluorescence imaging using the whole-mount technique, also called surface preparation, adapting an optimized protocol already described for terrestrial mammals (36). The decalcified periotic bone around the cochlear spiral was removed with microscissors isolating the cochlea. Holding part of the remaining decalcified periotic bone of the base of the cochlea or the modiolus with forceps, the preserved cochleas were transversely sectioned with microscissors into four pieces, starting by the apical turn or apex, then the middle, base and hook subsequently (Figures 1a,b). The four regions were further dissected and the vestibular and tympanic scalas removed until flat preparations of the cochlear epithelium, spiral limbus and Rosenthal canal were obtained (Figure 1c). The Reissner and tectorial membranes were removed, and the spiral ligament trimmed below the stria vascularis. The spiral ganglion cells were left in most of the preparations, but the modiolus was removed.


[image: Figure 1]
FIGURE 1. Whole-mount preparation steps illustrated with the right cochlea from the harbor porpoise UT993. (a) Cochlea after being decalcified with 14% EDTA. Dotted lines indicate the locations where the cochlea was sectioned. (b) Half turns after being sectioned. (c) Flat preparations after being dissected.




Immunohistochemical Staining

The cochlear sections were initially blocked with 5% normal donkey serum (Millipore) for 1 h at room temperature, incubated with the primary antibodies overnight at 4°C, washed three times 10 min each with PBT (0.1% triton-X 100 with 2 mg/l bovine serum albumin in PBS) and then incubated with secondary antibodies for 2 h in the dark at room temperature (1:400 dilution), and for 30 min with DAPI (Thermo Scientific ref. 62248, 1:1,000 dilution), which counter-stains the nucleus. The whole-mounts were washed three times 10 min each with PBS. The following primary antibodies were used:

- Goat anti-Prestin polyclonal IgG antibody (Santa Cruz ref. SC-22692). This antibody has been shown by others to be specific for prestin (37, 38), which is present in OHCs basolateral membrane. It recognizes the first 50 amino acids of the n-terminus extreme. A 1:100 to 1:200 dilution was used.

- Rabbit anti-Prestin polyclonal antibody, courtesy of Dr. Jing Zheng's lab (Northwestern University, ref. NW802). This antibody recognizes the n-terminus extreme and has been shown to be specific for the protein prestin (39). A1:1,000 dilution was used.

- Rabbit anti-Prestin polyclonal antibody, courtesy of Dr. Jing Zheng's lab (ref. NW958). This antibody recognizes the c-terminus extreme and has been shown to be specific for the protein prestin (40). A 1: 1,000 dilution was used.

- Rabbit anti-Myosin VI polyclonal antibody (Proteus ref. 25-6791). Myosin VI antibody labels IHCs and OHCs, which we used to identify double labeling of these cell types with prestin antibody. A 1:500 dilution was used.

- Rabbit anti-Myosin VIIa polyclonal antibody (Proteus ref. 25-6790). Myosin VIIa antibody labels IHCs and OHCs. We tested it in one sample in combination with Myosin VI antibody and used a 1:500 dilution.

- Mouse anti-Neurofilament 200 (phosphorylated and non-phosphorylated) monoclonal antibody (Sigma-Aldrich ref. N0142) IgG1 isotope. This antibody labels the intermediate filaments, found in the cytoplasm and axon of neurons and labels type I afferent innervation in the inner ear. Type I afferent innervation comprises 95% of the afferent innervation of the cochlea in some species of odontocetes (41). A 1:400 dilution was used.

- Chicken anti-Neurofilament Heavy polyclonal antibody (Millipore ref. AB5539). This antibody recognizes type I afferent innervation in the inner ear. A 1:5,000 dilution was used.

- Rabbit anti-Neurofilament–L antibody (Cell Signaling Technology ref. C28E10). We used a 1:100 dilution in one sample to determine its specificity for cetacean species.

The secondary antibodies used were Alexa Fluor® 488 donkey anti-goat IgG, Alexa Fluor® 568 donkey anti-rabbit IgG, Alexa Fluor® 647 donkey anti-mouse IgG (Molecular Probes refs. A11055, A10042, A31571, respectively) and Alexa Fluor® 633 donkey anti-chicken IgY (Sigma-Aldrich ref. SAB4600127). DAPI (4′, 6-diamidino-2′-phenylindole, dihydrochloride; Thermo Scientific™ ref. 62247) was used at a 1:1,000 dilution to label nuclei, and phalloidin (FluoProbes® X5 505, ref. FP-AZ0130) was used at 1:100 dilution to label F-actin.

Samples, including the controls, were treated with 0.2% Sudan Black B for 10 min after the secondary antibody to reduce the fluorescence of the tissue. To wash the excess of Sudan Black B, the whole-mounts were rinsed three times of 1 min each with Ethanol 70%, followed by three times of 10 min each with PBS. The flat preparations were individually mounted on a glass slide with 0.1% N-propyl gallate in 90% glycerol and evaluated using fluorescence optic microscope and an Olympus FV1000 confocal microscope at the University of British Columbia Bioimaging Facility (UBC, Vancouver, Canada) and a Zeiss LSM880 confocal microscope at the Montpellier Resources Imagery (MRI, Montpellier Cell Biology Research Center, France).



Controls

Small subsections from the four large half turns (Figure 1c) were processed as controls. The subsections were taken randomly from regions of the cochlea. Controls included: (1) Control for the specificity of binding by the primary antibody (sections were incubated with normal (non-immune) IgG at the same concentration at which the primary antibody was used—Sigma-Aldrich ref. I5256, M5284, and I5006, and then incubated with the same concentrations of the secondary antibody and DAPI as used on experimental sections); (2) Control for non-specific binding of the secondary antibodies (samples were incubated without the primary antibodies, but with same concentrations of the secondary antibody as used on experimental sections, and DAPI in some cases); (3) Control for autofluorescence (no primary and no secondary antibodies were used).

Micrographs of the three controls were taken using the same settings as their respective treatments (i.e., same magnification and same intensity of the four lasers). Brightness and contrast were enhanced, using identical values for treatments and the respective controls.




RESULTS


Echolocating Whales and Bats Express Prestin Along the Entire Cochlear Spiral

The 19 cochleas from the five toothed whale species (harbor porpoise, bottlenose dolphin, common dolphin, striped dolphin, and beluga whale) showed some post-mortem decomposition artifacts, probably due to the delay between death and fixation of the cochlea (Table 1). In some cases, the whole cochlear turn was not intact and there were some areas where there were no remains of the cells of the organ of Corti, or the organ of Corti was not complete (i.e., the full three rows of OHCs and one row of IHCs were not in optimal condition state, and some cells were not present due to post-mortem decomposition). In spite of this, positive labeling for prestin was observed in OHCs basolateral membrane in toothed whales (Figures 2–4), as well as in the two species of bats (Parnell's mustached bat and Seba's short-tailed bat, Figure 5) all along the cochlear spiral. Although we only show here the results for harbor porpoise (Figure 2), beluga whale (Figure 3), bottlenose dolphin (Figure 4) and Seba's short tailed and mustached bat (Figure 5), we obtained the same pattern in the other species. However, since the tissue was less well-preserved in the other species, there were regions without labeling of the organ of Corti, or at least not in all the sensory cell rows. In spite of some degree of post-mortem decomposition, the specimens were generally of high quality for this investigation.
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FIGURE 2. Immunofluorescence images from maximum projections from z stacks from the apex (a,d), middle (b) and base (c,e) of the cochlea of harbor porpoise Phocoena phocoena. We labeled the whole mounts with anti-prestin antibody from Santa Cruz (SC) in (a–c) (green), with anti-prestin antibodies from Dr. Zheng lab (green) that recognize the c-terminus (d) and n-terminus extreme (e) of the protein, anti-myosinVI antibody (red) that labels inner (IHCs) and outer hair cells (OHCs), and DAPI (blue). (f) Specificity control, secondary control (control for non-specific binding of the secondary antibodies) and autofluorescence control from (c). The cuticular plate from IHCs and OHCs was positively labeled by anti-prestin antibody from Santa Cruz, but not with anti-prestin antibodies from Dr. Zheng lab. The animal image inserted in (a) corresponds to the animal species of cochlea stained by immunofluorescence.



[image: Figure 3]
FIGURE 3. Immunofluorescence images from maximum projections from z stacks from the apical (a), middle (c), and basal (b) turn of the cochlea from beluga whale Delphinapterus leucas. We labeled the flat preparations with anti-prestin antibody from Santa Cruz (SC, green), anti-myosinVI antibody (red) that labels inner (IHCs) and outer hair cells (OHCs), and DAPI (blue). (d) Specificity control, secondary control (control for non-specific binding of the secondary antibodies) and autofluorescence control from image (c). The animal images inserted in (c) correspond to the animal species of cochlea stained by immunofluorescence.



[image: Figure 4]
FIGURE 4. Immunofluorescence images from maximum projections from z stacks from the middle turn of the cochlea from bottlenose dolphin Tursiops truncatus. We labeled the flat preparations with anti-prestin antibody from Santa Cruz (SC, green), anti-myosinVI antibody (red) that labels inner (IHCs) and outer hair cells (OHCs), and DAPI (blue). (b) Specificity control, secondary control (control for non-specific binding of the secondary antibodies) and autofluorescence control from (a). The animal images inserted in (a) correspond to the animal species of cochlea stained by immunofluorescence.



[image: Figure 5]
FIGURE 5. Immunofluorescence images from maximum projections from z stacks from several locations of the cochlea of (a–d) Seba's short-tailed bat (Carollia perspicillata) and (e) Mustached bat (Pteronotus parnellii). We labeled the whole mounts with anti-prestin antibody from Santa Cruz (SC) in (a,e) (green, 1:100 for Seba's short tailed bat and 1:200 for Mustached bat), with anti-prestin antibody from Dr. Zheng lab (green) in (c,d), anti-myosinVI antibody (red) that labels inner (IHCs) and outer hair cells (OHCs), and DAPI (blue). (b) Specificity control, secondary control (control for non-specific binding of the secondary antibodies) and autofluorescence control from (a). The cuticular plate from IHCs and OHCs was positively labeled by anti-prestin antibody from Santa Cruz, but not with anti-prestin antibody from Dr. Zheng lab. The animal image inserted in (a) corresponds to the animal species of cochlea stained by immunofluorescence.


The prestin and myosin VI labeling showed that the organ of Corti was formed by one row of IHC and three rows of OHCs in echolocating whales and bats (Figures 2–5), as is typical in mammals and described previously by electron microscopy (30, 31, 42) and histology (43, 44). Thus, although decomposition artifacts were present, the tissue was still in good enough condition for immunofluorescence staining.

OHC stereocilia and cuticular plates, as well as IHC stereocilia (whenever present) and cuticular plates, identified with the myosin VI antibody, also stained positive for prestin in both species of bats and the five species of echolocating whales when using the antibody specific from the n-terminus extreme of the protein prestin from the company Santa Cruz. This unexpected labeling was not observed when using the 2 antibodies courtesy of Dr. Zheng's lab (recognizing the n- and c-terminus extremes, respectively, Figures 2d,e), indicating that the initial positive labeling for prestin in stereocilia and cuticular plates was due to non-specific binding of the antibody from Santa Cruz.

All controls (specificity control, secondary control, and blank) were negative (Figures 2–5).



Combining Anti-prestin, Anti-myosin VI, Anti-neurofilament Antibody, and/or Phalloidin Can Distinguish Between Newly Formed Lesions and Old Ones
 
Anti-myosin VI Antibody

Anti-myosin VI antibody proved to positively label the sensory cells. Stronger labeling was observed in the cuticular plate than the cytoplasm with our dilution (1:500). Whenever scars were present, it was possible to visualize them (arrows in Figure 6a). We observed weak (nearly perceptible) labeling with anti-myosin VIIa antibody (1:500 dilution), which is commonly used to label sensory cells in rodents. We also tried double labeling with myosin VI and myosin VIIa antibodies, leading to a much stronger signal, especially in the cuticular plates of IHCs and OHCs (Figure 6b).


[image: Figure 6]
FIGURE 6. Immunofluorescence images from maximum projections from z stacks from harbor porpoise (a–d,f) and bottlenose dolphin (e) cochlea. (a) Labeling of the sensory cells with anti-myosin VI antibody. The arrows in (a) show the location of a scar. (b) Labeling of the sensory cells with anti-myosin VI and anti-myosin VIIa antibody, increasing the signal. Type I afferent innervation labeled by anti-neurofilament 200 (c) and anti-neurofilament H (d) antibodies. Note that while anti-neurofilament 200 antibody labels the spiral ganglion cells, anti-neurofilament H antibody also labels the dendrites in contact with inner hair cells. (e) Organ of Corti labeled with our recommended combination of antibodies: anti-prestin, myosin VI, neurofilament H and DAPI. (f) Organ of Corti labeled with phalloidin, anti-prestin, anti-neurofilament H, and all together in addition with DAPI, as we recommend for those samples fixed with 4% paraformaldehyde. The arrows highlight those older scars with shape of butterfly or sand clock and the arrow head points a scar in formation, with still part of the outer hair cell body as labeled by anti-prestin antibody.




Phalloidin

When the cochleas were fixed with 4% paraformaldehyde, phalloidin marked the reticular lamina of the sensory and supporting cells of the organ of Corti (Figure 6f). When the cochleas were fixed with 10% neutral buffered formalin, there was no positive labeling with phalloidin. Phalloidin labeling proved to be a good marker to distinguish among first stages of OHC death (arrowhead in Figure 6f) that had a different shape than older scars (arrows in Figure 6f).



Anti-neurofilament Heavy Chain Antibody

We tested two antibodies to label afferent type I innervation (i.e., nerves that transmit the auditory information from the IHCs to the brain): (1) mouse anti-neurofilament 200 kD from Sigma and (2) chicken anti-neurofilament H from Millipore. Both labeled positively the spiral ganglion neurons (i.e., the cell body of the type I neurons) and the auditory nerve. However, the neurofilament antibody raised in chicken also labeled the dendrites at the base of the IHCs in cetacean and bat species (Figures 6c,d). The neurofilament antibody raised in mouse also labeled positively the dendrites in the species of echolocating bats (not shown here), but not in cetaceans tested in our study.

In all the samples analyzed for this study, there were no apparent differences in staining patterns between juveniles or adults, nor evidences of noise-induced hearing loss. The combination of antibodies presented here also allowed describing the changes in morphology of the sensory cells of the organ of Corti along the cochlear spiral, which is better represented for harbor porpoise (Figure 2) and beluga whale (Figure 3) in our study.





DISCUSSION

In all the odontocete and bat cochleas used in this study, positive labeling for prestin was identified in the basolateral membrane of OHCs throughout the cochlear spiral, including in the basal turn. This finding strongly suggests that echolocating whales and bats express the protein prestin, as do other mammals (2, 3).

The presence of prestin in echolocating species is consistent with the predictions by Johnson et al. (45) that the protein may function as a cochlear amplifier for high frequency sounds. A major limitation in membrane potential changes on a cycle-by-cycle basis is the OHC membrane time constant, which is responsible for low-pass filtering. However, at physiological endolymphatic calcium concentrations, there is little receptor potential attenuation at the characteristic frequency of the OHC, which suggests a minimal time constant filtering in vivo and an optimal activation of prestin over the entire range of hearing in mice (45). It is thus reasonable that echolocating species are using prestin-driven electromotility to encode high-frequency stimulation. In addition, the extremely short length of the OHCs in the most basal portion of the cochlea in echolocating species, reaching 8 μm for harbor porpoises (30) and bicolored round-leaf bats [Hipposideros bicolor, (46)], would contribute to a shorter membrane time constant and extend the frequency range in which prestin would operate. Because of the positive labeling of prestin in the most basal turn of the cochlea, our results provide morphological evidence that prestin can have a role in cochlear amplification in the basolateral membrane up to 120–180 kHz in our odontocete and bat subjects, which is the highest frequency reported at this time.

The unusual positive labeling of prestin in the cuticular plate and stereocilia of inner and outer hair cells found in goat anti-prestin antibody from Santa Cruz (SC-22692) proved to be due to non-specific binding of this antibody, since the two antibodies against prestin raised in rabbit provided by Dr. Zheng lab (NW802 and NW958) did not show this labeling pattern. Both antibodies SC-22692 and NW802 are polyclonal and recognize the 50 and 20 first amino acids of the N-terminus extreme of the protein prestin in humans and mice, respectively, while NW958 recognizes the last 20 amino acids of the c-terminus extreme of the protein in mice. The gene for prestin has been fully sequenced for harbor porpoise (GenBank GU219842.1), for bottlenose dolphin (GenBank GU217587.1), common dolphin (GenBank GU219839.1) and partially sequenced for mustached bat (GenBank JN315991.1; the n-terminus extreme is not complete) (14, 47). The full sequence has also been predicted by automated computational analysis using gene predicting method Gnomon, supported by mRNA evidence for beluga whale (NCBI reference sequence XM_022554419.1). The prestin gene shows 86% homology with the N-terminus extreme between harbor porpoise, beluga whale, bottlenose, and common dolphins and humans (50 first amino acids) and 80% homology with mice (20 first amino acids). It also has 85 and 75% homology with the c-terminus extreme with a deletion of three amino acids (in the 20 last amino acids) between these echolocating whales and mustached bat, respectively, and mice. The reason of the differential results among antibodies is unclear, but since they have never been tested in these species of cetaceans or bats, it is possible to discover that some antibodies recognize other structures, apart from prestin. The specificity of the antibody from Santa Cruz was determined in a peptide neutralization assay with peptide sc-22692 P that corresponds to amino acids 1–50 of human prestin. The specificity of the antibodies from Dr. Zheng lab to recognize the protein prestin were tested with ELISA, western blot and immunofluorescence experiments performed on prestin-expressing samples, as well as with the use of prestin-knockout mice (39, 40). We have combined the results of several antibodies, raised in different species and that recognize different sequences of the protein prestin to discriminate between non-specific binding.

Prestin labeling can be used in cetaceans to detect potential cases of acute noise-induced hearing loss, specifically if the individuals have died in the 9 days following the exposure, as has previously been shown in rodents (25), assuming that the scarring process takes place at the same rate in cetaceans. Phalloidin labeling is optimal to detect cases of OHC loss within the first 9 h post-exposure (32). As shown in Figure 6f, the arrows highlight scars that correspond to same shape (like a butterfly or hour-glass) than those over 9 h post-exposure in guinea pigs. However, the scar shown with the arrowhead would represent a more recent case, with a strong similarity to the shape that scars have around 6 h post-exposure in guinea pigs, with a central thicker vertical line and two fainter nearly parallel lines on the side (32). With the prestin labeling it is possible to observe that the outer hair cell body is still deeper in the tissue, but not reaching the cuticular lamina, as an indication to a scar that is still in the formation process. Further labeling with markers for apoptosis and autophagy should be done to verify whether it is a case of hair cell death by apoptosis. In any case, we demonstrated here that phalloidin labeling is optimal for detecting recent cases of hearing loss. However, the inner ears need to be fixed with 4% paraformaldehyde, which is not a common fixative among cetacean stranding networks because of its difficulty of preparation and storage. There was no positive labeling of phalloidin when the samples were fixed with 10% neutral buffered formalin likely because formalin contains numerous compounds other than formaldehyde that likely either destabilize actin or interfere with phalloidin binding [for example, methanol that is often present in formalin, denatures F-actin (48)]. We also were unsuccessful using Sudan Black B to decrease the autofluorescence of the tissue, possibly because it contains 70% ethanol, which is known to depolymerize F-actin (49, 50).

The personnel responsible of performing necropsies on cetaceans use 10% neutral buffered formalin to fix all tissues for histopathological analysis (51). Thus, phalloidin labeling is not always an option when collecting and fixing the cochlea. Instead of using phalloidin, anti-myosin VI antibody is a suitable candidate to mark the hair cells. The labeling of the cuticular plate and stereocilia of hair cells was stronger than in the cell body with anti-myosin VI antibody. The reason of this difference in labeling is not clear, but may be explained by the fact that the cuticular plate is more resistant to post-mortem decomposition. Thus, the faint labeling of the hair cell body could be an indication of the first stages of cell decomposition.

In the cetacean species of this study, while the neurofilament 200 antibody (raised in mouse) labeled the spiral ganglion cells (Figure 6c), the neurofilament H antibody (raised in chicken) also labeled the dendrites in contact with inner hair cells (Figures 6d–f). Based on these results, we recommend using the anti-neurofilament H antibody for the analysis of the cochleas of stranded cetaceans as it may allow detecting potential cases of degeneration of the dendrites of type I afferent neurons as a consequence of noise exposure. The presence of spiral ganglion neurons in Figure 6f could be an artifact of the dissection and mounting of the whole-mount preparation, where a few neurons detached and moved below the cells of the organ of Corti.

There is an urgent need to develop methods for assessing the effects of underwater anthropogenic noise on cetaceans. The use of antibodies for immunofluorescence depends on the target species and little research has been done on cetacean tissue. Here, we report a method optimized for cetacean cochlea that allows the visualization of the hair cells and supporting cells of the organ of Corti, as well as type I innervation by combining several antibodies. The combination of anti-prestin, anti-neurofilament H, anti-myosin VI antibodies and/or phalloidin also distinguishes between newly formed and old lesions.
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Anthropogenic contaminants in the marine environment often biodegrade slowly, bioaccumulate in organisms, and can have deleterious effects on wildlife immunity, health, reproduction, and development. In this study, we evaluated tissue toxicant concentrations and pathology data from 83 odontocetes that stranded in the southeastern United States during 2012–2018. Mass spectrometry was used to analyze blubber samples for five organic toxicants (atrazine, bisphenol-A, diethyl phthalates, nonylphenol monoethoxylate [NPE], triclosan), and liver samples were analyzed for five non-essential elements (arsenic, cadmium, lead, mercury, thallium), six essential elements (cobalt, copper, manganese, iron, selenium, zinc) and one toxicant mixture class (Aroclor1268). Resultant data considerably improve upon the existing knowledge base regarding toxicant concentrations in stranded odontocetes. Toxicant and element concentrations varied based on animal demographic factors including species, sex, age, and location. Samples from bottlenose dolphins had significantly higher average concentrations of lead, manganese, mercury, selenium, thallium, and zinc, and lower average concentrations of NPE, arsenic, cadmium, cobalt, and iron than samples from pygmy sperm whales. In adult female bottlenose dolphins, average arsenic concentrations were significantly higher and iron concentrations were significantly lower than in adult males. Adult bottlenose dolphins had significantly higher average concentrations of lead, mercury, and selenium, and significantly lower average manganese concentrations compared to juveniles. Dolphins that stranded in Florida had significantly higher average concentrations of lead, mercury, and selenium, and lower concentrations of iron than dolphins that stranded in North Carolina. Histopathological data are presented for 72 animals, including microscopic evidence of Campula spp. and Sarcocystis spp. infections, and results of Morbillivirus and Brucella spp. molecular diagnostic testing. Sublethal cellular changes related to toxicant exposure in free-ranging odontocetes may lead to health declines and, in combination with other factors, may contribute to stranding.
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INTRODUCTION

Anthropogenic toxicants are released into marine ecosystems through a number of different sources, biodegrade at variable rates, and many can persist for decades or even centuries (Godfray et al., 2019). The amount of manufactured waste released into the environment has grown exponentially over time, in line with the rampant mass production of consumer products catering to a rapidly growing human population (Cole et al., 2011). Plastics are a particularly harmful form of marine debris, because they are durable, slow to biodegrade, and susceptible to indiscriminate disposal, making environmental accumulation a major concern (Barnes et al., 2009; Cole et al., 2011). In addition to the sheer physical accumulation of plastics in the oceans and the ingestion of plastic materials by all kinds of organisms, plastics and other waste contain and attract harmful contaminants that can bioaccumulate in organisms and may pose a threat to their health, including reproduction, development, and immunity (Mato et al., 2001; Gregory, 2009; Worm et al., 2017). Many plastic components and plasticizers (substances added to synthetic resins to produce or promote plasticity) include phthalates, bisphenol-A, nonylphenol ethoxylates, and polychlorinated biphenyls (PCBs); although typically associated with their use as electrical insulators in capacitators and transformers, PCBs were also used as plasticizers and were shown by early researchers to be associated with plastic ingestion in marine animals (Gregory, 1978; Ryan et al., 1998). Plasticizers are known or suspected endocrine disrupting chemicals (EDCs), a structurally and functionally active group of xenobiotics that can have adverse effects on multiple organ systems of wildlife species (Staples et al., 1997; Barnes et al., 2009; Oehlmann et al., 2009; Muncke, 2011; Frouin et al., 2012; Mathieu-Denoncourt et al., 2015). Previously demonstrated adverse effects of EDCs in live animals include malformed reproductive organs, disruption of spermatogenesis, gonadal dysgenesis, reduced metamorphosis, apoptosis in liver and gonads, hormonal imbalances, and renal dysfunction (Bustamante et al., 2003; Hayes et al., 2010; Park et al., 2010; Muncke, 2011; Canesi and Fabbri, 2015; Mathieu-Denoncourt et al., 2015; Li et al., 2017).

Many other toxic chemicals including heavy metals can be sourced to anthropogenic products, tend to biomagnify within the marine food web, and bioaccumulate within bodily tissues of higher trophic organisms, including cetaceans (Bryan et al., 2007; Stavros et al., 2007; Bryan et al., 2012; Aubail et al., 2013; Monteiro et al., 2016a). Elements are grouped as essential (cobalt [Co], copper [Cu], iron [Fe], manganese [Mn], selenium [Se], zinc [Zn]) – those that have a biological function in organisms but can become toxic at high concentrations – and non-essential (arsenic [As], cadmium [Cd], mercury [Hg], lead [Pb], thallium [Tl]), those with no known biological function (Chang et al., 1996). Previous studies have shown that exposure to certain elements can have adverse effects in marine animals including renal damage, immunosuppression, and neurological, developmental, and reproductive impairments (Stavros et al., 2007; Jakimska et al., 2011; Frouin et al., 2012). Inorganic element concentrations in odontocetes have been documented in many tissues including blubber, liver, kidney, skin, and blood (Bustamante et al., 2003; Santos et al., 2006; Stavros et al., 2007; Kunito et al., 2008; Schaefer et al., 2011, 2015; Stavros et al., 2011; Bryan et al., 2012; Aubail et al., 2013; Monteiro et al., 2016a, b; Titcomb et al., 2017). As apex predators with relatively long lifespans, odontocetes are sentinel species that can readily reflect anthropogenic threats through their health (Wells et al., 2004, 2005; Bossart, 2011).

In addition to the numerous pollutants already present in the biosphere, hundreds of new compounds with incomplete toxicity testing enter the consumer market and therefore the oceans every year; as a result a considerable information lag arises between the initial creation and use of these chemicals and the time at which researchers and advocates understand the extent to which they affect the health of individuals, populations, and ecosystems (Weijs and Zaccaroni, 2016). Exposure to multiple toxicants and/or EDCs often happens simultaneously and can severely impact organismal homeostasis and function, since these substances can exert additive or synergistic effects which could lead to decreased growth rates and deleterious effects on long-term functional population viability (Crews et al., 2003; Beck et al., 2013; Worm et al., 2017). Due to a paucity of data on how EDCs and lesser-studied essential and non-essential elements affect marine mammals, inferences regarding the biological effects of potentially toxic compounds are primarily based on studies that used laboratory-reared animals in controlled experiments (Ferzand et al., 2008; Posnack et al., 2012; Gear and Belcher, 2017). Thus, as part of ongoing efforts to catch up with the output of the chemical industry and to provide more information on existing anthropogenic contaminants in free-ranging odontocetes, the objectives of this study were to: (1) establish concentrations of specific toxicants and elements (atrazine, bisphenol-A [BPA], diethyl phthalate [DEP], polychlorinated biphenyl mixture 1268 [Aroclor1268], nonylphenol monoethoxylate [NPE, as a representative of the class of nonylphenol ethoxylates], triclosan, arsenic, cadmium, cobalt, copper, iron, lead, manganese, mercury, selenium, thallium, and zinc) in liver and blubber of stranded odontocetes from the southeastern United States, (2) evaluate relationships between contaminants and demographic parameters (species, sex, age class, and stranding location), and (3) describe histopathologic lesions observed in these cases. This study provides baseline concentrations of several widely used and dispersed anthropogenic contaminants in biological samples taken from cetaceans that stranded in the southeastern United States during 2012–2018. Relating these concentrations to animal demographic and histopathology data allows us to gain insight into secondary (biotic or abiotic) factors that may influence exposure to and biological effects of certain toxicants.



MATERIALS AND METHODS


Sample and Data Collection

Blubber and liver samples were collected at necropsy from odontocetes that stranded along the Atlantic coast of Florida (northern extent: Sebastian Inlet; southern extent: Biscayne Bay) and North Carolina (Albemarle, central coast, Pamlico Sound, northern and southern coasts) during 2012–2018. Stranding response and necropsies were conducted by regional marine mammal stranding network partners including Florida Atlantic University Harbor Branch Oceanographic Institute’s (FAU-HBOI) Stranding, Health, and Rehabilitation Program, and the Marine Mammal Stranding Network of the North Carolina Central Coast. Euthanasia decisions were made by attending veterinarians based on prognosis and in accordance with protocols issued by the National Marine Fisheries Service for cetacean stranding response and euthanasia (Whaley and Borkowski, 2009). One blubber sample was collected from a live dolphin during dorsal fin tagging following live capture for disentanglement, using local anesthesia and aseptic technique. Body condition was determined subjectively just prior to necropsy/sampling, based on gross visibility of the ribs, scapulae, degree of indentation lateral to the dorsal fin, and degree of post-nuchal indentation. Each animal’s body condition was thus categorized as either emaciated, thin, good, or robust.

For all animals, post-mortem external and internal examinations were performed and tissue samples were collected according to standard protocols for cetacean necropsy (Pugliares et al., 2007). Representative tissue samples of all major organs and any grossly observed lesions were collected and placed into 10% neutral buffered formalin. Depending on the circumstances of the necropsy, variable tissues were available for histological review and included brain, skin, heart, lung, liver, kidney, spleen, lymph nodes, adrenal, stomach, intestines, thyroid, thymus, and pancreas. Formalin-fixed tissues were embedded in paraffin, sectioned at 4–7 μm, stained with hematoxylin and eosin, and examined microscopically by a board-certified veterinary pathologist. Depending on the circumstances, tissue samples were submitted for infectious disease testing using polymerase chain reaction (PCR) assays. Specifically, Morbillivirus testing was performed using the universal Morbillivirus primers directed against the phosphoprotein gene (after Barrett et al., 1993); and testing for Brucella spp. was performed using a real-time PCR assay for Brucella spp. DNA (after Wu et al., 2014). Representative blubber (2–5 g each) and liver (0.25–0.5 g each) samples were collected from each animal, stored in unlined tinfoil or cryogenic vials, and frozen at –80°C for up to 5 years prior to further analysis.

Some of the bottlenose dolphin (Tursiops truncatus) cases from Florida were known inhabitants of the Indian River Lagoon (IRL), representing a well-studied coastal population with historically high body toxicant concentrations (Fair et al., 2009; Schaefer et al., 2011, 2015). For the majority of these IRL dolphins, extensive photographic documentation exists, often encompassing individual dolphin identification based on dorsal fin characteristics, preferred geographic location(s) and behaviors, family lineage, and approximate age. The FAU-HBOI Dolphin Photo ID Program has been systematically collecting these data on IRL-resident dolphins since 1996.



Case Review

Case data analyzed included: species, date and location stranded, morphometric measurements including total body length (cm) and weight (kg, when available), and necropsy results including histopathologic and ancillary diagnostics data. Data were reviewed for the frequency and severity of histopathologic lesions, with particular attention paid to lesions in the hepatobiliary, lymphoreticular, cardiovascular, nervous, endocrine, and genitourinary systems, as these organ systems may be more likely to be affected by acute and/or chronic exposure to toxicants (Haschek et al., 2010).



Organic Toxicant Analyses

Twenty-seven liver samples and 36 blubber samples were shipped overnight on dry ice to the University of Georgia Center for Applied Isotope Studies in Athens, GA, United States, where they were analyzed for concentrations of Aroclor1268 (liver), and atrazine, BPA, DEP, NPE, and triclosan (blubber) using gas chromatography-tandem mass spectrometry (GC-MS/MS). The majority of these samples were stored in foil; to circumvent plastic contamination of any samples that were stored in cryovials, the central portion of the tissue sample that did not touch the cryovial was used. Furthermore, ‘blank’ extracts from cryovials were used to determine the detection limit for that GC-MS/MS run. All samples were analyzed dry and extracted using HPLC-grade solvents. Lipid content was not analyzed in the samples, therefore toxicant and nutritional element concentrations were not normalized to lipid content. To prepare the samples, about 2 g of each dried tissue was weighed in a 50 mL centrifuge tube and then treated with 20 mL of a 1:1 mixture containing acetone/dichloromethane (DCM) (Fisher Scientific, Hampton, NH, United States). The samples were then placed in an ultrasonic bath for 30 min, followed by centrifugation for 15 min at ∼1,900 g (3,000 rpm). The clear supernatant layers were then transferred into evaporation tubes while the residues were re-extracted with another 20 mL of the acetone/DCM mixture, centrifuged and their supernatant layers were combined with the previous extracts in the relevant evaporation tubes. The combined extracts were evaporated under nitrogen at 55°C. The residues left were dissolved by adding 2 separate aliquots each of 0.5 mL of methanol and vortex shaken for 1 min. Both methanol aliquots were combined in 1 mL volumetric tubes and made up to volume with methanol. Internal standard solution (50 μl of 40 μg mL–1 Pd10) was added and the contents of the volumetric tubes were mixed thoroughly then transferred into 2 mL gas chromatography vials, capped and store refrigerated (4°C) until analysis. Standards for atrazine, BPA, DEP, and triclosan were acquired as 1,000 μg/mL ampoules from Absolute Standards, Inc. (Hamden, CT, United States). The standard for NPE was acquired from Fisher Scientific Co. (Suwanee, GA, United States). The Aroclor standard was obtained as 1,000 μg/mL in iso-octane from Supelco (Bellefonte, PA, United States). Organic contaminants were analyzed using GC-MS/MS with a CP-3800 oven, CP-8400 autosampler with CP-8410 auto-injector, and the 4000 Ion Trap Mass Spectrometer (Agilent Technologies, Santa Clara, CA, United States). Electronic ionization was run under the MS Workstation software version 6.9 SP1. Separation of target compounds was accomplished using a capillary column VF-5 ms 30 m × 0.25 mm ID and 0.25 μm internal coat thickness from Agilent Technologies, and a helium mobile phase with a flow rate of 1 mL min–1. The oven temperature for analysis of the four contaminants was held at 80°C for 1 min and increased at a rate of 6°C min–1 until it reached 280°C and held at this temperature for 10 min. For Aroclor1268, the oven temperature was held at 80°C for 2 min, then increased to 200°C at 20°C min–1, then increased again at 10°C min–1 to 300°C and held for 5 min.

Supplementary Table S1 shows the chromatographic time segments of mass spectrometer acquisition parameters of the four toxicants in blubber extracts as optimized using the Selected Ion Storage (SIS) technique pertinent to Ion Trap mass spectrometers, and the SIS parameters for the Aroclor1268 extract in the liver samples. All concentrations are reported in μg g–1 dry weight (dw). Detection limits in μg g–1 were as follows: atrazine, BPA, DEP, NPE: 0.01; triclosan: 0.02; Aroclor1268: 0.1. Laboratory blanks were analyzed during each analytical run to ensure that there was minimal laboratory contamination. Two blubber samples were analyzed in duplicate to ensure reproducibility of results. The average coefficients of variation (CV) for the blubber duplicate samples were as follows: atrazine, 2.88%; BPA, 0%; DEP, 0.53%; NPE, 7.75%; triclosan, 3.79%.



Essential and Non-essential Element Analyses

Fifty-four liver samples were shipped overnight on dry ice to Michigan State University’s Veterinary Diagnostic Laboratory (MSU VDL) in Lansing, MI, United States, where they were analyzed for essential and non-essential elements (arsenic, cadmium, cobalt, copper, iron, manganese, lead, mercury, selenium, thallium, zinc) using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900 ICP-MS, Agilent Technologies, Santa Clara, CA, United States) in accordance with manufacturer’s instructions. Samples were weighed and wet liver samples (∼2 g) were dried at 75°C overnight in a drying oven to generate a dry weight fraction. Dried samples (∼1 g) were weighed and digested with 1–2 mL concentrated 69–70% nitric acid (Avantor Performance Materials, Center Valley, PA, United States, type J. T. Baker ACS reagent grade) in 15 mL PFA digestion vessels (Savillex, Eden Prairie, MN, United States) in a 95°C oven overnight. The amount of acid to be added was made relative to the weight of sample. Overnight digests were then diluted 1:100 in Millipore Filter (Burlington, MA, United States) deionized water prior to analysis. Standard reference materials (SRMs) that were used as quality control (QC) for this process included National Institute of Standards and Technology (NIST; Gaithersburg, MD, United States) SRM 1577c Bovine Liver, NIST SRM 2976 Mussel and an in-house maintained QC-160 tissue spike control as well as a digest blank. Details for average QC results (average result [ng g–1]/expected result [ng g–1]/standard deviation) and average digest blanks (ng g–1) during the month are shown in Supplementary Table S2. Average coefficient of variation (CV) for the individual elements over the various QC materials were as follows: arsenic, 4.69%; cadmium, 6.64%; cobalt, 3.42%; copper, 5.27%; iron, 4.65%; lead, 6.08%; manganese, 4.29%; mercury, 4.10% selenium, 4.37%, thallium, 5.80%; and zinc, 5.18%. The limits of quantitation (LOQ) in μg g–1 were as follows: arsenic, lead, thallium, cadmium, cobalt, 0.1; mercury, 0.5; selenium, 0.02; iron, zinc, 5.0; copper, 2.0; manganese, 0.05.

A subset of 28 liver samples were analyzed at the University of Georgia Infectious Diseases Laboratory in Athens, GA, United States. Using a comparable protocol to that of MSU VDL, liver samples were analyzed for concentrations of 11 essential and non-essential elements (arsenic, cadmium, cobalt, copper, manganese, mercury, lead, selenium, thallium, zinc) with ICP-MS. All solutions were prepared with analytical reagent-grade chemicals and ultra-pure (18MΩ) water. Commercially available trace-metal grade HNO3 (67% v v–1; Thermo Fisher Scientific, Waltham, MA, United States) and standard stock solutions (SPEX CertiPrep, Metuchen, NJ, United States) were used. Multi-element and individual standard solutions (SPEX CertiPrep) were used to prepare a tuning solution containing cobalt, indium, lithium, thallium, cesium, barium, and uranium. Quality control standards and internal standards were purchased from Inorganic Ventures (Christiansburg, VA, United States). Liver samples were freeze-dried overnight. The dried samples were then predigested for 24 h with trace-metal grade HNO3. After pre-digestion, the samples were treated with trace-metal grade H2O2 and digested for 2 h at 90°C. Samples were diluted with 18 MΩ water and analyzed by ICP-MS. Procedural blanks were performed following the same protocol. Bovine liver 1577c (NIST) SRM was used as the QC for digestions. ICP-MS measurements were performed at the Plasma Chemistry Lab, Center for Applied Isotope Studies on a Thermo Scientific X Series II instrument equipped with hexapole Collision Cell Technology. The sample solutions were pumped by peristaltic pump using a Cetac ASX 520 auto-sampler (Cetac, Omaha, NE, United States). The internal standard was added in-line using a Trident Internal Standard Kit (Glass Expansion, Pocasset, MA, United States). Sample introduction into the plasma was performed using a MicroMist EzyFit nebulizer (Glass Expansion, Pocasset, MA, United States), which reduces oxide formation, has a high total dissolved solids tolerance, and has reduced sample uptake rates. The cyclonic spray chamber was maintained at 3°C to further minimize oxide formation. Ion lens voltages, nebulizer flow, and stage positioning were optimized using tuning solution to maximize ion signal and stability while minimizing oxide levels (CeO+/Ce+) and doubly charged ions (Ba2+/Ba+). A multi-elemental analysis was performed in standard mode for all elements. Calibration check standards were analyzed following initial calibration at the end of the sample run, and, at most, after every 12 samples. Quality control check standards were accepted as passing if the measured concentration of each element was found to be within ±10% of the certified concentration. Detailed instrument settings are shown in Supplementary Table S3.



Statistical Analyses

Descriptive statistics (average ± standard deviation (SD) and/or median, minimum, maximum) were calculated for each toxicant analyzed. Median concentrations were calculated for all parameters that included samples that tested below the detection limit (BDL) for that assay. For all other statistical analyses, BDL toxicant concentrations were assigned values one-half their respective detection limit (Helsel, 2006). Atrazine, Aroclor1268, and thallium concentrations were not used in statistical analyses because most samples were BDL and therefore only median, minimum, and maximum were calculated for these variables.

Based on stranding data, cases were grouped into categories according to several selected demographic parameters: genus, age class (fetus/neonate, juvenile, adult, assigned based on total body length and morphologic features such as tooth eruption, fetal folds, etc.), sex, and location stranded (Florida versus North Carolina). Bottlenose dolphins and pygmy sperm whales (Kogia breviceps) were chosen for further statistical analysis because they had the greatest number of samples of the species examined. Spearman rank correlation coefficients (rs) were calculated to evaluate the strength and direction of correlations between toxicant and essential and non-essential element analytes. All data were tested for normality using the Shapiro–Wilk test and variables found to have non-Gaussian distribution were log-transformed to meet the assumptions of normality. Student’s t-tests were then used to compare the average toxicant, essential element, and non-essential element concentrations between adult bottlenose dolphins and adult pygmy sperm whales. Essential and non-essential element data from bottlenose dolphin liver samples were analyzed in more detail, since the relatively larger sample size (N = 46) for this species allowed us to compare various groups with adequate statistical power. Data were tested for normality using the Shapiro–Wilk test and variables found to have non-Gaussian distribution were log-transformed to meet the assumptions of normality. Student’s t-tests were used to compare the average essential and non-essential element concentrations between adult male and female dolphins, adult and juvenile dolphins, dolphins that stranded in Florida versus those that stranded in North Carolina, dolphins infected with Morbillivirus and uninfected dolphins, and dolphins that were known IRL inhabitants (based on dolphin photo identification data) versus Florida-stranded dolphins that were not known IRL inhabitants (Bossart et al., 1985; Read et al., 1993). All statistical analyses were conducted using SPSS statistical software (IBM Corp, 2017).



Ethics Statement

All animal procedures were conducted with approval from the FAU-HBOI and NCSU animal care and use committees under protocols #A18-03 and #15-001-O. FAU-HBOI and NCSU handle cetacean stranding response and recovery under Stranding Agreements issued by the NOAA-NMFS Southeast Regional Office (FAU-HBOI: permit #932-1905-01/MA-009526-01). VT is authorized under Section 109(h) within the North Carolina Division of Marine Fisheries.



RESULTS


Animals and Samples

Samples were analyzed from 83 odontocetes that stranded along the Atlantic coast of North Carolina and Florida during 2012–2018, including T. truncatus (common bottlenose dolphin, N = 46), K. breviceps (pygmy sperm whale, N = 21), Stenella frontalis (Atlantic spotted dolphin, N = 4), Peponocephala electra (melon-headed whale, N = 3), Mesoplodon europaeus (Gervais’ beaked whale, N = 2), Mesoplodon densirostris (Blainville’s beaked whale, N = 2), Kogia sima (dwarf sperm whale, N = 1), Stenella attenuata (pantropical spotted dolphin, N = 1), Lagenorhynchus albirostris (white-beaked dolphin, N = 1), Grampus griseus (Risso’s dolphin, N = 1), and Ziphius cavirostris (Cuvier’s beaked whale, N = 1) (Table 1). Thirty-three of these animals were encountered alive, euthanized, and necropsied shortly afterward; 23 were freshly dead/minimally decomposed at necropsy, and 26 were moderately decomposed at necropsy (Geraci and Lounsbury, 2005). Subjective body condition scoring revealed that 31 animals were emaciated, nine were thin (but not emaciated), 34 were in good or “normal” body condition, and nine were robust. From these animals, we analyzed a total of 111 samples, including 36 blubber and 75 liver samples. Average (or median, for variables with samples that tested BDL) concentrations of these analytes are presented in Table 2 according to species. There were three adult male S. frontalis that were part of a mass stranding event in Hatteras, North Carolina in 2012, and four mother-fetus/calf pairs (three K. breviceps, one M. europaeus, Figure 1); all of the other animals included in this study were single stranding events.


TABLE 1. Demographic data for 83 odontocetes included in this study.
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TABLE 2. Average (*median) concentrations (μg g–1 dw) and ranges for organic and inorganic toxicants and essential and non-essential elements in blubber and liver samples taken from 10 species of odontocetes that stranded in the southeastern United States during 2012–2018.
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FIGURE 1. Average (±SD) concentrations (μg g–1 dw) of toxicants and essential and non-essential elements for four mother-fetus/neonate pairs of stranded odontocetes. Includes three pairs of pygmy sperm whales (two fetuses and one neonate) and one pair of Gervais’ beaked whales (fetus) that stranded in the southeastern United States, 2012–2018. DEP, diethyl phthalate; NPE, nonylphenol ethoxylate. Organic toxicants were measured in blubber samples. Essential and non-essential elements were measured in liver samples.


In descending order, the median concentrations of organic toxicants in blubber samples from bottlenose dolphins were in the order: BPA > triclosan > DEP > NPE > atrazine, whereas in pygmy sperm whales the order was NPE > BPA > DEP > triclosan > atrazine. The highest median concentrations of essential and non-essential elements in liver samples from bottlenose dolphins and pygmy sperm whales were in iron and mercury, and the lowest median concentrations were in lead and thallium.

Liver samples from 29 adult bottlenose dolphins had significantly higher average concentrations of lead (0.10 μg g–1, t = 3.19, P < 0.01), manganese (10.60 μg g–1, t = 4.91, P < 0.01), mercury (246.67 μg g–1, t = 2.10, P = 0.02), selenium (111.43 μg g–1, t = 3.94, P < 0.01), thallium (0.03 μg g–1, t = 88, P < 0.01), and zinc (144.22 μg g–1, t = 5.97, P < 0.01), and significantly lower average concentrations of NPE (0.15 μg g–1, t = –3.89, P < 0.01), arsenic (0.94 μg g–1, t = 1.80, P = 0.04), cadmium (0.35 μg g–1, t = –4.66, P < 0.01), cobalt (0.03 μg g–1, t = –7.66, P < 0.01), and iron (1,120.40 μg g–1, t = –3.88, P < 0.01) than liver samples from 12 adult pygmy sperm whales (lead: 0.05 μg g–1, manganese: 4.62 μg g–1, mercury: 104.85 μg g–1, selenium: 32.87 μg g–1, thallium: 0.01 μg g–1, zinc: 41.79 μg g–1, NPE: 30.09 μg g−1, arsenic: 1.69 μg g–1, cadmium: 10.61 μg g–1, cobalt: 0.18 μg g–1, iron: 2,922.46 μg g–1).

In bottlenose dolphins, Spearman rank correlation coefficient tests revealed statistically significant, positive correlations between mercury and selenium (rs = 0.99, P < 0.001), cadmium (rs = 0.43, P < 0.001), and iron (rs = 0.37, P < 0.05); selenium and cadmium (rs = 0.42, P < 0.01), lead (rs = 0.42, P < 0.01), and iron (rs = 0.35, P < 0.05); arsenic and copper (rs = 0.31, P < 0.05), cadmium (rs = 0.43, P < 0.001), and manganese (rs = 0.39, P < 0.01); zinc and thallium (rs = 0.49, P < 0.01), cobalt (rs = 0.35, P < 0.05), and manganese (rs = 0.54, P < 0.01); cobalt and thallium (rs = 0.80, P < 0.01); iron and lead (rs = 0.40, P < 0.05); and BPA and atrazine (rs = 0.71, P < 0.05). Statistically significant, negative correlations were found between selenium and zinc (rs = –0.37, P < 0.05); cadmium and NPE (rs = –0.51, P < 0.05); lead and NPE (rs = –0.51, P < 0.05); and lead and DEP (rs = –0.51, P < 0.05).

In pygmy sperm whales, Spearman rank correlation coefficient tests revealed statistically significant, positive correlations between selenium and mercury (rs = 0.81, P < 0.05), cadmium (rs = 0.68, P < 0.001), cobalt (rs = 0.71, P < 0.01), and zinc (rs = 0.53, P < 0.05); cobalt and arsenic (rs = 0.65, P < 0.01); copper and triclosan (rs = 0.89, P < 0.001); mercury and iron (rs = 0.76, P < 0.05); cadmium and arsenic (rs = 0.48, P < 0.05); cadmium and cobalt (rs = 0.80, P < 0.001); zinc and thallium (rs = 0.74, P < 0.01); zinc and atrazine (rs = 0.80, P < 0.05); BPA and NPE (rs = 0.78, P < 0.01); BPA and atrazine (rs = 0.71, P < 0.05); and thallium and manganese (rs = 0.50, P < 0.05). Statistically significant, negative correlations were found between mercury and lead (rs = –0.86, P < 0.05); and cadmium and copper (rs = –0.52, P < 0.05).



Bottlenose Dolphins

The results of the t-tests showed that in 11 adult bottlenose dolphin females, arsenic concentrations were significantly higher (1.35 μg g–1, t = –1.82, P = 0.04) and iron concentrations were significantly lower (862.46 μg g–1, t = 2.13, P = 0.02) than in 18 adult males (arsenic: 0.75 μg g–1, iron: 1,559.83 μg g–1). Thirty-one adult bottlenose dolphins had significantly higher concentrations of lead (0.10 μg g–1, t = 2.67, P = 0.01), mercury (244.39 μg g–1, t = 4.67, P < 0.01), and selenium (111.43 μg g–1, t = 6.09, P < 0.01), and significantly lower concentrations of manganese (10.60 μg g–1, t = –3.05, P < 0.01) compared to 12 juvenile dolphins (lead: 0.05 μg g–1, mercury: 34.82 μg g–1, selenium: 14.25 μg g–1, manganese: 15.22 μg g–1).

Eighteen adult bottlenose dolphins that stranded in North Carolina had significantly higher concentrations of iron (1,489.43 μg g–1, t = 1.81, P = 0.04), and significantly lower concentrations of lead (0.08 μg g–1, t = –2.29, P = 0.02), mercury (191.19 μg g–1, t = –2.32, P = 0.02), and selenium (73.47 μg g–1, t = –3.67, P < 0.01) compared to 12 adult dolphins that stranded in Florida (iron: 829.49 μg g–1, lead: 0.14 μg g–1, mercury: 490.02 μg g–1, selenium: 201.03 μg g–1). Eleven dolphins that stranded in Florida were identified as known IRL inhabitants based on dorsal fin photo identification data. Average essential and non-essential element concentrations in liver samples were compared between these 11 IRL dolphins and six non-IRL dolphins that stranded elsewhere in Florida. Non-IRL Florida dolphins had significantly higher average liver concentrations of arsenic (1.85 μg g–1, t = 2.99, P = 0.01), cadmium (3.52 μg g–1, t = 3.56, P < 0.01), and selenium (260.54 μg g–1, t = 1.92, P = 0.04) than IRL dolphins (arsenic: 0.44 μg g–1, cadmium: 0.10 μg g–1, selenium: 123.37 μg g–1). No other analytes significantly differed between sexes, age classes, or locations based on the t-test results.



Mercury, Cadmium, and Selenium

There were two bottlenose dolphins – an adult male that stranded in Waves, North Carolina in 2012, and an adult female that stranded in North Palm Beach, Florida in 2018 – that had liver mercury concentrations of 1,402 μg g–1 and 1,416 μg g–1, respectively – an order of magnitude higher than liver mercury concentrations observed in other bottlenose dolphins in this study. These two dolphins also had relatively high concentrations of cadmium, iron, lead, and selenium, likely indicating chronic or repeated exposures to these elements. The average mercury:selenium molar ratios for bottlenose dolphin neonates (N = 3), juveniles (N = 12), and adults (N = 23) were 0.41, 0.67, and 1.01, respectively, and differed significantly between juveniles and adults (t = 4.60, P < 0.01).


Relevant Histopathological Data

Overall, histopathological data were available for 72 individual animals, including 41 bottlenose dolphins, 15 pygmy sperm whales, four Atlantic spotted dolphins, three melon-headed whales, two Blainville’s beaked whales, two Gervais’ beaked whales, one dwarf sperm whale, one pantropical spotted dolphin, one white-beaked dolphin, one Risso’s dolphin, and one Cuvier’s beaked whale (detailed in Supplementary Table S5). Table 3 presents the number of cases with histopathological changes per organ system. Of the 72 cases, 59 (82%) had at least one of the histopathological changes listed in Table 3, while 13 (18%) did not.


TABLE 3. Histopathological lesions observed and infections diagnosed in 72 cases of stranded odontocetes that had a full suite of microscopic data available for review.

[image: Table 3]Of the 72 cases with histopathology data, 47 (65%) stranded during the Morbillivirus-related Atlantic bottlenose dolphin unusual mortality event of 2013–2016. Samples from 18 animals (25%) were tested for Morbillivirus DNA using polymerase chain reaction (PCR) analysis of lung, pulmonary lymph node, spinal cord, and/or brain tissues that were analyzed at the University of California, Davis Marine Ecosystem Health Diagnostic & Surveillance Laboratory. In the other cases, ancillary diagnostics were not used due to lack of clinical signs consistent with Morbillivirus infection, along with budgetary and/or logistical constraints. Morbillivirus infections were diagnosed in 12 bottlenose dolphins (17%), including six adults and five subadults that stranded along the central coast of North Carolina, and one subadult that stranded in Vero Beach, Florida. Morbillivirus was diagnosed based on pathology data (i.e., lymphoid depletion, bronchointerstitial pneumonia, pleural fibrosis, respiratory and lymphoid syncytia (myelo/meningo)encephalitis, myelin sheath expansion, demyelination, meningeal fibrosis) (N = 7), or based on pathology data combined with PCR results (N = 5) (Di Guardo and Mazzariol, 2016). In 11 of the dolphins that tested positive for Morbillivirus, significantly lower concentrations of lead (0.09 μg g–1, t = –1.97, P = 0.03) and selenium (29.85 μg g–1, t = –2.36, P = 0.01) were observed compared to average concentrations in 25 bottlenose dolphins that did not have Morbillivirus infections (lead: 0.12 μg g–1, selenium: 88.15 μg g–1) (Supplementary Table S4). None of the other essential or non-essential element concentrations significantly differed between dolphins with/without Morbillivirus infections.

There were nine bottlenose dolphins, one Risso’s dolphin, and one Cuvier’s beaked whale suspected to have Brucella spp. infection based on histopathology including scapulohumeral joint arthritis, meningoencephalitis, mastitis, and orchitis. However, confirmatory PCR analysis of affected tissues was only performed in one bottlenose dolphin. There were five bottlenose dolphins and one melon-headed whale diagnosed with hepatic trematodiasis (e.g., Campula spp.); two of those dolphins also had Morbillivirus co-infections. Protozoal cysts consistent with Sarcocystis spp. were observed within the skeletal muscle of one bottlenose dolphin and within cardiac muscle of one pygmy sperm whale.

Five different types of neoplasia were observed in 4/72 (6%) cases (Table 4), including a testicular seminoma and a pheochromocytoma in an adult male white-beaked dolphin (Thayer et al., 2018). This dolphin had mild to moderate hepatobiliary fibrosis, mild lymphoid depletion in the spleen, thymus, and the tracheobronchial, pulmonary, prescapular, and mesenteric lymph nodes, mild to moderate cardiomyocyte loss (possibly related to the pheochromocytoma), nodular thyroid hyperplasia, and mild renal interstitial fibrosis with glomerulosclerosis. This animal also had the highest concentration of BPA measured in this study (397.4 μg g–1), and had relatively high (compared to other animals in this study) concentrations of DEP (13.8 μg g–1), lead (0.52 μg g–1), and triclosan (49.6 μg g–1). The other three animals with neoplastic lesions did not have relatively high concentrations of any of the toxicants measured.


TABLE 4. Five types of neoplasia were observed in 4 of 72 (6%) cases of stranded odontocetes that had a full suite of pathology data available for review.

[image: Table 4]


DISCUSSION

The toxicant concentration data presented here considerably improve upon the existing knowledge base regarding toxicant concentrations in stranded odontocetes. Several previous studies have focused on the accumulation of more well-known EDCs in marine mammal tissues including BPA, PCBs, organochlorines, and triclosan (Tilbury et al., 1999; Fair et al., 2009; Jepson et al., 2015; Xue and Kannan, 2016; Damseaux et al., 2017). Additionally, previous studies measuring toxicants and essential and non-essential elements in free-ranging odontocete species have been conducted globally, in a variety of tissues including blood, skin, blubber, kidney, liver, muscle, and brain (Kemper et al., 1994; Bryan et al., 2007; Durden et al., 2007; Stavros et al., 2011; Schaefer et al., 2011, 2015; Beck et al., 2013; Monteiro et al., 2016a, b). To date, however, this is the first published report examining concentrations of atrazine, DEP, NPE, and triclosan in blubber tissues of stranded cetaceans. Our study is also the first to report concentrations of toxicants in a white-beaked dolphin and in Gervais’ beaked whales, species for which the scientific literature remains sparse. Documenting toxicants in cetaceans is a critical step in tracing chemical contaminants within the marine food web and understanding their effects on biological systems (Hermabessiere et al., 2017).


Demographic Factors Influence Toxicant Exposure and Accumulation: Species Comparisons

Despite geographic and food source overlap between species, the examined specimens disclosed significant differences in predominance of organic contaminants and essential and non-essential elements. Tissue contaminant concentrations are thought to be influenced by many factors such as an animal’s age, sex, nutritional status, reproductive status, foraging habitat(s), and location (Durden et al., 2007; Schaefer et al., 2011; Stavros et al., 2011; Beck et al., 2013; Hansen et al., 2016; Genov et al., 2019). The main sources of toxicant exposure in cetaceans are through their diet and via maternal transfer during gestation and/or lactation (Kajiwara et al., 2008; Bossart, 2011; Alonso et al., 2015). Differences in prey selection could explain the species-specific differences in analyte concentrations seen here, since previous evidence suggests that animals that primarily prey on cephalopods, including pygmy sperm whales, can be exposed to higher levels of certain heavy metals such as cadmium, which can accumulate in squid, compared to primarily piscivorous species such as dolphins (Monaci et al., 1998; Bustamante et al., 2003; Bloodworth and Odell, 2008). Spearman rank correlation coefficient tests showed statistically significant correlations between concentrations of multiple toxicants and nutritional elements in bottlenose dolphins and pygmy sperm whales. Positive correlations demonstrate similarities in exposure, transport mechanisms, detoxification mechanisms, and bodily distribution of certain analytes; while negative correlations indicate possible antagonistic effects of certain analytes (Monaci et al., 1998; Hansen et al., 2016).

The organic toxicant concentrations presented here were not normalized to lipid concentration, since lipid concentrations were not measured in the samples due to cost constraints. This presents some challenges to interpreting and comparing concentrations of lipophilic toxicants, which can fluctuate in cetacean fatty tissues depending on body condition. For example, in fasting or emaciated animals, increased lipolysis may be accompanied by concomitant release of lipophilic toxicants into circulation, followed by redistribution within remaining lipid stores (Bengtson Nash et al., 2013). Thus, results of species comparisons presented here for concentrations of Aroclor1268, atrazine, BPA, DEP, NPE, and triclosan in bottlenose dolphins versus pygmy sperm whales were likely influenced by the animals’ body condition at the time of stranding. Specifically, of 46 bottlenose dolphins, half were in ‘good’ (41%) or ‘robust’ (9%) body condition at the time of stranding, while 6 (13%) were ‘thin,’ and 17 (37%) were ‘emaciated.’ In comparison, of 21 pygmy sperm whales, none (0%) were considered ‘robust’ at the time of stranding, 9 (43%) were in ‘good’ body condition, 3 (14%) were ‘thin,’ and 9 (43%) were ‘emaciated’ (Supplementary Table S5).

We also present data on toxicant and essential and non-essential element concentrations in liver and blubber samples from four mother-fetus/neonate pairs, including three pygmy sperm whale pairs and one Gervais’ beaked whale pair (Figure 1). Although a low sample size precluded statistical analysis, some interesting trends were observed. Average concentrations of certain analytes were consistently higher in all maternal samples compared to their offspring, including arsenic (4.29 μg g–1 in mothers versus 1.90 μg g–1 in offspring), cadmium (13.30 μg g–1 in mothers versus 0.12 μg g–1 in offspring), cobalt (0.28 μg g–1 in mothers versus 0.04 μg g–1 in offspring), mercury (113.08 μg g–1 in mothers versus 6.82 μg g–1 in offspring), and selenium (48.15 μg g–1 in mothers versus 23.67 μg g–1 in offspring). Average concentrations of other analytes were consistently higher in all offspring samples compared to their mothers, including copper (1,181.03 μg g–1 in offspring versus 26.28 μg g–1 in mothers), lead (0.07 μg g–1 in offspring versus 0.05 μg g–1 in mothers), thallium (0.07 μg g–1 in offspring versus 0.04 μg g–1 in mothers), and zinc (615.44 μg g–1 in offspring versus 57.55 μg g–1 in mothers). These data reflect patterns of in utero (and in the case of the mother-neonate pair, also via lactation) maternal transfer of toxicants, and are presumed to vary depending on whether a toxicant is lipophilic and whether it tends to bioaccumulate with age, among other factors (Krahn et al., 2009; Alonso et al., 2015). In mother-fetus pairs of short-beaked common dolphins (Delphinus delphis) that stranded along the French coasts, fetal liver tissues exhibited consistently low concentrations of cadmium and mercury, and high concentrations of copper (Lahaye et al., 2007). Other previous studies have focused on maternal transfer of lipophilic toxicants in odontocetes. For example, in long-finned pilot whales (Globicephala melas), the average gestational transfer rates of PCBs and DDTs (calculated as the ratios between newborn loads and maternal loads) were estimated to be ∼7% and ∼8%, respectively (Borrell et al., 1995). In harbor porpoises (Phocoena phocoena), a gestational transfer rate of 15% was observed for organochlorine compounds (Duinker and Hillebrand, 1979). Transplacental transfer rates also depend on the ratio of the body weight of the fetus to that of the pregnant female (Tanabe et al., 1982). Offloaded amounts of contaminants tend to decrease with a mother’s age and are consequently much higher in primiparous females than in those that have already given birth (Aguilar and Borrell, 1994a, b; Borrell et al., 1995). Maternal transfer of toxicants during gestation and lactation to rapidly developing offspring may put young cetaceans at greater risk for adverse health effects, including immune and endocrine system dysfunction (Krahn et al., 2009).

Arsenic concentrations from this study can be compared to data previously reported, including one study that presented arsenic concentrations in liver tissues of seven cetacean species, ranging from 0.20 to 5.96 μg g–1 dw and varying widely among species (Wells et al., 2004; Mazumder, 2005; Kajiwara et al., 2008). Average arsenic concentrations reported here for all species fell within a relatively wider range (0.07–7.73 μg g–1), and maximum values reported here for pygmy and dwarf sperm whales, Stenella spp. dolphins, and Gervais’ beaked whales were higher than previously reported maximum arsenic concentrations in similar species (Tu et al., 2015). One animal in our study, an adult female Gervais’ beaked whale that stranded in Sebastian, Florida in 2017, had the highest liver concentration of arsenic (7.73 μg g–1) reported for any marine mammal to date (to the authors’ knowledge). Arsenic is widespread in the marine environment, is highly toxic in its inorganic forms, and the liver is the main site of arsenic storage and metabolism (Kubota et al., 2001; Tu et al., 2015; Li et al., 2016). Feeding habit strongly influenced marine mammal liver arsenic concentrations in one study, as species feeding on cephalopods and crustaceans tended to have higher arsenic concentrations than those feeding on fish (Kubota et al., 2001). This was upheld in our study, as pygmy sperm whales had significantly higher arsenic concentrations than bottlenose dolphins. Another explanation for high arsenic concentrations in tissues of animals that strand in Florida may be effluent from natural phosphate mineral deposits in the area that contain high levels of arsenic (Neff, 1997; Perry et al., 2015).



Demographic Factors Influence Toxicant Exposure and Accumulation: Bottlenose Dolphins

As long-lived, apex predators, dolphins show increased accumulation of some toxicants with age, particularly in males (Hickie et al., 2013; Gui et al., 2014). For trace elements, tissue accumulation patterns vary by element, and differences in distribution of different analytes between males and females, and juveniles and adults are often attributable to differences in metabolism and storage of these elements (Cardellicchio et al., 2002; Carvalho et al., 2002; Finlayson et al., 2019). Results of Student’s t-tests showed that in adult male bottlenose dolphins, average iron concentrations were significantly higher and average arsenic concentrations were significantly lower than those found in adult females. We also found that in adult bottlenose dolphins, average lead, mercury, and selenium concentrations were significantly higher, and average manganese concentration was significantly lower than average concentrations of these elements in juveniles. One possible explanation for these results is that adults bioaccumulate lead, mercury, and selenium after exposure through their fish-based diet, and females offload iron stores during gestation and through lactation (Houde et al., 2006; Hickie et al., 2013; Fisher and Nemeth, 2017).

Toxicant exposure dynamics also vary by location, depending on land use, toxicant source, and means by which industrial, urban, and agricultural chemicals enter coastal habitats. Inshore dolphins and those inhabiting areas adjacent to human activity are particularly susceptible to exposure to high concentrations of these contaminants as they enter the marine ecosystem via runoff and/or direct discharge (Hansen et al., 2004, 2016; Stavros et al., 2007; Finlayson et al., 2019). In this study we found that bottlenose dolphins that stranded in Florida had significantly higher average concentrations of lead, mercury, and selenium than dolphins that stranded in North Carolina, and significantly lower average concentrations of iron. This is similar to findings from a previous study, which found that liver samples from dolphins that stranded in Florida were significantly higher in lead, mercury, and selenium than those found in dolphins that stranded in South Carolina, United States (Stavros et al., 2011). Since dolphins are primarily exposed to toxicants via ingestion of prey items, their patterns of contamination often closely match those of their preferred prey species (Senthilkumar et al., 1999; Yeung et al., 2009). Because many of their prey species are also preferred food fish by humans, monitoring concentrations of these and other contaminants in stranded dolphins can provide a relatively low-cost snapshot of the potential exposure risks in humans and other organisms that feed at the upper trophic levels (Bossart, 2011; Reif et al., 2015).



Mercury and Selenium

Compared to data from several other studies, liver mercury concentrations reported here were high, including some extremely high concentrations that are comparable to the highest ever reported (Endo et al., 2002; Bustamante et al., 2003; Stavros et al., 2011; Bryan et al., 2012; Genov et al., 2019). Specifically, there were two bottlenose dolphins, an adult male that stranded in Waves, North Carolina in 2012, and an adult female that stranded in North Palm Beach, Florida in 2018, that had liver mercury concentrations that were an order of magnitude higher than liver mercury concentrations observed in other bottlenose dolphins in this study. These two dolphins also had relatively high concentrations of cadmium, iron, lead, and selenium.

Both methylmercury and inorganic mercury tend to biomagnify in marine mammal species, and bottlenose dolphins from Florida are known to carry very high mercury burdens in their tissues (Schaefer et al., 2011, 2015; Gui et al., 2014; Seixas et al., 2014; Damseaux et al., 2017). Bottlenose dolphins and pygmy sperm whales, along with some other odontocete species, seem able to tolerate high levels of mercury, cadmium, and certain other metals, and detoxify them through several physiological processes including binding with selenium or metallothioneins to mitigate the toxic effects of exposure (Meador et al., 1999; Klaassen et al., 2009; Bryan et al., 2012; Hansen et al., 2016). These protective mechanisms in odontocetes likely reduce some of the direct effects that can be seen with heavy metal toxicity, such as oxidative stress, inhibition of lysosomal digestive enzymes, damage to subcellular membranes, and deregulation of apoptotic pathways (Kershaw and Hall, 2019). Here, we found evidence to support this hypothesis, since liver selenium concentrations were positively correlated with mercury, cadmium, and lead in adult bottlenose dolphins, and positively correlated with mercury and cadmium in pygmy sperm whales. This is in alignment with findings from many other studies, which confirm mercury:selenium molar ratios close to 1 in adult cetacean liver and kidney samples (Capelli et al., 2000; Bustamante et al., 2003; Yang et al., 2007; Caceres-Saez et al., 2013; Hansen et al., 2016). The detoxifying effects of selenium on mercury are only thought to occur above a minimum mercury concentration in the liver (100 μg kg–1), thus juveniles tend to have a lower mercury:selenium ratio than adults that have been accumulating mercury over a longer period of time (Palmisano et al., 1995; Storelli et al., 1998). This trend was also upheld in our study, as median mercury:selenium ratios in bottlenose dolphins incrementally increased with age in fetuses/neonates, juveniles, and adults, and differed significantly between juveniles and adults. While selenium binding may effectively function to detoxify mercury and other toxicants, it can also leave the animal in a selenium-deficient state, leading to neurotoxic effects and potentially other sequelae such as nutritional myodegeneration (Cullen, 2007; Kehrig et al., 2013). Therefore, adequate dietary selenium must be maintained to prevent indirect effects of selenium detoxification, which can be a problem for top predators like odontocetes because mercury biomagnifies up the food chain at a higher rate (5.4 times) than selenium (2.4 times) (Kunito et al., 2002).



Histopathological and Diagnostic Data

Although infectious disease testing was not performed in all cases, data resulting from cases examined using molecular diagnostics provide information on disease status and allow for comparisons between groups. Because contaminant exposure is thought to have immunotoxic effects in cetaceans, the potential synergistic effects of co-exposure to multiple pollutants may modulate the pathogenic and pathogenetic activity of marine mammal Morbilliviruses (Desforges et al., 2016, 2017). Previous studies suggest that high contaminant loads may synergistically interact to increase Morbillivirus disease severity and favor transmission between cetacean species (Aguilar and Raga, 1993; Aguilar and Borrell, 1994a; Aznar et al., 2005; Fossi et al., 2007). This pattern was not observed in this study for non-essential elements; however low sample sizes precluded comparisons of lipophilic toxicants for animals with and without Morbillivirus infections.

Many histological lesions observed in the tissues of stranded marine mammals are non-specific changes that can be associated with the acute physiological and physical derangements that accompany live stranding, including sequelae of catecholaminergic and neurogenic shock (e.g., pulmonary edema/hemorrhage, acute venous congestion of shock organs), trauma (e.g., sunlight-thermal burn, sand impaction/ingestion, superficial epithelial abrasions, corneal damage), hyperthermia, acute skeletal and cardiac myodegeneration, and multiorgan failure (Geraci and Lounsbury, 2005; Bogomolni et al., 2010; Diaz-Delgado et al., 2018). Other non-specific lesions (e.g., fibrotic or hydropic changes of the hepatic, renal, respiratory, and gastrointestinal systems; lymphoid depletion; inflammation) are often more chronic in nature and can be attributable to various causes, including stress, starvation, infection(s), and/or prolonged or repeated exposure to certain toxicants such mercury, cadmium, and lead (Goyer, 1989; Johri et al., 2010; Branco et al., 2012). Neoplasia in free-ranging wildlife can occur naturally at low prevalence; however, contaminant exposure should be considered as a differential in wild animals that present with neoplastic lesions (McAloose and Newton, 2009). While it is difficult to confirm whether any of the histopathological lesions observed in these cases were caused or exacerbated by toxicant exposure, toxicants should not be ruled out or overlooked in cases with certain life-history characteristics and pathological findings. Collecting and archiving fatty tissues and organ samples (e.g., liver, kidney, brain, etc.) from stranded animals is valuable in that it allows us to conduct retrospective toxicological studies such as this one. By examining toxicant concentrations alongside sublethal histopathologic changes in specific tissues, we can begin to better understand some of the potential health impacts that exposure to these compounds can have on vulnerable and understudied species like cetaceans.
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Chile has one of the largest coastlines in the world with at least 50% of the world cetacean species occurring within its jurisdictional waters. However, little is known regarding the health status and main causes of death in cetaceans off continental Chile. In this report, we summarize the major pathological findings and most likely causes of death of 15 cetaceans stranded along the Chilean coast between 2010 and 2019. Drowning, due to fishing gear entanglement, was the most likely cause of death in 3 Burmeister’s porpoises (Phocoena spinipinnis), a Risso’s dolphin (Grampus griseus) and a short-beaked common dolphin (Delphinus delphis). Additionally, the 3 Burmeister’s porpoises had mild to moderate eosinophilic and histiocytic pneumonia with pulmonary vasculitis associated with the nematode Pseudalius inflexus. A fourth Burmeister’s porpoise died of drowning after stranding alive at a sandy beach. Two fin whales (Balaenoptera physalus) died most likely of trauma associated with large vessel collision. A long-finned pilot whale (Globicephala melas) and an Orca (Orcinus orca) stranded most likely due to traumatic intra/interspecific interaction with other odontocete although for the pilot whale, osteoporosis with loss of alveolar bone and all teeth could have played a role. For a Strap-toothed beaked whale (Mesoplodon layardi), Dwarf sperm whale (Kogia sima), Southern right-whale dolphin (Lissodelphis peronii), Peale’s dolphin (Lagenorhynchus australis) and a dusky dolphin (Lagenorhynchus obscurus), the cause of stranding could not be determined. This study shows, despite the small number of examined carcasses that in Chile, human related trauma is an important cause of single cetacean stranding events.

Keywords: Burmesteir’s porpoise, cetaceans, Chile, mortality, pathology, stranding


INTRODUCTION

Marine mammals are sentinels of ocean ecosystems health; therefore, it is crucial to understand and monitor how environmental and human factors impact their well-being (Bossart, 2011; Hazen et al., 2019). However, for most marine mammal species and especially for cetaceans, there is comparatively little knowledge regarding their basic physiological traits, and the response of their organs and tissues to disease processes. For most cetacean species, single and mass stranding events are one of the few opportunities to examine and collect tissues and isolate disease agents. However, the extraction of relevant biological data from stranded cetaceans is complicated by the deterioration of carcasses with time and the prompt detection, and accessibility to cetaceans when the strandings occur in remote locations (Fretwell et al., 2019; Gómez-Hernández et al., 2020). Overcoming these limitations requires substantial material and human resources that are usually not available in most parts of the world (Alvarado-Rybak et al., 2019; Fretwell et al., 2019).

Chile is one of the countries with the largest coastline in the world (World Resources Institute WRI, 2020), yet it has a small human population disproportionally distributed around its capital (∼17.5 million; Instituto Nacional de Estadísticas de Chile INE, 2018). This means that most of its coastline is uninhabited and far from populated areas. Furthermore, in the Austral region, the rugged geography and harsh climate make most of the coastline inaccessible by land and difficult to monitor from sea and air (Häussermann et al., 2017; Fretwell et al., 2019). Through most of Chile’s coastline, several cold-water currents and fresh water sources mix in fjords and bays creating some of the most productive marine ecosystems in the world (Buchan and Quiñones, 2016; Viddi et al., 2016). This high marine productivity favors a high abundance of marine vertebrates, including marine mammals. In the territorial waters of Chile, approximately half of the known cetacean species of the world have been identified, and many of them occupy specific areas for breeding, nursing and foraging (Galletti-Vernazzani et al., 2016; Viddi et al., 2016; Seguel and Pavés, 2018). Despite this high abundance of cetacean species, there is limited knowledge about the biology of these populations, the disease processes that affect them and the causes of single stranding events. For instance, two recent cetacean mass stranding events in Chilean Patagonia, were discovered in regions were the presence of these species was undocumented or considered anecdotal (Häussermann et al., 2017; Alvarado-Rybak et al., 2019). These events highlighted the limited baseline pathological knowledge in these populations, complicating a comprehensive investigation on the causes of the mass stranding events (Häussermann et al., 2017; Alvarado-Rybak et al., 2019). In this report, we attempted to partially fill in this knowledge gap and compiled stranding and postmortem examination data of single sporadic stranding events of cetaceans along the Chilean coast. We present the major gross and histologic findings in these animals and discuss the limitations faced to obtain good quality diagnostic samples and the recommended alternatives to improve these outcomes in the future.



MATERIALS AND METHODS


Animals

The cetaceans included in the study were found stranded on beaches of Chile between May 2010 and April 2019 (Figure 1). The animals were found along most of the central-south coast of Chile (from 28° to 48° S, approximately 2,159 km). Some animals stranded alive and subsequently died, while others washed ashore dead. Only carcasses with decomposition codes 2 to 4 were included in this study (Pugliares-Bonner et al., 2007). Civilian reports and regular monitoring of the coast by collaborating institutions (e.g., National Fisheries Service or Universities) typically initiated veterinary medical deployment followed by field necropsies. Two different age classes (adults and subadults) were distinguished based on maximum length size and life history for each species (Taylor et al., 2007). In addition, in the case of the Risso’s dolphin (Grampus griseus), the intensity of skin scars was an indicator that it was an adult animal (Hartman et al., 2016). Body condition was assessed based on the level of skeletal muscle and blubber development (Pugliares-Bonner et al., 2007).
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FIGURE 1. Spatial distribution along the Chilean coast of the cetacean strandings assessed in this study.


Necropsies were performed in all cases following a standard protocol (Pugliares-Bonner et al., 2007). However, gross examination and tissue collection varied depending on degree of autolysis and accessibility to the carcass (Supplementary Table S1). In two cases [a fin whale (Balaenoptera physalus) (case No 7) and an orca (Orcinus orca) (case No 8)] partial necropsies were performed because severe weather and tide conditions precluded complete examination. During complete necropsies, tissue sections were routinely collected from any organ displaying gross lesions, and from lung, respiratory lymph nodes, liver, spleen, kidney, adrenal, thyroid, gonads (testis, ovaries), skeletal muscle, heart, skin, stomach, small and large intestines and mesenteric lymph nodes. Brain was collected in 5 cases. Tissues were fixed in 10% buffered formalin, embedded in paraffin-wax, sectioned and stained with hematoxylin and eosin. The skull of a long-finned pilot whale (Globicephala melas) was prepared for osteological examination according to the protocol described by Riquelme et al. (2018).



Ancillary Testing

Sections of lung, bronchial lymph nodes, and spleen from 3 Burmesteir’s porpoises (Phocoena spinipinnis) underwent immunohistochemistry for morbillivirus. Briefly, in deparaffinized tissue sections, antigen retrieval was achieved with citrate treatment for 5 min at 120oC degrees. After hydrogen peroxide treatment, slides were incubated for 1 h at room temperature with a mouse primary antibody against canine morbillivirus, known to cross react with cetacean morbilliviruses (Stone et al., 2011). After incubation with secondary biotinylated antibody (Invitrogen, Carlsbad, CA, United States), antigen-antibody complexes were visualized using horseradish peroxidase labeled with diaminobenzidine chromogen (DAB, Vector Laboratories, Burlingame, CA, United States). For all assays, negative controls consisted of the same tissue sections undergoing the same immunohistochemistry protocol but the incubation with saline solution instead of primary antibody. Positive controls always yielded marked cytoplasmic positive staining and consisted of lung, spleen and bronchial lymph nodes from bottlenose dolphins (Tursiops truncatus) that died due to disseminated morbillivirus infection (University of Georgia, Veterinary Diagnostic Lab, Athens, GA, United States).

In 3 Burmesteir’s porpoises, metazoan parasites collected during necropsy were placed in 70% ethanol. Nematodes were cleared in lactophenol and mounted on a glass slide for morphological identification to the genus or species level following standard parasitological keys (Delyamure, 1955; Hartwich, 1974; Anderson, 1978). In these animals, fresh tissues or swabs aseptically collected at necropsy underwent aerobic bacteriological culture (37°C, 48 h) using MacConkey and blood agars. Isolated bacterial colonies were identified to the genus or species level by Gram stain and biochemical reactions using a BBL Crystal ID System for enteric/non-fermenting and gram-positive bacteria (BD, Sparks, MD, United States).



RESULTS

In total, we examined 15 stranded cetaceans of 11 different species along the Chilean Coast (Figure 1). The 15 animals consisted of 7 males and 6 females, whereas in 2 cases the sex was not recorded. Seven animals were categorized as subadults and 8 as adults (Table 1). In 12 cases, the animals were found dead with variable degrees of postmortem autolysis, whereas in 3 cases the animals stranded alive and died on the beach during attempts for refloating (Table 1).


TABLE 1. Overview of cetaceans sporadically stranded along the Chilean coast and necropsied between May 2010 and April 2019.
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Pathological Findings Per Cetacean Species:


Burmeister’s Porpoises (Phocoena spinipinnis)

One subadult female, Burmesteir’s porpoise in good body condition died moments after live stranding on a sandy beach in central Chile on Janurary 2019. This animal had hepatomegaly and dark-red, uncollapsed lungs with dark-pink foam admixed with scant amount of sand in the trachea and major bronchi. The stomach contained a few whole small fishes. Microscopically, in the lung, abundant edema admixed with scant cellular debris and hemorrhage occupied bronchioles and alveoli, whereas in the liver, moderate congestion expanded sinusoids and in the skeletal muscle there were hypereosinophilic contraction bands and edema. Throughout 60% of the body surface, we observed multiple 1 to 2 cm in diameter, coalescing, circular, silver lesions with a thin dark-gray rim (tattoo-like lesions) (Figure 2A). Histologically, these lesions were categorized as mild, hyperplastic, lymphoplasmacytic dermatitis with hyperpigmentation and amphophilic intracytoplasmic inclusion bodies (Figure 2B). In the pyloric stomach, there were two small ulcers (<1 cm diameter) and small numbers of nematodes (Anisakis spp.) in the lumen. We considered drowning the most likely cause of death, although it is likely this occurred on the beach while the animal was being washed by waves.
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FIGURE 2. Postmortem findings in Burmeister’s porpoises (Phocoena spinnipinis). (A) Multifocal to coalescing tan, circular lesions throughout the skin (tattoo skin lesions) of a subadult porpoise. (B) Histologically, the skin lesions showed in (A) were characterized by stratum basale hyperplasia with hyperpigmentation (asterisk) and vacuolar degeneration of lipokeratinocytes with rare amphophilic intracytoplasmic inclusion bodies (arrow inset). H&E, scale bar = 200 μm, inset scale bar = 25 μm. (C) Lung of an adult Burmeister’s porpoise that died most likely due to drowning. Note the uncollapsed lung with mild rib impressions (edema) and multifocal areas of hemorrhage (arrow). (D) Histological section of the lung showed in (C). Alveoli contain abundant eosinophilic homogeneous material (edema, asterisk) and numerous erythrocytes. H&E, scale bar = 150 μm. (E) Verminous, eosinophilic bronchopneumonia and vasculitis. A large nematode (most likely Pseudalius inflexus) (arrow) obliterates a bronchus and numerous eosinophils (inset) obscure peribronchiolar tissues. Adjacent to the nematode section, eosinophilic inflammatory infiltrate obscure a thrombosed large artery (asterisk). H&E, scale bar = 200 μm, inset scale bar = 30 μm. (F) Chronic verminous pneumonia. There are several sections of small metastrongyle nematodes (arrow) associated with lymphoplasmacytic inflammatory infiltrates (arrow head). H&E, scale bar = 100 μm.


Three, Burmeister’s porpoises (1 female and 2 males, 2 adults and 1 subadult) were found dead on the Valdivia coast, Southern Chile on May 2010 and May 2012. These animals were good body condition and had fishing line marks in the fluke, dorsal and pectoral fins, and uncollapsed and heavy lungs with abundant pink froth in airways (edema) (Figure 2C). Their stomachs contained a few whole fishes (sardines). Microscopically, in all these animals, abundant edema admixed with scant cellular debris and hemorrhage occupied bronchiole and alveoli (Figure 2D). In the 3 porpoises, in multifocal areas of the lung and affecting up to 30% of the sections examined, there were numerous intrabronchial and intravascular, large (900 μm diameter) nematodes. Morphological features of these nematodes included a thick cuticle, prominent coelomyarian musculature, prominent lateral bands and gastrointestinal tract with a few multinucleated epithelial cells (Figure 2E). Pseudalius inflexus was the only nematode within this size range recovered from the lung of these animals. These nematodes were associated with substantial alteration of the bronchial and vascular morphology, including erosion and necrosis of the epithelium and intima, respectively, with lymphocytes, eosinophils and plasma cells obscuring significant portions of the vascular and bronchial walls (Figure 2E inset). In some areas, chronic, partially recanalized thrombi admixed with numerous eosinophils obliterated the arterial lumen. Additionally, in a few, small, multifocal areas of the lung of two of these porpoises, there were a few cross sections of small (100 μm in diameter) nematodes. The parasites were characterized by thin cuticle, delicate coelomyarian musculature, small lateral cords, gastrointestinal tract with few multinucleated epithelial cells with small brush border and reproductive tract with developing larvated eggs (Figure 2F). Surrounding these nematodes, there were variable numbers of macrophages, few eosinophils and cellular debris. Adjacent areas usually contained nodular aggregates of lymphocytes and fewer plasma cells (Figure 2C). The only parasite recovered from lung matching this size and description was Stenurus australis. Additional metazoan parasites recovered from these 3 porpoises included Polymorphus cetaceum, which was present in large numbers in the third stomach and duodenal ampulla and Stenurus australis, which was in high numbers in the periotic sinuses and middle ear. No histological changes were associated with these infections, although the tympanoperiotic complexes were not processed for histopathology. No morbillivirus antigen was detected in the lung and spleen of the 3 porpoises assessed. Given the fresh fishing line marks, pulmonary edema, fresh fish in stomachs and lack of major health issues, we considered drowning due to entanglement the most likely cause of death of these 3 porpoises.



Fin Whales

Two subadult fin whales (one male and one female), in good body condition stranded dead on the central-south coast of Chile in 2018 and 2019 at Talcahuano and Santo Domingo, respectively. One whale (case No 10) had blunt trauma to the left flipper and thorax with fracture of the radius and ulna. This animal also had multiple, parallel, skin, blubber and muscle lacerations on the right abdominal, pelvic and peduncle regions associated with hemorrhage in the surrounding tissues (Supplementary Figure S1). The other whale (case No 7), had significant blunt trauma over the left flipper (1.5 × 1.5 m) with hemorrhage and loss of the subcutaneous and muscle tissue, and abundant hemorrhage in the subcutis of the left thoracic region. Additionally, there was a 2 m laceration in the right lumbar area with abundant hemorrhage in the surrounding blubber and muscle. Histological examination of both whales tissues was unremarkable although most tissues had moderate to advanced autolysis. We considered these findings consistent with large vessel collision.


Southern Right Whale Dolphin (Lissodelphis peronii)

An adult, female Southern right whale dolphin in good body condition was found stranded alive on June 2015 in Pelluhue, central coast of Chile, after a severe storm. The individual was transported to a rehabilitation center, where it died 27 h after being admitted. Externally, there were multiple lacerations (approximately 2 × 6 cm and 0.5 cm deep) between the caudal peduncle, the abdominal wall, and the left pectoral fin. The lacerations penetrated into the subcutis and blubber and were accompanied by hemorrhage. In the lung, abundant edema fluid filled alveoli and small numbers of lymphocytes, macrophages and neutrophils slightly expanded the alveolar septa. In the longissimus dorsi muscle, random myocytes were hypereosinophilic, with loss of cross striations and rare hypereosinophilic contraction bands. Similar changes were observed in the myocardium. Additionally, in the skeletal muscle there were occasional, 60 μm in diameter, Sarcocystis spp. -like cysts filled with 3 μm long bradyzoites, and small numbers of lymphocytes and plasma cells surrounded blood vessels. In the kidney proximal tubules, moderate amount of eosinophilic, homogeneous material occupied the lumen and small, discrete vacuoles enlarged the cytoplasm of the tubuloepithelial cells. We considered stranding stress (capture myopathy) the most likely cause of death of this animal.



Long-Finned Pilot Whale (Globicephala melas)

An adult female, long-finned pilot whale was found dead on June 2015 near Los Molles on the central coast of Chile. The animal was in poor body condition and had multiple parallel lacerations (rake marks, 10 mm apart) throughout 70% of the body surface with mild to moderate hemorrhage in the surrounding blubber. In the lung, there was abundant edema, and in the oral cavity there was loss of all teeth (Figure 3A). Subsequently, the animal’s skeleton was analyzed. The skull was light, and in the maxillary and mandibular area of the skull, and in ribs and vertebrae, bone trabeculae were thin, increasing the porosity of cancellous bone (osteoporosis) (Figure 3B). This was particularly severe in the alveolar bone with almost complete loss of some alveolar processes (Figure 3C). Marked postmortem autolysis (due to inadequate sample fixation) precluded detailed histological assessment. We considered negative inter/intraspecific interactions as the most likely cause of stranding, although osteoporosis, dental loss and poor body condition could have played a significant role.


[image: image]

FIGURE 3. Adult long-finned pilot whale (Globicephala melas) with complete edentulism and osteoporosis. (A) Oral cavity with lack of mandibular and maxillary teeth. (B) Dorsal view of the mandibular branch. (C) Closer view of the maxillary alveolar processes. Note the increased bone porosity with thin and irregular bone trabecules.




Short-Beaked Common Dolphin (Delphinus delphis)

An adult, female short-beaked common dolphin, stranded dead on January 2015 in Quintero, central Chile. Externally, the animal had a good body condition and surrounding the dorsal fin, there were several, linear, 3 mm width, skin depressions and lacerations associated with mild hemorrhage (fishing line marks). Internally, the animal had uncollapsed, heavy lungs with abundant pink froth in airways and small foci of ecchymosis in the right anterior pulmonary lobe. The animal also had a pale liver, splenomegaly, and sand and anisakis nematodes in the stomach. We considered drowning due to entanglement the most likely cause of death of this animal.



Risso’s Dolphin (Grampus griseus)

A subadult, male Risso’s dolphin, stranded dead in San Antonio, central Chile on April 2019. The animal was in good body condition and externally, over the abdominal wall, there was one skin laceration (6 cm long) associated with hemorrhage, and a subcutaneous hematoma (8 cm in diameter). Additionally, there were several 5 mm linear (net) marks on flippers, fluke and dorsal fin. Internally, the animal had hepatomegaly and uncollapsed, heavy lungs with abundant pink froth in airways. The stomach contained several squid beaks and partially digested squid flesh. Microscopically, abundant edema fluid admixed with rare erythrocytes, neutrophils, lymphocytes and plasma cells filled pulmonary alveoli. In the liver, numerous erythrocytes expanded the sinusoids. In the myocardium and longissimus dorsi muscles, there were occasional Sarcocystis spp.-like cysts. We considered drowning due to entanglement the most likely cause of death of this animal.



Orca

A subadult, male orca stranded dead near to San Antonio port, central Chile on July 2017. The animal was in fair body condition and had multiple parallel lacerations (rake marks, ∼20 mm apart) associated with mild hemorrhage of the subcutis (Supplementary Figure S2). The stomach contained scant amount of partially digested fish and some otoliths. Histological evaluation was unremarkable although all tissues had moderate to advanced autolysis. We considered traumatic intra/interspecific interaction the most likely cause of stranding.


Dusky Dolphin (Lagenorhynchus obscurus)

An adult dusky dolphin was found dead on July 2017 in Tongoy, south of Coquimbo. In the lung, a few neutrophils, lymphocytes and plasma cells admixed with homogeneous eosinophilic material occupied alveolar sacs. In the subcutis, numerous neutrophils, histiocytes, lymphocytes and multinucleated giant cells, admixed with occasional gram-positive cocci surrounded a Phyllobotrium spp. parasitic cyst. In the kidney, occasional glomerular tufts were sclerotic and in proximal tubules, small and discrete vacuoles enlarged the cytoplasm of the epithelial cells. In the heart, there were occasional Sarcocystis spp. -like cysts (Supplementary Figure S3). We did not identify a most likely cause of death for this animal.



Peale’s Dolphin (Lagenorhynchus australis)

An adult Peale’s dolphin in good body condition was found dead on June 2017 in Aldachildo, Los Lagos. There were no major gross or histological changes in the examined tissues although advanced postmortem autolysis precluded detailed assessment.



Dwarf Sperm Whale (Kogia sima)

A subadult, male, dwarf sperm whale in good body condition stranded dead on April 2017 in Huasco, northern Chile. Over the thorax, there was one, 4 cm in diameter, circular laceration. In the subcutis of the caudal peduncle, there were several Phyllobothrium spp. cysts. There were numerous anisakis nematodes in the stomach lumen and metastrongyle nematodes in the lungs. Microscopically, abundant edema fluid filled the lung alveoli. In the kidney, there was a small focus of lymphoplasmacytic inflammation in the renal cortex. We did not identify a most likely cause of death in this animal.



Strap-Toothed Beaked Whale (Mesoplodon layardii)

An adult, male Strap-toothed beaked whale stranded alive on March 2019 near Tortel Cove, southern Chile. The distressed individual was transported to deeper waters, but the animal repeatedly returned to the beach until finally stranded dead (Español-Jiménez et al. unpublished data). The animal was transported (almost 2,300 km) to a location suitable to perform a necropsy. On external examination, there were several 20 cm to 45 cm lacerations in middle-caudal area of the body, ventral to left flipper and in the cervical area. The stomach contained several squid beaks and small amount of partially digested fish. We found a subcutaneous hematoma (20 x 5 cm) on the dorsum and Phyllobothrium spp. cysts. in the caudal peduncle. Around the left eye, we observed four tooth scars possibly associated with cookiecutter shark (Isistius sp.) bites. Internally, next to the bladder, there were two, small (2 cm in diameter), abscesses (likely inflamed Monorygma spp. cysts). Histological examination was unremarkable although most tissues had advanced autolysis. A definitive cause of death could not be determined.



DISCUSSION

This report is the first attempt to compile the main postmortem findings of single cetacean stranding events in Chile. However, the number of cases reported, correspond to only a small portion of the cetacean strandings registered in Chile during the study period. Between January 2010 and December 2019, a total of 291 cetacean stranding events, affecting 984 individuals, were recorded along the Chilean coast (Alvarado-Rybak et al., 2020). Ninety four percent (n = 275) of these corresponded to single stranding events (≤ two individuals), ten (3.4%) were mass stranding events (three to 24 individuals) and six (2%) corresponded to unusual large mass stranding event (>25 individuals) (Alvarado-Rybak et al., 2020). The reasons for the small number of cases included in this compilation include a lack of prompt detection of fresh carcasses, and in several cases, the lack of a coordinated response to perform necropsies. Additionally, the necropsies and diagnostics performed in each case were complicated by several logistical challenges, including access to the large and rugged Chilean coast and transportation of supplies and personnel. This, in several cases, undermined a thorough examination and compromised the quality of the diagnostic material obtained. Despite these difficulties, we determined that an important proportion of the examined cetaceans (7/15, 47%) died most likely due to anthropogenic trauma.

The most common form of anthropogenic trauma in small cetaceans is drowning due to bycatch (Reeves et al., 2013). We found something similar in this study with most small and medium size cetacean species affected by fishing net entanglement and drowning. The diagnosis of this condition is difficult in carcasses with moderate to advanced autolysis, therefore, the real magnitude of this problem is hard to assess when access to fresh stranded carcasses is limited. However, an on-site study performed in the south-central and southern Chile highlighted that the species most commonly bycaught are Commerson’s dolphin (Cephalorhynchus commersonii), Chilean dolphin (C. eutropia), bottlenose dolphin and Burmeister’s porpoise (González-But and Sepúlveda, 2016).

We observed two subadult fin whales with severe blunt trauma, most likely due to collision with a large vessel. These animals were found close to two ports with high maritime traffic, which could have increased the probabilities of ship strike. Fin whales are among the species most commonly affected by ship strikes (Laist et al., 2001; Panigada et al., 2006; Redfern et al., 2013). Although the reasons for this higher susceptibility to ship strikes is unknown, a possible contributing factor is their surface foraging behavior with short feeding dives and long recovery periods on the surface (Goldbogen et al., 2006). Additionally, younger fin whales tend to spend more time on the surface, which could make them more susceptible to ship(s) encounters (Laist et al., 2001). Additionally, the impact of environmental sounds produced by vessels can induce behavioral changes in large whales making them more susceptible to boat strikes (Blair et al., 2016).

We observed a few important disease processes in some odontocetes, including verminous pneumonia and vasculitis due to P. inflexus in Burmesteir’s porpoises. This nematode is a well-known parasite of porpoises worldwide, and it can cause direct mortality or lead to secondary bacterial pneumonia and death (Siebert et al., 2001). In our case series, although the lesions observed were significant, is hard to determine if they could have complicated escape from entanglement or increase entanglement risk in these animals. The pathogenic potential of the other metazoan parasites found on Burmesteir’s porpoises is unknown. However, respiratory and periotic sinuses nematodes within the Stenurus genus have been suggested to potentially impair earing and echolocation (discussed in Geraci and St. Aubin, 1987), although the evidence is mostly circumstantial and in most cases these can be found in large numbers without major evidence of tissue damage (Geraci and St. Aubin, 1987; Wohlsein et al., 2019). In our cases, because of the lack of histopathologic examination of the periotic complex we could not assess the real impact of Stenurus sp. parasites on Burmesteir’s porpoises.

The macroscopic aspect of the skin lesions in one Burmesteir’s porpoise, characterized by clear internal area, and stippled aspect surrounded by dark margins, is compatible with an advanced tattoo lesion (Geraci et al., 1979). Histopathological findings were consistent with previous description of Cetacean poxvirus-like lesions (CePV; Sacristán et al., 2018) or tattoo-skin disease (Van Bressem et al., 2009), although the role of other viral pathogens such as herpesvirus and papillomavirus cannot be ruled out. Unfortunately, we could not assess the etiology of these tattoo lesions through molecular analyses, but regardless of their origin, it is known that these type of skin lesions can be an indicator of poor health status. Tattoo-skin lesions have been associated with poor health in adult short-beaked common dolphins, harbor porpoises (Phocoena phocoena), and Burmeister’s porpoise juveniles (Van Bressem et al., 2009). Additionally, in the Pacific coast of South America, cases of tattoo-skin lesions have been described based on visual assessment in long-beaked common dolphin (Delphinus capensis), dusky dolphin, Chilean dolphin, Peale’s dolphin and bottlenose dolphin, highlighting the wide range of small cetacean species affected by this condition in the South Pacific (Van Bressem et al., 1993, 2007).

The lesions observed in the skeletal muscle of the Southern right whale dolphin have been described in cetaceans with stranding myopathy (“capture myopathy”) (Sierra et al., 2017). The pathophysiology of this stress myopathy in cetaceans is thought to be similar to the capture myopathy syndrome described in terrestrial wildlife species and is one of the main causes of the poor rehabilitation outcome of cetaceans receiving veterinary care after a live stranding event (Herráez et al., 2013). Another interesting finding in striated muscles was the presence of Sarcocystis spp. -like cysts in 3 different dolphin species, which indicates that some odontocetes could act as intermediate host for these protozoa (Ewing et al., 2002). The parasites within the genus Sarcocystis require at least two hosts for their life cycle. It is possible that the definitive host could be a species that prey on dolphins (De Guise et al., 1993), such as the sleepy shark (Somniosus pacificus) (Heithaus, 2001) or the orca (Pitman and Ensor, 2003). The intermediate stages (plerocercoids) of two cestode groups, Phyllobothrium sp. found in the subcutis in K. sima and L. obscurus and Monorygma sp. next to the urinary bladder in M. layardii, were identified in this study. Both cestodes have been commonly reported in dolphins and beaked whales (Gibson et al., 1998; Fernández et al., 2018), while large sharks are the likely definitive hosts (Aznar et al., 2007).

Bone lesions such as osteolysis, osteomyelitis and periostitis commonly affect the skull (Pascual et al., 2000), vertebral bones and ribs of cetaceans (San Martín et al., 2016). However, skull osteoporosis in odontocetes, as what we described in the long-finned pilot whale is rare. In this species, there is only one record of ankylosing spondylitis and osteoporosis of the vertebral bodies in individuals of three mass stranding events (Sweeny et al., 2005). In humans and domestic animals, metabolic bone disease can lead to osteoporosis and predispose individuals to alveolar bone loss and subsequent loss of teeth (edentulism) (Streckfus et al., 1997; Johnson et al., 2002). An alternative explanation for the lack of teeth in this animal is congenital anodontia, however, the level of development of some alveolar processes and alveoli, suggest that the animal had teeth during its life. Additionally, the poor body condition of the animal suggests the edentulism could have led to problems capturing and/or ingesting prey. Finally, although we cannot directly associate osteoporosis and edentulism with the stranding, these could have acted as predisposing factors, since the animal appeared to have had negative interactions with other odontocetes.

This study provides insights into the pathological findings and causes of death of a small subset of cetaceans stranded along the Chilean coast. Long-term health monitoring of cetaceans includes difficult, complex and demanding research and logistics, especially in remote areas (e.g., fjords and islands). These factors influenced the low number of cases compiled in this report, despite the fact that cetacean strandings in Chile have been steadily increasing over the last two decades (Alvarado-Rybak et al., 2020). However, we believe the acquisition of more and better diagnostic material from stranding events is possible if the current stranding response policies are improved. For instance, given the particular Chilean geography, the building of technical and human resources to respond to cetacean stranding events in the different provinces will improve the time to response and the quality of the postmortem assessments. Under this scenario, the role of a centralized unit dealing with marine mammal stranding should be to standardize protocols, coordinate response and curate data.

Given the large biodiversity of cetacean species in Chile, and the endangered or unknown conservation status of many of these species, is urgent to improve and standardize the response to stranding events in this territory. This is critical, considering that most of the cetacean deaths in this study were associated to anthropogenic activities. Although stranding investigations have biases and limitations, they are a first approximation on the challenges faced by different cetacean species. Our work here stresses the need for additional efforts to examine the potential impact of disease processes on the health of these cetacean populations and highlights anthropogenic trauma as an important cause of cetacean mortality in Chile.
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FIGURE S1 | Lesions in Fin whale (Balaenoptera physalus) stranded in Santo Domingo due to large vessel trauma. There are several transversal hematomas in the peduncle, most likely caused by a large vessel propellers.

FIGURE S2 | A stranded Orca (Orcinus orca). (A) Multiple parallel skin lacerations (rake marks) throughout the body. (B) Details of rake marks (∼20 mm apart) over the melon.

FIGURE S3 | Micrograph of the heart of a Dusky dolphin (Lagenorhynchus obscurus). There is Sarcocystis spp-like cyst within a cardiomyocyte.
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On March 2, 2005 ~70 rough-toothed dolphins (Steno bredanensis) mass stranded along mud flats and associated canals on the Atlantic Ocean side of Marathon Key, Florida. Forty-six were necropsied and placed into two groups for analysis: Group-1 animals (N = 34; 65%) that died prior to medical intervention and rehabilitative efforts and Group-2 animals (N = 12; 35%) that died in rehabilitation. Thirty-four animals were females (18 adults, 5 juvenile/subadult, 7 calves, and 4 of undetermined age) and 12 were males (6 adults, 4 juvenile/subadults, 1 calf, and 1 of undetermined age). Body condition overall was fair to good in Group-1 and fair to poor in Group-2. Lesions were observed in multiple body systems. Greater than 90% of animals in both groups had respiratory lesions. Verminous sinusitis and bronchopneumonia were 2–3 times more prevalent in Group-2. Capture/exertional rhabdomyolysis was observed in Group-2 (42%). Vacuolar hepatopathies were observed in both groups including hepatic lipidosis (Group-1) and mixed etiologies (Group-2). Pancreatic and gastrointestinal tract pathologies were prevalent in Group-2 animals 56 and 75%, respectively, and included gastritis, gastric ulceration, enterocolitis, pancreatic atrophy, and pancreatitis related to physiologic stress. Group-2 more frequently had evidence of hemorrhagic diathesis present which included increased extramedullary hematopoiesis in various organs, increased hemosiderosis, and hemorrhage and hemorrhagic drainage in various organs. Central nervous system disease, primarily edema, and mild inflammation were equally prevalent. Renal proteinuria, tubular necrosis, and pigmentary deposition were observed in Group-2. Dental attrition was observed in ~40% of the groups. Gammaherpesviral-associated pharyngeal plaques were observed in 46 and 54% of Group-1 and 2 animals, respectively. Other lesions observed were mild and incidental with a frequency rate <20%. The findings from this Steno stranding provide a unique window into baseline individual and population clinical conditions and additional perspective into potential clinical sequelae of rehabilitation efforts.

Keywords: Steno bredanensis, rough-toothed dolphin, mass stranding, pathology, Florida, USA


INTRODUCTION

On March 2, 2005 ~70 rough-toothed dolphins (Steno bredanensis) stranded in mass along the mud flats and associated canals on the Atlantic Ocean side of Marathon Key, Florida (24.71317N, −81.0535W; Figure 1). Of the 71 cetaceans, 46 died or were euthanized and were necropsied including 2 aborted fetuses. The macroscopic (i.e., gross) and histopathologic findings from the 46 rough-toothed dolphins examined are summarized.


[image: Figure 1]
FIGURE 1. March 2, 2005 Steno bredanensis live mass stranding location on Atlantic Ocean side of Marathon Key, Florida (red circle; 24.71317N, −81.0535W). *Frontiers Media SA remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Investigating the stranding event was complex in that animal mortalities occurred in two phases: prior to intervention and during the course of rehabilitation for surviving animals, resulting in variation in the diseases observed. Animals were placed into two groups for analysis of findings: Group-1 (March 2nd−8th), those which died initially prior to medical intervention and rehabilitative efforts and Group-2 (March 9th–July 18th, 2005), those which died or were euthanized in rehabilitation. Group-1 has 34 animals (74%; 34/46) which were either euthanized or died spontaneously within the first 6 days of the stranding event, including two aborted premature fetuses, and are described below. Group-2 has 12 animals (26%; 12/46) which were held in rehabilitation and received nutritional support, antimicrobial, anthelmintic, and various supportive therapies for different maladies. Ultimately, 11 animals were successfully rehabilitated and released into the wild while one calf was deemed non-releasable and transferred to a marine park. No immediate cause of the stranding event was determined.



MATERIALS AND METHODS

Forty-six of the 71 animals examined were fresh dead to mildly decomposed, 13 were moderately decomposed and too autolyzed for histologic examination. Stranding data (i.e., Level A) were collected and recorded on standardized marine mammal stranding reporting forms by members of the Southeastern United States (SEUS) Marine Mammal Stranding Network according to established protocols (1). In general, stranding data consists of a unique individual identifier, reporting agency, genus and species, stranding location latitude and longitude, date observed and examined, body condition, total length, gender, and body disposition. Necropsies preformed on Group-1 animals were conducted at the Marathon Turtle Hospital (Marathon Key, FL), Harbor Branch Oceanographic Institute (HBOI) (FT. Pierce, FL) and Florida's Fish & Wildlife Research Institute (FWRI) (St. Petersburg, FL) while all Group-2 animals were necropsied at the National Marine Fisheries Service (NMFS), Miami Laboratory (Miami, FL). Necropsy notes/data were collected on a systemic and organ basis; form composition differed based on the necropsy team preferences.

There were four necropsy teams due to the large number of animals involved, protracted length of time from the stranding event to rehabilitation, and logistical challenges. Necropsy teams were composed of veterinary pathologists, clinical veterinarians, anatomists, and biologist. Typically, a standard set of tissues from all body systems were sampled, fixed in 10% neutral buffered formalin, sub-sectioned, embedded in paraffin, sectioned at 5 μm and stained with hematoxylin and eosin (HE) for routine light microscopic evaluation.

Histopathologic examination was completed by several co-author pathologists. For this reason, there was variation in recording of data and interpretation of gross and histologic findings; therefore, gross (macroscopic) and microscopic findings were combined for congruency. The macroscopic and histopathologic data were compiled to determine the prevalence of lesions in the organ systems of the stranded dolphins based on the number of samples available for any particular organ system examined.

The occurrence of an abnormal finding either solely by gross or microscopic examination resulted in a positive finding, while if the organ was without significant findings or not remarkable (NR), the result was a negative (i.e., normal finding). However, if an organ was found NR grossly and was not evaluated microscopically, the examination was incomplete and the result was considered an inconclusive finding and these animals were excluded from the general organ system prevalence by group. These animals were included in the combined gross and microscopic overall population prevalence for each organ system examined. Lesion prevalences were determined by occurrence and assessed based on severity. The significance was based on the group (overall population) and the individual (clinical significance). Significant lesions could result in high morbidity or mortality or is infectious (e.g., herpesvirus). An incidental finding was generally considered a relatively benign disease (e.g., benign neoplasm). Incidental findings could also occur irrespective of the primary cause of death or a fulminant disease process. In evaluating lesion prevalence, a finding was considered common if it was observed in 20% or greater of animals in the group; for brevity, only commonly occurring conditions will be discussed. Findings occurring at a lower prevalence (i.e., less frequently; <20%) were not considered significant to the population overall, although possibly clinically significant to the affected individual. Results are summarized by macroscopic and microscopic findings based on body system.

Microbial samples were collected using aseptic techniques and placed in transport medium (i.e., SP4 mycoplasma medium containing 20% fetal calf serum and both glucose and arginine, without antibiotics). Specimens were plated for colony growth upon receipt by the laboratory. After culturing, classical diagnostic microbiology techniques were employed including coagulase testing, streptococcus grouping reagents, specific tubed media tests, and the BBL/BS™ Crystal™ Identification System (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Samples acquired later were subjected to the Biolog® bacterial identification system (BIOLOG, Hayward, CA, USA), which was used for rapid identification of many of the bacteria and fungi isolated from these animals. Two isolates of a Mycobacterium species obtained from a single animal were sent to the National Veterinary Services Laboratory at Ames, Iowa for speciation.

Total DNA was extracted from lesions and tissues using the DNeasy Tissue Kit (Qiagen Inc., Valencia, CA), following the manufacturer's protocol. A polymerase chain reaction (PCR) that targets the DNA polymerase gene of members of the Herpesviridae family has been used extensively for the detection of herpesvirus DNA from diverse mammalian species (2, 3), including cetaceans (4), and was used in our studies. A second PCR assay that targets the glycoprotein B (gB) gene of gammaherpesvirus (5) was also performed on positive samples using primers 734s and 702s (5) in order to confirm results of the DNA polymerase PCR assay and obtain sequences from a second gene. PCR amplicons were resolved by agarose gel electrophoresis and the amplified DNA fragments of the expected sizes were extracted from the gel, purified [MinElute PCR Purification Kit (Qiagen Inc.)], and sequenced using Sanger technology in our laboratory. A real-time PCR assay was standardized using the gB gene sequences obtained from gammaherpesviruses recovered from the stranded Steno bredanensis dolphins, after their alignment with homologous gB gene sequences from gammaherpesviruses of Tursiops truncatus, T. aduncus, Grampus griseus, Mesoplodon densirostris, and Kogia sima. Glycoprotein B sequences from gammaherpesviruses of these species were aligned using the MegAlign function of the Lasergene software (DNASTAR Inc., Madison, WI, USA) and forward and reverse primers as well as a fluorogenic probe containing locked nucleic acids were designed using highly conserved sequences within the gB genes. Additional PCRs and reverse-transcription PCRs were used on select lesion samples to detect poxviruses (6), morbilliviruses (7), and marine vesiviruses (8).



RESULTS

The prevalence of macroscopic lesions from 10 organ systems including cardiovascular, respiratory, digestive, endocrine, musculoskeletal, urinary, reproductive, central nervous system, integumentary, and hemolymphatic systems are presented in Table 1. Presented in Table 2, are the prevalence of histopathologic lesions from eight organ systems including respiratory, digestive, endocrine, urinary, reproductive, central nervous system, integumentary, and hemolymphatic systems.


Table 1. Macroscopic findings and lesion prevalence from necropsied rough-toothed dolphins.
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Table 2. Microscopic findings and lesion prevalence from necropsied rough-toothed dolphins.
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Body as a Whole and Integumentary System

The overall body condition of the animals from both groups presented for post-mortem examination were generally (>50%) in good to fair (thin) condition with adequate blubber layers and good muscling such that skeletal protuberances were not readily apparent. In Group-1, 66% (21/32) animals were in good condition and 28% (9/32) were fair. However, in Group-2 50% (6/12) animals were in poor condition (i.e., emaciated), characterized by post-nuchal fat pad softening, sunken cervical region, and prominent vertebral transverse process etc. while 33% (4/12) were in good condition and 17% (2/12) were fair. In addition, grossly hypodermal atrophy was observed in fewer Group-1 animals (11%; 2/18) vs. in Group-2 (33.3%; 4/12). Although, microscopically, hypodermal adipose tissue atrophy was observed commonly in both Group-1 (35.7%; 5/14) and in Group-2 (66.7%; 4/6). In Group-1 animals, superficial cutaneous abrasions (27.8%; 5/18) and lacerations (22.2%; 4/18) predominated. In Group-2, both of these lesions occurred in <10% of animals. Conversely, secondarily infected traumatic dermal inflammation was more predominant in Group-2 animals (50%; 6/12) vs. Group-1 (5.6%; 1/18). The rostrum and distal extremities (e.g., caudal tail and pectoral fins) were primarily involved, with lesions characterized by locally extensive areas of epidermal ulceration and mixed dermal inflammation. The lesions varied in severity and chronicity between animals depending on the presence of secondary intralesional organisms (e.g., bacterial colonies) and vascular involvement consisting of perivasculitis, vasculitis, and vascular thrombosis. An individual from each group presented with proliferative pyogranulomatous dermatitis containing intralesional ciliated protozoa, suggestive of Kyaroikeus cetarius. Gross dermal changes consistent with Dolphin-poxvirus infection were observed in 25% of Group-2 animals and less commonly in Group-1 (16.7%; 3/18).



Respiratory System and Sinuses

The overall prevalence of lesions in the respiratory system was 87% (40/46) and consisted of findings in the cranial sinuses, larynx, trachea, or lungs. Four animals from Group-1 had no gross changes observed involving any component of the respiratory system, were not examined microscopically, and were therefore considered to have inconclusive findings (12%; 4/34). Two fetuses, which had no microscopic lesions present, were also not included.

In Group-1, the respiratory system lesion prevalence was 93% (28/30) with an abnormality found involving at least one component of the respiratory system; in Group-2, the respiratory system lesion prevalence was 100% (12/12). In Group-1, cranial sinus verminous sinusitis was observed in 13% (4/30) of animals with three animals having nematodes consistent with Stenurus sp., while no parasite species was identified in one animal. In Group-2, verminous sinusitis was observed in 50% (6/12) of animals of which trematodes consistent with Nasitrema sp. were in 42% (5/12) of cases and Stenurus sp. in 8% (1/12).

Grossly, pulmonary congestion with or without hemorrhage was observed in 40% (12/30) of Group-1 animals and 25% (3/12) of Group-2 animals. Microscopically, this change was appreciated less frequently in Group-1 animals, occurring in 15% (4/27), while in Group-2 animals these changes were observed in 50% (6/12). Microscopically, in Group-1, common findings included pulmonary edema (52%; 14/27) and bronchopneumonia (22%; 6/27) while grossly these changes were rarely observed. Clinically significant bacterial and /or fungal suppurative to pyogranulomatous pneumonia was observed in 38% (3/8) of Group-1 animals.

Respiratory changes for which there were concurrent culture results included: pyogranulomatous pneumonia with abscessation and intralesional filamentous fungi associated with a mixed growth of Vibrio alginolyticus, Enterobacter cloacae, and Brevibacillus brevis; pyogranulomatous bronchointerstitial pleuropneumonia associated with a mixed growth of Staphylococcus xylosis and Carnobacterium piscicola; and a suppurative and edematous bronchopneumonia associated with a pure growth of Vibrio (formerly Photobacterium) damselae. The filamentous fungal hyphae observed microscopically in the lung were not isolated, however, were morphologically suggestive of an oomycetes.

In Group-2, inflammation of the laryngeal associated lymphoglandular tissue (LALT) was observed in all animals. Other common microscopic findings in Group-2 included bronchopneumonia (58%; 7/12); pulmonary congestion/hemorrhage and pleural fibrosis (50%; 6/12); pneumonitis, pleural edema, pleuritis (33%; 4/12); and extramedullary hematopoiesis (25%; 3/12). Clinically significant bacterial and/or fungal, suppurative to pyogranulomatous pneumonia was observed in 45% (5/11) of respiratory lesions. Respiratory changes for which there were concurrent culture results included: necrosuppurative bronchopneumonia with a pure growth of Citrobacter freundii which was also isolated from the pleura and the larynx in a mixed culture with Pseudomonas pseudoalcaligines and Escherichia coli, and Enterococcus faecalis, respectively; suppurative bronchopneumonia associated with a mixed growth of E. coli, Shewanella putrefaciens, Enterococcus mundtii, and Carnobacterium divergens; necrosuppurative and fibrosing bronchopneumonia with abscessation associated with a mixed growth of E. coli, Klebsiella pneumoniae, E. faecalis, and Streptococcus anginosis along with laryngeal isolates of E. faecalis, Vibrio metschnikovii, C. freundii, Aeromonas veroni, and a Vibrio sp.; necrosuppurative and edematous bronchopneumonia associated with a mixed growth of Staph. xylosis, Arcanobacterium (formerly Actinomyces sp.) pyogenes and an unidentifiable coryneform gram positive bacillus (Supplementary Figure 1); and lastly a pyogranulomatous bronchopneumonia with microscopic fungal hyphae associated with a mixed growth of Morganella morganii, E. coli, Staph. aureus, and Enterococcus gallinarum. Fungi observed microscopically were not isolated from the lung; however, were grown from the pharynx (Penicillium brevicompactum) mixed with M. morganii and Staph. aureus. Interestingly, for this animal similar fungal hyphae observed microscopically in the brain were also not cultured (see Central Nervous System).



Digestive System

The overall lesion prevalence rate for both groups was 91% (42/46) which included either gross or microscopic findings in the alimentary tract (i.e., mouth to anus), liver and/or pancreas.

Four animals from Group-1 had inconclusive findings (12%), while no animal was found to be normal. In both groups, macroscopic digestive system lesion prevalence was 100% (Group-1, 30/30; Group-2, 12/12). Tooth wear and loss (dental attrition) was observed grossly in a total of nine (41%; 9/22) animals from both groups combined (Group-1, 4/10; 40% and Group-2, 5/12; 42%). In some animals, the condition was extreme in that no teeth were recovered for age determination.

Pharyngeal mucosal plaques were observed grossly in a total of six animals from both groups combined (Group-1, 2/3; 67% and Group-2, 4/6; 67%) and on the epiglottis of an individual (Supplementary Figure 2). Microscopically, pharyngeal epithelial hyperplasia (i.e., acanthosis) and cytopathic changes including epithelial cells with koilocyte-like features consisting of clear perinuclear cytoplasmic halos, perinuclear cytoplasmic vacuolation, anisokaryosis, nuclear pyknosis, and displaced hyperchromatic paracentric nuclei were observed. Together these and other features like amphophilic intracytoplasmic inclusion bodies and occasional eosinophilic intranuclear inclusions were also observed in the pharyngeal mucosa in both groups at 46% (6/13) and 54% (7/13), respectively (Figures 2–4). Incidentally, the nasopharynx parapharyngeal skeletal muscle had a small, scirrhous ductal carcinoma which had not been observed grossly. Microscopically, the parapharyngeal skeletal muscle fascicles were displaced by a dense, well-demarcated, non-encapsulated expansile mass with multifocal tendrils of mild fascicle infiltration along the perimysium, and endomysium. The mass consisted of pleomorphic, cuboidal to flattened elongated neoplastic epithelial cells haphazardly arranged forming nests, acini, and lining irregular and abortive ducts scattered within an abundant, dense, acidophilic to myxohyaline, spindle cell stroma. Mitotic figures were not observed.
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FIGURE 2. Oropharyngeal mucosal plaque, rough-toothed dolphin (case R305). Submucosa, focal invagination of hyperplastic epithelium with moderate retention of stratum externum layer, and thickening of the stratum intermedium with epithelial peg disorganization and fusion (HE) Obj. 4x. Bar = 200 μm.
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FIGURE 3. Oropharyngeal mucosal plaque, rough-toothed dolphin (case R305). Hyperplastic epithelial cells with pale foamy cytoplasm. Epithelial cells have clear perinuclear cytoplasmic halos or vacuolation with pyknotic or hyperchromatic displaced nuclei (HE). Obj. 40x. Bar = 20 μm.
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FIGURE 4. Tongue mucosal plaque, rough-toothed dolphin (case R305). Suprabasilar epithelial cells have perinuclear cytoplasmic vacuolation, with hyperchromatic marginated nuclei and amphophilic intracytoplasmic inclusion bodies (HE). Obj. 40x. Bar = 20 μm.


In five of the six mucosal plaque cases, both PCRs used to detect herpesvirus DNA targeting the DNA polymerase and the glycoprotein B demonstrated the presence of herpesvirus DNA in mucosal lesions of the oropharyngeal region, specifically, epiglottic and pharyngeal lesions (Table 3). Sequencing of the DNA polymerase gene fragments and their analyses using the BLAST function of the National Center for Biotechnology Information (NCBI) showed that the various sequenced DNA fragments were all identical and corresponded to the DNA polymerase gene of dolphin gammaherpesviruses, as determined by comparisons to homologous sequences from the GenBank database. The most related homologous sequences corresponded to those from pharyngeal tonsils of a Grampus griseus (95% identity, NCBI accession number (No.) KP995680) that stranded in Valencia, Spain; a vaginal lesion from a captive Tursiops truncatus (82% identity, NCBI No. AY952777) in Florida; and a Delphinus delphis (79% identity, NCBI No. MG437207) that stranded on the Northeast Portuguese coast. These three sequences corresponded to dolphin gammaherpesviruses within the Herpesviridae family of herpesviruses. The partial nucleotide sequence of the DNA polymerase gene of a Steno bredanensis gammaherpesvirus V1944_R356 has been deposited in the GenBank database under accession number KX424962.


Table 3. Presence of gammaherpesvirus DNA in tissues of rough-toothed dolphins (Steno bredanensis) that stranded in 2005 in the Gulf of Mexico, Florida.

[image: Table 3]

All samples that yielded a positive result for the DNA polymerase gene of dolphin gammaherpesvirus also yielded positive results in both the conventional PCR and the real-time PCR that target the glycoprotein B of dolphin gammaherpesviruses. The complete glycoprotein B gene sequence was obtained from one of the Steno bredanensis (V1944_R356) gammaherpesviruses, sequenced and compared to homologous sequences stored in the GenBank database. The sequence had highest identity (77% identity to NCBI accession No. KX528022 and KX494869) to sequences of the glycoprotein B of gammaherpesviruses derived from skin and vaginal lesions of Tursiops truncatus from Florida and the Bahamas, respectively. The complete sequence of the glycoprotein B gene and its coded protein have been deposited to the GenBank database of the NCBI accession No. MT038045. There was no evidence of infection by poxviruses, morbilliviruses or marine vesiviruses demonstrated in any of the selected tissue and lesion samples tested for theses viral agents.

Grossly, the alimentary tract in Group-2 had the greatest number of changes which were observed in >20% of animals. In Group-2 common findings included: fundic stomach gastritis (36%; 4/11), fundic ulceration (27%; 3/11), enteritis (27%; 3/11), fundic stomach hemorrhage (36%, 4/11), enterocolitis (36%; 4/11), enteric hemorrhage (54%; 6/11), and verminous gastritis involving the various compartments. Conversely, in Group-1 pyloric stomach Braunina sp. infestation (i.e., Brauniniasis) was the only finding in >20% occurring in 23% (7/30) of animals while in Group-2 it was observed less commonly (9%; 1/11). In Group-1, the gastric chambers of every animal examined were devoid of food material with 47% (9/19) being empty, 42% (8/19) containing <10 g of indigestible prey item hard parts (i.e., spines, lens, and squid beaks) and two having scant amounts of plant material (i.e., sargassum). Alimentary tract changes involving the stomach and intestine were not evaluated for prevalence based on microscopic findings due to the rapid development of autolysis in these tissues which would be a major confounding factor in interpreting the results. The high prevalence of gastrointestinal inflammation and mucosal hemorrhage in Group-2 was a significant finding for the group and was clinically relevant.

Grossly, acute necrohemorrhagic pancreatitis was observed in 55% (6/11) Group-2 animals (Figure 5). Microscopically, pancreatic necrosis and hemorrhage were found in 33% (4/12) of animals from Group-1, while in Group-2, 55% (6/11) had pancreatic necrosis and 64% (7/11) had pancreatic hemorrhage (Supplementary Figure 3). Pancreatic acinar cell zymogen granule depletion was found commonly in animals with or without pancreatic degenerative changes (i.e., necrosis) in Group-1 (25%; 3/12) and 73% (8/11) in Group-2. Pancreatic ductitis was found 54% (6/11) in Group-2, two cases of which were associated with trematode infestation consistent with Campula sp. (Group-2, 2/11; 18%).
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FIGURE 5. Pancreas, acute necrohemorrhagic pancreatitis, rough-toothed dolphin (case Y375). Pancreas has marked, multifocal to confluent, irregular dark red-maroon hemorrhages suffused within the parenchyma.


Intrahepatic bile duct trematodiasis was seen grossly in 27% (3/11) of Group-2 animals whereas; it was not appreciated grossly in Group-1 animals and observed microscopically in only one from this group. Macroscopically, verminous gastritis involving primarily the pyloric stomach chamber due to either Pholeter sp. or Braunina sp. was a pronounced finding in 57% of Group-1 animals and 70% of Group-2 animals. In certain animals, these parasites were also observed to a lesser extent in the duodenum which in certain cases resulted in inflammation and partial occlusion of the common bile duct. Biliary cystadenomas were appreciated in both groups combined was found in 16% (5/31) overall occurring in 15% of Group-1 animals (3/20) and 18% of Group-2 animals (2/11).

In the liver, microscopic changes from both groups were predominated by degenerative changes, inflammatory/infectious causes, and changes consistent with vascular defects. Microscopically, vacuolar hepatopathy of the lipid type (i.e., fatty change) was observed in 23% (6/26) of Group-1 animals, while an unclassified vacuolar hepatopathy was observed in 46% (5/11) of Group-2 with fewer animals having hepatocellular hydropic degeneration. The elevated prevalence of hepatic fatty change in Group-1 was clinically significant in that this change, while generally a common non-specific change, could be indicative of fat mobilization from stores around the body (i.e., perirenal fat, intracoronary groove, mesenteric fat, etc.) and accumulation within hepatocytes across the group. In Group-2, vacuolar hepatopathy may represent a similar process in these animals; however, the change was interpreted broadly such that other causes of vacuolar change could be considered as differentials (e.g., hypoxia, toxemia etc.). Sinusoidal and periportal macrophage (Kupffer cell) accumulation of hemosiderin (i.e., hemosiderosis) was observed in >20% of animals in both groups with animals in Group-2 having a higher prevalence (64%; 7/11). In Group-2, sites of extramedullary hematopoiesis were observed in 27% (3/11) of animals while it was observed at a reduced rate in Group-1 (12%; 3/26). Hemorrhagic diathesis, as evidenced by sites of hemosiderosis and the need for increased hematopoiesis with the establishment of sites of extramedullary hematopoiesis, was a significant finding for Group-2.



Hemolymphatic System

The total stranded population had an overall lesion prevalence rate of 83% (38/46) in the hemolymphatic system involving the thymus, spleen and various lymph nodes, on combined gross and microscopic examination. Bone marrow was not evaluated. In Group-1, four animals had inconclusive findings (12%; 4/34) and the two fetuses had findings consistent with fetal development, these animals were therefore excluded from the microscopic analysis. In Group-1 and Group-2, the hemolymphatic system lesion prevalence rate was 76% (26/34) and 100% (12/12), respectively.

Various lymph nodes were examined; in Group-2, inflammation drainage was observed in at least one lymph node from every animal examined (100%; 12/12). Other common microscopic findings in Group-2 included: lymphoid depletion, hemorrhage drainage, and reactive change (83%; 10/12); histiocytosis (75%; 9/12); hemosiderosis (67%; 8/12); lymphadenitis (58%; 7/12); extramedullary hematopoiesis (EMH) and hematin (i.e., fluke pigment) deposition in macrophages (33%; 4/12); and lymphoid hyperplasia, plasmacytosis, and anthracosis (25%; 3/12). In Group- 2, Mycobacterium mucogenicum was cultured as a pure isolate from prescapular lymph node with granulomatous lymphadenitis and was also isolated from an exudative ureter suggesting a systemic infection in that animal. In Group-1, common microscopic findings included: lymphoid hyperplasia and anthracosis (25%; 6/24) and hemosiderosis (21%; 5/24). Comparatively, the majority of common changes observed in Group-2 were also observed in Group-1 but in fewer animals at a reduced frequency.

Microscopically, the spleen and thymus had fewer changes than the lymph nodes for both groups. In Group-1, splenic changes observed were not present in >20% of the animals examined; in contrast, common splenic changes in Group-2 included: EMH (67%; 8/12); lymphoid depletion (50%; 6/12); periarterial lymphatic sheath (PAL) hyalinosis and hemorrhage (33%; 4/12); and hemosiderosis (25%; 3/12). The common thymic change in Group-1 was thymic lymphoid involution (36%; 5/14) which was present in 17% (1/6) of Group-2 animals.

However, in Group-2 thymic lymphoid depletion was observed in 83% (5/6) with hemorrhage and edema both in 67% (4/6). Combined, thymic involution microscopically was observed in 30% (6/20) of animals from both groups.



Endocrine System

The overall lesion prevalence rate in the endocrine system including the adrenal, thyroid and pituitary glands for both groups on gross and microscopic examination was 80% (35/44). Eight animals from Group-1 were not examined microscopically and had inconclusive findings (25%; 8/32) while only one animal was found to be without a significant finding by both gross and microscopic examination in the endocrine system (i.e., normal). By groups, the endocrine system lesion prevalence was 96% (23/24) in Group-1 and was 100% (12/12) in Group-2.

Adrenal gland cortical hyperplasia was appreciated macroscopically in groups-1 and -2 in 23% (7/30) and 25% (3/12) of animals, respectively. Microscopically, this change was observed at a similar prevalence in 24% (5/21) of Group-1 animals and 25% (3/12) for Group-2. The high prevalence of cortical hyperplasia in both groups was a significant finding in the population. Grossly, congestion of the adrenal glands was observed in 23% (7/30) of Group-1 animals and 33% (4/12) of Group-2; however, histologic correlation was less frequent at 10% (2/21) and 17% (2/12), respectively. Adrenalitis and extramedullary hematopoiesis (EMH) were frequently observed in Group-2 animals involving the corticomedullary junction and depending on the degree may have resulted in a subgross change that could be interpreted as congestion grossly. Extramedullary hematopoiesis was observed microscopically in 10% (2/21) of Group-1 and 42% (5/12) of Group-2 animals. Adrenalitis, which was characterized by a mixed inflammatory cell infiltrate, was observed in 50% (6/12) of Group-2 animals; necrotizing adrenalitis was observed in 33% (4/12) of animals. Fibrosis and hemorrhage was observed in 25% (3/12) of animals. These changes were either not observed or occurred at a reduced frequency (hemorrhage 5%; 1/21) in Group-1 animals.

Macroscopically, thyroid gland changes consisted primarily of developmental or structural abnormalities including follicular and thyroglossal cysts which were observed more frequently in Group-2 at 8% (1/12) and 33% (4/12), respectively. In Group-1, 5% (1/19) of animals displayed both of these changes. On microscopic examination, follicular cysts were observed frequently in both groups with 36% (5/14) in Group-1 and 25% (3/12) in Group-2. Other common microscopic findings in Group-2 included congestion (68%; 8/12), colloid depletion/drop-out in 50% (6/12), hemosiderin deposition in 42% (5/12), and follicular papillary hyperplasia in 25% (3/12). Micronodular goiter was diagnosed in 17% (2/12) of animals when the combined characteristic changes of follicular hyperplasia, hemosiderin deposition, colloid depletion/drop-out and mineralization were observed. Thyroglossal duct cysts were found in 16% (5/31) of rough-toothed dolphins overall from this stranding.

Pituitary gland changes consisted primarily of developmental or structural abnormalities including follicular thyroidization in 100% of Group-2 animals (11/11) and 33% (1/3) of Group-1 animals, larger dilated follicular cysts (i.e., colloid cysts) in 27% (3/11) of Group-2 and 33% (1/3) in Group-1, and a Rathke's Pouch cyst (33% 1/3) in Group-1. Circulation disorder/disruption and intracellular material accumulation were also observed commonly in Group-2 animals each characterized by congestion in 36% (4/11) and adenohypophyseal mineralization in 27% (3/11) of animals, respectively. Generally, the aforementioned developmental changes would be considered incidental, non-specific findings; however, the high prevalence in both groups suggests a significant finding in this cohort, the relevance of which is unknown.



Musculoskeletal System

The musculoskeletal system was grossly evaluated for both groups; however, microscopic findings were largely only available for Group-2. The prevalence for the gross changes from both groups is presented. In Group-2, musculoskeletal changes occurred at a higher prevalence in particular acute muscle necrosis (i.e., rhabdomyolysis) in 42% (5/12), subacute muscle necrosis (i.e., muscle pallor) in 33% (4/12) and vertebral scoliosis with muscle contracture in 25% (3/12). These changes represent a continuum of changes observed in the syndrome Capture/Exertional Rhabdomyolysis. In Group-1, rhabdomyolysis and vertebral scoliosis with muscle contracture were each observed in a single animal (1/34, 3%) while muscle pallor was not observed. The difference in prevalence between the two groups is consistent with the time course needed for the traumatic injury incurred during the stranding to become apparent clinically.



Urogenital System

The total stranded population had a 74% (34/46) urinary system lesion prevalence which included primarily the kidney and urinary bladder and to a lesser extent ureters, urethra, and urine. Two animals from Group-1 had inconclusive findings (6%) while 10 animals were found to be without significant findings. On combined macroscopic and microscopic examination, in Group-1, the urinary system lesion prevalence was 69% (22/32) and was 100% (12/12) in Group- 2. The microscopic changes observed were generally very subtle and were characterized by inflammatory and degenerative changes primarily involving the glomeruli including Bowman's capsule thickening (hyalinization)/ membranous glomerular nephritis in 22% (6/27) from Group-1 and 42% (5/12) in Group-2, with membranoproliferative glomerulonephritis, glomerular synechia, glomerular obsolescence, and glomerular mineralization each in 8% (1/12). These changes are considered a declining continuum, the result of glomerular injury likely secondary to a chronic underlying immune mechanism. Other common findings which were only observed in Group-2 animals included medullary mineralization in 58% (7/12), tubular pigment deposition in 50% (6/12) and acute tubular necrosis (i.e., nephrosis) in 33% (4/12) of animals.

Reproductive gross lesions in Group-2 females consisted primarily of inflammatory and neoplastic changes. Focal, benign leiomyoma was observed in three animals from both groups combined. Incidentally, endometrial adenocarcinoma was observed in 22% (2/9) of Group-2 females. Grossly, two different patterns were observed including a raised, broad-based, focally-extensive endometrial mass and a diffuse tan circumferential thickening of both uterine horns and body. Neoplastic cells were similar in both neoplasms. In one case microscopically, the uterine horn endometrium was circumferentially thickened and effaced by an infiltrative mass characterized by cystic lobules with papillomatous projections lined by neoplastic polyhedral epithelial cells. Mitotic figures were uncommon, about one per high powered field. A non-encapsulated, well-circumscribed, mixed nodular, and multilocular neoplasm characterized the second case. The nodules consisted of pleomorphic polyhedral cells forming cords, acini and solid nests interspersed with fibrovascular stromal septa. The multiloculated cysts consisted of similar papillomatous projections lined by neoplastic simple columnar cells. Mitotic figures were common, one to two per high-powered field.

Clinically, hematuria and/or proteinuria are generally manifestations of glomerular abnormalities. In Group-2 animals, both these conditions were observed during post mortem urinalysis in 25% (3/12) of animals suggesting clinically significant glomerular disease as was observed in Group-2 animals (42%; 5/12 see above). Post mortem urinalysis was not conducted on Group-1 animals. In Group-2, the high prevalence of renal tubular epithelial cell pigment deposition (50%; 6/12) and acute tubular cell necrosis (33%; 4/12) could be attributed to the myoglobin and/or hemosiderin deposition causing tubular epithelial cell toxicosis and necrosis. Agonal hypoxia may have also contributed to the terminal acute tubular necrosis.



Central Nervous System

The overall number of Group-1 and -2 animals with CNS lesions was 73% (30/41) central nervous system lesion which included findings in the cerebrum, cerebellum, midbrain, and spinal cord. Seven animals from Group-1 had inconclusive findings (23%; 7/30) and were further excluded while five animals were found to be without a significant finding by both gross and microscopic examination (i.e., normal). In Group-1, the central nervous system lesion prevalence was 83% (19/23) and in Group-2 it was 100% (11/11). Macroscopically, meningeal hemorrhages were found equally in both Group-1 and -2 animals (22 and 18%, respectively).

Microscopically, the majority of changes observed in both groups consisted of cerebral edema and inflammation. Cerebral edema is generally characterized by two pathogenic mechanisms, vasogenic edema and cytotoxic edema (9). There appears to be a division between the two groups such that findings associated with vasogenic edema were found more commonly, than those consistent with cytotoxic edema (i.e., anoxic injury), in Group-1. In Group-2, both types of changes were present although the vasogenic changes occur at a higher prevalence [e.g., perivascular edema and neuropil spongiosis, 75% (9/12)]. Myelin vacuolation (i.e., intramyelin edema) a characteristic changes suggestive of cytotoxic edema was observed in Group-1, 9% (2/23) and Group-2, 58% (7/12) of animals. Characteristic changes, observed commonly, consistent with vasogenic edema included neuropil spongiosis/vacuolation and perivascular edema both in 75% (9/12) of Group-2 animals whereas for Group-1 neuropil spongiosis/vacuolation was in 26% (6/23) and perivascular edema was in 39% (9/23).

Additionally, perivascular hemorrhage, intracerebral vascular congestion and choroid plexus edema were noted commonly in Group-2 animals in 25% (3/12) while in Group-1 perivascular hemorrhage was seen in 22% (5/23). Hemorrhage involving the meningeal vasculature occurred in 75% (9/12) of Group-2 animals and less commonly in Group-1 (13%, 3/23). Meningeal edema was observed commonly in Group-2 animals at 42% (5/12) and occurred in 9% of Group-1 animals. Hemosiderin laden macrophages (i.e., siderophages) associated with resolving hemorrhage were present more commonly in Group-2 animals at 25% (3/12) and less commonly in Group-1 animals (13%, 3/23). Incidentally, there were commonly observed golden to black spicules within glial cell cytoplasm for Group-2 at 25% (3/12) which may be hematin; however, special histochemical stains may be beneficial in further characterizing these pigments. Meningeal fibrosis which may be either a reparative or age related change was observed commonly in 58% (7/12) of animals in Group-2 and in only one from Group-1 (4%).

Inflammatory changes in the central nervous system were commonly observed in Group-2 animals which were characterized by gliosis (58%, 7/12), non-suppurative meningitis (42%, 5/12) that consisted of mostly lymphocytes and/or plasma cells and microglial nodules (25%, 3/12). Demyelination in Group-1 was observed commonly in both the cochlear nucleus and eighth cranial nerve (CN-8) (30%, 7/23), while collectively in Group-2 there were various degenerative changes in CN-8 including myelin vacuolation, myelin hyalinization, axonal spheroids, and edema (5/8, 63%). Other clinically significant inflammatory changes observed less commonly included a case of fungal meningoencephalitis (morphologically consistent with Penicillium sp. which was isolated from the animal's pharynx), and two cases of trematodiasis one from each group. Only one case in Group-1 presented with clinically significant CNS lesions for which culture results were available. The case presented with macroscopic cavitary meningoencephalitis that was characterized microscopically as a non-suppurative, hemorrhagic meningoencephalitis with cholesterol granulomas and dystrophic mineralization from which a mixed growth of Enterobacter cloacae, E. coli, Cronobacter (formerly Enterobacter) sakazakii, Micrococcus spp. and an unidentifiable coryneform gram positive bacillus were isolated.




DISCUSSION

In the investigation of this mass stranding event, incidental and significant lesions were found in the two groups. Given that this event involved multiple prosectors and histopathologists, discrepancies between lesion prevalence for gross and microscopic changes in the same organs did occur, but had limited impact on the overall evaluation. Overall, Group 1 animals had congestion and edema related to terminal cardiopulmonary collapse (shock) and euthanasia and Group 2 animals had secondary infections likely related to stress-related diminished immune function.

The overall body condition of the animals initially declined for Group-2 with a reduced blubber layer and axial musculature. However, findings from Group-1 suggest animals were anorectic and in a subclinical energy deficient state including pancreatic zymogen granule depletion, hypodermal adipose tissue atrophy and thin body condition. In the released rehabilitated animals, Karns et al. (10) found a statistically significant difference between intake and release body mass index for individual from this stranding indicating a positive weight gain for all but one surviving animal.


Common Group Findings

Common findings to the group involved the endocrine, hemolymphatic, female reproductive, hepatobiliary systems and central nervous system. Specifically, there were thyroglossal duct cysts, uterine leiomyomas, thyroglossal cysts, thymic involution, adrenal cortical hyperplasia, cranial nerve VIII degradation, and biliary cystadenomas. These findings could indicate background lesions in not only the stranded population, but also the species. Some of these lesions occurred in >20% of animals either when the groups were evaluated separately or combined for findings that were not time dependent or impacted by medical treatment. The thyroglossal cyst is a benign developmental change has been described in 15% (9/60) of individually stranded bottlenose dolphins along the Texas Coast from 1991 to 2005 (11); the rough-toothed dolphins had a similar prevalence.

Uterine leiomyomas have been observed in various cetacean species (12) and while benign, may, depending on size and location, affect reproductive productivity/success. Biliary cystadenomas is uncommon benign biliary tumor that has not previously been observed in stranded Tursiops (13) or other odontocetes (14) and could result from an exuberant fibroadenomatous inflammatory response associated with bile duct trematodiasis. Thymic involution with or without thymic cysts occurs in aged animals. Physiologic thymic involution and cyst development have been described in other odontocetes (e.g., harbor porpoises, bottlenose dolphins) (15, 16). The high rate of occurrence in this pod of animals could be attributed to the high number of adult animals in the stranding cohort (10). While thymic involution was considered to be an age-related change in this pod, pre-mature thymic and lymph node lymphoid depletion can occur with malnutrition, stress induced elevated cortisol, or immune suppression due to infection.

Thyroid follicular cysts suggests a hyperplastic response due to a nutritional deficiency. Thyroid gland follicle colloid depletion has also been described in sick stranded (11) and captive bottlenose dolphins (17) and was described in association with perinatal hyperplastic goiter in captive born bottlenose dolphins (18). The relevance of this finding in this pod is currently unknown. Lee et al. (19) described degenerative thyroid gland changes (i.e., follicular epithelium degeneration with mild attenuation and reduced colloid) and elevated thyroid stimulating hormone induced hyperthyroidism in rats with exposure to high doses of the flame retardant polybrominated diphenyl ethers. A survey of the thyroid gland from stranded bottlenose dolphins along the Texas Coast found that colloid filled follicular cysts in 7–8% of animals, while squamous lined cysts (suggestive of a thyroglossal duct cyst) were seen in 15% of animals from 1991 to 2005 (11) which was similar to the prevalence found in this pod (16%).

The adrenal gland changes consisted of chronic defects of growth (i.e., cortical hyperplasia, and EMH), acute inflammation or chronic repair, and acute vascular defects. Adrenal cortical hyperplasia has been attributed to chronic stress in bottlenose dolphins (20) and disease in harbor porpoises (21). Lair et al. (22) suspected stress in causing cortical enlargement in stranded beluga.

CN-8 degenerative changes, some with involvement of the Cochlear Nucleus, which, may be related to an anterograde inflammatory process, associated with either a cranial sinus or middle-inner ear infection that ascended the nerve as in verminous sinusitis (e.g., Stenurus sp. or Nasitrema sp.). Parasitogenic eighth cranial neuropathy characterized by CN-8 degeneration due to perivascular edema has been described in other odontocetes; however, changes in the Cochlear Nucleus have not previously been described associated with this syndrome (23, 24). Retrograde cochlear nerve degeneration has been documented in cats and humans associated with hypoxia and acoustic trauma (i.e., overstimulation); however, to the authors' knowledge this change has not been documented in delphinids (25, 26). In (27) clinical audiogram studies on various stranded dolphins documented severe hearing loss in other delphinids including rough-toothed dolphins, although hearing loss was not found in the few individuals examined from this stranding event.



Infectious Disease

Bacterial and fungal infections were observed in Group-1 and -2. Viral infection with molecular sequencing was limited to the oropharyngeal lesions. Mixed bacterial isolates were isolated in some cases, which may reflect secondary infection or overgrowth. In Group-1, there was a bacterial meningoencephalitis and mixed fungal and bacterial pneumonia. For the meningoencephalitis, primary trematode migration (e.g., Nasitrema sp.) or fungal encephalitis (28) were suspected. Due to the field conditions, cultures were not conducted.

In Group-2, a Penicillium brevicompactum, isolated from the pharynx caused a leptomeningitis and bronchopneumonia. Morganella morganii and Staph. aureus were also isolated from the pharynx. Penicillium species are an ubiquitous fungi not previously documented in dolphins, and not considered a virulent, invasive pathogen like Aspergillus species (29), however, in a compromised animal, infection would be possible. Penicillium brevicompactum infection has been documented in an immunosuppressed allogeneic bone marrow transplant recipient with an invasive lung infection (30). The isolation of Staph. aureus even in mixed culture from the respiratory system in a Group-2 animal would be of concern as it is considered a high risk pathogen in dolphins in managed care (31, 32).

Mycobacterium mucogenicum was isolated from the prescapular lymph node and ureter from one dolphin in Group-2 suggesting systemic infection. Mycobacterium mucogenicum is ubiquitous in the environment and generally associated with nosocomial infection in humans, both immunocompetent and immunosuppressed (33) and has not previously been reported in a dolphin.

Bronchopneumonia was observed in 6 dolphins from Group-1 suggesting that some animals were compromised prior to the stranding event. In Group-2, the increased occurrence of bronchopneumonia associated with infectious causes not present in the population at the time of stranding suggests that while some may have entered rehabilitation with pneumonia it is probable that some animals developed pneumonia while in rehabilitation or possibly secondary to stranding-related aspiration. Howard et al. (34) asserted that the manifestation of bacterial infections in free-ranging dolphins could also be stress associated once in captivity or be intercurrent infections to other disease processes.

The pure isolate of Citrobacter freundii, a facultative anaerobic gram-negative bacteria of the family Enterobacteriaceae (35), which has not previously reported in dolphins from a Group-2 case of bronchopneumonia is interesting as it is an uncommon opportunistic pathogen which has been isolated, from a marine turtle in rehabilitation (36). Additionally, organisms obtained on culture included predominantly members of the family Enterobacteriaceae, fecal streptococci (i.e., Enterococcus spp.) and marine commensals (i.e., Pseudomonas sp. and Vibrio sp.) which could suggest that the exposure of these animals to environmental contaminants/ pathogens was a major contributor to their respiratory infections (36–38). Respiratory infections associated Vibrio damselae have been documented in stranded dolphins and from skin wounds in animals held in open ocean pens (39–41).

Pharyngeal plaques were observed grossly in a total of 6 of 9 animals from both groups. Gammaherpesvirus was found in lesions located in the oropharyngeal using conventional and real-time PCR assays that target the DNA polymerase and the glycoprotein B gene sequences of members of the Herpesviridae family of viruses. The strong positive signals for a gammaherpesvirus obtained with DNA extracted from pharyngeal and epiglottal plaques suggests active infection. While the presence of the virus solely in association with similar lesions across multiple individuals of the same pod supports the likelihood that the identified gammaherpesvirus was causal for these mucosal plaques and is consistent with horizontal transmission. Similar gammaherpesviruses have been identified by molecular analysis with sequencing data suggesting cetacean specific gammaherpesvirus infections in hyperplastic mucosal genital and oral lesions, and skin of stranded cetaceans (4, 42, 43). Whether these viral infections suggest impacted population health is speculative as other viruses, such as poxvirus, are fairly ubiquitous in cetaceans.



Neoplasia

In Group-2, malignant neoplasia was observed but was focal and not related to the cause of death in the cases it was found in. Incidentally, a subclinical nasopharyngeal scirrhous ductal carcinoma, which has not previously been reported in small odontocetes, was found in the parapharyngeal skeletal musculature. Two forms of non-metastatic, malignant uterine adenocarcinoma were observed. One consisted of diffuse multiloculated cysts lined by fibropapillary projections and the other a focal, mixed nodular and multiloculated mass. Uterine adenocarcinoma has been documented in a single stranded bottlenose dolphin (44) and beluga whale (Delphinapterus leucas) (45).



Non-inflammatory Lesions

Lesions in the respiratory system consistent with vascular defect including microscopic pulmonary edema and gross pulmonary congestion/hemorrhage were appreciated at a higher prevalence in Group-1 animals which may be attributed to the nature of their deaths either due to euthanasia or terminal cardiovascular collapse (shock).

In Group-2, there was an elevated number of cases with features characteristic of hemorrhagic diathesis including hemosiderosis (67%) and hemorrhage drainage (83%) which may have resulted in increased hematopoiesis and subsequent increased activity in the spleen and recruitment of sites of extramedullary hematopoiesis in the adrenal gland, liver, and lung. This regenerative response across Group-2 was clinically significant finding suggesting that the group had myelostimulatory disease processes present such as hemorrhage, red blood cells consumption/destruction—resulting in concurrent anemic hypoxia or increased tissue inflammation and repair (46). Adrenal gland extramedullary hematopoiesis is occasionally observed in the cortex of other mammalian species (46). Interestingly, adrenal gland EMH was not been observed in singly stranded Tursiops from the Florida coast in a retrospective survey of animals of varying age classes, 1996–2004 (13). Adrenalitis was commonly observed, however, a common etiology could not be determined by routine histologic examination (e.g., viral, protozoa, bacteria, or fungal).

In the CNS, there was a high prevalence of cerebral edema across groups which could be related to inflammatory/infectious disease resulting in vascular damage and endothelial cell leakage possibly related to bacteremia, toxemia, or shock. Vasogenic edema is primarily the result of cerebral blood vessel damage and subsequent leakage as in infection. Cytotoxic edema results from glial cell injury and osmoregulation functional disruption as in hypoxia and ischemia etc. (47). According to Girolami et al. (9) in generalized edema elements of both types are present. Specifically in Group-1, CNS changes consistent with vasogenic edema occurred commonly but were found more frequently in Group-2. In Group-2, CNS changes consistent with both cytotoxic and vasogenic mechanisms of edema occurred more frequently (e.g., neuronal satellitosis and anoxic changes, verses neuropil vacuolation and perivascular edema, respectively) which could reflect the varying systemic or agonal changes terminally between the two groups.

Acute necrotizing pancreatitis was a significant clinical finding that can be a life-threatening disease. The concern during this event was that the condition was found at a high prevalence, observed in both groups from the time of stranding into the early phases of rehabilitation. Commonly, pancreatic acinar cell zymogen granule depletion (i.e., acinar atrophy) was observed from both groups and was therefore considered a significant finding in this population. The high prevalence in Group-1 animals suggests that the condition was common in the pod at the time of stranding. Interestingly, the change was observed at a higher rate in Group-2 animals (i.e., 25% Group-1 vs. 73% Group-2). The cause of the pancreatitis was investigated to determine if the disease was communicable and the result of a common contagion or infestation.

The etiology for acute necrohemorrhagic pancreatitis in dolphins is unknown. Likewise, the pathogenesis of acute pancreatitis is poorly understood in humans, other domestic species and laboratory animals. However, there are pre-established potential causes in humans and other species that can be divided into three main categories including: duct obstruction (e.g., parasitism, inflammation, and lithiasis), acinar cell injury (e.g., drugs, ischemia, viruses, oxidative), and defective intracellular transport (e.g., metabolic injury/disorder) (48).

The obstruction of the pancreatic ducts or the shared convergent bile duct due to an ascending duct infection/inflammation from trematodiasis, cholangitis, or duodenitis was considered due to the presence of Campula sp. and Pholeter sp. in some individuals from this event. However, the likelihood that all animals with pancreatitis experienced parasite induced duct obstruction and reflux was small. Although inflammation and obstruction maybe contributory in certain cases, additional analysis would have to be applied to better determine the level of association between these findings and the disease process.

In humans, a high percentage of acute pancreatitis cases are considered idiopathic. The high prevalence in this population of stranded dolphins suggests a shared cause and/or common pathogenesis. Factors, which may be causal, that were also found in high prevalence during this investigation include parasitism and anorexia (i.e., zymogen granule depletion) or potentially a combination of these factors. Thomas et al. (49) found no conclusive evidence of a direct causative role for diet in the development of acute pancreatitis in humans; however, there was an indication that diet maybe a cofactor and the reintroduction of feeding after prolonged anorexia especially in malnourished individuals may lead to metabolic disorders and/or nutritional/malnutritional pancreatitis. Low-protein high fat diets, especially in dogs, resulting in hyperlipidemia has been shown to be associated with pancreatitis possibly due to the generation of toxic fatty acids by the activation of lipase (50).

Ultimately, it was theorized that the condition was due to a non-infectious cause and was the culmination of either a metabolic abnormality (i.e., reduced secretion of pancreatic enzymes as a result of zymogen granule depletion) or growth defect (i.e., acinar atrophy) which was possibly caused by prolonged inanition of the entire pod. Generally, acinar cell zymogen granule depletion is associated with prolonged inanition/starvation (50). This preexisting condition was then likely exacerbated by the re-introduction of high caloric lipid-rich fish during rehabilitation resulting in life-threatening acute necrotizing pancreatitis. As a result, animal husbandry changes were made during rehabilitation to reconfigure the dietary feeding regimen to food items with less fat and higher protein content which halted mortalities attributed to necrotizing pancreatitis. The period of anorexia prior to the development of pancreatic zymogen granule depletion is unknown in any species of dolphin. Therefore, the period of time the pod spent “out-of-habitat” and away from normal prey items cannot be ascertained. In the end, a high prevalence of non-specific changes including decreased body condition, hepatic lipidosis/vacuolar hepatopathy, and pancreatic zymogen granule depletion suggest decreased food intake and a negative energy balance.

Additional studies are needed to further determine the level of significance based on confounding host variables (e.g., age, length class, or gender) as well as multivariate analysis to determine the strength of association between putative factors and the observed lesion/disease. The effort to split the stranded population into two groups based on rehabilitative effort was done to remove or control for rehabilitation as a confounding variable. This division was also done to determine if there was a difference in the mortality between the two groups. In Group-1, individually there were many cases with various levels of morbidity involving several organ systems that either alone or in concert were not of the expected severity to result in marked debilitation let alone spontaneous death. Other causes of morbidity and mortality to consider which would not be apparent by post-mortem examination would include metabolic derangements for example metabolic acidosis secondary to exertional rhabdomyolysis, electrolyte imbalance secondary to dehydration and anorexia. Lesions observed in Group-2, which may have contributed to animal mortality in this group include moderate to severe acute necrotizing pancreatitis, followed by various bacterial infections associated with environmental contamination, and renal nephrotoxicosis secondary to myoglobin or hemoglobin nephropathy associated with exertional rhabdomyolysis. Ultimately, the entire pod suffered from the detrimental effects associated with the mass stranding event and prolonged inanition. Findings from this large cohort provide a better understanding of the natural history and diseases in rough-toothed dolphins.
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Supplementary Figure 1. Lung acute diffuse severe edematous necrosuppurative bronchopneumonia, rough-toothed dolphin (case Y375). Alveoli filled with mixed inflammatory cell debris and pink proteinaceous material (edema) with moderate numbers of intralesional rod bacteria (HE). Obj. 4x. Bar = 200 μm.

Supplementary Figure 2. Oropharyngeal mucosal plaque, rough-toothed dolphin (case R356). Oropharynx has a focal slightly raised corrugated firm tan plaque.

Supplementary Figure 3. Pancreas, necrohemorrhagic pancreatitis, rough-toothed dolphin (case Y375). The pancreas has marked loss of exocrine pancreatic structures with dissecting interlobular and perivascular extravasated erythrocytes (HE). Obj. 4x. Bar = 200 μm.
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Infectious and inflammatory processes are among the most common causes of central nervous system involvement in stranded cetaceans. Meningitis and encephalitis are among the leading known natural causes of death in stranded cetaceans and may be caused by a wide range of pathogens. This study describes histopathological findings in post-mortem brain tissue specimens from stranded cetaceans associated with five relevant infectious agents: viruses [Cetacean Morbillivirus (CeMV) and Herpesvirus (HV); n = 29], bacteria (Brucella sp.; n = 7), protozoa (Toxoplasma gondii; n = 6), and helminths (Nasitrema sp.; n = 1). Aetiological diagnosis was established by molecular methods. Histopathologic evaluations of brain samples were performed in all the cases, and additional histochemical and/or immunohistochemical stains were carried out accordingly. Compared with those produced by other types of pathogens in our study, the characteristic features of viral meningoencephalitis (CeMV and HV) included the most severe and frequent presence of malacia, intranuclear, and/or intracytoplasmic inclusion bodies, neuronal necrosis and associated neuronophagia, syncytia and hemorrhages, predominantly in the cerebrum. The characteristic features of Brucella sp. meningoencephalitis included the most severe and frequent presence of meningitis, perivascular cuffing, cerebellitis, myelitis, polyradiculoneuritis, choroiditis, ventriculitis, vasculitis, and fibrinoid necrosis of vessels. The characteristic features of T. gondii meningoencephalitis included lymphocytic and granulomatous encephalitis, tissue cysts, microgliosis, and oedema. In the case of Nasitrema sp. infection, lesions are all that we describe since just one animal was available. The results of this study are expected to contribute, to a large extent, to a better understanding of brain-pathogen-associated lesions in cetaceans.

Keywords: meningoencephalitis, cetaceans, morbillivirus, herpesvirus, Brucella sp., Toxoplasma gondii, Nasitrema sp.


INTRODUCTION

Infectious and inflammatory processes are among the most common causes of central nervous system involvement in stranded cetaceans (1–3). Meningoencephalitis of known infectious etiology can be caused by either bacteria, fungi, viruses, or protozoans (4).

Bacterial meningitis in cetaceans has been traditionally attributed to Brucella spp. Brucella spp. infection associated with meningitis, meningoencephalitis or meningoencephalomyelitis has been often reported in striped dolphins (Stenella coeruleoalba) (5–13), while only a few cases have been reported in the following cetacean species: Atlantic white-sided dolphin (Lagenorhynchus acutus) (14), short-beaked common dolphin (Delphinus delphis) (15), harbor porpoise (Phocoena phocoena) (16), long-finned pilot whale (Globicephala melas) (17), sperm whale (Physeter macrocephalus) (18), and common bottlenose dolphin (Tursiops truncatus) (19–21). Other bacterial pathogens have been more rarely reported in association with brain or meningeal abscess in stranded cetaceans: Staphylococcus aureus was isolated from a common bottlenose dolphin with acute pyogenic encephalitis and leptomeningitis (22); Listeria monocytogenes was identified, along with Toxoplasma gondii and Brucella spp., in a striped dolphin with severe meningoencephalitis (13); and Vibrio parahaemolyticus and V. alginolyticus were associated with meningoencephalitis in a bottlenose dolphin (23). Macro- and micro-abscessation of the central nervous system (CNS) and malacia are suggestive of bacterial infection. Mononuclear meningitis and choroiditis are also commonly found in neurobrucellosis (24, 25).

Fungal meningoencephalitis has been rarely described in cetaceans: it has been associated with Cunninghamella bertholletiae in a common bottlenose dolphin (26); with Fusarium oxysporum in a captive Atlantic bottlenose dolphin (27); with Aspergillus fumigatus in striped dolphins (2, 28), a northern bottlenose whale (Hyperoodon ampullatus) (29), and a harbor porpoise (Phocoena phocoena) (30); and with coccidioidomycosis in common bottlenose dolphins (31). Gross and microscopic haemorrhagic and necrotizing inflammations of the CNS are common features of fungal infection, as is a pyogranulomatous reaction associated with intralesional fungal structures. Vasculitis and thrombosis could also be present (24, 25).

Viral meningoencephalitis in cetaceans has been commonly associated with cetacean morbillivirus (CeMV) (32) and herpesvirus (HV) (33–36). Two cases have been associated with St. Louis encephalitis virus and West Nile virus in killer whales (37, 38). Classical CNS virus-associated lesions consist of meningeal mononuclear cell infiltrates, lymphoplasmacytic perivascular cuffs, microgliosis, intracytoplasmic and/or nuclear inclusion bodies (INCIBs), and neuronal necrosis and/or associated focal neuronophagia (24, 25).

Parasitic meningoencephalitis in cetaceans has been more frequently related to protozoans (T. gondii) (39–44). Reported lesions associated with toxoplasmosis in the CNS are non-suppurative meningoencephalitis and choroiditis, lymphoplasmacytic perivascular cuffs, gliosis, neuronal degeneration, and necrosis. Intra- or extracellular protozoan cysts have been occasionally observed, as have extracellular individual zoites. Trematodes of the genus Nasitrema sp. can also cause necrotizing and granulomatous encephalitis in cetaceans (45–48). A few cases of parasitic helminthic worms have also been reported to affect the CNS in cetaceans, most of which are related to nematodes of the genus Crassicauda (49, 50). CNS parasitic-associated lesions usually involve necrotizing encephalitis along the migratory path. Intralesional trematodes and nematodes (adults, eggs, and/or larvae) have been found (24, 25).

Despite the aforementioned CNS pathogen-associated lesions, meningitis, gliosis and perivascular cuffs are usually non-specific and may accompany various pathologies. In this paper, we systematically describe and compare the distinctive histopathological features of meningoencephalitis in stranded cetaceans induced by CeMV, HV, Brucella sp., T. gondii and Nasitrema sp.



MATERIALS AND METHODS

All the cases included in the present study were diagnosed during routine pathological and cause-of-death analyses in stranded cetaceans at the Division of Histology and Animal Pathology of the Institute for Animal Health (IUSA), Veterinary School, Universidad de Las Palmas de Gran Canaria. A prospective study on stranded cetaceans on the coasts of the Canarian Archipelago, and occasionally of other geographic regions, has been systematically carried out since 1999. The stranded animals were examined and necropsied according to standard procedures (51, 52). Stranding epidemiology (type, location and date) and life history data (species, age category, sex) were systematically recorded. During the necropsy, the body condition and the decomposition code of the carcass were also evaluated. Age categories were established based on total body length (53) and histologic gonadal examinations (54) in: neonate (animals with vibrissal hairs or vibrissal crypts, unhealed navel, fetal folds, and soft and folded dorsal fin and tail flukes), calf (animals with presence of milk in their stomach, or about the size of a nursing calf), juvenile (not sexually or physically mature animals), subadult (sexually but not physically mature animals), and adult (animals with mature gonads). Five codes of conservation condition were established (52): code 1 (extremely fresh carcass, just dead as an animal that has recently died or euthanized), code 2 (fresh carcass), code 3 (moderate decomposition), code 4 (advanced decomposition), and code 5 (mummified or skeletal remains). Four categories were established for body condition according to Joblon et al. (55): very poor (animals with extremely concave dorsal profile, visible costal reliefs, body fat low or absent, and fatty serous atrophy), poor (animals with concave dorsal profile, low body fat and the ribs can be noted by palpation, fair/moderate (animals with dorsal profile straight or slightly convex and moderate body fat), and good (animals with a dorsal convex profile and abundant body fat). During necropsy, formalin-fixed and fresh unfixed samples for histopathologic and virologic analyses, respectively, were prepared from selected tissues. CNS samples included cerebrum, cerebellum, brainstem and spinal cord. Before immersion in 4% formaldehyde solution in phosphate-buffered saline (PBS; pH 7.4) some longitudinal cuts (2–4) were made in both the cerebral and cerebellar hemispheres for a more rapid fixation of deep periventricular structures (56, 57). The fixed tissue samples were trimmed, routinely processed, embedded in paraffin, sectioned at a thickness of 5 μm, and stained with haematoxylin and eosin (HE) for examination by light microscopy. The unfixed samples were stored frozen at −80°C until processing for molecular virology testing.


Histopathologic CNS Analysis

Thirty-eight animals with a morphological diagnosis of CNS inflammation and an associated aetiological diagnosis were included in the present study. Necropsy reports, including histopathological diagnostic reports of CNS, as well as epidemiologic and biologic data, photographic material, and ancillary diagnostic techniques, were retrieved and further analyzed. A few specimens included in this study have also been previously published.

Brain cortex lesions were systematically recorded (since they were consistently represented in the sample set), including subjective evaluations of meningitis, perivascular cuffing, microgliosis, malacia and neuronal necrosis and neuronophagia as absent (–), minimal (+), mild (++), moderate (+ + +), and severe (+ + ++), while INCIBs, hemorrhages and oedema were evaluated as absent (–) or present (+). Lesions affecting other regions and the presence of CNS-associated lesions were also described when present. An aetiological diagnosis of CNS inflammation was made based upon molecular techniques. However, when indicated by histopathological observations, histochemical [periodic acid Schiff (PAS) and Grocott] and/or immunohistochemical (IHC) [anti-T. gondii, anti-Brucella sp. and anti-canine distemper virus (CDV)] techniques were performed (2, 58). Appropriate positive and negative immunohistochemical controls (serial tissue sections in which primary antibodies were substituted by non-immune homologous serum) were included accordingly. Histological evidence of the involvement of other aetiological agents led to complementary analyses (microbiology).



Molecular CNS Analysis

According to the histopathological diagnosis in each case, brain samples (n = 38) were screened for the presence of CeMV (n = 38; 100%), HV (n = 27; 71%), Brucella spp. (n = 24; 63.1%), T. gondii (n = 16; 42.1%), and Nasitrema spp. (n = 1; 2.6%). Approximately 0.5 g of fresh-frozen brain cortex (frontal lobe) from each animal was mechanically macerated in lysis buffer and subsequently centrifuged. DNA/RNA extraction was carried out from each 300 μL macerated sample by pressure filtration method, using a QuickGene® Mini 80 nucleid acid isolation instrument, using the DNA Tissue Kit S (QuickGene, Kurabo, Japan) according to the manufacturer's instructions with modifications: RNA carrier (Applied BiosystemsTM, Thermo Fisher Scientific Waltham, Massachusetts, USA.) was added during the lysis step (59). Specifically, molecular detection of CeMV was performed by one or more of three different PCR methods: one-step RT-PCR of a 426-bp conserved region of the phosphoprotein (P) gene (31), RT-PCR using nested primers targeting the P gene (35), and one-step real-time RT-PCR to detect sequences in a conserved region (192 bp) of the fusion protein (F) gene (59). Herpesvirus DNA was detected by conventional nested PCR using degenerate primers designed to amplify a region of the DNA polymerase gene (60). Brucella spp. PCR assays were performed by two methods: quantitative duplex PCR amplifying a 150 bp fragment of the IS711 gene for the detection of Brucella at the genus level and the identification of genotype ST27 (61) or PCR using primers amplifying a 223-bp fragment of the bcsp31 gene (62, 63). T. gondii detection was carried out by two different assays: real-time PCR targeting a 529-bp repeat element of T. gondii (64) or newly developed real-time PCR. Specifically, primer sets (5′-CCTGGAAGGGCAGTGTTTAT-3′ and 5′-TGCCACGGTAGTCCAATACA-3′) were designed based on a 163 bp sequence within the T. gondii small subunit ribosomal RNA (18SrRNA) gene (GenBank accession No.: AY663792) using Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). For Nasitrema spp. detection, primer sets (5′-CGGATTGGTTTTCGTTGTCT-3′ and 5′-ACCCAACCTAAGCAAGAGCA-3′) were generated and designed based upon the partial NADH dehydrogenase subunit 3 gene of Nasitrema delphini. (GenBank Accession no. KT180216), amplifying a fragment of approximately 230 bp, using Primer3 software (http://bioinfo.ut.ee/prime~r3-0.4.0/primer3/).

For both T. gondii and Nasitrema spp., amplification was performed in 20 μl of a reaction mixture containing 4 μl of template DNA, 1X SsoAdvanced™ Universal SYBR® Green Supermix (BioRad Laboratories, Hercules, CA), 0.375 μM of each primer and 5.250 μl of H2O treated with diethyl pyrocarbonate (DEPC). The real-time PCR cycle conditions were as follows: initial denaturation at 98°C for 3 min, template denaturation at 98°C for 15 s, followed by 40 amplification cycles of template denaturation at 98°C for 15 s, primer annealing at 60°C for 30 s and primer extension at 65°C for 5 s, with a final extension at 72°C for 5 s. The thermal cycler was a CFX96 Touch™ Real-Time PCR Detection System. The melting curve analysis was generated immediately after the amplification protocol by heating from 55 to 95°C in increments of 0.5°C/5 s. In order to establish the sensitivity and quantification dynamic range of these novel real-time PCR techniques, each positive control was diluted into ten-fold serial dilutions up to 10−6. The standard curve was measured in triplicate. Two negative controls (for extraction and amplification) and an amplification-positive control were included in each protocol.

The PCR products from positive cases were purified using a Real Clean spin kit (REAL) and sequenced (Sanger method). A BLAST search (www.ncbi.nlm.nih.gov/blast/Blast.cgi) was conducted to confirm the identity of the PCR amplicons.




RESULTS

We analyzed 38 animals with a histopathological diagnosis of meningitis, encephalitis or meningoencephalitis and an associated aetiological diagnosis, including 15 striped dolphins (39.5%), 10 Atlantic spotted dolphins (Stenella frontalis) (26.3%), five short-finned pilot whales (Globicephala macrorhynchus) (13.2%), three bottlenose dolphins (7.9%), three common dolphins (7.9%), one Cuvier's beaked whale (Ziphius cavirostris) (2.6%), and one Risso's dolphin (Grampus griseus) (2.6%). Epidemiologic and biologic data are summarized in Supplementary Table 1. Males represented a higher proportion (23/38; 60.5%) than females (15/38; 39.5%). Adults (n = 16) were overrepresented compared with juveniles (n = 8), subadults (n = 8), and calves (n = 6). More animals were found dead (n = 22; 57.9%) than visually confirmed to be live-stranded (n = 13; 34.2%) or found floating offshore (n = 2; 5.3%). Animals presented different body conditions: good (n = 10; 26.3%), moderate (n = 14; 36.8%), poor (n = 10; 26.3%), and very poor (n = 3; 7.9%). Neither stranding type nor body condition information was available for one animal (case no. 33). Twenty-five animals presented a “very fresh” (code 1) or “fresh” (code 2) post-mortem preservation status, 11 a “moderate post-mortem autolysis” condition (code 3) and two an “advanced post-mortem autolysis” condition (code 4). Animals were found stranded over a 17-years period (from March 2001 to July 2018) along the coast of the Canarian archipelago (n = 36) [Tenerife (n = 13), Gran Canaria (n = 9), Lanzarote (n = 8), and Fuerteventura (n = 6)] and Andalusia (n = 2).

Supplementary Table 2 summarizes the results of the molecular, immunohistochemical and histochemical assays. Sixteen animals tested positive for CeMV [eleven presenting the Dolphin Morbillivirus strain (DMV) and four the Pilot Whale Morbillivirus strain (PWMV)] by conventional and/or real-time RT-PCR and/or IHC. One animal was positive on immunohistochemistry for CDV but negative by PCR (35). All the PCR-positive animals were consistently immunostained against CDV antibody (2, 35). Thirteen animals tested positive for HV by conventional nested PCR. Seven animals tested positive for Brucella spp. by conventional and/or real-time PCR. Two of these seven Brucella sp.-PCR-positive animals were also tested by IHC, yielding positive results. Six animals tested positive for T. gondii by both IHC and real-time PCR. Only one animal was tested for Nasitrema spp. by real-time PCR, yielding positive results. Five animals presented co-infection: by CeMV and HV (3/5), by CeMV and Brucella sp. (1/5), and by HV and Brucella sp. (1/5). Histochemical stains (PAS and/or Grocott), used for a better visualization of suspected microscopic pathogens (tissue cysts and hyphae), were performed in seven animals. As a result, tissue cysts were seen in 4/6 histological sections of T. gondii-PCR-positive animals (cases 1, 3, 13, 16), and fungal hyphae (mucormycosis like) were identified in the brain of a CeMV-RT-PCR-positive animal (case 31). Microbiological tests revealed Staphylococcus aureus co-infection in case 34 (HV-PCR positive).

CeMV was detected in 16 animals of five different species: striped dolphin (n = 8), short-finned pilot whale (n = 4), common dolphin (n = 2), bottlenose dolphin (n = 1), and Risso's dolphin (n = 1). Detailed CeMV-associated lesions in CNS are compiled in Table 1 and mainly consisted of minimal or mild non-suppurative meningitis (Figure 1A). It was moderate and severe in one animal, respectively. Animal presenting severe meningitis was also co-infected with Brucella sp. (case 6). Perivascular cuffing (consisting of lymphocytes and plasma cells) ranged from minimal to mild and moderate. Microgliosis was present in eleven animals, varying from minimal to mild. INCIBs were detected in two animals (cases 25 and 38). Malacia was only observed in four animals, ranging from minimal to mild. Neuronal necrosis and associated neuronophagia were detected in ten animals and ranged from minimal to mild to moderate (Figure 1B); the latter animal presented a mucormycosis-like fungal co-infection (case 31) and scattered polymorphonuclear neutrophils were observed within vessels and intermixed with the inflammatory infiltrate. Hemorrhages and oedema were present in nine and four animals, respectively. Lesions in other CNS regions included lymphoplasmacytic ventriculitis in one animal, cerebellitis in three animals, myelitis and choroiditis in four animals, respectively (cases 6, 9, 35, 38) and polyradiculoneuritis in one animal (case 6). Case 6 presented a CeMV and Brucella sp. co-infection, and cases 35 and 38 had CeMV and HV co-infection. Associated lesions included (pyo)granulomatous inflammation [specifically, granulomatous encephalitis (case 6), suppurative meningitis (case 9), and pyogranulomatous encephalitis (case 31, mucormycosis-like co-infection)], syncytia in four animals, vasculitis in three animals and neuronal degeneration and necrosis in one animal.


Table 1. CeMV-associated lesions in CNS: mild meningitis and perivascular cuffings, hemorrhages, and syncytia.

[image: Table 1]


[image: Figure 1]
FIGURE 1. Viral (CeMV and HV) meningoencephalitis in stranded cetaceans. (A) CeMV-associated lesions in brain tissue samples from a DMV-positive Risso's dolphin (case 12). Moderate non-suppurative meningitis. Brain cortex. HE. 10×. (B) CeMV-associated lesions in brain tissue samples from a PWMV-positive short-finned pilot whale (case 31). Moderate presence of necrotic neurons (arrowheads) and syncytial cells (asterisks). Brain cortex. HE. 40×. (C) HV-associated lesions in brain tissue samples from an HV-positive Atlantic spotted dolphin (case 37). Perivascular cuffing (asterisk) and microgliosis. Brain cortex. HE. 20x. (D) HV-associated lesions in brain tissue samples from an HV-positive striped dolphin (case 29). Intranuclear inclusion bodies (arrowheads). Brain cortex. HE. 60× (D).


HV infection was detected in 13 animals of five different species: striped dolphin (n = 7), Atlantic spotted dolphin (n = 3), bottlenose dolphin (n = 1), common dolphin (n = 1), and Cuvier's beaked whale (n = 1). HV-associated lesions are described in Table 2 and included non-suppurative meningitis in 10 animals and ranged from minimal to mild to severe (severe perivascular cuffings were observed in case 37). The latter was a case of HV and Brucella sp. co-infection. Perivascular cuffing (mainly composed of lymphocytes and plasma cells) was detected in 11 animals and ranged from minimal to mild, moderate (case 10) and severe (cases 29 and 37). Case 10 was a CeMV co-infection, and case 37 was a Brucella sp. co-infection. Microgliosis (Figure 1C) of different severity was observed in 10 animals: minimal and mild in six and four animals, respectively. INCIBs (Figure 1D) were present in six animals and were intranuclear in all of them. Malacia was minimal and mild in two and three animals, respectively. Neuronal necrosis and associated neuronophagia were detected in nine animals and ranged from minimal to mild. Hemorrhages and oedema were also present in six and two animals, respectively. Myelitis was present in two animals (cases 10 and 37). These two cases presented co-infections with CeMV and Brucella sp., respectively. Choroiditis was present in five animals (cases 29, 32, 34, 35, 38). Co-infection with CeMV was detected in cases 35 and 38 and with S. aureus in case 34. Syncytia were also present in a case co-infected with CeMV (case 38).


Table 2. HV-associated lesions in CNS, mild microgliosis, INIBs, mild malacia, and minimal neuronal necrosis and neuronophagia.
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Brucella spp. was detected in seven animals of five different species: striped dolphin (n = 2), Atlantic spotted dolphin (n = 2), bottlenose dolphin (n = 1), common dolphin (n = 1), and short-finned pilot whale (n = 1). The main Brucella spp.-associated lesions are compiled in Table 3 and included non-suppurative meningitis in all the animals, being severe in five animals, and, moderate in two animals (Figures 2A–C). Perivascular cuffings (mainly composed of lymphocytes and plasma cells) were detected in six animals and ranged from moderate in four animals to severe in two animals. Microgliosis was present in four animals, ranging from minimal to mild. Minimal malacia was present in two animals. Mild or moderate neuronal necrosis and associated neuronophagia were detected in one and two animals, respectively. Hemorrhages and/or oedema were not observed in this group of animals. Polyradiculoneuritis (Figure 2D) or neuritis (in five animals), ventriculitis (in one animal), choroiditis and cerebellitis (in three animals, respectively), and myelitis (in four animals) were the main lesions observed in other regions. Associated lesions included (pyo)granulomatous inflammation [specifically, pyogranulomatous meningitis (case 5), granulomatous encephalitis (case 6), and pyogranulomatous meningocerebellitis (case 22)], fibrinoid necrosis of vessels and vasculitis (Figure 2D) (in two animals, respectively).


Table 3. Brucella sp.-associated lesions in CNS: moderate to severe meningitis and perivascular cuffings, moderate neuronal necrosis and neuronophagia, moderate vasculitis and fibrinoid necrosis of vessels, ventriculitis, cerebellitis, myelitis, choroiditis, and polyradiculoneuritis.
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FIGURE 2. Bacterial (Brucella sp.) meningoencephalitis in stranded cetaceans. (A) Severe meningitis in a Brucella sp.-positive striped dolphin (case 30). Brain cortex. HE. 20×. (B) Severe meningomyelitis in a Brucella-sp.-positive striped dolphin (case 30). Spinal cord. HE 4×. (C) Meningomyelitis and polyradiculoneuritis in a Brucella sp.-positive striped dolphin (case 26). Spinal cord. HE 4×. HE. 10×. (D) Vasculitis in a Brucella sp.-positive striped dolphin (case 5). Spinal cord. HE. 20×.


All the animals testing positive for T. gondii were Atlantic spotted dolphins (n = 6). All T. gondii-associated lesions were of similar severity (detailed description in Table 4). Minimal meningitis and perivascular cuffing (Figure 3A) were present in five and six animals, respectively, and were largely composed of lymphocytes with few plasma cells or macrophages. Minimal microgliosis was observed in four animals. Minimal or mild malacia was observed in two and one animals, respectively. Mild or minimal neuronal necrosis and neuronophagia were detected in one and three animals, respectively. Hemorrhages were detected in one animal and oedema in two animals. Other lesions detected in this group of animals included choroiditis and cerebellitis in one and two animals, respectively. Associated lesions included granulomatous inflammation (specifically granulomatous encephalitis) (Figure 3B) in all the animals and the presence of tissue cysts (confirmed by PAS staining and IHC) in four animals.


Table 4. T.gondii-associated lesions in CNS: minimal meningitis and perivascular cuffings, minimal microgliosis, minimal malacia, mild neuronal necrosis and neuronophagia, oedema, pyogranulomatous inflammation, and tissue cysts.
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FIGURE 3. Protozoal (T. gondii) meningoencephalitis in stranded cetaceans. (A) Focal lymphohistiocytic to granulomatous inflammation in a T. gondii-positive Atlantic spotted dolphin. Two T. gondii protozoan cysts (asterisk) are seen within the same section (case 16). Cerebral cortex. HE. 40×. (B) Lymphohistiocytic to granulomatous inflammation with some associated T. gondii protozoan cysts (asterisk) (case 3). Cerebral cortex. HE. 60x.


Nasitrema sp. was detected in a bottlenose dolphin (case 20). Nasitrema sp.-associated lesions included minimal non-suppurative meningitis and perivascular cuffing and moderate malacia. Oedema was also present. Lesions in other regions included meningomyelitis. Associated lesions were pyogranulomatous inflammation, vascular necrosis and vasculitis, and intralesional sections of characteristic golden-brown triangular eggs.

Number and percentages of animals displaying every type of lesion (including the severity of morphological lesion) grouped by associated pathogens are available in Table 5.


Table 5. Percentages and number of animals presenting each lesion grouped by etiologies. Higher number and percentages are underlined.
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DISCUSSION

Meningitis and encephalitis are among the leading known natural causes of death in stranded cetaceans and may be caused by a wide range of pathogens. In some cases, brain is the only organ affected, thus, many infectious diseases may be overlooked if brain is not carefully investigated. This study describes histopathological findings in post-mortem brain tissue specimens from stranded cetaceans associated with five relevant infectious agents: viruses (CeMV and HV; n = 29), bacteria (Brucella sp.; n = 7), protozoan (T. gondii; n = 6) and helminths (Nasitrema sp.; n = 1). Aetiological diagnosis was established by molecular methods. Characteristic, but not pathognomonic, histological alterations associated with each infection are discussed below and compared. In the case of Nasitrema sp. infestation, lesions are just described since just one animal was available.

As in humans, viral meningoencephalitis is the most common type of meningoencephalitis in cetaceans. Most of the animals from our study (76.3%) presented viral meningoencephalitis. Sixteen animals with a molecular diagnosis of CeMV infection in the CNS, representing 42.1% of the total animals screened for this pathogen in our study, and 13 animals with a molecular diagnosis of HV infection in the CNS, representing 48.1% of the total animals screened for this pathogen in our study, are reported.

CeMVs are RNA viruses responsible for massive die-offs worldwide and include three well-characterized strains (porpoise morbillivirus, DMV, and PWMV) and three less well-characterized strains detected in Hawaii and in the southern hemisphere (32). CeMV is a well-recognized neurotropic pathogen and localized brain lesions have been described in cetaceans that have cleared systemic CeMV infection, resembling subacute sclerosing panencephalitis (SSPE) and old dog encephalitis (ODE) (20, 32, 65). IHC labeling has been successfully used to diagnose CeMV preferentially in earlier stages of the disease. Herpes simplex virus encephalitis is the most common cause of sporadic fatal encephalitis in humans worldwide. In cetaceans, alphaherpesvirus (Herpesviridae family) infections have been less described than gammaherpesvirus infections, and associated lesions range from incidental and asymptomatic to necrotizing inflammation in different organ systems. Classical CNS lesions have been associated with the presence of alphaherpesviruses in some cases (33–36). Immunohistochemistry has failed to consistently highlight HV-infected cells in brain samples in cetaceans (immunoreactivity has been proven in only two studies) (33, 69).

In our study, CeMV- and HV-associated brain lesions were in concordance with previous descriptions (20, 32). Comparing these results to those for lesions caused by other aetiological agents under study, we observed that mild malacia was more frequently detected in HV-positive animals, while it was mainly minimal in animals infected by T. gondii, Brucella sp., and CeMV. INCIBs were only detected in animals positive for HV or CeMV, being intranuclear in HV-infected animals. Neuronal necrosis and associated neuronophagia were predominantly minimal in animals positive for HV, T. gondii, and CeMV. Syncytia were more frequently detected in CeMV-positive animals. In one HV-positive animal, the presence of syncytia was reported (case 38, also co-infected by CeMV). Hemorrhages were present, with decreasing frequency in animals positive for CeMV, HV, and T. gondii. These features and the neuroanatomical distribution of lesions in CeMV-positive animals from our study mostly fit the chronic stage of the disease and localized brain lesions (“brain-only form of DMV infection”), although the presence of neuronal necrosis, ICNIBs and syncytia, detected in three CeMV-positive cases, are more related to the acute and subacute stages of the infection (32, 65). The differences in features between CeMV and HV are the presence of eosinophilic, basophilic or amphophilic intranuclear inclusions in neurons and glial cells in HV-positive animals and eosinophilic intranuclear and intracytoplasmic inclusions in the same types of cells in CeMV-positive animals. The presence of syncytia was attributable to CeMV.

Bacterial meningoencephalitis was the second most common cause of encephalitis in our study (18.4%). Seven animals with a molecular diagnosis of Brucella sp. infection in the CNS were found, representing 29.2% of the total animals screened for this pathogen in our study. Two Brucella sp.-PCR-positive animals were immunostained with the Brucella antibody (21, 58). Brucella infection is reported for the first time in the short-finned pilot whale species (n = 1). The information presented here increases the number of confirmed Brucella sp.-positive cases within the Canarian archipelago from two previously reported cases to seven.

Brucellosis is a worldwide zoonosis characterized by its clinical polymorphism. In humans, neurobrucellosis (NB) is an uncommon complication of the infection (occurring in 0.5–25% of cases), in which meningeal involvement is the most common presentation (70–72). Human NB also includes encephalitis, myelitis, radiculoneuritis, brain or epidural abscesses, granuloma, and demyelinating and meningovascular syndromes (73). In cetacean brucellosis, the most frequent lesions involve the CNS; the cerebellum, brainstem, spinal cord, and medulla oblongata, with less frequent involvement of the cerebral cortex, are the most consistently affected regions (8, 20). Brucella species antigens in phagocytic cells can be highlighted by IHC (20, 58). In our study, histological analysis revealed Brucella sp.-associated brain lesions of different severity and frequency matching previous descriptions (8, 20). Comparing these results to those for lesions caused by other aetiological agents under study, we observed the severest lesions in the meninges of animals with a molecular diagnosis of Brucella sp. infection; the majority of Brucella sp.-PCR-positive animals displayed severe non-suppurative meningitis, while most of the animals positive for CeMV and HV displayed mild non-suppurative meningitis, compared with minimal presentation of the lesion in the majority of T. gondii-positive animals. Encephalitis with lymphoplasmacytic perivascular cuffing was also more pronounced among the Brucella sp.-positive animals in our study; it was moderate in most of Brucella sp.-positive animals, mild in most of CeMV-positive animals, mild and minimal in the same proportion in HV-positive animals, and minimal in all of T. gondii-positive animals. Cerebellitis was observed mainly in Brucella sp.-positive animals and less frequently in animals positive for CeMV or T. gondii. Myelitis was more frequently detected within Brucella sp.-PCR-positive animals than in animals infected by other pathogens, such as CeMV and HV. Polyradiculoneuritis was only observed in CNS samples of animals infected by two different pathogens, with a higher prevalence in Brucella sp.-positive animals than CeMV-positive animals (case 6 was also co-infected by Brucella sp.). A predisposition to cranial nerve involvement in NB could be due to the pathogen's predilection for the base of the cranium (74). Choroiditis was a more common finding in animals from our study infected by Brucella sp. than in those infected by other pathogens, such as HV, CeMV, and T. gondii. Lymphoplasmacytic ventriculitis was more common in Brucella sp.-infected animals than in CeMV-positive animals. Vasculitis and fibrinoid necrosis of vessels were also more common among Brucella sp.-infected animals from our study than in animals infected with other pathogens. Vasculitis was also observed in a low percentage in CeMV-positive animals.

Protozoan meningoencephalitis was the third most common cause of encephalitis in our study (15.8%). Six animals with a molecular diagnosis of T. gondii infection in the CNS were seen, representing 37.5% of the total animals screened for this pathogen in our study. All the PCR-positive animals consistently immunostained for T. gondii antibody (1, 2).

Toxoplasma gondii is a neurotropic protozoan globally distributed among mammalian hosts, including humans. Non-suppurative meningoencephalitis due to T. gondii has been sporadically described in cetaceans (1, 2, 20, 43). Tissue cysts and zoites are confirmed by IHC labeling (2, 43). In our study, histological analysis evidenced T. gondii-associated brain lesions of different severity and frequency. These lesions are similar, except for the less prominent perivascular cuffing, to previous descriptions (20, 43). Comparing these results to those for lesions caused by other aetiological agents under study, we observed that minimal microgliosis was a common feature caused by T. gondii and by the different pathogens under study: CeMV, HV, and Brucella sp. Oedema was more frequently present in animals positive for T. gondii than in animals positive for CeMV or HV. Granulomatous (in addition to lymphocytic) encephalitis was observed in all T. gondii-positive animals, higher than the rates in animals positive for CeMV and Brucella sp. Tissue cysts of T. gondii were frequently observed.

Helminthic meningoencephalitis was underrepresented in our study (2.6%), since just one animal was tested for Nasitrema sp., yielding positivity.

Nasitrema spp. are trematodes that normally inhabit the pterygoid sinuses and tympanic cavities of odontocetes (75). Non-suppurative meningoencephalitis has been associated with aberrant migration of this parasite. Sections of adult trematodes and eggs surrounded by multinucleated giant cells can be detected within parenchymal brain lesions. Neuritis of the eighth cranial nerve and otitis media can be occasionally present (20). Histological features of Nasitrema sp.-positive animal from our study included minimal meningoencephalitis, mild malacia, oedema, myelitis, pyogranulomatous encephalitis, vasculitis and fibrinoid necrosis of vessels.

In summary, compared with those produced by other pathogens in our study, the characteristic features of viral meningoencephalitis (CeMV and HV) included the most severe and frequent presence of malacia, INCIBs, neuronal necrosis and associated neuronophagia, syncytia and hemorrhages, predominantly in the cerebrum. The characteristic features of Brucella sp. meningoencephalitis includes the most severe and frequent presence of meningitis, perivascular cuffing, cerebellitis, myelitis, polyradiculoneuritis, choroiditis, ventriculitis, vasculitis, and fibrinoid necrosis of vessels. The characteristic features of T. gondii meningoencephalitis include lymphocytic and granulomatous encephalitis, tissue cysts, microgliosis, and oedema. However, histopathological findings in these cases can be influenced by superimposition by simultaneous or secondary infections. Specifically, three animals presented CeMV and HV brain co-infection; one case was co-infected by CeMV and Brucella sp.; and one was co-infected by HV and Brucella sp. Co-infection by HV and S. aureus and co-infection by CeMV and mucormycosis-like lesions were detected in one animal, respectively.



CONCLUSION

A multidisciplinary approach is needed for the early detection and surveillance of emerging and reemerging pathogens (76). Histopathological findings may suggest a list of differential diagnoses, but the use of additional laboratory techniques (microbiology, IHC and/or PCR) is essential to determine the specific infectious etiology. However, when these methods (specially molecular assays) are not accessible or fail to identify causative agents, histopathology is particularly useful as part of this multidisciplinary approach. The results of this study are expected to contribute, to a large extent, to a better understanding of brain-pathogen-associated lesions in cetaceans.
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Postmortem computed tomography (PMCT) and postmortem magnetic resonance (PMMR) imaging (PMMRI) have been applied to provide vital or additional information for conventional necropsy, along the pioneering virtopsy-driven cetacean stranding response program in Hong Kong waters. It is common for stranded carcasses to become badly degraded and susceptible to rapid cerebral autolysis and putrefaction. Necropsy on decomposed brains with limited sample analysis often defy a specific diagnosis. Studies on PMMR neuroimaging have focused on neuroanatomy and brain morphology in freshly deceased or preserved specimens. Moreover, the literature is devoid of any reference on the potential value of PMMRI examination of decomposed cetacean brains. To that end, this project evaluated the benefits of PMMR neuroimaging in situ in decomposed carcasses in comparison to PMCT. A total of 18 cetacean carcasses were studied by PMCT and PMMRI examinations. Anatomical brain structures and visible brain pathologies were evaluated and scored using Likert-scale rating. Intracranial gas accumulation was clearly depicted in all cases by all radiological techniques. Other features were more clearly depictable in PMMRI than in PMCT images. Results of this study indicated that superiority of PMMRI compared to PMCT increased with advanced putrefaction of the brain. The preservation of structural integrity was presented by PMMRI due to its superior capability to evaluate soft tissue. Brain PMMRI should be incorporated in postmortem investigation of decomposed stranded cetaceans.
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INTRODUCTION

Virtopsy using postmortem computed tomography (PMCT) and postmortem magnetic resonance (PMMR) imaging (PMMRI) has been implemented in the pioneering virtopsy-driven cetacean stranding response program in Hong Kong (HK) waters, to provide vital or additional information for conventional necropsy (Kot et al., 2016, 2018, 2019, 2020; Chan et al., 2017; Yuen et al., 2017). Stranded cetacean carcasses found in HK waters are often badly degraded (Jefferson et al., 2002) as high temperature and humidity accelerate autolysis (Klein et al., 2016), hampering stranding response personnel and veterinarians in the documentation of postmortem findings and tissue sampling (Tsui et al., 2020).

For decades, mammalogists and comparative neuroanatomists have been interested in cetacean brains because they are highly divergent from other mammals. Neuropathology induced by Brucella ceti and cetacean morbillivirus infection in stranded cetaceans were reported worldwide (Hernández-Mora et al., 2008; Raga et al., 2008), affecting the central nervous system, resulting in fatal acute or chronic meningoencephalitis. Documentation of brain morphology could be useful not only to study pathology, comparative anatomy and development of cetacean brains, but also to investigate emerging threats to stranded cetaceans such as anthropogenic chemicals (Houde et al., 2006; McKinney et al., 2006) and biotoxins from algal blooms (Broadwater et al., 2018).

Cerebral autolysis is one of the earliest postmortem changes, which could occur even in a human corpse with well-preserved condition (Levy et al., 2010). The susceptibility of brain to rapid autolysis and putrefaction is due to its high water content, leading to discolouration, softening and liquefaction at an early stage of decomposition (Klein et al., 2016). In conventional autopsy, the dissection of the cranial cavity to explore the brain and other cranial structures is complex and time-consuming, and in the case of a decomposed brain, it often defies a specific diagnosis (Klein et al., 2016). Limited valuable sample analysis could be undertaken in decomposed brains, hindering a full differential diagnosis.

Postmortem neuroimaging techniques offer a precise observation of the internal structures of the nervous system, especially in a softened or liquefied brain, when sectioning and other examinations are not practical (Thali et al., 2003b; Pfefferbaum et al., 2004; Smith et al., 2012). The brain is kept completely intact during postmortem imaging, therefore spatial distortion associated with histological processing could be minimised. The ability to pay less concern on radiation exposure and lack of motion artefacts permitted high resolution of postmortem neuroimaging (Christe et al., 2010; Gascho et al., 2018). In humans, PMCT on postmortem neuroimaging is mostly used to examine foreign bodies, skull fractures, and gas accumulation inside the brain (Levy et al., 2010). PMMRI is complementary to PMCT, which specialises in depicting brain lesions and parenchymal pathologies (Flach et al., 2016).

Evaluation of postmortem changes in adipose tissues of dolphin heads has been performed using PMCT and PMMRI (Mckenna et al., 2007; Arribart et al., 2018), suggesting that these postmortem analyses are associated with each other and add value to represent their living biological counterpart. Studies on in situ PMMR neuroimaging have mainly focused on the neuroanatomy and brain morphology of isolated cases of freshly deceased cetaceans (Montie et al., 2007) or preserved specimens (Oelschläger et al., 2010). Limited access to PMMRI units, time constraints and the complexity of PMMRI technical principles and parameters are thought to be the main reasons why PMMRI is used less frequently than PMCT. To the best of our knowledge, formal literature is devoid of any reference on the potential values of PMMRI examination of decomposed cetacean brains. This present study aimed to evaluate and describe the possible benefits of PMMR neuroimaging in situ in decomposed cetacean carcasses in comparison to PMCT.



MATERIALS AND METHODS


Subjects

A total of 18 carcasses (9 males and 9 females, including calf to adult; 77–235 cm in length) of 2 cetacean species, i.e., Indo-Pacific finless porpoise (Neophocaena phocaenoides) and Indo-Pacific humpback dolphin (Sousa chinensis), stranded in 2014–2019, were included in the study. The conditions of the carcasses ranged from code 2 to code 3 (Geraci and Lounsbury, 2005).



Postmortem Neuroimaging Protocols

The carcasses were contained in artefact-free body bags for PMCT and PMMRI scanning. All subjects were examined in a prone position for PMCT, immediately followed by PMMRI in the same timeslot.


PMCT Image Acquisition

All PMCT brain examinations were conducted with a Siemens 64-row multi-slice spiral CT scanner Somatom go. Up (Siemens Healthineers, Germary). The scans were operated at 80 to 130 kV, 60 to 200 mA, and 1 mm slice thickness. Scan field of view (sFOV) ranged from 15.8 to 53.4 cm.



PMMR Image Acquisition

All PMMRI brain examinations were conducted with a GE SIGNA Explorer 1.5 Tesla MR scanner with a standard quadrature head coil (General Electric Company, Wisconsin, United States). The following MR sequences were applied: T1-weighted (T1w) transverse, T1w coronal, T1w sagittal (192 slices, 1 mm thickness, TR 1900 ms, TE 2.5 ms; T2-weighted (T2w) transverse, T2w coronal, T2w sagittal (192 slices, 1 mm thickness, TR 5000 ms, TE 93 ms). Reconstructed matrix of 640 × 640 and FOV of 320 × 280 mm were used.



Image Processing and Evaluation

Volumetric data was reconstructed and reformed for multiplanar reconstruction using TeraRecon Aquarius iNtuition workstation (TeraRecon Inc., San Mateo, CA). The rendered PMCT and PMMR images were viewed with brain window settings (PMCT: window width, 350 HU; window level, 70 HU; PMMRI: window width, 1000; window level, 500). Image evaluation was performed by a diagnostic radiographer and imaging researcher (BK) certified by local and international human boards, who had more than 6 years of experience in postmortem imaging and cetacean virtopsy interpretation.



Criteria of Analysis

Anatomical brain structures (dorsal sagittal sinus, ventricles, grey and white matter junction, basal ganglia, brain stem, and cerebellum), and visible brain pathologies (intracranial gas accumulation, and brain midline/symmetry) were evaluated by PMCT, T1w PMMRI, and T2w PMMRI (Figure 1) and scored using Likert-scale rating with reference to the following criteria:


[image: image]

FIGURE 1. T2w PMMR (A–C) and PMCT (D–F) images illustrating the eight regions of interest of the cetacean brain for the evaluation: (1) dorsal sagittal sinus; (2) ventricles; (3) grey and white matter junction; (4) basal ganglia; (5) brain stem; (6) cerebellum; (7) intracranial gas accumulation; (8) brain midline/symmetry.


Clearly depicted, 4 points – the intracranial anatomy around the organ of interest and any brain pathology could be accurately recognised and diagnosed (Figure 2A);

Indicated, 3 points – the anatomical structures were slightly altered due to postmortem changes but brain pathology could still be recognised with a level of certainty (Figure 2B);

Partly indicated, 2 points – the anatomical structures could be identified but were severely decomposed and no pathology could be diagnosed due to the alteration (Figure 2C);

Barely identifiable, 1 point – allowance of basic recognition of the anatomical structures but too autolysed for pathological diagnosis (Figure 2D);

Not identifiable, 0 point – the anatomical structure could not be recognised in the image (Figure 2E).


[image: image]

FIGURE 2. T1w PMMRI of the cetacean brain demonstrating five criteria of analysis: (A) clearly depicted; (B) indicated; (C) partly indicated; (D) barely identifiable; (E) not identifiable.


The evaluation scores for each anatomical structure or pathology were summed and converted to evaluation rates for each radiological techniques. The maximum score in which all cases were clearly depicted was 4 points × 18 cases = 72 points (100% evaluation rate). First quartile, median, and third quartile of evaluation scores for each feature were also calculated for each radiological technique.

Experimental procedures in this study were reviewed and approved by the Agriculture, Fisheries and Conservation Department of Hong Kong Special Administrative Region [AF GR CON 09/68 PT.15]. All examinations were undergone in accordance with relevant guidelines and regulations.



RESULTS

Results of the image evaluation are reported in Table 1. Intracranial gas accumulation was clearly depicted in all cases by all radiological techniques. Brain midline/symmetry was clearly depicted in 17 out of 18 cases by PMMRI but not identifiable in all cases by PMCT. For the six anatomical features, evaluation scores of T2w PMMRI were higher than that of T1w PMMRI. For PMCT, ventricles were at least identifiable in 10 cases and the cerebellum was partly indicated in 2 cases. Dorsal sagittal sinus, grey and white matter junction, basal ganglia, brain stem and brain midline/symmetry were not identifiable by PMCT.


TABLE 1. Evaluation scores of the eight regions of interest of the cetacean brain with reference to the criteria of analysis in PMCT, T1w PMMRI, and T2w PMMRI using Likert-scale rating.

[image: Table 1]Summary of the evaluation is shown in Table 2. All radiological techniques achieved 100% evaluation rate for intracranial gas accumulation. Evaluation rate of brain midline/symmetry was 96% for both T1w and T2w PMMRI, and 0% for PMCT. For the 6 regions of interest, evaluation rate ranged from 71 to 83% for T1w PMMRI, 90 to 100% for T2w PMMRI, and 0 to 26% for PMCT. PMMR images were assigned higher evaluation scores (medians: 3.5–4) compared to PMCT (medians: 0–1, except for intracranial gas accumulation), indicating that the features were better depicted in PMMRI than in PMCT images.


TABLE 2. Radiological assessment on the eight regions of interest of the cetacean brain using Likert-scale rating.

[image: Table 2]There were no abnormal focal areas of altered attenuation or signal intensity in the cerebral hemispheres, brainstem or cerebellum in all PMCT and PMMRI examinations. Appearance, attenuation, and intensity of brain parenchyma were unremarkable. The ventricular system appeared unremarkable. No evidence of intracranial space occupying lesion or obvious vascular anomaly was noted.



DISCUSSION

Unlike clinical MRI examinations with contrast enhanced sequences and organ perfusion, PMMRI relied on the sole morphological presentation of the investigated structures since only structural tissue alterations alter image contrast (Jackowski et al., 2010). In human forensic medicine, PMMRI is a modality that is mostly complementary to PMCT in detecting soft tissue lesions and parenchymal pathologies, with the fact that PMMRI alone is more prone to artefacts from gas and foreign bodies. Recent modification of a three-dimensional fast-field-echo sequence with multiple echoes for specific bone imaging on PMMRI might also allow visualisation of beveled fractures as well as radiating bone fracture lines, which is equivalent to PMCT regarding the visualisation of bone damage in craniocerebral gunshot injuries (Gascho et al., 2020). In addition, it was suggested that adequate professional radiological training is essential for performing and reporting PMMRI (Cartocci et al., 2020). The heavy expenditures of machine acquisition and maintenance and the time-consuming operation of PMMRI also lead to its less frequent usage than PMCT. Time-related course of image findings in PMMRI of experimental animal models have been mentioned in the literature (Calabrese et al., 2015; Henes et al., 2017). However, those studies mainly conducted with small numbers of isolated cases. Thus far, no detailed study elaborating the potential advantage of PMMRI on decomposed brain in stranded cetaceans has been published. This study indicated the superior capability of PMMRI compared to PMCT in depicting soft tissue and preservation of structural integrity increased with advancing putrefaction in the brain.

In the present study, the postmortem brain generally presented on PMCT with a blurring of the sulci effacement and loss of the corticomedullary differentiation. This observation greatly aggravates the detection of agonal or antemortem brain oedema (Flach et al., 2016). On PMMRI, this effect is less visible. Despite the presence of the aforesaid postmortem signal changes, grey and white matter was still clearly depicted with a distinct soft tissue contrast, allowing a better image evaluation of pathologies. This might explain why brain structures could be mostly identifiable and be clearly depicted with PMMRI in some of our subjects.

Gas is a common virtopsy finding in decomposition, but it may also arise from cases involving fatal and non-fatal gas embolism, or pathology (Gebhart et al., 2012). In this study, both PMCT and PMMRI could clearly depict intracranial gas accumulation in all cases (Figure 3). Postmortem gas in the vascular system can provide a negative contrast in PMCT brains (Cartocci et al., 2020). However, gas accumulation may degrade image quality on PMMRI to a greater extent than on PMCT, since the PMMR signal intensity can be decreased, especially during the T1w sequence image acquisition, due to changes in the soft tissue chemical properties (Lundström et al., 2012). This might explain why brain structures could not be clearly depicted, and in some of our subjects, were barely identifiable with T1w PMMR images.


[image: image]

FIGURE 3. Intracranial gas accumulation affected image quality in (A) T1w PMMRI; (B) T2w PMMRI; and (C) PMCT.


One limitation of the present study was that carcass temperature was not recorded, forbidding the investigation on the influence of changes in subject temperature on the PMMR image quality. Temperature is not considered to be an influencing factor on image quality of PMCT as it is on that of PMMR. On the contrary, image contrast in PMMRI is temperature-dependent, as T1 and T2 relaxation times are greatly affected by the temperature of the subject. Previous studies in humans demonstrated that different, and particularly low corpse temperatures may alter image quality in PMMRI (Thali et al., 2003a; Zech et al., 2015). In the present study, carcasses were kept out of the freezer for 24 h prior to the PMMRI examinations, and the PMMRI examination room temperatures ranged from 16 to 22°C. At these temperatures, the image quality was appeared optimal with sufficient grey value contrast. However, in cases with lower corpse temperatures, image quality and recognisability of brain structures could be significantly affected (Flach et al., 2016). Rectal temperature measurements of cetacean carcasses before and after PMMRI are suggested to facilitate a retrospective evaluation of the correlation between body temperature and PMMR image quality in both research and clinical setting in future studies.

Another limitation of the present study was the lack of variety on choices of PMMRI sequence for comparative evaluation of cetacean neuroimaging. PMMRI sequences such as fluid-attenuated inversion recovery, diffusion-weighted image and tensor image sequences were excluded due to the time constraints in image acquisition. These advanced PMMRI techniques have not yet been fully explored. Yen et al. (2006) described the potential application of diffusion tensor imaging of traumatic fibre tract rupture in human with a brain stem lesion. Scheurer et al. (2011) examined 20 human cases with diffusion-weighted and tensor imaging to estimate the postmortem interval, and suggested that the apparent diffusion coefficient could be an indicator for the assessment of the postmortem interval. Further study on the application of various PMMRI sequences for cetacean neuroimaging is suggested to investigate their potential values and implications.

To conclude, results of the present study demonstrated that PMMRI of decomposed brains offered a more distinct soft tissue contrast and allowed detailed morphological assessment of decomposed brains compared to PMCT. Brain PMMRI should be incorporated in postmortem investigation of decomposed cetacean carcasses.
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The seal picornavirus 1, species Aquamavirus A, is currently the only recognized member of the genus Aquamavirus within the family Picornaviridae. The bear picornavirus 1 was recently proposed as the second species in the genus under the name aquamavirus B. Herein, we determined the complete genomes of two novel pinniped picornaviruses, the harbor seal picornavirus (HsPV) and the ribbon seal picornavirus (RsPV). The HsPV and the RsPV were isolated in Vero.DogSLAMtag cells from samples collected from stranded harbor (Phoca vitulina) and ribbon (Histriophoca fasciata) seals. RsPV-infected Vero.DogSLAMtag cells displaying extensive cytopathic effects were processed for transmission electron microscopy and revealed non-enveloped viral particles aggregated into paracrystalline arrays in the cytoplasm. A next-generation sequencing approach was used to recover the complete genomes of the HsPV and the RsPV (6,709 and 6,683 bp, respectively). Phylogenetic and genetic analyses supported the HsPV and the RsPV as members of the Aquamavirus genus. Based on these results, RsPV represents a novel strain of Aquamavirus A, while the HsPV is a novel strain of the proposed species aquamavirus B. These discoveries provide information on the evolutionary relationships and ultrastructure of aquamaviruses and expands the known host range of those viruses. Our results underscore the importance of the application of classical virology and pathology techniques coupled with high-throughput sequencing technologies for the discovery and characterization of pathogens in wild marine mammals.

Keywords: aquamavirus, harbor seal, marine mammal, pathogen discovery, picornaviridae, pinniped, ribbon seal, virus


INTRODUCTION

The family Picornaviridae (order Picornavirales) is a diverse assemblage of viruses that possess small spherical nucleocapsids and positive-sense RNA genomes ranging between 7 and 8.8 kb in size (1, 2). On February 2019, the family included 110 recognized species organized into 47 genera [(3); http://picornaviridae.com/]. Picornaviruses have been described from a wide range of hosts, including fish, amphibians, reptiles, birds, humans, and a variety of other mammals including marine mammals. Picornaviruses may cause subclinical to severe infections in humans and animals, such as febrile illness and diseases of the heart, liver, respiratory tract, gastrointestinal tract, and central nervous system (3, 4). They cause diseases of significance to public health including the common cold [most commonly caused by rhinovirus A, B, and C; (5)], poliomyelitis [caused by poliovirus; (6)], and hepatitis A [caused by hepatovirus A; (7)]. Coxsackie A16 and enterovirus 71 are commonly associated with hand, foot, and mouth disease but may also result in aseptic meningitis, encephalitis, myocarditis, or poliomyelitis-like paralysis (8). Enterovirus 76 is associated with diseases including aseptic meningitis, encephalitis, and myocarditis (9).

Picornaviruses are also the cause of notable veterinary diseases including foot-and-mouth disease, the first animal virus ever identified in animals and the cause of a highly contagious disease of livestock (10). In addition, the avian encephalomyelitis virus causes a severe disease in poultry that includes paralysis, ataxia, and muscular dystrophy (11, 12). In marine mammals, nearly all picornaviruses have been reported in pinnipeds including: Sub-Antarctic fur seals Arctocephalus tropicalis [fur seal sakobuvirus and fur seal picorna-like virus; (13)], South American fur seals Arctocephalus australis [fur seal picornavirus; (13)], harbor seals Phoca vitulina [phopivirus, species Hepatovirus B; (14)], California sea lions Zalophus californianus [California sea lion sapelovirus 1 and 2; (15)], and ringed seals Phoca hispida (seal picornavirus 1 (SePV-1), Aquamavirus A) (16). A single report of a picornavirus has appeared involving a cetacean, the bottlenose dolphin Tursiops truncatus [bottlenose dolphin enterovirus; (17)]. The role of picornaviruses in diseases of marine mammals remains to be determined as does their host range, transmission, and prevalence. The complete genome sequence of the SePV-1 was determined from an isolate obtained from the nasal swab of a ringed seal (16). The SePV-1 is the type species (Aquamavirus A) and only accepted member of the genus Aquamavirus [(3); http://picornaviridae.com/].

Recently, the complete genome sequence of a bear picornavirus 1 (BePV-1) was determined from the visceral organs (lung, spleen, liver, heart and lymph nodes) of an Asiatic black bear Ursus thibetanus in northeast China (18). BePV-1 was found to be most closely related to the SePV-1 and was proposed as a second aquamavirus under the proposed name of aquamavirus B. In this study, we isolated picornaviruses from ribbon and harbor seals, sequenced the complete picornavirus genomes, and performed phylogenetic/genetic analyses that demonstrated these pinniped picornaviruses represent novel aquamavirus strains.



MATERIALS AND METHODS


Case Histories and Sample Collection

Three male harbor seals stranded along the shores of Puget Sound, Washington State, USA, from January to February 2008. There were two weaned pups (~6-month-old; animal IDs: 2008-012 and 2008-016) and an adult (16-year-old; animal ID: 2008-010). Additionally, a pregnant adult ribbon seal Histriophoca fasciata (~3-year-old; animal ID: 2015-102) was found dead on Adak Island, Alaska, USA, in October 2015. The carcasses were collected by authorized responders of Marine Mammal Stranding networks in Washington and Alaska and submitted for necropsy. Tissue samples were collected using established protocols (19), fixed in 10% buffered formalin, and processed for routine histopathological examination. An additional set of tissues was frozen for virus isolation.



Virus Isolation and Transmission Electron Microscopy (TEM)

The frozen tissue samples collected were processed for virus isolation using Vero.DogSLAMtag cells as previously described (20). Morbillivirus infection was initially suspected in some of the seals submitted for testing, therefore Vero.DogSLAMtag cell line was used to increase the chances of isolating any morbilliviruses that might be present. This cell line expresses the universal morbillivirus cell receptor signaling lymphocyte activating molecule (SLAM) that allows efficient morbillivirus isolation (21). Flasks were incubated at 37°C and examined daily for cytopathic effects (CPE). Cells were passaged weekly (1:2) for 4 weeks, at which time flasks not showing visible CPE were discarded. Media from flasks showing CPE was passed through a 0.45 μm filter (Millex-HP Syringe Filter Unit, 0.45 μm, Sigma-Aldrich, Oakville, Canada), diluted (1/100) and passaged onto fresh cells. After CPE was observed, the presumed virus-infected Vero.DogSLAMtag culture inoculated with the ribbon seal (2015-102) tissue homogenate was processed for TEM as previously described (22). ImageJ2 software (23) was used to measure the mean diameter and standard deviation of 60 virus particles.



Genome Sequencing

Vero.DogSLAMtag cell cultures inoculated with tissue homogenates from harbor seals or ribbon seal that exhibited extensive CPE were centrifuged at 5,509 × g at 4°C for 20 min using a Beckman JA-14 fixed angle rotor to remove cell debris. Virus particles were then pelleted from the clarified supernatants by ultracentrifugation at 100,000 × g at 4°C for 60 min in a Beckman Type 50.2 Ti rotor. Viral RNA was extracted from each of the pellets using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, USA) according to manufacturer's instructions. Separate cDNA libraries were generated for each of the RNA extracts using a NEBNext Ultra RNA Library Prep Kit (Illumina, San Diego, USA) and sequenced on an Illumina MiSeq sequencer. The resulting paired-end reads were de novo assembled using CLC Genomics Workbench (version 9.5.1; Qiagen, Valencia, USA). BLASTX searches of the resulting contigs against a custom virus database, created from virus protein sequences retrieved from the UniProt Knowledgebase (https://www.uniprot.org/uniprot/), were conducted using CLC Genomics Workbench. The integrity of the assembled genome sequences was verified by mapping the reads to the consensus sequences and inspecting the alignments in CLC Genomics Workbench using a window size of 1 bp. The cleavage sites within the polyproteins of the resulting pinniped picornaviruses were predicted by sequence alignment comparisons to the polyproteins of the SePV-1 and BePV-1.



Phylogenetic and Genetic Analyses

A phylogenetic analysis was conducted by first aligning the amino acid (aa) sequences of the RNA-dependent RNA polymerase proteins (3Dpol) of the pinniped picornaviruses recovered in this study to the orthologous sequences from the type species of each of the 47 recognized genera within the family Picornaviridae, all other available pinniped picornaviruses, and the BePV-1. The aa sequence alignment was performed using Geneious Prime 2019.2.1 (https://www.geneious.com) with the multiple alignment using fast Fourier transform (MAFFT) option implemented. A Maximum Likelihood (ML) phylogenetic analysis was performed using IQ-TREE (http://iqtree.cibiv.univie.ac.at/) software with 1,000 non-parametric bootstraps. The aa sequences of the P1, 2C, 3C, and 3D regions of the pinniped picornaviruses recovered in this study were compared to the aquamaviruses (SePV-1 and BePV-1) and two kunsagiviruses (Kunsagivirus A; GenBank accession no. NC_038317 and Kunsagivirus C; GenBank accession no. NC_034206), the closest relatives to aquamaviruses. These genetic pairwise comparisons were performed using the Sequence Demarcation Tool v1.2 (24) with the MAFFT option implemented.




RESULTS


Pathology Findings

Significant lesions observed in the three harbor seals included: verminous pneumonia (n = 2), verminous gastroenteritis (n = 3), verminous hepatitis (n = 1), thrombosis (n = 1), bronchointerstial pneumona (n = 1), pyelonephritis (n = 1), encephalitis (n = 3), lymphoid hyperplasia (n = 3), and emaciation (n = 3). Animal 2008-012 was co-infected with a mammalian orthoreovirus 5 that was isolated from its brain (Nielsen et al., in preparation). Significant pathological findings reported for the ribbon seal included generalized chronic proliferative dermatitis and folliculitis, degenerative myopathy, marked generalized organ congestion, lymphadenopathy, hepatic necrosis, gastrointestinal helminthiasis, verminous pneumonia, and emaciation. The immediate cause of death was attributed to acute severe pigmentary nephrosis, consistent with hemolytic crisis and hemoglobinuria.



Virus Isolation and TEM

The Vero.DogSLAMtag cultures inoculated with harbor seals spleen (animal 2008-012), mediastinal lymph node (animal 2008-016), and brain (animal 2008-010) tissues developed CPE after three blind passages. Cells became granular and developed a refractile appearance, began to round up, detach from the plastic substrate, and coalesced into clumps, which progressed over a few days until the entire cell sheet was involved. The cells inoculated with the ribbon seal rectal swab and kidney tissue homogenates developed CPE much faster. Within 6 days post-inoculation (dpi), generalized rounding and lifting of infected cells were observed and progressed rapidly with the complete destruction of the cell monolayer by 7 dpi (Figure 1). The flask inoculated with the ribbon seal rectal swab was selected for TEM and showed multiple vesicles within the cytoplasm of Vero.DogSLAMtag cells, along with virus particles aggregated into polygonal paracrystalline arrays (Figure 2). The mean diameter (±SD) of the virus particles was 19.9 ± 1.8 nm.


[image: Figure 1]
FIGURE 1. Cell culture images of ribbon seal picornavirus (RsPV) infected Vero.DogSLAMtag cells. (A) Uninfected cells. Scale bar = 100 μm. (B) Vero.DogSLAMtag cells inoculated with ribbon seal kidney passaged isolate 6 days post-infection showing generalized cytopathology with rounded, enlarged, and refractile cells. Scale bar = 100 μm.
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FIGURE 2. Transmission electron micrograph of Vero.DogSLAMtag cells infected with the ribbon seal picornavirus. (A) Portion of the cytosol of an infected cell with multiple vesicles 150–380 nm in diameter and clusters of virus particles packed in paracrystalline arrays. Scale bar = 500 nm. (B) Non-enveloped round to icosahedral virions measuring an average of 19.9 nm in diameter within the cells cytoplasm, forming polygonally shaped paracrystalline arrays. Scale bar = 200 nm. (C) Higher magnification of the vesicles and paracrystalline arrays within the cytosol. Scale bar = 200 nm. (D) Virus particles grouping at the cell membrane prior to budding. Scale bar = 200 nm.




Genome Sequencing

The complete genomes of a picornavirus (hereafter referred to as harbor seal picornavirus; HsPV) were recovered from the cell cultures inoculated with harbor seal spleen (animal 2008-012), mediastinal lymph node (animal 2008-016), and brain (animal 2008-010). The three HsPV isolates were nearly identical and shared >99% nucleotide (nt) identity to each other (data not shown). The genome sequence of the HsPV isolate recovered from the mediastinal lymph node was selected for further genomic analyses. The HsPV genome was determined to be 6,709 bp, with 41% G+C content, excluding the poly(A) tail. Mapping of the assembled HsPV genome resulted in a total read count of 24,756 reads with an average coverage of 1,552 reads/nt (Figure 3A). The HsPV was found to encode a 2,053 aa polyprotein. The genome sequence of HsPV was deposited into the National Center for Biotechnology Information (NCBI) GenBank database under the accession no. MT235242.


[image: Figure 3]
FIGURE 3. Genomic organization of the harbor seal picornavirus (HsPV) and ribbon seal picornavirus (RsPV). (A) Genomic arrangement of HsPV and RsPV depicting the predicted functional domains within the polyproteins and their amino acid (aa) sizes alongside the coverage maps of next-generation sequencing data to the assembled genomes. Different shades of blue from top to bottom on coverage maps show the maximum, average, and minimum coverage values as calculated using a window size of 1 bp. (B) Comparison of nucleotide (nt) and aa sizes and G+C content of viruses proposed as species Aquamavirus A and aquamavirus B, within genus Aquamavirus. Different colors highlight the differences in the size of genome regions between the viruses.


The complete genomes of a picornavirus hereafter referred to as ribbon seal picornavirus (RsPV) were recovered from the ribbon seal kidney and rectal swab cell culture suspensions. The RsPV isolates were nearly identical (>99% nt identity) and the RsPV genome sequence recovered from the kidney isolate was chosen for further genomic analyses. The RsPV genome was determined to be 6,683 bp, with 43% G+C content, excluding the poly(A) tail. Mapping of the assembled RsPV genome resulted in a total read count of 54,827 reads with average coverage of 4,092 reads/nt (Figure 3A). The RsPV was found to encode a polyprotein of 2,049 aa, slightly smaller than the polyprotein encoded by HsPV. The genome sequence of RsPV was deposited into the NCBI GenBank database under the accession no. MT235243.

Both HsPV and RsPV were predicted to possess a 3-4-4 picornavirus genome layout: 5′UTR-P1(VP0-VP3-VP1)-P2(2A1-2A2-2B-2C)-P3(3A-3B-3C-3D)-3′UTR. Differences in genomic organization between HsPV and RsPV included the sizes of the predicted proteins 2A1, 2A2, 3A, and 3D (Figure 3B). For both HsPV and RsPV, Walker A GxxGxGKS motifs were identified in the 2C gene region (GAPGSGKS, aa 1045-1052 in both polyproteins) and their putative 3C protease regions included GxCGx10−15GxH motifs (GMCGGLLVGKVDGTFKALGFH, aa 1514-1534 in HsPV; GMCGGLLVGKIDGAFKALGFH, 1512-1532 aa in RsPV). The 3D proteins of both viruses include conserved KDE (aa 1730-1732 in HsPV and aa 1728-1730 in RsPV), DxxxxD (DFSAYD; aa 1804-1809 in HsPV and aa 1802-1807 in RsPV), PSG (aa 1860-1862 in HsPV and aa 1858-1860 in RsPV), YGDD (aa 1895-1898 in HsPV and aa 1893-1896 in RsPV), and FLKR (aa 1941-1944 in HsPV and aa 1939-1942 in RsPV) motifs.



Phylogenetic and Genetic Analyses

The ML phylogenetic analysis supported HsPV and RsPV as members of the genus Aquamavirus. HsPV was supported as the sister group to BeHV-1 and RsPV was supported as the closest relative to SePV-1 (Figure 4A). The P1, 2C, 3C, and 3D aa identities between HsPV and RsPV ranged from 82.2 to 87.6%. HsPV showed the highest aa identity to BePV-1 (93.5–98.1%), while RsPV showed the highest aa identity to SePV-1 (98.3–99.5%) (Figure 4B).
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FIGURE 4. Genetic and phylogenetic analyses of the harbor seal picornavirus (HsPV) and the ribbon seal picornavirus (RsPV). (A) Phylogram depicting the relationship of the HsPV and RsPV, within genus Aquamavirus, to the type species of all 47 genera within family Picornaviridae, including all picornaviruses described from pinniped species. The Maximum Likelihood tree was generated based on the alignment of the amino acid (aa) sequences of the complete 3D gene, using 1000 bootstraps. Branch lengths are based on the number of inferred substitutions, as indicated by the scale. Species name, virus name, and isolate/strain identification are listed of the viruses used are listed (when available), followed by the GenBank accession or RefSeq numbers. The genus within each virus is classified is shown in blue. (B) Sequence identity matrices based on the aa alignment of the P1, 2C, 3C, and 3D proteins of the HsPV and the RsPV compared to the most closely related picornaviruses, the seal picornavirus 1 (SePV-1/2007/Canada; EU142040; SePV-1) and the bear picornarvirus (BePV-1/2018/China; GenBank accession no. MH760796; BePV-1), and two related picornavirus used as out-groups: Kunsagivirus A (GenBank accession no. NC_038317) and Kunsagivirus C (GenBank accession no. NC_034206).





DISCUSSION

The RsPV virion ultrastructure (mean virion diameter = 19.9 nm) and virion morphogenesis were mostly consistent with picornaviruses infecting animals and humans, such as enteroviruses (25) and cardioviruses (26). Picornavirus virions typically possess a diameter of 30–32 nm [Aphthovirus, Cardiovirus, Hepatovirus, Enterovirus, Parechovirus, Kobuvirus, Senecavirus; (1, 3)], but may appear smaller in electron micrographs due to drying and flattening during processing (27). Furthermore, a picornavirus measuring 20.0–21.7 nm in diameter has been described from clownfish (Amphiprion ocellaris) (28). The cytoplasmic vesicles of infected RsPV Vero.DogSLAMtag cells presumably represent picornavirus replication complexes (29).

HsPV and RsPV possess smaller genomes than most picornaviruses as has been reported for the aquamaviruses SePV-1 (6,693 bp, RefSeq no. NC_009891) and BePV-1 (6,703 bp, GenBank accession no. MH760796). The genomes of HsPV and RsPV exhibit low G+C content when compared to other picornaviruses (3). Similarly, BePV-1 and SePV-1 possess low G+C genomes (41 and 44%, respectively) and present a 3-4-4 picornavirus genome layout. The predicted proteins encoded by HsPV were the same size as those proteins predicted for BePV-1, while RsPV encoded proteins with the same size as the proteins encoded by SePV-1 (Figure 3B).

According to the ICTV Picornaviridae Study Group, members within a genus are expected to cluster together as a monophyletic group. In addition, members of different genera usually show significant divergence of orthologous proteins exceeding 66% for P1, 64% for 2C, 3C, and 3Dpol (3). No clear criterion is available for picornavirus species demarcation, but different strains of a species are expected to share a significant identity of P1, 2C, 3C, and 3D proteins and form a monophyletic group in phylogenetic analyses (3).

The presented G+C content, analyses of the polyprotein cleavage pattern and the resulting protein sizes, and phylogenetic/genetic analyses support RsPV as a novel strain of Aquamavirus A. The SePV-1 was identified by virus isolation and PCR in samples of lungs, lymph nodes, and nasal swabs of ringed seals from the Beaufort Sea, Canada (16). The geographic range of ribbon seals and ringed seals partially overlap with both inhabiting the Northern Pacific Ocean and Arctic Sea (30, 31). This partial sympatry may have facilitated the spread of similar aquamavirus strains between seal species.

Similarly, our analyses supported HsPV as a novel strain of the proposed species aquamavirus B. Harbor seals are one of the most cosmopolitan pinnipeds and inhabit coastal waters of the northern hemisphere, from temperate to polar regions (32, 33). Another picornavirus was previously described from harbor seals, the phopivirus, and classified as a strain of Hepatovirus B within the Hepatovirus genus (14). Genetic and phenotypic characterization of the phopivirus revealed high similarity to the hepatitis A virus (HAV; species Hepatovirus A), which is the causative agent of an important viral hepatitis in humans. The discovery of phopivirus provided insight into the origin and evolutionary history of HAV-like viruses (14). Likewise, the discovery of HsPV, a closely related strain of the proposed aquamavirus B in an Asiatic black bear [BePV-1; (18)], suggests spillover of aquamaviruses between mammals of the order carnivora may have occurred. Increased surveillance and studies exploring the viromes of wildlife species, including marine mammals, are needed to gain a better understanding of the host range and transmission of aquamaviruses.

Aquamaviruses (SePV-1, BePV-1, RsPV, and HsPV) have been detected in the internal organs (e.g., lungs, lymph nodes, spleen, liver, heart, kidney, and brain) of pinnipeds and the Asiatic black bear. This suggests that aquamaviruses result in systemic infections (16, 18). Although picornaviruses are known to cause disease in a variety of mammalian hosts (34), the contributions of RsPV and HsPV (if any) to the reported pathology of the ribbon and harbor seals was not determined. SePV-1 was highly prevalent in arctic ringed seals hunted from 2000–2002 in Canada, which could represent a recent spread or a more stable endemic relationship of the virus within that seal population (16). The animals from which SePV-1 was isolated appeared healthy (16) and no clinicopathological information was provided on the bear infected with BePV-1 (18). Although many picornaviruses are transmitted horizontally via fecal-oral or airborne routes, transmission of aquamaviruses remains to be determined (3). The isolation of SePV-1 and RsPV from nasal and rectal swabs (16) suggests that both fecal-oral and airborne routes of transmission may be utilized as observed in other picornaviruses.

In this investigation, we report the complete genome sequences of two novel pinniped aquamaviruses. The in vitro characteristics, virion ultrastructure and morphogenesis, and genetic/phylogenetic analyses supported RsPV and HsPV as novels strains of Aquamavirus A and aquamavirus B, respectively. The results of this study add to a growing body of literature on aquamaviruses and underscores the need for additional research to determine their host range, route(s) of transmission, prevalence, and pathogenicity to terrestrial and aquatic wildlife.
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Correlations between inner ear morphology and auditory sensitivity in the same individual are extremely difficult to obtain for stranded cetaceans. Animals in captivity and rehabilitation offer the opportunity to combine several techniques to study the auditory system and cases of hearing impairment in a controlled environment. Morphologic and auditory findings from two beluga whales (Delphinapterus leucas) in managed care are presented. Cochlear analysis of a 21-year-old beluga whale showed bilateral high-frequency hearing loss. Specifically, scanning electron microscopy of the left ear revealed sensory cell death in the first 4.9 mm of the base of the cochlea with scar formation. Immunofluorescence microscopy of the right ear confirmed the absence of hair cells and type I afferent innervation in the first 6.6 mm of the base of the cochlea, most likely due to an ischemia. Auditory evoked potentials (AEPs) measured 1.5 years prior this beluga's death showed a generalized hearing loss, being more pronounced in the high frequencies. This individual might have had a mixed hearing loss that would explain the generalized hearing impairment. Conversely, based on AEP evaluation, her mother had normal hearing and subsequent cochlear analysis did not feature any apparent sensorineural pathology. This is believed to be the first study to compare two cochlear analysis techniques and hearing sensitivity measurements from AEPs in cetaceans. The ability to combine morphological and auditory data is crucial to validate predictions of cochlear frequency maps based on morphological features. In addition, our study shows that these three complementary analysis techniques lead to comparable results, thus improving our understanding of how hearing impairment can be detected in stranding cases.
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INTRODUCTION

Correlations between inner ear morphology and auditory sensitivity in the same individual are extremely difficult to obtain for cetaceans. Live strandings, animals in rehabilitation, and captive specimens are likely the only candidates that can provide such valuable information. Here, we present and compare the results of the inner ear analysis of 21-year-old (Qila) and 40-year-old (Aurora, Qila's mother) female beluga whales from the Vancouver Aquarium for which auditory evoked potential (AEP) thresholds were fortuitously measured 1.5 years prior to death.

Previous studies on hearing loss in humans and terrestrial mammals have demonstrated structural alterations of the organ of Corti (or hearing organ) and associated innervation. These lesions have been attributed to mechanical damage and metabolic fatigue of the sensory cells and associated with high-intensity and/or long-duration sound exposure (1), exposure to ototoxic drugs, genetic, infectious (bacterial and viral), and geriatric processes (2). Changes in the sensory cell stereocilia and degeneration and loss of the entire hair cell have been documented (3–5), as well as swelling of the afferent nerve endings on the inner hair cells with incipient retrograde nerve degeneration (6). In more severe cases, complete degeneration of the organ of Corti can occur (3). When a mammalian cochlear hair cell dies, the contiguous supporting cells actively participate in the process of hair cell elimination and scar formation. This “scarring” process comprises the simultaneous expansion and sealing of the reticular lamina (1) as a rapid protective response to hair cell apoptosis. Loss of hair cells in the organ of Corti in mammals is permanent and results in irreversible hearing impairment. Thus, the presence of scarring among hair cell rows is an important criterion to assess for any possible history of hearing loss. These scars can be differentiated from artifactual exfoliation of hair cells that occurs with autolysis (7, 8). In cases of a severe trauma that causes direct damage to the supporting cells, or repeated less severe lesions, supporting cells may not remain differentiated. When the differentiated supporting cells are absent, the basilar membrane is covered by a layer of simple squamous or cuboidal epithelia, termed “flat epithelium” (9). At present, it is unclear whether the flat epithelium represents de-differentiated supporting cells or cells that migrated from adjoining regions.

There is a lack of ultrastructural analysis or characterization of the organ of Corti in most cetacean species. However, the normal morphology of the cochlea and changes in the morphology of the sensory cells along the cochlear spiral has been recently documented in beluga whales (10). Correlations of different cochlear analysis techniques with AEP hearing sensitivity measurements have not, to the best of our knowledge, previously been reported for cetaceans. The ability to correlate morphological and auditory data is imperative to assess how underwater sound and other etiologies might impact hearing in wild cetaceans. This is especially important for individuals where the hearing impairment may be interpreted and inferred solely based on ultrastructural and histopathological studies, since live stranded animals are not always available for testing. With the documented increase in anthropogenic noise in the marine environment, it is critical to characterize and establish these baseline data. In addition, this correlation between cochlear anatomical and auditory data is crucial to validate predictions of cochlear frequency maps (i.e., frequency distribution along the cochlear spiral) based on morphological features. These maps are important for determining the frequency range that is impaired if lesions are found.



MATERIALS AND METHODS


Auditory Evoked Potentials (AEPs)

AEP measurements were conducted on the belugas Qila and Aurora in March 2014. The AEPs were elicited using an acoustic projector embedded in a suction cup (termed a “jawphone”) placed on the lower jaw near the commissure of the mouth (left side only for Aurora, left and right for Qila). Although there is some degree of acoustic crosstalk between the two ears with this arrangement, it is likely that the AEPs are dominated by activity from by the ear closest to the jawphone, especially at threshold (11–13). Therefore, the auditory brainstem responses (ABRs) in this study are designated as arising from stimulation of the “left” and “right” ears, although the ABRs almost certainly include contributions from the contralateral ear to the jawphone. The jawphone comprised an International Transducer Corporation 1042 piezoelectric transducer embedded in a silicone suction cup. This type of projector is commonly used in AEP threshold audiometry with odontocete cetaceans, and threshold data obtained with jawphones produce audiograms that are comparable, especially in shape and high-frequency hearing limit, to those obtained underwater in a direct field (14). Acoustic stimulus production and AEP recording were conducted using the Evoked Response Study Tool [EVREST, (15, 16)] software and a ruggedized laptop computer.

The hearing tests took place in a medical pool, where the floor was raised such that the belugas were resting on the pool floor with their dorsal surface above the water. Ambient noise levels measured in the pools were ~40 dB re 1 μPa2/Hz from 10–60 kHz, and progressively decreased to ~15 dB re 1 μPa2/Hz at 180 kHz (Figure 1b). The jawphone was underwater on the lower jaws near the oral commissures. The belugas were temporarily restrained by the Vancouver Aquarium training staff, and monitored by attending veterinarians during data collection. Small stainless-steel subdermal electrodes (Grass Technologies, 12 mm × 30 gauge) were placed on the dorsal surface for recording of the ongoing electroencephalogram (EEG). A non-inverting electrode was placed ~5–10 cm behind the blowhole. A ground electrode was placed on the back near the dorsal fin, and an inverting electrode was placed midway between the inverting and ground electrodes. The EEG was amplified (100 dB) and bandpass filtered (0.3–3 kHz) using a Grass Technologies ICP511 biopotential amplifier. The analog EEG signal was digitized at a rate of 50 kHz using a National Instruments PCI-6251 data acquisition card and saved to hard disk for later analysis.


[image: Figure 1]
FIGURE 1. (a) Click-evoked auditory brainstem responses (ABRs) measured for the 40-year-old beluga Aurora (blue) and 21-year-old Qila (red). ABRs from Aurora were of relatively large amplitude. In contrast, ABRs from both ears from Qila had smaller amplitude, with increased latencies of the dominant waves. (b) Auditory evoked potential audiograms measured in Aurora (left ear, blue circle) and Qila (left ear, red closed squares; right ear, red open squares), in comparison with those reported by Mooney et al. (25) for 26 belugas. Underwater ambient noise levels (power spectral density, units of 1 μPa2/Hz) for the pool in which Aurora and Qila were tested are shown with a dotted line. Note that Qila has a hearing loss which is most apparent in the high frequencies at 56 kHz and above (see table) and in the right ear (light red). Table in (b) AEP hearing thresholds (in dB re 1 μPa) for Aurora and Qila tested in March 2014. Hearing threshold was defined as the mid-point between the lowest stimulus level for which a statistically significant response was detected, and the highest level for which no AEP was detected. R, right; L, left.


Prior to frequency-specific testing, transient click-evoked AEPs (i.e., ABRs) were elicited using a 25-μs pulse (1 MHz digital-to-analog conversion rate) sent to the jawphone. The resulting “click” featured energy in the frequency region where belugas are sensitive, with a peak frequency near 100 kHz [see (11) for more details of the stimulus]. The click level was estimated at 153 dB re 1 μPa (peak-equivalent sound pressure level). Frequency-specific thresholds were subsequently obtained by measuring the auditory-steady state response (ASSR, also called the envelope following response), a rhythmic AEP that can be evoked by a sinusoidal amplitude-modulated (SAM) tonal stimulus (17, 18). The SAM tones were 22 ms in duration (1-ms rise/fall, cosine window), with center frequencies ranging from 20 to 130 kHz and 100% amplitude modulation at a rate of 1 kHz, and levels calibrated in dB re 1 μPa, root-mean-square. The stimulus levels for both the clicks and SAM tones were calibrated using a receiving hydrophone placed underwater, 15 cm from the main transmitting axis of the jawphone suction cup. It should be noted that because the recorded levels are only rough estimates of those actually received by the belugas, the threshold values should be considered estimates as well. Relative changes between audiogram shapes, especially with regards to the upper-frequency hearing limit are reliable, however.

The clicks and SAM tones were both delivered to the belugas at a rate of ~31 ms−1. Final records were generated by averaging the EEG time-locked to 1,024 presentations of the stimuli, with the polarity of stimuli alternating on successive presentations to reduce electrical artifacts in the records.

Thresholds for the frequency-specific SAM tones were determined by first conducting a fast Fourier transform (FFT) of 20 ms of the averaged AEP, starting 4 ms after stimulus onset. The amplitudes of the resulting responses were determined by measuring the peak of the AEP spectrum at 1 kHz [i.e., the AEPs followed the rate of stimulus amplitude modulation, see (18)]. Stimulus levels were successively attenuated at each frequency until no statistically significant peak was detected in the response spectrum [magnitude-squared coherence test, α = 0.01, (19, 20)]. Threshold was defined as the average of the lowest stimulus level with a significant response and the highest level without a significant response.

All animal procedures and animal research were approved by the Vancouver Aquarium Institutional Animal Care and Welfare Committee.



Ear Analysis

The 21-year-old beluga whale Qila died on November 16th, 2016, at the Vancouver Aquarium Vancouver, British Columbia and the ears were collected ~5.5 h post-mortem. Her mother (40-year-old) Aurora succumbed on November 25th 2016, and her ears were fixed ~16 h post-mortem. According to a previous optimized protocol (21), the inner ears from both individuals were perfused perilymphatically with 10% neutral buffered formalin and the left tympanic bone from Qila was processed for histopathology. For both belugas, the left cochlea was evaluated by scanning electron microscopy (SEM) and the right cochlea was processed for immunofluorescence, using specific antibodies to label sensory cells and their associated innervation. Conventional and validated protocols were used for sample processing for SEM and immunofluorescence (7, 8, 22). In addition, a few subsections of the left inner ear from Aurora were processed for histopathology.


Decalcification

The periotic bones were decalcified by immersion in 14% Ethylenediaminetetraacetic acid (EDTA) tetrasodium salt hydrate, pH 7.4, at room temperature [changing the solution once every 7–10 days (23)] during 57–61 days in both individuals. The tympanic bone from Qila was decalcified with the rapid decalcifier RDO® (Apex Engineering Products Corporation, Aurora, Illinois, US) for 3 days.



Histology

After decalcification, the tympanic bone of Qila and the round window niche and surrounding tissue of Aurora were processed by conventional histology techniques with an automated processor (TissueTek). Tissues were embedded in paraffin, sectioned at 5 μm, and stained with Hematoxylin and Eosin, periodic acid Schiff's (PAS) and Twort's Gram stain.



Scanning Electron Microscopy

The decalcification of the left periotic bones ceased when the vestibular scala and the stria vascularis of the cochlea were exposed. Subsequently, the cochleas were dissected, dehydrated with increasing concentrations of ethanol, critical point dried with CO2, and then coated with gold-palladium. The samples were observed with an SEM at the University of British Columbia (UBC) Bioimaging Facility, Canada (Hitachi S-4700). Brightness and contrast of the figures were enhanced in Photoshop®.



Immunofluorescence

The right cochleas were dissected for immunofluorescence imaging using the whole-mount technique, following our recently optimized protocol (22). Preserved cochleas were transversely sectioned into four pieces and further dissected until flat preparations were obtained. The Reissner and tectorial membranes were removed, and the spiral ligament trimmed below the stria vascularis. The spiral ganglion cells were retained in most of the preparations, but the modiolus was removed.

The flat cochlear sections were initially blocked with 5% normal donkey serum for 1 h at room temperature, incubated with the primary antibodies overnight at 4°C, then with secondary antibodies for 2 h in the dark, and for 30 min with DAPI (Thermo Scientific ref. 62248, 1:1,000 dilution), to counter-stain the nucleus. The following primary antibodies were used: (1) goat anti-prestin polyclonal IgG antibody (Santa Cruz ref. SC-22692, 1:200), which labels the outer hair cells; (2) rabbit anti-myosin VI polyclonal antibody (Proteus ref. 25-6791, 1:500) that labels inner and outer hair cells, and (3) mouse anti-neurofilament 200 (phosphorylated and non-phosphorylated) monoclonal antibody IgG1 isotope (Sigma-Aldrich ref. N0142, 1:400), which labels type I afferent innervation that comprises 95% of the afferent innervation of the cochlea in some species of odontocetes (24). The secondary antibodies used were Alexa Fluor® 488 donkey anti-goat IgG, Alexa Fluor® 568 donkey anti-rabbit IgG and Alexa Fluor® 647 donkey anti-mouse IgG (Molecular Probes refs. A11055, A10042, A31571, respectively, 1:400).

Small subsections from the four large half turns were processed as controls. These included: (1) Specificity control (samples were incubated with the same concentration of IgG as the primary antibodies, and then incubated with the secondary antibodies and DAPI); (2) Control for non-specific binding of the secondary antibodies (samples were incubated without the primary antibodies, and then incubated with the secondary antibodies); (3) Control for autofluorescence (no primary and no secondary antibodies were used).

All fragments, including the controls, were treated with 0.2% Sudan Black B for 10 min after the secondary antibody to reduce the fluorescence of the tissue. The flat preparations were individually mounted on a glass slide with 0.1% N-propyl gallate in 90% glycerol and evaluated using fluorescence optic microscope and an Olympus FV1000 confocal microscope at the UBC Bioimaging Facility (Vancouver, Canada) and a Zeiss LSM880 confocal microscope at the Montpellier Resources Imagery (MRI, Montpellier Cell Biology Research Center, France). Micrographs of the three controls were obtained using the same magnification and same intensity of the four lasers as their respective treatments. Brightness and contrast of the figures were enhanced, using identical protocols for treatments and the respective controls.





RESULTS


Auditory Evoked Potentials (AEPs)

Click-evoked ABRs were recorded prior to measuring frequency-specific hearing thresholds. These were used as a rapid, gross measure of auditory function, and to ensure that all equipment was functioning properly. The resulting ABRs are shown for the belugas Aurora (in blue in Figure 1a) and Qila (in red in Figure 1a). For Aurora, the peaks of the waveforms were of relatively large amplitude when stimuli were delivered from the left jaw (i.e., ABRs are dominated by activity from the left ear, peak-to-peak amplitude of 7.5 μV). However, the ABRs from both ears from Qila are of smaller amplitude (peak-to-peak amplitudes of 2.4 and 1.0 μV for the left and right ears, respectively). The latencies of the waves are also relatively delayed in the ABRs for Qila. For example, the latency to the dominant vertex-negative potential was 4.8 ms following acoustic stimulation in Aurora, as compared with 5.1 ms for both ears in Qila.

Following click-evoked ABR testing, hearing thresholds as a function of frequency (AEP audiograms) were measured for both belugas. The thresholds for Aurora, Qila, and 26 wild belugas previously tested using similar AEP methods (25) are shown in Figure 1b. This large sample size from Mooney et al. (25) bounds nearly all other AEP thresholds reported for belugas (17, 26, 27), and thus they are used to provide a reference to the normal values for this species and method [but see (28–32) for behavioral thresholds]. Aurora's thresholds were comparable to those for belugas from Mooney et al. (25) at all examined frequencies (blue and gray traces in Figure 1b). The hearing sensitivity of Qila was reduced relative to the other belugas (red in Figure 1b), and no frequency-specific AEPs could be detected above 90 kHz. Similar to the patterns observed for the click-evoked ABRs of Qila, hearing impairment was more apparent in the right ear (light red in Figure 1) than in the left ear (dark red in Figure 1); all thresholds for Qila's right side were higher than those reported for the other individuals.



Ear Analysis

Full necropsies of both belugas were conducted at the Animal Health Center, Abbotsford, BC, ~100 km east of the Vancouver Aquarium. Post-mortem examination of Qila revealed an infection of Nocardia paucivorans within the lung with reactive change in regional lymph nodes. Based on the extent and severity of inflammation and necrosis, this infection would have contributed at least moderately to impaired respiratory function. The proximate cause of death could be attributed to hypovolemic shock in the case of Aurora, secondary to liver and caudolateral and retroperitoneal hemorrhage, peritoneal rent and hemoperitoneum. The presumptive liver atrophy and hemorrhage, desquamated epithelia within the esophagus and nonglandular compartment of the stomach are consistent with inappetence or anorexia and may be related to the preexisting pathologic processes.


Left Ear From Qila

On gross exam, the left tympanic cavity and the peribullar cavity contained numerous 0.1–0.3 cm diameter, tan yellow friable mineralized deposits (Figures 2a–c). Histopathology revealed large aggregates of fungal hyphae that were regularly septate, dichotomously branching, parallel and occasionally slightly dilated. These hyphae were morphologically consistent with Aspergillus sp. (arrow in Figure 2e). There was mild reactive change in the adjoining mucosa and multifocal dystrophic mineral deposition (Figures 2d,e). A morphologic diagnosis of pyogranulomatous cochleotitis (regions delimited by arrowheads in Figure 2e) with intralesional hyphae morphologically consistent with Aspergillus sp. (arrows in Figure 2e) was made. The impact of the fungal aggregate on hearing could not be determined based solely on histopathology.
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FIGURE 2. Left tympanic bone from the beluga Qila. The gross images, (a,b) were taken during the necropsy and dissection of the ears. Note the smooth nodular tan yellow precipitates in the peribullar (a,b) and tympanic cavities (c). Image (b) was obtained after the removal of the tympano-periotic complex. (d,e) Histopathology of hematoxylin-eosin stained left tympanic bone and cavity with numerous lobules of bacteria (d) and florid fungal hyphae interspersed [arrow in (e)] within inflammatory infiltrate and necrotic debris [regions delimited by arrowheads in (e)].


SEM of the inner ear revealed that the cells of the organ of Corti were well preserved and the typical mammalian disposition of sensory cells, aligned as three rows of outer hair cells and single row of inner hair cells, was present throughout the cochlear spiral (Figure 3). However, in the first 4.9 mm from the base, which is the region where the highest frequencies of the hearing range are encoded, there was a well circumscribed “flat epithelium” consistent with a chronic and severe process and attributed to sensory cell death by apoptosis (Figure 3g). In this case, the specialized supporting cells had either dedifferentiated or were replaced by simple epithelial cells. The area of transition between the flat epithelium and the “normal” sensory epithelium was small, of ~400 μm, with a few missing hair cells (arrows in Figure 3f).


[image: Figure 3]
FIGURE 3. Scanning electron micrographs of the left cochlea from the beluga Qila. Organ of Corti with three rows of outer hair cells (OHCs) and one row of inner hair cells (IHCs) in the upper (a) and lower (c) apical turn, upper (b) and lower (d–g) basal turn. (f) Area of transition with some scars (arrows). (g) Flat epithelium, present along the first 4.9 mm of the base, where the highest frequencies are encoded.




Right Inner Ear From Qila

During the dissection, moderate, multifocal acute hemorrhage was found at the end of the hook, lower apical turn, upper basal turn (arrows in Figure 4a) and in the round window (red arrow in Figure 5a). A source of the hemorrhage was not readily apparent on gross examination. The decalcified bone tissue around the round window as well as the round window niche and part of the tympanic scala were dissected and prepared for histopathology (Figure 5).


[image: Figure 4]
FIGURE 4. Right cochlea from the beluga Qila. (a) Sub-gross focal hemorrhage (arrows) and immunofluorescence image of the hook or most basal part of the cochlea, where the highest frequencies are encoded. (b) Organ of Corti (O. Corti) of the lower apical turn, formed by three rows of outer hair cells (OHCs) and one row of inner hair cells (IHCs). Flat preparations of the cochlea were incubated with antibodies against prestin (green), myosin VI (red), neurofilament 200 kD (yellow) and DAPI (blue). SGCs, spiral ganglion cells.
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FIGURE 5. Right cochlea from the beluga Qila. (a) General picture. Note there is multifocal congestion with hemorrhage at the round window (red arrow). (b) Detail of the round window niche after being sampled for histopathology. (c,d) Histopathology of focally extensive acute hemorrhage admixed with vacuolated proteinaceous deposits and dense clusters of extracellular (c,d) and rare intracellular [arrow in (e)] Gram positive cocci. Sections (c,d) were stained with hematoxylin-eosin and (e) with Twort's gram stain.


Histopathology of the round window niche and surrounding tissue confirmed acute hemorrhage with numerous intralesional Gram positive cocci (Figures 5c,d). Despite the lack of associated inflammatory infiltrate, the hemorrhage suggested peracute bacteremia and embolization, rather than post mortem bacterial overgrowth.

Immunofluorescence on the right ear showed no hair cells or type I afferent innervation in the first 6.6 mm of the base of the cochlea; whereas, the rest of the cochlea presented type I innervation and a typical organ of Corti formed by three rows of outer hair cells and one row of inner hair cells (Figure 4b). Due to unintentional damage during dissection, the upper apical turn of the organ of Corti could not be assessed by immunofluorescence. However, the innervation appeared within acceptable limits, suggesting that there was no evidence of hearing loss in this particular region. The three controls (specificity control, control for non-specific binding of the secondary antibodies, and autofluorescence control) were negative.



Left Inner Ear From Aurora

The sub-gross dissection disclosed mild hemorrhage in the lower basal turn. In addition, there were white caseous to friable irregular nodular deposits in the round window niche. The round window niche was sampled for histopathology while the rest of the cochlea was dissected for SEM evaluation.

Histopathology revealed that within the lumen, at the base of the cochlea, there was a dense aggregate of inflammatory infiltrate comprised of lymphocytes and plasma cells and scattered neutrophils (Figure 6). Entrapped within the inflammatory infiltrate were a few variably sized glandular elements with vacuolated and occasionally artifactually detached epithelia (Figures 6c,d).
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FIGURE 6. Left cochlea from the beluga Aurora. (a) Sub-gross image of the base of the cochlea. The arrow highlights the white deposits at the round window niche. (b–d) Micrographs of Hematoxylin and Eosin stained sections with moderate focal accumulation of lymphocytes, plasma cells and fewer macrophages with scattered neutrophils. In images (d,e) there are a small number of entrapped variably sized glands.


SEM revealed that the cells of the organ of Corti in Aurora were less well preserved than in Qila and the discrepancy was attributed to a delay between death, ear collection and fixation with Aurora. Although three rows of outer hair cells and the single row of inner hair cells were distinguished throughout the cochlear spiral (Figures 7a–d), in a small region of the upper basal turn the organ of Corti was obscured by a processing artifact. In the most basal portion of the cochlea, the organ of Corti was folded. Although hair cells could not be evaluated ultrastructurally, the normal morphology of phalangeal processes of Deiters cells indicated that the outer hair cells were alive ante-mortem. In case of outer hair cell death, the phalangeal processes would have swollen to seal the reticular lamina, and this feature was not apparent in the examined cochlea. Based on SEM evaluation, there was no evidence of ultrastructural pathology or hearing loss in the left inner ear of this individual.


[image: Figure 7]
Figure 7. (a–d) Scanning electron micrographs of the left cochlea from the beluga Aurora. Organ of Corti features three rows of outer hair cells (OHCs) and one row of inner hair cells (IHCs) in the upper (a) and lower (b) apical turn, upper (c) and lower (d) basal turn. (e,f) Right cochlea from the beluga Aurora. Immunofluorescence images of the middle turn (e) and hook or most basal part of the right cochlea. (f) The beginning of the hook is located at the left the image, which is the region of the cochlea where the highest frequencies are encoded. Flat preparations of the cochlea were incubated with anti- prestin (green), anti-myosin VI (red), anti-neurofilament 200 kD (yellow) antibodies and DAPI (blue). SGCs, spiral ganglion cells.




Right Inner Ear From Aurora

The right cochlea was sectioned flat and dissected using the whole-mount technique and prepared for immunofluorescence. A small region of the lower basal turn had mild hemorrhage in the vestibular scala, which was not apparent in the cochlear scala.

There was positive labeling for hair cells and associated innervation throughout the cochlear spiral (Figures 7e,f). Artifact associated with post-mortem decomposition was more evident in the upper basal and lower apical turns. The three controls were negative. Based on observation from immunofluorescence, there was no evidence of hearing loss at the level of the hair cells or innervation of the right inner ear.





DISCUSSION

Ultrastructural and immunofluorescence studies of both ears in Qila revealed lesions in the base of the cochlea consistent with bilateral high-frequency hearing loss in this individual. There was a slightly larger affected area in the right ear. AEPs measured 1.5 years prior to this beluga's death showed hearing loss, particularly at high frequencies of 56 kHz and above, and apparently more severe in the right ear. This was apparent in the low amplitudes and delayed latencies of the peaks of the ABR, which are associated with high-frequency hearing loss in cetaceans (33). The frequency-specific thresholds in the audiograms subsequently confirmed such a hearing loss. This beluga may have had additional pathology within its hearing pathway that could explain the generalized hearing impairment. Based on the AEPs and morphology studies, Qila would have had mixed hearing loss, which is a combination of conductive and sensorineural hearing loss.

Masking of hearing thresholds by ambient noise did not account for the elevation in Qila's hearing thresholds [see (34)]. Based on the ambient noise levels measured in the pool, and critical ratios published by Johnson et al. (30), hearing thresholds for Aurora between 20 and 56 kHz were 5–10 dB above the expected minimum thresholds in the presence of energetic masking. Aurora's thresholds were further elevated above these predictions at higher frequencies (22, 41, and 56 dB differences at 80, 113, and 130 kHz, respectively). Qila's even higher thresholds therefore resulted from a true deficit in auditory function rather than interference from ambient noise.

In domestic animals and humans, high-frequency hearing loss can be due to age related degeneration [i.e., presbycusis, (35)]; however, Qila was 21 years old while wild belugas have an estimated mean lifespan of 30–60 years (36–38). Another cause of similar lesions to the ones found in our study in the most basal region of the cochlea could be exposure to ototoxic drugs, as observed in a beluga by Finneran et al. (32). However, since there was no record of clinical history of ototoxic drug administration, it is unlikely that this may have contributed to the hearing loss in this case. Noise-induced hearing loss is frequency specific, although a high-frequency noise source able to damage this part of the cochlea would need to be present at a sufficiently high level and/or long duration in the belugas' environment (27, 39). Underwater noise measurements conducted at the Vancouver Aquarium in 2014 revealed no noise capable of inducing this hearing loss, and it is unlikely that there were other sources that emit at these frequencies in the vicinity of the display that the animal would be exposed to. In addition, Aurora would have likely been exposed to the same sound source since both whales lived in the same habitat and Qila was born at the Aquarium.

Other potential causes could include congenital, infectious, toxic or immunological disorders. However, the small zone of transition between the affected vs. non-affected area in the basal turn, as well as the fungal infection of the middle ear, suggests that ischemia and apoptosis may have resulted in the high-frequency hearing impairment. Studies in humans showed that vertebrobasilar artery ischemia can cause sensorineural hearing loss (40). In animal models, it was demonstrated that labyrinthitis induced a reduction of cochlear blood flow or ischemia, associated with hair cell loss (41). Temporal bone histopathological studies in humans showed that suppurative labyrinthitis resulted in stria vascularis atrophy, hair cell and auditory neuron loss, mainly in the basal turn of the cochlea explaining high-frequency hearing loss (42, 43). Altogether, these observations suggest that the pathological findings in Qila could be a consequence of a labyrinthitis related or secondary to chronic middle ear infection.

Conversely, the results of the inner ear analysis and AEP measurements in Aurora were different. Although there were some artifacts attributed to post mortem decomposition, both inner ears from the beluga Aurora were remarkably well preserved considering the delay between death, sample collection and fixation (16 h). At present, there is little information regarding the pathology and neurophysiology of the cochlea in belugas, and the repercussions of the chronic inflammatory process found in the round window niche on hearing are unknown. Based on analysis of the ultrastructure of the hair cells (SEM and immunohistochemistry) and associated afferent innervation (immunohistochemistry), there was no evidence of hearing loss in either ear. Our anatomical results are thus consistent with the AEPs measured for this individual.

It is unusual that two cetaceans in captivity die in a short time span (9 days apart). Although tragic, these mortalities afforded a unique opportunity to compare three methodologies and results obtained from two related individuals that shared the same environment for over 20 years with different hearing capabilities. Although the results of the post-mortem examination were different in both cases, both deaths were acute, and there is no clinical history, histopathologic or ultrastructural evidence that suggests that the cause of death was related with the hearing disorder found in Qila. The lack of detectable of type I afferent neurons and the presence of flat epithelium in the base of the cochlea can be an indication of an old lesion, and consistent with the results obtained with AEPs. In addition, we would have also found damage in the inner ear of Aurora if the lesions detected in Qila would have been related to the death of both individuals since Qila was a severe case. We do not expect that significant changes in the hearing capabilities of both individuals occurred between the measurement of their AEPs and their death and cochlear analysis 1.5 years later. There are detailed medical records for both animals in this time period. No ototoxic drugs were administrated, or clinical detection of infections that may have contributed to hearing loss in either of these individuals. Age-related hearing loss during this time period could be a factor to consider, but we would have likely detected it in Aurora as well, given that she was 19 years older than Qila.

Although we compared the three techniques on two individuals and statistical analysis could not be conducted due to the small dataset, the fact that comparable results were obtained with all three techniques used shows that physiological and morphological test results can be correlated. This is particularly important because it is rare to have information on the cochlear anatomy and AEPs of the same individual: access to live animals is necessary for the measurement of AEPs, and rapid preservation of the hearing organs following death is required for cochlear anatomical analyses. The comparison shown in our study will be also useful in those circumstances when only one of the two methods (AEPs or inner ear analysis) can be performed.

This study is the first to compare the findings of two cochlear analysis techniques and direct hearing sensitivity measurements from AEPs in a cetacean species. The ability to combine morphological and auditory data is crucial to validate cochlear findings in stranded cetaceans, as well as to validate predictions of cochlear frequency maps based on morphological features. Animals with hearing loss are of particular interest since they can further refine predictive models, and cases of high-frequency hearing loss will be crucial to localize the frequencies encoded in the first millimeters of the base of the cochlea. While AEPs on live strandings are a valuable tool to assess the hearing capabilities of species that cannot be kept in captivity (44), cochlear frequency maps will allow for predictions of the full hearing range of species for which it is not possible to measure AEPs in vivo, or where such data are not yet available. Further, studies on noise-induced hearing loss in terrestrial and marine mammals exposed to high noise levels show that the greatest losses of sensitivity regularly occurs at a frequency about half an octave, up to one octave, above the exposing tone (39, 45–47). Thus, in future cases of noise-induced hearing loss in individual and mass stranded marine mammals, frequency maps could ultimately provide key information on the frequency characteristics of the causal sources of the cochlear lesions.
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The eastern North Pacific gray whale (Eschrichtius robustus) population is considered “recovered” since the days of commercial whaling, with a population of over 25,000 animals. However, gray whale habitat is changing rapidly due to urbanization of the migratory coastal corridor, increases in shipping, and climate change altering water conditions and prey distribution. Increased single strandings and intermittent large-scale mortality events have occurred over the past 20 years, raising questions about how gray whale health is affected by whale population size (density dependence), climate change, and coastal development. To understand the impacts of these factors on health and the role of health changes in whale population dynamics, increased understanding of the pathogenesis and epidemiology of diseases in gray whales is needed. To date, most information on gray whale health and disease is in single case reports, in sections of larger papers on whale ecology, or in technical memoranda and conference proceedings. Here we review existing data on gray whale health and disease to provide a synthesis of available information and a baseline for future studies, and suggest priorities for future study of gray whale health. The latter include nutritional studies to distinguish annual physiological fasting from starvation leading to mortality, identification of endemic and novel viruses through increased use of molecular techniques, quantifying parasitic infections to explore interactions among prey shifts and parasite infection and body condition, as well as enhancing necropsy efforts to identify stochastic causes of mortality such as vessel strikes, entanglements, and predation. Integration of health and disease studies on individual animals with population monitoring and models of whale/prey dynamics will require interdisciplinary approaches to understand the role of health changes in population dynamics of this coastal whale.
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INTRODUCTION

The recovery of the eastern North Pacific gray whale population since its decimation by commercial whaling has been heralded as a conservation success. Yet its northern feeding grounds are now experiencing unprecedented ecological change, and hundreds of dead gray whales stranded along the migratory corridor in 2019 (Raverty et al., 2020). High mortality of gray whales was also observed in 1999 and 2000 (Gulland et al., 2005), when the population concurrently decreased by almost 20% (Laake et al., 2012). Despite regular population surveys and post-mortem examination of individual whale carcasses, our understanding of gray whale health and how it is affected by whale population size (density dependence), climate change, and coastal development remains poor. Gray whales have been proposed as “sentinels” for Arctic Ocean health (Moore and Gulland, 2014), yet for us to interpret changes in health, baseline data are required. Surprisingly, there are only scant data, mostly single case reports, on lesions, diseases, marine biotoxins, and infectious diseases of gray whales, although the helminth fauna have long been described (Rice and Wolman, 1971; Dailey and Brownell, 1972). The detection and characterization of infectious agents, especially viruses, in marine mammals have increased considerably; however, establishment of a causal association between pathogens and clinical presentation or pathology for many agents has been difficult “due to inconsistencies in marine mammal morbidity/mortality investigative effort and the logistical and economic limitations for adequate pathologic investigations” (Bossart and Duignan, 2018). This is particularly true for gray whales, with limited studies available. Given the rapid changes in the North Pacific and Arctic ocean ecosystems, changes in gray whale health are likely. Here we review existing data on gray whale health and disease to provide a baseline, synthesize existing information, and suggest priorities for future study of gray whale health.



SOURCES OF HEALTH AND DISEASE DATA

Information on gray whale health and disease is available from four sources: whaling records, especially those from 1964 to 1969 for whales taken off the Richmond whaling station in central California (Rice and Wolman, 1971); the aboriginal whaling scheme (AWS) in Chukotka, Russia, and their ongoing harvest monitoring program1; examination of stranded animals; and health assessment of live whales using both remote sampling (photography, biopsy, breath analysis) and hands on sampling of two temporarily captive whales.

The near-shore behavior of gray whales results in occasional live strandings, a few of which have refloated with (Lahner et al., 2018) or without human assistance. Interestingly, the ability of stranded live gray whales to refloat themselves has been described by traditional ecological knowledge (TEK) and in the Russian literature (Tomlin, 1967). Corroborating evidence comes from historic Icelandic texts where the ability of gray whales to refloat after stranding is described “it is very tenacious of life and can come on land to lie as seals like to rest the whole day. But in sand it never breaks up” (Fraser, 1970). In Icelandic the gray whale is called sandlier (Icelandic sandloegja) reflecting this behavioral trait. TEK from Chukotkan native people also attest to the ability of gray whales to free themselves from stranding on sandbanks (Yablokov and Bogoslovskaya, 1984). Causes of live strandings vary, with some animals having lesions or toxins (see below). Solar storms have recently been suggested as causal, but selective data were used for these analyses and the association is likely due to covarying factors (Granger et al., 2020). Remarkably two live stranded neonatal gray whales were successfully rehabilitated in San Diego and released at 1 year of age (Bruehler et al., 2001; Sumich et al., 2001). Blood parameters for single animals have been determined and can support diagnostic investigation in live stranded and euthanized gray whales (Gilmartin et al., 1974; Dailey et al., 2000; Reidarson et al., 2001). Samples for assessing health of free-swimming live whales have been obtained by collecting blow and dart-biopsying skin and blubber. Collected blow has been used to describe the microbiome in breath, and to identify metabolites (Acevedo-Whitehouse et al., 2010; Denisenko et al., 2012).



INFECTIOUS DISEASES


Viruses


Calicivirus

Calicivirus antibodies (San Miguel Sea Lion Virus; SMSVTypes 1, 2, and 3) were detected in five out of 16 (31%) California gray whales processed during 1968–1970 at the San Francisco whaling station (Akers et al., 1974). Vesivirus serotypes have been detected in other baleen whales including fin (Balaenoptera physalus), sei (Balaenoptera borealis), and bowhead whales (Balaena mysticetus) (for review, see Bossart and Duignan, 2018) typically associated with blistering skin disease, with variable lesion size (1–3 cm).



Enterovirus/Calicivirus

In 1968, an entero virus was isolated from the rectum of a gray whale (Smith and Skilling, 1979; Watkins et al., 1969 cited in Smith et al., 1987). Reexamination of the isolate using electron microscopy identified it 20 years later as a calicivirus (Gray VESV-A48) (Smith, 2000). The particular isolate Gray VESV-A48 causes fulminate vesicular disease in exposed pigs.



Equine Encephalitides (WEE, EEE, VEE)

A single case of neutrophilic encephalitis was reported in a juvenile gray whale during the 1999/2000 “Unusual Mortality Event” (UME) (Gulland et al., 2005). This animal live stranded and was euthanized. Serum titers to several alphaviruses including Western equine encephalitis (WEE), Eastern equine encephalitis (EEE), and Venezuelan equine encephalitis (VEE) were detected, with a serum neutralization titer of 1/100 for EEE. Virus isolation was negative from all tissues examined. Histopathology findings in this gray whale were similar to those documented for EEE and Japanese encephalitis virus (JEV) infection in seals (McBride et al., 2008; Jung et al., 2019). In comparison, two “control” blood samples (collected in the 1998 season from two gray whale neonates with no milk in their stomachs) had no detectable titers to these viruses. A third “control” blood sample from a gray whale which, based on presence of maternal immunoglobulins (Reidarson et al., 2001), had suckled prior to stranding and collection, showed a hemagglutination inhibition titer to WEE and EEE of 1/100 but none with serum neutralization. Positive titers from these whales were thought to represent a cross reactivity to a related but unknown virus (Gulland et al., 2005).

Titers against WEE, EEE, and VEE (without alpha virus-associated diseases) have been demonstrated in wild dolphins from Florida (2003–2007), thus transmission of arboviruses to coastal cetaceans likely occurs (Schaefer et al., 2009). Further support for this conclusion is provided by the detection of titers to West Nile Virus (WNV), another virus known to depend on biological transmission by mosquitoes (aka arbovirus), in captive killer whales in association with non-suppurative encephalitis (attributed to WNV) (St. Leger et al., 2011). Surface resting (passive floating) by coastal cetaceans probably increases the likelihood of mosquito bites as suggested by St. Leger et al. (2011). Neonates and calves given their thinner skin and greater propensity to stay quiescent at the surface may therefore be a cohort at greater risk. The plausibility of attributing the observed neutrophilic encephalitis of the gray whale to alpha virus infection remains speculative. However, gray whale MHC-I sequences show similarity to MHC-I in ungulates (Flores-Ramirez et al., 2000), and as alphavirus infection causes fulminant encephalitis in ruminants (Bauer et al., 2005; Schmitt et al., 2007), suggesting alpha virus infection in baleen whales is possible.

As alphavirus activity has not been documented in California, with the exception of a single infection in a vaccinated foal during spring 2000 (Franklin et al., 2002), the gray whale most likely was exposed prior to reaching the California coast. Transmission via mosquitos is the likely exposure route, although direct and mechanical transmissions cannot be excluded (Kuno and Chang, 2005). The role of cyamids and epizoic barnacles, both abundantly present on gray whales, as vectors of viruses has not been explored but deserves attention (La Linn et al., 2001; Overstreet et al., 2009). As only one case was observed, one can only wonder whether this encounter between arboviruses (arthropod-borne virus) and gray whales occurs regularly or occurred by chance.



Parapoxvirus

A proliferative dermatitis with superficial ballooning degeneration and intracytoplasmic inclusions suggestive of parapoxvirus was observed in a stranded dead immature gray whale; however, tissue screening by polymerase chain reaction (PCR) with known parapoxvirus primers was negative (Raverty et al., 2006). Parapox viruses have been isolated and described from the bowhead whale and various toothed whale species (Bracht et al., 2006; Barnett et al., 2015).



Paramyxovirus

A few stranded gray whales have had lesions suggestive of paramyxovirus. In one whale, multisystemic vasculitis was observed (Raverty et al., 2006); in another (the above suspect EEE case), interstitial pneumonia with histiocytosis and formation of syncytia was described (Gulland, pers. comm.). Testing of tissues from both whales for morbillivirus using PCR was negative.



Bacteria, Fungi

A single case of extensive tissue necrosis (unknown etiology) involving the head and rostrum was reported in a landed gray whale from Chukotka (Tomlin, 1967). Localized tissue necrosis presenting as circular skin defects exposing the underlying blubber along the snout was present in another landed whale. A pyothorax with concurrent fibrinous pleuritis-pericarditis of unknown etiology was reported in a stranded yearling (Stroud and Roffe, 1979). Secondary bacterial infection has been observed with intestinal Bolbosoma sp. infestation. Secondary fungal infection (Mucor spp.) was present in a free-ranging gray whale mother/calf pair with freshwater associated skin lesions (Colegrove, 2018). Antibodies to Candida sp. were detected by enzyme-linked immunosorbent assay (ELISA) in serum of one of 21 healthy gray whales (Litkova et al., 2020). Limited screening for Brucella spp. by PCR in samples from multiple stranded juvenile gray whales that underwent post-mortem examination was negative (Raverty et al., 2006).



Protozoa

Sarcocystis spp. were detected in a stranded adult male gray whale in 1999, with no associated inflammation (Gulland, pers. comm.). Incidental sarcocystosis has been detected in other baleen whales including sei and bowhead whales (Akao, 1970; Stimmelmayr et al., 2021). Two of 21 gray whales hunted for subsistence during 2018–2019 were positive for Toxoplasma gondii by (ELISA) (Litkova et al., 2020). Given the coastal behavior of gray whales, exposure to T. gondii is not surprising. Terrestrial runoff leading to environmental contamination of near shore water and prey have been implicated as the major factors driving T. gondii infection in California sea otters (Conrad et al., 2005). T. gondii has been detected (light microscopy, PCR, immunohistochemistry, serology) in three other baleen whales, a fin whale (Mazzariol et al., 2012), a humpback whale (Megaptera novaeangliae) (Forman et al., 2009), and in a Bryde’s Whale (Balaenoptera edeni) (Diaz-Delgado et al., 2020).



Helminths

Of the helminth parasites reported in gray whales (for review, see Kuramochi et al., 2017) only a few, Anisakis, Ogmogaster, Bolbosoma, and Lecithodesmus, have been associated with gastrointestinal lesions. Observed lesions include mild gastritis with heavy anisakid burden (single animal), colitis and proctitis associated with trematode infestation, and focal transmural abscessation in two cases (ileum; unspecified intestinal section) associated with Bolbosoma sp. infestation in three juvenile stranded gray whales (Rice and Wolman, 1971; Dailey et al., 2000; Gulland et al., 2005). Bacterial isolates from the transmural abscesses (remarkably extending along 75 m of the ileum) from one animal included Edwardsiella tarda, Escherichia coli and Clostridium perfringens (Dailey et al., 2000). Fluke infection (Lecithodesmus golitath) in two landed gray whales was associated with inflammation of the biliary duct system and characterized by “distorted, inflamed biliary epithelium and were rimmed with thick walls of dense scar tissue” (Rice and Wolman, 1971). Litkova et al. (2020) recently completed a multi-year survey for Trichinella spp. in gray whales hunted for subsistence along the Chukotka coast where infection is observed in <2% Pacific walrus (Odobenus rosmarus divergens). No Trichinella larvae were detected in 53 gray whales, and no serum antibodies to Trichinella spp. were detected by ELISA in 21 gray whales. Investigations for trichinosis in toothed and baleen whales are rare (Rausch et al., 1956; Smith, 1976) but given the zoonotic potential and food safety concerns, screening of gray whales hunted for subsistence is relevant.



Whale Lice and Barnacles

Gray whales are commonly infected with whale lice (Cyamis ceti, Cyamis kessleri, Cyamis boopis) and epizoic barnacle colonies (Cryptolepas rhachianecti) (Hurley and Mohr, 1957; Rice and Wolman, 1971). Barnacle infections of young of the year occur in nursery lagoons and become fully established during the northward migration. Cyamid infection is thought to be direct (from animal to animal) and ample opportunities for cyamid transfer occur during suckling and close contact. The level of cyamid infection varies among individuals but this has not been systematically assessed. For example, all gray whales landed in Chukotka were reported to carry cyamids, without a clear pattern. Some animals carried cyamids in layers several cm deep (Berzin and Vlasova, 1982). Landed whales examined at Point Barrow, and California during the 1960s all carried cyamids (Leung, 1976). The abundance of cyamids on gray whales that have been to brackish waters is markedly reduced. Survival of whale lice off the host can be several days, thus providing a crude but useful proxy to narrow the window of time of death of whales (Leung, 1976). Cyamids show body site specificity on the host (Cyamis scammoni belly; jaw line; C. ceti, creases of the lips, flippers, and flukes; C. kessleri umbilicus, genital opening, and anal aperture of the host). Whether gray whales actively engage in ectoparasite removal is unclear, but breaching, and rubbing behavior against rocks has been interpreted that way. It is also suggested that gray whales’ visitation of freshwater lagoon systems may reduce ectoparasite load (Yablokov and Bogoslovskaya, 1984). Reports from Russia indicating that gray whales allow seagulls to peck at their backs while passively floating nearshore have been interpreted as cooperative behavior. Rare observations of parasitic behavior of gulls feeding on live stranded neonate gray whales were made in the nursery lagoons (Eberhardt and Norris, 1964). Parasitic behavior of gulls on southern right whale calves (Eubalaena australis) has emerged as a significant health problem in Argentinian waters (Fiorito et al., 2016; McAloose et al., 2016).



TOXINS AND CONTAMINANTS


Biotoxins

Domoic acid (DA) was detected in a juvenile whale that stranded alive and was euthanized during the 1999/2000 UME, suggesting DA toxicosis may have contributed to stranding (Gulland et al., 2005). DA was detected in the serum, urine, and feces of this whale by receptor binding assay and was confirmed in the urine and feces by HPLC-MS/MS with levels of 1.6 and 0.528 μg/ml, respectively. On histology ulcerative glossitis and neuronal changes of the frontal cortex and hippocampus were observed. DA associated mortalities occurred in California sea lions (Zalophus californianus) during that period (Gulland et al., 2002). In the ongoing 2019–2020 gray whale UME very low levels of biotoxins (DA/STX) were detected in limited samples from six animals (Raverty et al., 2020). The limited data available suggest gray whales are exposed to marine biotoxins, the occurrence of which are increasing throughout the gray whale’s range (Lefebvre et al., 2016). Thus, future research should focus on investigating the effects of biotoxin exposure on health, reproduction, and survival of gray whales.



Oil

Gray whale mortalities were observed after the 1969 Santa Barbara and 1989 Exon Valdez oil spills (Moore and Clarke, 2002). Behavioral observations of gray whales encountering slicks did not reveal avoidance and whales were observed lying in or swimming through oil slicks during both spills (Evans, 1982; Harvey and Dahlheim, 1994). Stranded gray whales examined after the Exon Valdez oil spill had oil in their baleen but not in their digestive systems. The observed post spill mortalities (25 in Alaska, six in Santa Barbara) were not attributed to the respective spills. Given our greater understanding of the impact of oil on cetaceans after research on the effects of the Deepwater Horizon spill (i.e., acute and chronic effects) in particular inhalation toxicity of compounds at the air water interface (for review, see Takeshita et al., 2017), the above conclusions need to be revisited.



Persistent Organic Pollutants, Mercury

Reported blubber contaminant levels and heavy metals in blubber and epidermis in gray whales are lower than levels in odontocetes from the North Pacific, presumably due to their feeding on benthic invertebrates rather than prey from higher trophic levels (reviewed in Varanasi et al., 1993; Krahn et al., 2001; Tilbury et al., 2002; Ruelas-Inzunza et al., 2003; Dehn et al., 2006; Dudarev et al., 2019a,b,c,d; Lian et al., 2020; Litkova et al., 2020). Differences in reported blubber concentrations of organochlorines between stranded and hunted gray whales have been attributed to changes in blubber lipid composition post-mortem (Chukmasov et al., 2019). The health effects of the measured contaminant levels in gray whales are unknown, but upregulation of genes involved in detoxification has been described in liver tissue from stranded gray whales (Moskalev et al., 2017).



Chlorophenate

In 1985 unusual mortality of several gray whales occurred after a toxic spill involving chlorophenate (45,000 L) in the Serpentine River near White Rock, BC (Coloday, 1986). Nine animals washed up in the Georgia Strait and Puget sound area. The gray whale mortality coincided with a large freshwater fish kill, mostly of salmonid fish. Mortality among marine species (sculpins; flounders) occurred to a lesser extent. Chlorophenate at levels ranging from 1.5 (muscle tissue) to 300 ppb (liver) was detected in various samples (feces, digestive tract, liver) from two whales. One whale had bilateral serosanguineous pleural effusion (6000 cc) and acute massive hemorrhagic liver necrosis suggestive of a toxic insult (Gornall and Fouty, 1990). As no histopathology and further diagnostics besides toxicology were done in this whale, other causes, i.e., viral, bacterial, for observed liver lesions cannot be excluded.



Plastics and Marine Litter

Marine debris is a global issue (IWC 2019 Marine Debris workshop) and not surprisingly plastics, wood, and miscellaneous human garbage have been detected in the stomachs of stranded gray whales as bottom feeding gray whales frequently ingest sand, gravel, and cobbles (i.e., Kasuya and Rice, 1970; Cascadia Research Collective2). Rare cases of impalement injuries of the head by metal and wood debris in free-ranging and dead gray whales have been reported (Calambokidis and Huggins, 2008). The latter unusual injuries are probably also related to their neritic foraging. Interestingly, Kasuya and Rice (1970) provided limited but solid evidence that more head and skin injuries from hard bottom contact during feeding, greater baleen wear (shorter) and reduced barnacle burden appear to be right-side biased (right mouth-ness).



TRAUMA


Predation

Orca predation is the primary cause of death in stranded immature gray whales along the northern portion of the Alaskan migratory corridor (Willoughby et al., 2020). Off central California, Rice and Wolman (1971) reported parallel scars from the teeth of killer whales on 57 (18%) of the 316 gray whales taken during scientific whaling operations. During the 2019 UME, 19 animals had evidence of mortality due to killer whale attack, and an additional eight whales with fresh rake marks were observed (12% of whales examined had evidence of killer whale bites) (Raverty et al., 2020). In this UME, many animals were too decomposed for full necropsy examination, so this may be an under-estimate of the number of cases of orca predation.



Entanglement

Fisheries interaction (net and line entanglement) is well documented as a cause of death in yearling calves along the California migratory corridor (Swartz and Jones, 1983; Heyning and Lewis, 1990; Barlow et al., 1994). The types of fisheries involved in calf entanglement events include salmon drift gillnet, salmon seine, longline, and trap fisheries. Additional records detail rare individual entanglement and drowning in a herring net pen, as well as an individual entangled in a herring set gillnet. Entanglement (dead or live) of immature and mature animals in commercial and artisanal fishing gear continues to be common on the US West coast and Sakhalin islands (Baird et al., 2002; Scordino and Mate, 2011; Scordino et al., 2014; Lowry et al., 2018; NOAA Fisheries, 2019). Additional single entanglement cases have been reported from Japan, China, and Korea (for review, see Kuramochi et al., 2017). Rare marine debris entanglements (e.g., in a metal frame) have been reported in the media3. Tail amputations as a sequela to entanglement (fisheries interaction) have been reported in the 1960s (Gilmore, 1961) and more frequently since the 2000s (Urbán et al., 20044). Sightings of whales with missing flukes have been restricted to the southern range (i.e., California, Oregon, Mexico) with no cases in the Alaska stranding dataset and 2009–2019 aerial survey data (Willoughby et al., 2020).



Vessel Strike

Vessel strike causing death due to extensive trauma (fractured skulls, vertebrae and ribs, subcutaneous hemorrhages) has been documented along the Pacific coast and in southeast Alaska, especially in the proximity of ports, such as Los Angeles, San Francisco Bay, and Seattle (Norman et al., 2000; Douglas et al., 2008; Scordino and Mate, 2011; Neilson et al., 2012; Scordino et al., 2014; Raverty et al., 2020). Although strikes are frequently fatal, an example of a live gray whale with multiple parallel scars on the lateral head caused by sharp trauma from propeller blades has been reported (Furuta, 1984). The frequency of vessel strikes to gray whales resulting in mortality during the 2019 UME has been reviewed by Raverty et al. (2020) and was most commonly reported in areas near busy ports.



Entrapment

Gray whales have been observed in spring and summer leads among moving ice off Barrow and towards Wrangel Island, Russia (Tomlin, 1967). Limited gray whale hunting has historically occurred in Wainwright and Utqiagvik (formerly Barrow) Alaska during summer and fall months (Marquette and Braham, 1982). A single case of ice entrapment involving three animals, a calf and two adults, was reported of Barrow during October 1988 (Caroll et al., 1989). The whales were spotted at Point Barrow in the Beaufort Sea pack ice by an Inupiaq hunter. Recent acoustic studies indicating gray whales calls near Barrow, Alaska, throughout the winter of 2003–04, suggests over wintering seems to occur (Stafford et al., 2007). It is unclear if the “overwintering” was involuntary and reflected ice entrapment. With ongoing northward range expansion into the eastern Beaufort Sea (Rugh and Fraker, 1981; in September 2019, 15 adult whales with calves observed off Tuktoyaktuk Peninsula, Canada5) coupled with increasing unpredictability of the timing of ice formation, the risk of ice entrapment of gray whales could increase. Gray whales do not have the ability to break sea ice like the bowhead whale and skin laceration with substantial bleeding was observed in entrapped gray whales coming into contact with sea ice (Craig George, pers. comm.).



MALNUTRITION

Malnutrition leading to emaciation was the presumptive cause of death for the 1999/2000 UME (Le Boeuf et al., 2000) and may be contributing to mortality in the current 2019/2020 UME (see Raverty et al., 2020). The ecological processes leading to starvation are unclear however. Interannual variation in the sites and duration of the foraging season due to sea ice dynamics is thought to play a role in body condition changes and calving rates (Moore et al., 2001; Perryman and Lynn, 2002; Perryman et al., 2002; Gailey et al., 2020). Disturbance has also been proposed to contribute to poor body condition (Gailey et al., 2016; Villegas-Amtmann et al., 2017). Calf mortality may be high in some years, with estimates from breeding lagoons between 2.8 and 5.4%, and further mortality occurring along the migration route from Mexico to California (White and Griese, 1978; Swartz and Jones, 1983; Sumich and Harvey, 1986; Sánchez Pacheco, 1998). The role of maternal nutritional status in calf mortality is unclear. Interestingly adoption of orphaned suckling calves by lactating females has been reported (Tomlin, 1967).

As whales are at the late stages of fasting during the northward migration, distinguishing animals in thin condition due to fasting (from which summer recovery occurs) from emaciated whales dying from starvation is challenging in decomposing carcasses. Photography of bony prominences and shape are useful in live animals, but post-mortem changes and positions when beached alter these assessments in dead animals. Loss of internal fat stores, including fat below the blubber layer, discoloration of blubber, and pericardial fluid presumed to be associated with hypoproteinemia, have been observed in emaciated whales (Gulland et al., 2005). Splenic and hepatic hemosiderosis presumed a consequence of emaciation has also been observed in stranded, dead, northward bound gray whales (Dailey et al., 2000; Raverty et al., 2006, 2020), although rare hepatic hemosiderosis (<0.5%) has been observed in healthy bowhead whales hunted for subsistence (Stimmelmayr et al., 2020). Variable systemic edema suggestive of hypoproteinemia was present in a number of stranded gray whales that presented with tissue hemosiderosis (Raverty et al., 2006).



MISCELLANEOUS

Miscellaneous incidental findings in gray whales stranded in Alaska have included aging related yellowing of the ocular lens and juvenile cataract, and an unusual case of blunt trauma to the “stink sac,” the post-anal cyst (Stimmelmayr, 2020; Stimmelmayr et al., 2020). Developmental anomalies are rare with no reports found in the historic US-Russia whaling literature (Tomlin, 1967; Rice and Wolman, 1971), but one report of an extra digit in a calf (Cooper and Dawson, 2009) and a conjoined twin (TBL 14.1’; thoracophagus) (Tamburin et al., 2017) stranded in Mexico. Twinning is exceedingly rare with only one report of twins reported in a landed female gray whale in San Diego (Tomlin, 1967).


Skin Lesions

Skin blistering similar to lesions attributed to ultra violet damage in other baleen whales (Martinez-Levasseur et al., 2011; St. Leger et al., 2018) has been observed in a stranded live gray whale (Cascadia Cetacean Research6 skin blistering). Skin lesions associated with protracted freshwater exposure have been documented in a gray whale that went up the Klamath River, in Oregon (and gray whales have been reported in other rivers, the Zhupanova River, Russia 1912; Kuskokwim River, Alaska 2017). Histopathological findings included epidermal hyperplasia with regions of epidermal degeneration, edema and necrosis, ulcerations, and colonization with algae, diatoms, and fungi (Colegrove, 2018). In living gray whales, satellite tag implantation has been associated with swellings and skin depression (Norman et al., 2018). Post deployment swelling occurred in 74% of reencountered gray whales. Scaring response to entanglement, ectoparasites, tagging wounds is thought to be more pronounced in gray whales than other baleen whales.



Stinky Whales

A phenomenon referred to as the “stinky gray whale phenomenon” reported from Russia is characterized by a “medicinal smell” to the blow and/or meat/blubber. It is primarily a public health issue (food security and food safety) as affected whales are not considered desirable to eat, with no apparent ill effects (i.e., pathological findings; body condition decline) noted in affected gray whales. “Stinky whales” were first observed in the 1960s (Ilyashenko, 2007; Rowles and Ilyashenko, 2007; Litovka and Blokhin, 2009; Blokhin and Litovka, 2011) with increasing numbers noted since 1998. Consumption of meat and blubber from stinky whales has been associated with transient clinical symptoms of “numb mouth, stomach upset and skin rashes” in people, with no reported long-term medical consequences. Dogs reject (will not eat) meat/blubber from stinky whales. In recent years, similar odors have been reported by Russian hunters and communities from the muscle of ringed seals, bearded seals, walruses, fish (cod), and the eggs of murres. Despite analysis of volatile compounds in samples from Russian whales, the etiology of this phenomenon (i.e., toxins (legacy pesticides, POPs, poly-aromatic hydrocarbons; heavy metals), marine biotoxins, nutritional (i.e., dietary shifts, fatty acid profiles), microbes (i.e., microbiome), remains undetermined (for review, see Rowles and Ilyashenko, 2007; Denisenko et al., 2012; Litkova et al., 2020).



FUNDAMENTAL ISSUES, RESEARCH GAPS, AND FUTURE DIRECTIONS

As most data available to date on diseases of gray whales are from gross examinations of stranded animals that are frequently decomposed, tissues may often be of limited value for histology and pathogen isolation. Thus, our understanding of the epidemiology and pathogenicity of viruses, bacteria, and parasites in these whales remains limited to a few case reports. As some of the pathogens identified can have varying impacts on the host depending upon intensity of infection and host resistance (in turn influenced by nutritional status), to resolve the role of pathogens in gray whale morbidity and mortality, and hence population dynamics, future efforts should focus on enhancing our understanding of the host/pathogen interaction and pathogen epidemiology. This will require prioritizing fresh carcasses for immediate examination; using techniques to characterize and quantify infections that are not compromised by post-mortem change (examining and sampling live animals with photography, biopsy, and drones); quantifying helminth burdens in dead animal digestive tracts and exploring relationships between parasite burden, pathology and prey type; and improved infectious disease screening using PCR and -omics. Continued basic health investigations and pathogen screening of healthy gray whales hunted for subsistence in Chukotka, Russia will be important to provide context for pathological findings in stranded animals.

The second challenge to our understanding of gray whale health is distinguishing excessive starvation that causes mortality from the changing nutritional status during the annual migration. To address this knowledge gap, future efforts must characterize the annual nutritional cycle and its relationship to reproduction. This will require standardizing assessment of nutritional status in live and dead whales, including evaluation of quantity and quality of lipid stores, and integrating assessment of individual dead whales with large scale interannual assessment of live whale body condition. In addition, effects of changes in prey availability and host density on whale body condition can be explored by comparing the condition of western and eastern gray whale populations across years (Weller et al., 2002; Bradford et al., 2012).

A third challenge to understanding the role of disease and health changes in gray whale population dynamics is the limited development of health assessment tools that can evaluate underlying health of an animal in addition to identifying proximate traumatic causes of death (vessel strikes, entanglements, killer whale attacks). Novel methods of health assessment through use of blow samples, baleen plates, and fecal analyses for endocrine and stable isotope research will be important in future studies of gray whale morbidity and mortality (Hunt et al., 2013; Cumeras et al., 2014). Increasing exposure to harmful algal blooms throughout the gray whale’s range (as is occurring in other baleen whale’s ranges) is an emerging threat that can reduce reproduction and cause mortality (Goldstein et al., 2009; Doucette et al., 2012). Future research on developing methods to evaluate exposure and effects will be increasingly important. Hunt et al. (2017) demonstrated that baleen plates, although short in gray whales (∼ up to 48 cm) are useful for the analysis of various hormones. A single baleen plate records about 1.3–1.4 years in the life of a gray whale. Litkova et al. (2020) recently analyzed baleen plates for cortisol and reproductive hormones (progesterone and testosterone) in gray whales hunted for subsistence along the Chukotka coast. Hayden et al. (2017) explored the use of blubber for measuring steroidal hormone levels which will be very useful for free-ranging gray whale studies.

The gray whale’s habitat is changing dramatically with climate change, leading to speculation on how these changes impact this iconic species (Moore and Gulland, 2014). Mortality events along the coastal migration receive considerable attention as carcasses are easily observed by the public. Yet despite the relative accessibility of this whale species compared to other more pelagic oceanic species, our knowledge of its health and disease, and resilience to pathogens and prey changes, remain limited. The recent characterization of the gray whale transcriptome is exciting as it sets the stage for pursuing further omics research on gray whale health (DeWoody et al., 2017; Moskalev et al., 2017). Furthermore, the gray whale MHC I is characterized by polymorphism indicating continued positive selection, suggesting adaptability to changes in pathogen pressure (Flores-Ramirez et al., 2000). The gray whale thus offers us an ideal model whale species to explore the effects of prey changes on nutritional status, toxin and pathogen exposure, and susceptibility to trauma through changes in habitat. To take advantage of this model, we will need to enhance efforts to understand its health and disease by continued inter-disciplinary collaboration and development of new research approaches.
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FOOTNOTES

1https://iwc.int/russian-federation

2http://www.cascadiaresearch.org/projects/stranding-response/examination-gray-whale-west-seattle-reveals-unusual-stomach-contents-no

3https://www.klcc.org/post/where-whale-stuck-metal-frame-west-coast

4https://www.nationalgeographic.com/news/2018/05/whales-animals-entanglement-fishing/

5https://www.fisheries.noaa.gov/science-blog/2019-aerial-surveys-arctic-marine-mammals-post-5

6https://www.sanjuanjournal.com/news/whale-necropsy/
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We compiled findings from 15 years (1998–2012) of southern sea otter (Enhydra lutris nereis) necropsies, incorporating data from 560 animals. Sensitive diagnostic tests were used to detect biotoxins, bacteria, parasites and fungi. Methods to classify primary and contributing causes of death (COD) and sequelae utilized an updated understanding of health risks affecting this population. Several interesting patterns emerged, including identification of coastal regions of high mortality risk for sea otter mortality due to shark bite, cardiomyopathy, toxoplasmosis, sarcocystosis, acanthocephalan peritonitis and coccidioidomycosis. We identified demographic attributes that enhanced the risk of disease in relation to age, sex, and reproductive stage. Death due to white shark (Carcharodon carcharias) bite increased dramatically during the study period and was the most common primary COD. However, when primary and contributing COD were combined, the most prevalent COD was infectious disease (affecting 63% of otters), especially fatal infections by acanthocephalans (Profilicollis spp.) and protozoa (e.g., Sarcocystis neurona and Toxoplasma gondii). Fatal bacterial infections were also extremely common as a primary process or a sequela, affecting 68% of examined otters. Substantial advances were made in identifying sea otters that died following exposure to the pervasive marine neurotoxin domoic acid (DA), and DA intoxication was conservatively estimated as a primary or contributing COD for 20% of otters. Cardiomyopathy was also highly prevalent as a primary or contributing COD (41%) and exhibited significant associations with DA intoxication and protozoal infection. For adult and aged adult females in late pup care through post-weaning at the time of death, 83% had end lactation syndrome (ELS) as a primary or contributing COD. This comprehensive longitudinal dataset is unique in its depth and scope. The large sample size and extensive time period provided an opportunity to investigate mortality patterns in a changing environment and identify spatial and temporal disease “hot spots” and emerging threats. Our findings will help improve estimates of population-level impacts of specific threats and optimize conservation and environmental mitigation efforts for this threatened species.
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INTRODUCTION

As a federally listed threatened species, southern sea otters (Enhydra lutris nereis) have been necropsied by veterinary pathologists at the California Department of Fish and Wildlife (CDFW) since 1998, providing a robust longitudinal dataset that can be used to identify threats to population recovery. As a keystone (Reisewitz et al., 2006) and sentinel species (Jessup et al., 2007), sea otters are bioindicators of nearshore ecosystem health (Jessup et al., 2004). Despite decades of protection, this population has attained only a fraction of its pre-harvest abundance, and range expansion has stalled (USFWS, 2015). Clarifying factors limiting population growth can help inform management actions to help recover this population.

Nearly two decades have passed since the last comprehensive analysis of southern sea otter mortality patterns (Kreuder et al., 2003), and much has been learned about the effects of marine predators (Tinker et al., 2016), viruses (Tuomi et al., 2014; Ng et al., 2015; Siqueira et al., 2017), bacteria (Johnson et al., 2003; Stavely et al., 2003; Miller et al., 2010a, 2018; Bartlett et al., 2016), parasites (Miller et al., 2004, 2008, 2010b, 2018; Shapiro et al., 2012, 2016, 2019; Shockling-Dent et al., 2019), fungi (Huckabone et al., 2015), and biotoxins (Miller et al., 2010c; Fire and Van Dolah, 2012) on sea otters. Novel health conditions have been identified, and some idiopathic conditions have become better-characterized (Kreuder et al., 2005; Tuomi et al., 2014; Ng et al., 2015; Chinn et al., 2016; Shockling-Dent et al., 2019; Miller et al., in review). Due to new discoveries and improved diagnostic tests, and because mortality patterns are not static in wild populations, periodic reassessment is vital. Detailed review of core mortality patterns should be performed every 10–15 years, with more frequent re-assessment performed upon identification of mortality events, novel health threats, or new tests that are informative for shaping conservation policy. Interplay between hosts, pathogens, biotoxins, and the environment is ever-changing, and some hazards can interact, accentuating impacts on individuals and populations. Effective management requires monitoring fundamental causes of mortality and their biological and environmental associations, and rapid identification of potential emerging threats.

For some diseases, estimation of population impacts has been hindered by limited understanding and lack of criteria to facilitate case recognition. Many of these more ill-defined processes have associations with anthropogenic activity, including introduction of invasive species and their endogenous pathogens, coastal urbanization, manipulation of coastal watersheds and climate change. Examples include parasites shed by non-native felids and marsupials (Kreuder et al., 2003; Miller et al., 2010b, 2018), and aquatic biotoxins where bloom frequency and severity can be accentuated by nutrification and climate change (Moore et al., 2008; Hinder et al., 2012; Miller et al., 2010c; McKibben et al., 2017). Biotoxins known to threaten humans and other animals in California include microcystin, saxitoxin and domoic acid (DA). Domoic acid is an important cause of marine wildlife mortality (Fire and Van Dolah, 2012), and a threat to human food safety (McKibben et al., 2017). If population-level impacts could be more precisely measured, these threats could be remediated through cooperative management between state and federal agencies entrusted with sea otter conservation and protection of human health.

A major challenge was the complexity of disease processes affecting southern sea otters. Due to their physiology and diverse diet (Yeates et al., 2007; Tinker et al., 2008; Thometz et al., 2014), sea otters are exposed to a wide range of stressors and infectious agents. As a result, it is common to identify multiple significant, independent disease processes during necropsy. Accurately capturing, describing and analyzing this complexity was an important challenge. This was accomplished by revising methods used to categorize disease to include a primary cause of death (COD), up to three contributing COD and sequelae, with assessments based on our most current understanding of southern sea otter biology, ecology, and disease. Where possible mortality patterns were interpreted in the context of smaller-scale regional population dynamics.

We analyzed COD for 560 southern sea otters with comprehensive postmortem examinations spanning 15 years (1998–2012). Geographical and/or temporal stranding patterns were identified for several conditions; investigation of these patterns may help scientists identify disease drivers. We aimed to accurately capture this complexity and utilize the longitudinal nature of this dataset to inform management and facilitate efforts to achieve southern sea otter population recovery.



MATERIALS AND METHODS


Carcass Recovery and Examination

A subset of stranded southern sea otters recovered in California during 1998–2012 were included in this study. Cause of death and other findings were compiled for all otters >1 years old (e.g., subadults, adults, and aged adults) that died or were found dead, were minimally decomposed, were not frozen, and received a detailed necropsy. Otters < 1 year old were excluded due to limited sample size. The stranding date and location were considered, along with sex, age class; subadult (1–3 years), adult (4–10 years), and aged adult (>10 year), and nutritional condition (emaciated, poor, fair, good, excellent) (Kreuder et al., 2003; Tinker et al., 2016). Reproductive stage was assessed for all females: 0 = immature, 1 = first half of post-implantation pregnancy, 2 = second half of pregnancy, 3 = first half of pup care, 4 = second half of pup care and 5 = post-weaning/estrus/delayed implantation (Chinn et al., 2016).

Our collaborative stranding program achieved approximately the same level of carcass search effort across the study time frame. Necropsy case selection utilized a randomized sampling protocol, with any changes implemented at the beginning of applicable calendar years to minimize within-year sampling effects. Case selection was based on stranding order (for example, every third fresh otter), with allowances for inclusion of tagged research animals and otters from areas that were comparatively under-represented, such as the Big Sur Coast. After careful consideration, we felt that the benefits of including these two very important subgroups (radio-tagged sea otters and geographically under-represented stranding areas) outweighed the risks of adding some sample bias. The study population was restricted to subadults through aged adults to include the most broadly sampled age classes.

Tissue samples were formalin-fixed and processed for microscopic examination as previously described (Kreuder et al., 2003). Histopathology was incomplete for some cases due to zoonotic risk or postmortem scavenging; these partial cases were included only when primary and contributing COD were readily apparent. Tissues and body fluids were also cryoarchived for diagnostic tests.



Diagnostic Testing

For otters with available serum, immunofluorescent antibody tests were performed to assess IgG seroreactivity to Toxoplasma gondii and Sarcocystis neurona (Miller et al., 2002), and titers ≥ 1:320 serum dilution were used to define infection. Immunohistochemistry was performed where indicated to confirm the identity of protozoa observed in tissue sections (Miller et al., 2018).

Aerobic and anaerobic bacterial characterization were performed as needed to determine the COD, assess infection severity and trace pathogen invasion from wounds or other sources within the body. Fungal culture was also performed as needed to identify pathogens, ensure safe carcass disposal and protect human health. Bacterial and fungal isolation and identification were performed as previously described (Miller et al., 2010a) and (Huckabone et al., 2015), respectively.

For all otters with available urine and/or gastrointestinal (GI) content, liquid chromatography-tandem mass spectrometry (LCMS/MS) was used to detect DA using validated methods (Torr et al., 2003). Matrix spiking/recovery and blinded controls were included with each run, and most testing was completed within 2 years of necropsy to minimize error due to sample degradation. Urine was prioritized when available because it reflects DA ingestion, absorption and excretion (Fire and Van Dolah, 2012); GI content was tested when urine was unavailable.

Limited LCMS/MS testing for microcystin and saxitoxin was performed in a subset of samples in order to explore potential toxin exposure and to facilitate future investigations. Accurate detection of both biotoxins is challenging post-ingestion, as there are no definitive criteria to aid diagnoses, and little is known about possible health effects (Miller et al., 2010c). In this study, potential cases of fatal microcystin intoxication were noted.



Determining Cause of Death

Cause(s) of death were determined based on clinical history, gross necropsy findings, histopathology and diagnostics. The primary COD was the most severe process that likely caused stranding. Secondary, tertiary and quaternary (cumulatively “contributing”) COD represented independent processes that were also present at necropsy, were deemed moderate or severe and likely contributed to stranding. Combined primary and contributing (“top four”) COD were used for cause-specific statistical models. When the primary COD was acute trauma, any pre-existing conditions that may have contributed to the risk of traumatic death were included as contributing causes if they were moderate to severe and were considered significant enough to have led to death in the absence of trauma (e.g., DA intoxication, acanthocephalan peritonitis [AP] or protozoal COD).

Necropsy findings were categorized as sequelae if they occurred as a direct consequence of a primary or contributing COD and contributed to the risk of death (e.g., white shark [Carcharodon carcharias] bite as a primary COD with bacterial infection as a sequela). Because sequelae are not independent processes, they were used for descriptive analyses, but excluded from cause-specific mortality models.



Criteria for Identifying Selected Cause-Specific Mortality

Shark bite wounds were classified as confirmed if tooth fragments or parallel serrated scratches on bone were found. Presumptive cases had no visible tooth fragments or bone scratches, but the external wounds were characteristic of shark bite (Ames and Morejohn, 1980). All shark wounds were presumed to be from white sharks (Tinker et al., 2016). Care was taken to distinguish shark bite from propeller wounds or other trauma using previously established criteria (Ames and Morejohn, 1980). Wound chronicity was determined based on presence/absence of healing and secondary bacterial infection. Lacerations with minimal wound healing or infection were considered acute; partially healed and/or infected wounds were considered subacute or chronic.

In addition to interspecific trauma, sea otters are also affected by intraspecific trauma. Fatal fight trauma can occur when male sea otters defend territory or compete for females. Fight trauma was characterized by lacerations on the face, feet, testicles and penis. Mating trauma occurs to females during copulation when males grasp the female’s snout with their teeth; nasal and facial lacerations are common. Copulation occurs in water, and females occasionally drown (Staedler and Riedman, 1993). Lesions indicative of mating trauma include nose wounds and facial, vaginal or rectal lacerations. Fatal vaginal or rectal perforations have been reported (Harris et al., 2010). The above lesion patterns, plus sex and age criteria were considered when assessing fight or mating trauma as a primary or contributing COD.

Primary bacterial infection (by any combination of bacteria) was defined as a COD if the infection was moderate to severe and no predisposing condition was found. Bacterial infections that were considered secondary to pre-existing conditions were classified as sequelae.

Although southern sea otters can be infected by several acanthocephalan species, intestinal perforation has been attributed only to Profilicollis altmani or P. kenti (Mayer et al., 2003). These parasites infect sea otters via crustacean intermediate hosts. Once infected, trans-intestinal parasite migration often causes fatal peritonitis (Mayer et al., 2003). Acanthocephalan peritonitis was considered a COD when moderate to high numbers of Profilicollis spp. were observed in the peritoneal cavity in conjunction with peritonitis.

Protozoal infection and death due to T. gondii and S. neurona were diagnosed from necropsy, histopathology, and serology. Protozoa were identified using morphological criteria, and occasionally, immunohistochemistry (Miller et al., 2018). Histopathologic assessments included relative parasite burden (none, low, medium or high), protozoal stages (tissue cysts, schizonts and/or zoites) and the character and severity of parasite-associated inflammation and tissue damage. Lymphoplasmacytic inflammation typically dominates in T. gondii infections, while a broader mix of inflammatory cells is indicative of S. neurona infection (Miller et al., 2018).

Any putative Sarcocystis spp. infection was classified as S. neurona based on results of prior sea otter studies (Thomas et al., 2007; Miller et al., 2010b). Sarcocystis neurona was considered a COD when S. neurona-associated inflammation and pathology in the brain, spinal cord, meninges and any other tissues were moderate or severe. In contrast, chronic sublethal T. gondii infection is common in southern sea otters and is often accompanied by CNS meningitis and perivasculitis without significant brain or spinal cord pathology (Miller et al., 2018). Toxoplasma gondii was considered a COD when parasite-associated pathology in the brain, spinal cord or other tissues was moderate or severe, in addition to any observed meningeal or perivascular inflammatory infiltrate. In some cases, S. neurona and T. gondii were identified as concurrent COD based on findings from serology and histopathology.

Although detailed characterization of all viral causes of sea otter death was not feasible during this study, genomic screening of archival tissues to identify viruses circulating in this population was completed as a first step (Ng et al., 2015; Siqueira et al., 2017). Sera were also screened for immunoreactivity to influenza A viruses (Capuano et al., 2017), and limited PCR was performed to screen tissues for morbilliviruses. A few otters were assessed for rabies via brain histopathology and immunofluorescence, but no cases were identified.

Viral infection was diagnosed as a COD when suspect inclusions were observed in association with moderate to severe pathology that was compatible with viral disease (e.g., epithelial necrosis, lympholysis or interstitial pneumonia). This preliminary assessment likely under-recognizes the impact of viruses on southern sea otters, but future studies can expand on our initial findings.

All adult and aged adult females were evaluated for end lactation syndrome (ELS) (Chinn et al., 2016) as a COD. A physical expression of the high energetic cost of reproduction (Thometz et al., 2014), ELS was defined as females stranding during late pup care or post-weaning with moderate or severe emaciation that was not attributable to an independent disease process (Chinn et al., 2016). Lesions indicative of mating trauma included nose wounds and facial, vaginal or rectal lacerations.

Although DA toxicosis has been well-described in California sea lions (Scholin et al., 2000; Silvagni et al., 2005; Goldstein et al., 2008; Pulido, 2008), no diagnostic criteria have been proposed to diagnose fatal DA intoxication in sea otters. A fundamental aim of this study was to estimate the health impacts of DA intoxication on southern sea otters. Interpretation of DA concentration in biological samples is challenging due to rapid toxin clearance from tissues and body fluids, DA persistence in sediment and biota, and lack of validated criteria to define toxicity (Fire and Van Dolah, 2012). To address these knowledge gaps, we systematized our approach, testing available urine or GI content, reviewing case records for ante-mortem clinical signs, and examining tissues microscopically for DA-associated pathology based on reports in other species (Scholin et al., 2000; Silvagni et al., 2005; Goldstein et al., 2008; Pulido, 2008).

All otters were classified with respect to the likelihood of DA intoxication as a primary or contributing COD as probable, possible, or negative; cases of probable DA intoxication were used in epidemiological analyses. The probable DA intoxication category was considered a conservative estimate of the effects of DA on southern sea otters; actual impacts are likely to be higher. Possible DA cases had a lower degree of certainty regarding diagnosis; some animals in this category likely died from DA intoxication, while others may not have. Challenges in making a diagnosis included missing clinical data, test results, and limited/sub-optimal histopathology. Guidelines to facilitate diagnosis of DA intoxication and interpretation of DA concentrations in biological samples are being compiled as complimentary publications (Miller et al., in review).

A diagnosis of cardiomyopathy (Kreuder et al., 2005) was characterized grossly by a variably dilated heart, engorged coronary veins and patchy myocardial pallor. Microscopic lesions included cardiac myofiber degeneration, stromal collapse, fibrosis and inflammation. To investigate associations with other conditions, lesions supportive of cardiomyopathy were assessed independently of other fatal conditions.

Otters with neoplasia or GI erosions/ulcers as COD were also pooled into groups to facilitate analysis; compiled cases will be further examined as separate studies.



Proportionate Mortality

Proportionate mortality (proportion of deaths in this study population attributable to each defined condition) was used to assess the prevalence of the primary COD. This was expressed as the number of otters with a given primary COD divided by all otters in the study. The sum of the primary COD proportionate mortalities was 100%, as each primary COD was mutually exclusive. In addition, the proportion of a defined condition present in each otters’ top four (pooled primary and contributing) COD was calculated to assess the overall prevalence in the study population. This was expressed as the number of otters with a given condition as one of the top four COD, divided by the number of animals that could be examined with sufficient detail to confirm whether that condition was present at necropsy. The denominator varied for cases with missing components required to confirm specific conditions (e.g., limited histopathology due to scavenging or zoonoses), and for COD that can only occur in some animals (e.g., ELS can only occur in reproductively mature females). For the pooled top four COD, the total proportions do not sum to 100% because conditions are not mutually exclusive, as individuals contributed to more than one category of mortality; however, the calculations are important for showing the burden of significant conditions affecting this species.

Some common causes of southern sea otter death were assessed relative to regional population estimates collected each year (Tinker and Hatfield, 2017). Due to variable viewing conditions, these counts are considered a population index, with 3-year running means used to assess trends.



Spatial and Temporal Analyses

Sea otter stranding dates were grouped by stranding period to assess risk associated with seasonal weather patterns: spring (February – April), summer (May – July), fall (August – October), and winter (November – January). During most years, precipitation is highest during the winter and spring months along the Central California coast. Otters in the study were also pooled by stranding location to assess risk in relation to stranding area: north (San Francisco to Pacific Grove), central (Pacific Grove to Cayucos), and south (Cayucos to Santa Barbara). Most stranded animals included in this study were recovered within the established geographic range of the southern sea otter, which spanned approximately from Half Moon Bay to Santa Barbara during this study. The stranding site for each otter was recorded to the nearest pre-defined 0.5 km location along the central California coast (Kreuder et al., 2003). Regional and temporal population indices (3-year running means) provided graphical comparisons with mortality data for some figures (USFWS, 2015; Tinker and Hatfield, 2017).

Spatial and temporal clustering of cause-specific mortality were evaluated using SaTScanTM software v9.4.4 (Kulldorff M. and Information Management Services, Inc., 2009)1. The spatial scan statistic (Kulldorff, 1997) was used to test whether a primary or contributing COD was randomly distributed or clustered in time or space. This method scanned for clusters with high or low rates of occurrence (relative risk = RR) using the Bernoulli model. A Monte Carlo iterative technique was used to determine distribution of the likelihood ratio test statistic (Kulldorff and Nagarwalla, 1995). Spatial-temporal clusters were assessed for select pooled top four COD by evaluating the distribution of cases as a binary response variable (positive or negative) for all stranding locations and dates.

Cluster analysis included assessment of COD with respect to stranding location (spatial analysis), stranding date (temporal analysis), and location and date (space-time or spatiotemporal analysis). The spatial window was defined by a maximum cluster size of 50% of the population at risk, and/or a 75-km radius. The temporal window was defined by a minimum (1 month) and maximum (50% of the study period; 7.5 years) cluster size. Spatial and temporal cluster analyses were conducted for the most prevalent CODs: shark bite, AP, protozoal infection (S. neurona and/or T. gondii), ELS, probable DA intoxication, and cardiomyopathy. Patterns for coccidioidomycosis (Coccidioides sp. infection) were also evaluated due to the importance of this fungus as a human pathogen.

A coastal map was produced for each COD that yielded statistically significant spatial and spatiotemporal clusters. Cluster centroids were plotted over heatmaps, representing smoothed spatial distributions of the relative frequency of each condition. Heatmaps were produced using a kernel smoothing algorithm (a local polynomial density function with normal kernel and 50 km bandwidth) (Wand and Jones, 1995) fit to the dataset, interpolating the proportion of positive or negative cases at each coastal location. Kernel smoothing was conducted using R programming language (R Core Team, 2016) with the “locpoly” function of the “KernSmooth” library2. Heatmaps and cluster centroids were produced using QGIS software (QGIS Development Team, 2018).

To clarify temporal patterns, we produced heat maps showing the mean proportional incidence of each COD by time period. Two temporal scales were evaluated, with data grouped by year (illustrating inter-annual variation), and by month (illustrating seasonal variation). To clarify temporal patterns, we fit a smoothing spline to the proportional incidence data by time period, with the smoothing parameter derived using the generalized cross-validation method (Green and Silverman, 1993). Spline smoothing and temporal heatmap plots were achieved using R programming software (R Core Team, 2016) and “ggplot” libraries (Wickham, 2016).



Multivariate Logistic Regression Models

Potential risk factors were evaluated for associations with the most prevalent primary and contributing COD: shark bite, AP, systemic protozoal infections (S. neurona and T. gondii), ELS, probable DA intoxication, and cardiomyopathy. Independent logistic regression models were used to examine the associations between cause-specific mortality and putative demographic and environmental risk factors, incorporating data from nearshore environment models for the California Coast (Burgess et al., 2018; Tinker et al., unpublished data) (Supplementary Table 1). Additional information on environmental variables and specialized assessments for some COD are summarized in the Supplementary Materials.

The outcome for all models was presence or absence of a specific COD. Logistic regression models adjusted for confounding variables to estimate odds ratios (OR), 95% confidence intervals (CIs), and P-values using Stata software, version 14.2 (STATACorp, College Station, TX, United States). The following explanatory variables were assessed: (1) age class, (2) sex, (3) reproductive stage, (4) nutritional condition, (5) stranding season, (6) stranding year, (7) stranding area, and (8) SaTScan high-risk clusters (spatial, temporal, spatiotemporal). For certain COD (where biologically appropriate), we also evaluated the co-occurrence of other disease conditions and/or contributing COD as potential predictor variables, including: (9) protozoal infection (S. neurona and/or T. gondii), (10) bacterial infection (combined primary infections and sequelae), (11) viral infection, (12) GI erosions/ulcers, (13) neoplasia, (14) probable DA intoxication, and (15) saxitoxin-positive test results.

Previous research suggests that environmental variables and local population density were potential risk factors for ELS (Laidre et al., 2006; Chinn et al., 2016; Tinker et al., 2017, 2019), so we also evaluated the effects of local population status and habitat type (benthic substrate and kelp canopy cover) in the ELS mortality model (Laidre et al., 2006). Due to substantial co-linearity between environmental and demographic explanatory variables, we used principal components analysis (PCA) (Smith, 2002) to create an index variable representing status with respect to carrying capacity (K), denoted as the “K-index.” The K-index was scaled from zero to one, with values close to one corresponding to areas with high sea otter population density, prolonged occupation by sea otters, high pup to adult ratio, poor individual body condition, and stable or slightly negative abundance trends. A binomial version of the variable, K-status, was also created by rounding K-index to zero or one. Details of model development and the PCA and K-index derivation are provided in the Supplementary Figures 1–3 and Table 1.


TABLE 1. Sex and age class distribution for 560 stranded southern sea otters (Enhydra lutris nereis) necropsied during 1998–2012.
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Univariate analyses were used to generate descriptive statistics, examine frequencies and distributions, and determine the most appropriate form of variables. Next, bivariate analyses were conducted to examine associations between variables and each COD using Fisher’s exact or Pearson’s chi square tests. Variables with P ≤ 0.3 were considered for inclusion in multivariate logistic regression models using a forward stepwise approach. Variables were removed through backward selection if they lost significance within the multivariate model (likelihood ratio test, P ≤ 0.2), or inclusion did not significantly improve model fit. Models were compared using deviance and Akaike Information Criteria. The Hosmer–Lemeshow goodness-of-fit test was used to assess overall model fit. Where appropriate, the strength of associations was estimated by the OR, 95% CI and P-value, with P-values ≤ 0.05 considered significant. For multivariate logistic regression analyses, factors that were not significant individually, but optimized overall model fit were retained.




RESULTS


Sample Population

From 1998–2012, 3,774 southern sea otter deaths were reported throughout California (annual mean 252 ±62 SD), and 560 cases met criteria for study inclusion (annual mean 37 ±14 SD), including 535 full necropsies, and 25 partial necropsies due to zoonoses or mild scavenging. Some otters could not be accurately assessed for every condition, but all potential COD were evaluated for nearly all cases. For example, 547 otters were assessed for protozoal disease, 549 for DA intoxication and 552 for cardiomyopathy.

Of the 560 otters in this study, 364 were found dead and 196 stranded alive (108 died subsequent to stranding and 88 were euthanized). Sex and age distribution can be seen in Table 1. The nutritional condition of otters in this study were: 224 emaciated, 63 thin, 61 fair, 92 good, and 116 excellent (four unknown). Eighty-six otters were previously tagged for rehabilitation or research.

Sea otters in this study represented a subset of all carcasses reported annually, with the proportion ranging from 7% (n = 15) in 1998 to 23% (n = 59) in 2003 (Figure 1). Although the stranding locations spanned 1,035 km, when three outliers were excluded (one otter each from Marin, Orange, and San Diego Counties), all others were found across 535 km of the central California coast from San Francisco to Santa Barbara. Similar to prior reports (Kreuder et al., 2003; Tinker et al., 2016), fewer carcasses were recovered from the range center between Carmel and Cayucos (e.g., Big Sur Coast; Figure 2). This remote region has a high sea otter density (Tinker and Hatfield, 2017), but low carcass recovery due to sparse beaches and a small human population, so epidemiological analyses were used to account for differential sampling.
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FIGURE 1. Comparison of annual southern sea otter (Enhydra lutris nereis) carcass stranding patterns, the annual population index (data missing for 2011), and the number of subadult (SA), adult (A) and aged adult (AA) carcasses collected vs. examined for this study, along with all animals of unknown age class (UNKN), pups (PUP), and immature (IMM) sea otters that were excluded because limited numbers received detailed necropsies during this period (1998–2012).
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FIGURE 2. Coastal California, United States stranding patterns from San Francisco Bay south to Santa Barbara for southern sea otter (Enhydra lutris nereis) carcasses examined 1998–2012 for this study (black bars). The superimposed black line is an index of the sea otter population during the same years across this same geographical area; note that although the sea otter population was high in the center of the range (Big Sur Coast), carcass recovery was low because this region is relatively sparsely populated and has few beaches to facilitate post-stranding carcass recovery. At center right is a small inset map of central California; the black-outlined portion of the inset shows the location of the study area (enlarged and shown in light gray at right center) along the California coast.




Causes of Mortality

To facilitate interpretation, primary and contributing COD were grouped as trauma, pathogens, age and sex-associated conditions, biotoxins, multicausal conditions, direct anthropogenic causes and other conditions. Annual mortality patterns are summarized in Supplementary Figure 4.


Trauma

The trauma category includes shark bite and trauma of unknown origin. Intraspecific and anthropogenic trauma are included in other categories. Since most cases in the trauma category were shark bite, only that COD is discussed in detail.


White shark bite

Shark bite was the most common primary COD (28%; 161/560) and was a contributing cause for 1% of cases (Table 2). Based on wound healing and bacterial invasion, more than half (53%; 84/161) of fatal shark bite cases survived the initial trauma but succumbed to secondary infections days to weeks later.


TABLE 2. Combined primary and contributing causes of death (COD) for 560 necropsied southern sea otters (Enhydra lutris nereis) examined 1998–2012.
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TABLE 3. Spatial and temporal clustering patterns for stranded southern sea otters (Enhydra lutris nereis) in relation to key causes of death (COD), for 560 animals necropsied 1998–2012.
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Spatial SaTScan analysis showed that otters are at highest risk for fatal shark bite at the northern and southern ends of the southern sea otter range (Table 3 and Figure 3). Two overlapping high-risk clusters were detected to the north at Pescadero (RR = 2.95; P < 0.0001) and Pacifica (RR = 2.52; P = 0.01), and two overlapping high-risk clusters were detected to the south at Pismo Beach (RR = 2.00; P = 0.001) and Vandenberg Air Force Base (RR = 1.91; P = 0.006). Shark bite mortality had pronounced seasonal (Figure 4A) and yearly trends (Figure 4B). Shark-related death increased in the fall (August – October) and winter (November – January). Temporal SaTScan analysis demonstrated that stranded sea otters from 2008-2012 had 1.80 times higher risk of shark bite mortality than otters that stranded earlier (P = 0.01). Spatiotemporal SaTScan analysis revealed that Pescadero was a high-risk region from 2009 – 2012 (RR = 2.83; P = 0.02).
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FIGURE 3. Map of the central California coast, showing significant high (red) and low (blue) risk spatial (diamonds) and space-time (stars) clusters for select health conditions affecting 560 southern sea otters (Enhydra lutris nereis) necropsied 1998-2012. The color gradient indicates relative mortality risk (with highest risk red and lowest risk blue). The relative width of the gradient in each region corresponds with the extent of usable sea otter habitat, delineated by the area of coastal habitat located within ≤60 m seawater depth. Numbers adjacent to diamonds or stars correspond with the index numbers in Table 3, where additional details can be found. A high-risk cluster is shown for Coccidioidomycosis, although this cluster is not quite significant (P = 0.055).
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FIGURE 4. Temporal trends for common causes of southern sea otter (Enhydra lutris nereis) death for 560 animals necropsied 1998 – 2012. Temporal trends are depicted as heat maps of the mean proportional incidence of each cause of death (pooled top 4 COD). Cases were grouped by month (A): illustrating seasonal variation, and by year (B): illustrating inter-annual variation. Warmer colors (dark orange and red) illustrate higher proportional incidence, while cooler colors (light orange and yellow) illustrate lower incidence. Domoic acid intox. = Domoic acid intoxication.


The multivariate model evaluating factors associated with shark bite mortality included sex, age class, nutritional condition, season, year, and the high-risk spatial clusters (n = 560; Table 4). Subadults were 4.43 times more likely to die of shark trauma than aged adults (P ≤ 0.001). Otters in good to excellent nutritional condition were 2.64–3.71 times more likely to have died of shark bite than otters in a worse nutritional state (P ≤ 0.001). Males had 1.5-fold higher risk of shark bite mortality compared to females, but this finding was not statistically significant (P = 0.1). Individuals that stranded in fall and winter had substantially higher odds of fatal shark bite (OR = 5.20 and 2.48, respectively) than those in spring and summer (P ≤ 0.004). Otters that stranded between 2008 and 2012 were 2.32 times more likely to die of shark bite than those between 1998 and 2007 (P < 0.001). Otters that stranded in the northern and southern high-risk spatial clusters had 10.23 and 3.06 times higher odds of fatal shark bite than otters that stranded elsewhere (P < 0.001).


TABLE 4. Shared measures of effect (odds ratios) for seven common causes of southern sea otter (Enhydra lutris nereis) death 1998 – 2012.
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Pathogens

When all infectious causes of death cases were combined, infectious disease was the most prevalent mortality category as a primary or contributing cause (63%; 354/560), not including additional cases where pathogens invaded tissues following traumatic or other events (e.g., sequelae) (Table 2).


Profilicollis spp. acanthocephalans

Acanthocephalan peritonitis associated with Profilicollis sp. was the primary COD for 11% of otters (61/560) and was a pooled top four COD for 24% (127/541). Bacterial co-infection was common; 61% of fatal AP cases also had bacterial peritonitis as a concurrent COD or sequela, compared with 4% for otters without AP. Fatal AP also co-occurred with fatal enteritis, enterocolitis or proctitis: Concurrent intestinal disease (possibly of bacterial and/or viral origin), was observed in 20% of AP cases, compared with 7% of otters without this condition.

As previously presented by others (Mayer et al., 2003), our study found a pattern of AP occurrence in sea otters with stranding near sandy beach habitat favored by crustacean intermediate hosts. Spatiotemporal SaTScan analysis showed a high-risk cluster for fatal AP near Moss Landing in 2002–2007 (RR = 2.31; P = 0.04) (Table 3 and Figure 3). However, portions of this same region were relatively low-risk for AP from 2007 to 2010 (RR = 0.067; P = 0.05). Seasonally, AP mortality was most prevalent in April and May (Figure 4A). The annual prevalence of AP varied in a cyclical pattern over the study period (Figure 4B).

The multivariate model evaluating factors associated with fatal AP included age class, nutritional condition, bacterial infection, GI erosions/ulcers, season, and the high-risk spatiotemporal cluster (n = 487; Table 4). Subadults were 4.13 times more likely to die from AP than adults or aged adults (P < 0.001). Emaciated animals had 1.84 greater odds of fatal AP than otters in better nutritional condition (P = 0.02). AP mortality was positively associated with bacterial infection (OR 2.54; P = 0.002) and GI erosions/ulcers (OR 2.06; P = 0.009). Otters that stranded in the high-risk spatiotemporal cluster had 3.61 times higher odds of fatal AP than those stranding elsewhere (P < 0.001) (Figure 3). Otters stranding during spring and summer were 1.6 times more likely to have fatal AP than those stranding in fall or winter, although this finding was not statistically significant (P = 0.1).



Protozoans: Sarcocystis neurona and Toxoplasma gondii

Fatal S. neurona and/or T. gondii infection accounted for 9% (50/560) of otter deaths as a primary cause, and 20% (108/547) as a primary or contributing cause (Table 2). Sarcocystis neurona was more than five times more common than T. gondii as a primary COD (Table 5). Because T. gondii and S. neurona commonly co-infect southern sea otters, it is not always possible to separate the impacts of each parasite; for at least 3% of cases (14/547), protozoal co-infection was considered a top four COD.


TABLE 5. Findings for terrestrial protozoan parasite (Toxoplasma gondii and Sarcocystis neurona or S. sp.) seroprevalence, infection and mortality for 560 southern sea otters (Enhydra lutris nereis), 1998 – 2012. Some seronegative sea otters (T. gondii or S. neurona titers ≤1:320 serum dilution) had microscopically-confirmed infection with T. gondii, S. neurona/S. sp., or both parasite groups, resulting in higher totals for confirmed-infected cases than seropositive cases. Fewer otters had confirmed infection with T. gondii only than were seropositive for T. gondii only because some seropositive animals were subsequently confirmed to have concurrent infection with S. neurona and moved to the dual infection column. Please see the text for additional details.
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Many additional sea otters were infected with T. gondii and/or S. neurona, but the associated pathology was not considered severe enough to cause death. A total of 306 sea otters (57%) were seropositive for T. gondii and 244 (45%) were seropositive for S. neurona at a cutoff of ≥ 1:320 serum dilution (Table 5). Additional seronegative otters were confirmed to be infected with T. gondii (n = 28) and S. neurona (n = 63) on histopathology. In total, 12% of T. gondii-seronegative otters were infected with T. gondii, and 21% of S. neurona-seronegative otters were infected with S. neurona or S. spp. on histopathology. Based on pooled results from serology and microscopic examination, 62% (334/542) of all sampled sea otters were infected with T. gondii, and over half (57%; 307/539) were infected with S. neurona (Table 5). Over half (52%; 220/541) of otters with serological or histological evidence of protozoal infection were co-infected with both parasites (Table 5), and 78% (421/541) of all sampled sea otters were infected with S. neurona, T. gondii, or both parasites concurrently. Because histology and serology are less sensitive methods of parasite detection than PCR (Arkush et al., 2003; Rejmanek et al., 2010; Miller et al., 2018), the prevalence of T. gondii and S. neurona infection are likely higher than we have reported.

Spatial analysis of S. neurona infection (independent of COD) revealed a high-risk spatial cluster near Watsonville (RR = 1.68; P < 0.001), and a low-risk cluster along the central Big Sur coast (RR = 0.49; P = 0.001). A high-risk spatiotemporal cluster was also noted near Watsonville during 2007–2011 (RR = 1.89; P < 0.001).

Sarcocystis neurona mortality and seropositivity showed the greatest prevalence from March through May (Figure 4A), and 2004 had the highest annual S. neurona mortality (Table 3 and Figure 4B). Spatiotemporal SaTScan analysis of S. neurona mortality patterns revealed two overlapping high-risk clusters centered near Guadalupe and Cayucos in April 2004 (Table 3 and Figure 3). Otters stranding within these clusters were approximately 10.5 times more likely to have fatal S. neurona infection (P < 0.001), reflective of a previously described epizootic (Miller et al., 2010b).

The multivariate model evaluating factors associated with S. neurona mortality included sex, age class, nutritional condition and season (n = 547, Table 4). Subadults were 3.66 times more likely to die of S. neurona than adults or aged adults (P < 0.001), and males had 2.23-fold higher odds than females (P = 0.01). Emaciated otters were 2.12 times more likely to have died of S. neurona than animals in better nutritional condition (P = 0.01). Sarcocystis neurona mortality was highest during spring and summer, with 7.18 and 5.22 times higher odds compared with otters that stranded during fall/winter (P < 0.001), respectively.

Toxoplasma gondii seropositivity was highest in aged adults (72%; 76/105) compared with subadults (29%; 35/122), suggestive of chronic infection. SaTScan analyses for T. gondii infection (independent of COD) revealed a low-risk spatial cluster near Seaside (RR = 0.64; P = 0.05), and two low-risk spatiotemporal clusters near Seaside during 2005–2012 (RR = 0.43; P = 0.034), and northern Big Sur during 2006-2012 (RR = 0.44; P = 0.034).

Spatial analysis of T. gondii mortality identified three overlapping high-risk clusters at Oso Flaco, Morro Bay, and Cambria (RR = 3.00–3.49; P ≤ 0.008) (Table 3 and Figure 3). To the north, three overlapping low-risk clusters were identified at Año Nuevo, Aptos and Point Lobos (RR = 0.25–0.35; P ≤ 0.04); spatiotemporal analysis showed these areas were especially low-risk between 2005 and 2012 (RR = 0.085–0.13; P ≤ 0.03). In contrast with S. neurona, T. gondii mortality patterns were relatively constant over time, with little annual and inter-annual variation (Figures 4A,B).

The multivariate model evaluating factors associated with T. gondii mortality included age class and the high-risk spatial clusters (n = 547; Table 4). Subadult and adult sea otters were 1.89 times more likely to have died of T. gondii than aged adults, although this was not statistically significant (P = 0.2). The combined high-risk spatial clusters was a highly significant predictor of T. gondii-related mortality: otters that died near Oso Flaco, Morro Bay, and Cambria had 3.26 times higher odds of dying of systemic T. gondii infection than otters that died outside of these areas (P < 0.001).



Arthropod and metazoan parasites

Nasopulmonary acariasis (Halarachne halocheri infestation; Pesapane et al., 2018; Shockling-Dent et al., 2019) was a contributing COD for three otters. Larva migrans (brain infection by Baylisascaris sp. nematode larvae, most likely B. procyonis from raccoon [Procyon lotor] feces) was a contributing COD for an additional three otters. Verminous hepatitis associated with the nematode Capillaria hepatica was also observed in three cases, contributing to the death of one otter (Miller et al., 2020).



Bacteria

Bacterial infection was common as a primary or contributing COD, and as a sequela to other COD. Bacterial invasion was a primary COD for 6% (33/558) of otters, and a primary or contributing COD for 12% of animals (68/558) (Table 2). Over half (56%; 314/558) of otters had bacterial infection as sequelae, and 68% (377/558) had bacterial infection as a COD or sequela. Because this category encompassed diverse pathogens, space-time and multivariate regression analyses were not performed.

Fatal bacterial lesions included septicemia, abscesses, peri- or endocarditis, osteomyelitis, mastitis, endometritis, pyometra, nephritis, prostatitis, posthitis, cholecystitis, laryngitis, and pneumonia. Bacterial infection was most common as sequelae to AP, shark bite, mating trauma and fight trauma. Bacteria associated with fatal lesions included Streptococcus spp. (especially beta-hemolytic strains such as S. phocae), Erysipelothrix sp. (e.g., E. rhusiopathiae), Klebsiella pneumoniae, Pasteurella multocida, Salmonella sp., hemolytic Escherichia coli, Campylobacter spp., Staphylococcus spp. (e.g., S. delphini, S. intermedius, and S. schleiferi ss coagulans), Vibrio spp. (e.g., V. parahaemolyticus and V. alginolyticus), Fusobacterium spp. (e.g., F. necrophorum and F. nucleatum), Clostridium sp. (e.g., C. septicum, C. difficile and C. perfringens), Peptostreptococcus anaerobius, and Leptospira sp.

In addition to diagnostically confirmed bacterial infections, other less well-characterized conditions could have bacteria as an underlying cause, especially GI diseases. Due to limited knowledge, idiopathic enteric conditions were assessed separately from known bacterial or viral COD (Table 2), but many could have resulted from bacterial and/or viral infections.



Fungi

The zoonotic fungus Coccidioides sp. (C. immitis or C. posadasii) was a primary COD for nine otters, and a primary or contributing COD for 2% (11/556) of animals (Table 2). Incidental Coccidioides sp. infections were not observed, and most cases received abbreviated necropsies to minimize zoonotic risk. Spatial SaTScan analysis revealed four overlapping high-risk clusters, one of which was marginally significant (Table 3). Otters stranding near Pismo Beach were 15.11 times more likely to have coccidioidomycosis than those stranding elsewhere (P = 0.06) (Table 3 and Figure 3). Nearly all cases (10/11) occurred between Morro Bay and Pismo Beach; a single case occurred in Moss Landing. Our findings emphasize the localized occurrence of this zoonotic pathogen in coastal California.



Viruses

Viral infection was a primary COD for three otters, and a primary or contributing COD for 1% (8/550) of animals (Table 2). Canine distemper virus was suspected in most cases, although diagnostic test results were inconclusive (data not shown), prompting further investigation. Uncharacterized viral deaths included infections associated with oropharyngitis, esophagitis, adrenalitis, lympholysis, and enterocolitis.




Age and Sex-Associated Conditions

Age and sex-associated conditions included ELS, mating trauma and abortion or uterine torsion (females), fight trauma (males), and dental disease (aged adults) (Table 2).


End lactation syndrome (ELS)

End lactation syndrome affects only adult and aged adult females (183/231 females in the study were in these age groups), exerting substantial negative impacts on this demographic cohort (Chinn et al., 2016). End lactation syndrome accounted for 23% (42/183) of reproductive-age female deaths as a primary cause, and 58% (106/183) as a primary or contributing COD (Table 2). Of adult and aged adult females in late pup care through post-weaning at the time of death (otters eligible for ELS assessment), 83% (104/124) had ELS as a primary or contributing COD. When examined in the overall context of this 560 animal study, ELS accounted for 19% of all otter deaths as a primary and contributing cause.

No high-risk ELS spatial or temporal clusters were identified, but a low-risk spatiotemporal ELS cluster was found near Morro Bay during 2007–2012 (RR = 0.082; P = 0.01) (Table 3). ELS mortality was most prevalent in the late spring and early summer (Figure 4A) with little inter-annual variation, likely due to peak pupping during winter (Chinn et al., 2016).

The multivariate model evaluating factors associated with ELS mortality included age class, GI erosions/ulcers, season and the interaction of kelp canopy cover and the K-index (n = 168; Table 4 and Supplementary Figures 1–3). For this model, season was defined slightly differently in which late spring/summer spanned from April – July (reflecting seasonal peaks in southern sea otter reproduction and associated ELS mortality). Aged adult females were 12.70 times more likely to have died from ELS than adults (P < 0.001). Fatal ELS was associated with stranding in late spring and early summer (OR = 2.47; P = 0.02) and having GI erosions/ulcers (OR = 7.46; P < 0.001). The best-supported model indicated that an interaction between kelp cover and K-index was more useful for predicting fatal ELS than either variable alone. An increase in kelp canopy had little effect on ELS death for females inhabiting areas below K, but was associated with increased ELS risk for females from regions at/near K (Supplementary Figure 6). Females from areas of the range that were at or near K (mostly within the range center) and with dense kelp cover were 4.21 times more likely to have died from ELS than females from areas of the range that were well below K, and having limited kelp cover (P = 0.002; Table 4 and Supplementary Figures 7, 8).



Fight trauma

Serious fight wounds were common for adult and aged adult males: 89% (41/46) of cases were in these age classes. Fight trauma was a COD for 14% of males (46/329; Table 2) and 8% (46/560) of all enrolled otters. Fight-associated wounds on the head, feet, testicles and penis occasionally contained sea otter tooth fragments, especially the tips of canine teeth. Older males often had healed baculum and digit fractures indicative of prior sublethal fight trauma.



Mating trauma

Mating trauma represented 24% (56/231) of COD among females (Table 2), and 10% (56/560) of deaths among all otters. Many females with fatal mating trauma were also ELS cases. Nearly all 98% (55/56) females with fatal mating trauma had moderate/severe nose wounds; fatal vaginal or rectal perforations were less common. Portions of the nose and face were sometimes severely lacerated by males. Severe tissue swelling, pulmonary emphysema and bacterial infection were common sequelae; pneumothorax, pneumoabdomen and subcutaneous emphysema were less common.




Biotoxins

Biotoxin poisoning of any type (DA, microcystin or saxitoxin) was a primary COD for 10% (57/560) of otters (Table 2).


Domoic acid

Probable DA intoxication was a primary COD for 9% (52/560) of otters and was a primary or contributing COD for 20% (112/549) (Table 2). Possible DA intoxication was a primary COD for 1% (8/560) of otters and was a primary or contributing COD for 21% (116/549). Pooled results for probable and possible DA intoxication yielded 11% (60/560) as a primary COD, and 41% as a primary or contributing COD (228/549).

Spatial, temporal, or spatiotemporal clusters were not detected for probable DA intoxication. Sea otter death from probable DA intoxication occurred in all seasons (Figure 4A) and years (Figure 4B) of the study. Otter deaths from probable DA intoxication were especially prominent during 1998 – 2003, and 2009 – 2010, although these peaks were not statistically significant.

The multivariate model evaluating factors associated with probable DA intoxication as a primary or contributing COD included sex, age class and nutritional condition (n = 208; Table 4). Terrestrial land-cover and marine environmental variables were not significant predictors of DA-associated mortality. Males had 2.39-fold higher odds of death from DA than females (P = 0.007). Adults were 1.57 times more likely to have died from DA intoxication than subadults or aged adults, although this finding was not statistically significant (P = 0.2). Otters in fair to excellent nutritional condition were 4.99 times more likely to have died from DA than those in worse nutritional states (P < 0.001). A sub-analysis of 86 otters with identifiable prey in their GI tracts included sex, age class, nutritional condition, clam and crab presence in digesta (Supplementary Table 2). In this model, clams (OR = 8.07; P = 0.07) and crabs (OR = 2.01; P = 0.3) increased the odds of fatal DA intoxication, although not statistically significant at the α = 0.05 level, likely due to small sample size (Supplementary Table 3).



Microcystin and saxitoxin

Based on biochemistry, necropsy, and histopathology, possible microcystin intoxication was a primary COD for <1% (5/560) of enrolled otters, and a primary or contributing COD for 2.5% (14/547; Table 2). Although additional animals were microcystin-positive based on biochemical testing of tissues, this toxin was not necessarily considered a primary or contributing COD.

Although no otter deaths were attributed to saxitoxin in the current study (136 animals were tested), this neurotoxin can cause death with no discernible gross or microscopic lesions, so fatal cases may have been missed; additional research is necessary.




Multicausal Conditions


Cardiomyopathy

Cardiomyopathy was a primary COD for 8% (44/560) of otters and was a primary and contributing COD for 41% (229/552) (Table 2). SaTSCan analyses identified a high-risk spatial cluster for fatal cardiomyopathy near Moss Landing (RR = 1.69; P = 0.01), and a high-risk temporal cluster between March – June 2004 (RR = 2.12; P = 0.01) (Table 3 and Figure 3). Fatal cardiomyopathy was prevalent in all months, especially April through June, and December (Figure 4A) and all study years, especially 2004 – 2006 (Figure 4B). The annual prevalence of fatal cardiomyopathy varied in a cyclical pattern over the study period (Figure 4B).

The multivariate model evaluating factors associated with fatal cardiomyopathy included age class, probable DA intoxication, S. neurona infection, T. gondii infection and the high-risk spatial and temporal clusters (n = 529; Table 4). Aged adults were 11.48 times more likely to have died of cardiomyopathy than subadults (P < 0.001), and adults were 2.98 times more likely than subadults (P = 0.001). Sea otters with probable DA intoxication were 4.64 times more likely to have died of cardiomyopathy than animals that were not considered DA cases (P < 0.001). Sea otters with T. gondii infection had 2.31-fold higher odds of fatal cardiomyopathy (P < 0.001) and those with S. neurona infection were 1.91 times more likely to have fatal cardiomyopathy (P = 0.004) than uninfected otters. Otters that stranded within the high-risk Moss Landing cluster were almost three-times more likely to have died from cardiomyopathy than those stranding elsewhere (P < 0.001). Animals that stranded from March – June 2004 were 11.88 times more likely to have fatal cardiomyopathy than otters that stranded outside of this temporal window (P < 0.001).



Gastrointestinal erosions/ulcers and melena

Although GI erosions/ulcers and melena were not a primary COD for any otters, they were a common contributing COD that may be a non-specific expression of severe stress, inanition, emaciation, poor health, or Helicobacter sp. mucosal bacterial infections. Of 500 otters assessed for this condition, 59% (295/500) had gastric erosions/ulcers, and 47% (237/500) had lesions severe enough to be a contributing COD (Table 2), representing the most prevalent top four COD in this study. Erosions and ulcers were twice as common in otters that were in poor or emaciated nutritional condition at necropsy (56%; 144/258), when compared with otters in fair, good or excellent nutritional condition (28%; 27/238).



Emaciation/starvation

Emaciation/starvation was an important contributing COD, affecting 23% (130/560) of animals (Table 2). This condition is distinct from ELS-associated emaciation, and may be the physical expression of multiple stressors, including competition, food scarcity and disease.




Direct Anthropogenic

Direct anthropogenic (human-caused) sea otter mortality was documented for management and mitigation purposes. In this study, direct anthropogenic mortality affected 7% (38/560) of otters as a primary or contributing COD (Table 2). Boat strike was the most common anthropogenic COD; 16/25 boat strike cases were within three km of harbors at Santa Cruz, Moss Landing, Monterey or Morro Bay. Other anthropogenic COD (fishing gear entanglement, gunshot and fishhook ingestion) were relatively uncommon (Table 2). This category excluded medical complications related to permitted capture, surgery and other veterinary procedures (7/560).



Less Common and Less Well-Characterized Conditions

Other less common and less well-characterized COD included tumors (3%; 17/556) and various non-specific respiratory conditions (pulmonary emphysema, pulmonary edema and terminal drowning, possibly as sequelae to other, unknown conditions), affecting 7% (40/560) of sampled otters (Table 2). Fatal tumors included lymphosarcoma and large cervical or uterine leiomyomas that were associated with dystocia or pelvic obstruction. Miscellaneous COD (5%; 28/560) included idiopathic anemia, dyspnea and pneumonia, osteosclerosis/osteoarthritis, dehydration, lymphadenopathy, nephrosclerosis, blindness, rectal prolapse, rhabdomyolysis, splenic torsion and possible zinc toxicosis.





DISCUSSION

We compiled findings from 15 years of southern sea otter postmortem examinations, incorporating data from 560 animals; this large sample and extended time period enabled us to assess longitudinal mortality patterns in a changing environment. Using knowledge gained from necropsy, histopathology and research, we updated case assessments and performed comprehensive testing for biotoxins and parasites. Novel analytical techniques were used to identify mortality patterns and coastal areas of high mortality risk. We investigated associations between common conditions and biological and environmental variables that might enhance the risk of adverse health outcomes. Characterizing factors that increase the risk of sea otter death from common health conditions can help focus population recovery and environmental mitigation efforts.

A fundamental goal of this study was to update methods of classifying causes of death in southern sea otters. Accurately assessing the complex interplay between free-ranging animals and their dynamic habitat, pathogens, toxins, prey and predators can be challenging, especially for this threatened species with unique biology. These small marine mammals have very high metabolic demands (Yeates et al., 2007) and spend their entire lives along the interface between land and sea. Southern sea otters inhabit the coastal ecosystem and consume large amounts of benthic invertebrates from the nearshore subtidal zone. Because some preferred prey can concentrate terrestrial and aquatic pathogens or toxins through filtration or other feeding methods, the diet and ecology of sea otters places them at the confluence of two ecosystems, where they are sensitive to, and reflective of, changes in either domain. This study also identified several spatial and temporal “hot spots” for many diseases, including terrestrial pathogens of sea otters and humans (e.g., T. gondii and Coccidioides sp.). Investigation of these high-risk zones may reveal opportunities to facilitate sea otter recovery and protect human health.

Our work has confirmed that the list of terrestrial pathogens infecting southern sea otters includes land-based fungi (Coccidioides spp.), viruses (putative canine distemper virus), and parasites associated with cats (T. gondii), opossums (S. neurona), rodents (C. hepatica) and raccoons (putative B. procyonis). These terrestrial pathogens can be fatal, and the parasites likely infect sea otters through a similar route; land-based eggs/oocysts that flow downstream into marine habitats, where they can concentrate in invertebrates consumed by sea otters (Miller et al., 2008; Shapiro et al., 2012). Spatiotemporal patterns of fatal Coccidioides spp. infection in sea otters mirror those of sympatric marine mammals, humans, and terrestrial animals (Huckabone et al., 2015). Our work has confirmed that infection by land-based parasites is common in sea otters, and novel terrestrial pathogens were detected in this study, underscoring the principle of land-sea pathogen flow as a risk for sea otter fitness and survival.

Shark-associated mortality increased dramatically during our study period, becoming the most common primary COD. Many otters that died of shark bite appeared to be otherwise healthy, and good body condition was predictive of shark bite mortality (Table 4). The 1994 closure of the nearshore gillnet fishery in southern California, and closer regulation of the offshore driftnet fishery, resulted in greatly reduced mortality for juvenile white sharks in the late 1990s, just before our study began (Heneman and Glazer, 1996; Lowe et al., 2012). As these large marine predators increased and/or redistributed through time, negative impacts on southern sea otters have grown.

We have identified high-risk zones for shark mortality at both ends of the otter range, consistent with previous analyses that suggest shark/sea otter conflict may be slowing population growth and preventing range expansion (Tinker et al., 2016; Nicholson et al., 2018; Moxley et al., 2019). Our findings were consistent with a report encompassing a larger set of stranded southern sea otters from 1985 to 2013 (Tinker et al., 2016) that identified similar hot spots for shark bite mortality, and a dramatic increase in shark bite mortality over time. Two factors have been suggested as possibly contributing to the spatial pattern of higher shark bite mortality near the edges of the range: (1) proximity to pinniped breeding and haul-out aggregations, and (2) a greater preponderance of kelp-free habitat (e.g., open sandy embayments) near the range-ends, combined with the fact that presence of kelp canopy may lower the risk of shark-bite mortality (Tinker et al., 2016; Nicholson et al., 2018; Moxley et al., 2019).

A progressive increase in shark-associated otter deaths and broadening of seasonal prevalence was also observed during our 15 year study; if this pattern continues, seasonal peaks may become less apparent over time (Supplementary Figure 5). Although there are no clear management options for reducing otter-shark interactions, this increasingly important source of mortality may require greater focus on mitigating causes of mortality that are amenable to conservation efforts, including direct and indirect anthropogenic factors.

A notable finding of our study was that over half (53%) of otters with fatal shark bite died from post-traumatic bacterial infections, and we have no evidence to confirm sea otter tissue consumption by sharks. These findings support a previously proposed hypothesis that sharks are not biting sea otters with the intention of killing and consuming them, but instead are investigating surface silhouettes through mouthing or bumping (Tinker et al., 2016).

Profilicollis sp.-associated peritonitis was a primary or contributing COD for nearly a quarter of all otters in this study, and many of these cases also had bacterial peritonitis or enteritis, suggesting that enteric acanthocephalans may facilitate infection by other opportunistic pathogens. Interestingly, the prevalence of AP varied throughout the study in a cyclical fashion (Figure 4B), suggestive of underlying ecological drivers and/or fluctuating population immunity.

Our findings from protozoal serology and histopathology revealed that >75% (408/541) of sampled sea otters were infected with S. neurona, T. gondii, or both parasites concurrently. These methods of parasite detection are cost-effective, but relatively insensitive. Because these protozoal detection methods are less sensitive than PCR (Arkush et al., 2003; Rejmanek et al., 2010; Miller et al., 2018), the prevalence of T. gondii and S. neurona infection are likely higher than we have reported.

The southern portion of the otter range was higher risk for fatal T. gondii than the northern and central regions (Figure 3). Shapiro et al. (2019) showed a similar pattern and revealed that 79% of T. gondii genotypes from southern sea otters necropsied 1998–2015, including animals from the current study, were atypical Type X or Type X variants. In our double-blind comparison, all otters that died from T. gondii as a primary COD were infected with Type X or X-variant T. gondii, and identical strains were detected in terrestrial felids from adjacent watersheds. Sarcocystis neurona was a more common COD than T. gondii (Table 5), and protozoal co-infection was fatal for at least 6% of cases. Although we did not measure associations for this study, otters with concurrent S. neurona and T. gondii infection often exhibited more severe lesions than animals with monoparasitic disease, supporting a report by Gibson et al. (2011).

Because we focused on assessing mortality patterns for subadults, adults, and aged adults in the current study, causes of mortality that are more common in younger sea otters (pups and juveniles) were not fully represented in this overview. For example, S. neurona and AP prevalence (Kreuder et al., 2003; Mayer et al., 2003; Miller et al., 2010b) are likely to be lower in our study population relative to the wild population in its entirety.

Domoic acid intoxication is an important emerging threat associated with climate change that has the potential to negatively affect southern sea otter population recovery. This potent neurotoxin, produced by the diatom Pseudo-nitzschia sp., is pervasive throughout California marine waters and biota (Bargu et al., 2010; McKibben et al., 2017), so it was critical to evaluate the health impacts of DA for southern sea otters. Many of the invertebrates consumed by sea otters (including crabs and bivalves) have been shown to effectively concentrate and maintain DA in tissues for weeks to months after exposure to toxic blooms (Goldberg, 2003), and fisheries are often closed to protect humans from DA-associated health risks (Mariën, 1996; Trainer et al., 2007). Sea otters continue eating marine invertebrates during toxic blooms when fisheries are closed for public safety. Because sea otters consume approximately 25% of their body weight in prey every day (Yeates et al., 2007), it is likely that all wild southern sea otters are intermittently or chronically exposed to DA. Due to their small body size, high metabolism and diverse prey preferences, sea otters are particularly susceptible to DA exposure, though the toxic dose for sea otters may differ from human alert levels (Mariën, 1996).

We utilized a preponderance of evidence approach to assess DA intoxication in this study and we describe our case definition in a companion paper (Miller et al., in review). Based on our conservative estimate, probable DA intoxication was a primary or contributing COD for 20% of sea otters in this study. It is important to note that our case definition focused on acute/subacute DA impacts. Because DA can cause acute, subacute, and chronic disease, and lifelong damage can occur to fetuses exposed in utero (Pulido, 2008), the population-level effects of DA on southern sea otters are likely to be far greater than we have reported.

Our findings suggest that clams and crabs may be high-risk prey for fatal DA intoxication in sea otters, and high DA concentrations were detected in otters year-round, including periods when no toxic Pseudo-nitzschia blooms were detected by public health monitoring programs. This study provides critical insight into a previously uncharacterized threat for southern sea otter recovery. Because humans and sea otters consume similar marine foods, our findings may also help inform human health precautions. Sea otter mortality patterns often reflect environmental perturbations (Miller et al., 2010a, b; Huckabone et al., 2015). Pseudo-nitzschia bloom frequency, severity, and persistence appear to be increasing along Pacific Coastal North America in relation to climate change (Moore et al., 2008; Bargu et al., 2010; Hinder et al., 2012; McKibben et al., 2017), suggesting that DA-associated otter deaths are also likely to increase over time.

We have demonstrated significant associations between DA intoxication and cardiomyopathy in southern sea otters, which supports our previous research identifying DA as a potential risk factor for dilated cardiomyopathy (Kreuder et al., 2005). Although it is challenging to estimate the proportion of cardiomyopathy deaths that were partially or solely attributable to DA intoxication, our data suggests that many animals survived the acute impacts of DA exposure, but died later from severe, progressive, DA-mediated cardiomyopathy. Cardiomyopathy is also a common finding in California sea lions with acute and chronic DA toxicity (Zabka et al., 2009). Cardiomyopathy is likely a multifactorial condition and it is challenging to isolate the effects of DA exposure on heart disease development. The prevalence of fatal cardiomyopathy varied in a cyclical pattern over the study period. Interestingly, the cardiomyopathy case peaks and troughs mirrored cyclical patterns observed for fatal AP (Figure 4B). These conditions are not known to be causally related, so climatic conditions or other exogenous factors may influence the prevalence of both conditions.

Our findings demonstrate similarities and differences from prior sea otter mortality surveys. Kreuder et al. (2003), which included a subset of the earliest animals examined for our study, reported that 4.8% (5/105) of otters had DA intoxication as a COD, compared with >20% in the current study. These differences reflect improvements in case detection, broader access to diagnostic tests, and perhaps increased case frequency over time, although this cannot be confirmed.

Similarly, the number of fatal microcystin intoxication cases in this study (14/547) was less than reported in an earlier study (Miller et al., 2010c; n = 21) due to differences in case selection and more stringent case definition criteria in the current study. The toxic dose of microcystin is unknown for sea otters and potential lesions are poorly characterized, so additional cases could have been missed. There are many different congeners of microcystin and saxitoxin, and these toxins can be difficult to detect and quantify in body fluids and tissues. In addition, detection of low concentrations of microcystin and saxitoxins in tissues or body fluids does not necessarily confirm these toxins as a COD.

Kreuder et al. (2003) reported a significantly elevated risk for traumatic death in sea otters with pooled cases of pre-existing moderate to severe brain inflammation or necrosis from any cause. This relationship was not assessed as part of the current study. Instead, utilizing a larger sample size and more stringent pathology coding criteria, we assessed associations between certain fatal conditions known to cause CNS dysfunction (e.g., probable DA intoxication or protozoal COD) and trauma as a possible risk factor. No association was found using pairwise comparisons (univariate analyses), so conditions causing CNS dysfunction were not included as risk factors in the multivariate models for traumatic causes of death. Kreuder et al. (2003) also found that AP was the most prevalent COD for southern sea otters. We found that AP was the second most prevalent COD, possibly due to a progressive increase in shark bite COD, and because our study excluded juvenile otters that are more likely to die from AP.

White et al. (2018) reviewed COD for 333 northern sea otters (E. l. kenyoni) from Washington and Oregon that were necropsied between 2002-2015; infectious disease was the most common COD in that sample (56%), especially those caused by protozoa (S. neurona) and bacteria (S. phocae). Shark bite was rare (two cases), and although fatal cardiomyopathy was noted, no DA-associated mortality, AP, or ELS cases were reported. Some subpopulations of northern sea otters are growing faster than the southern subspecies in part due to habitat differences, including a relatively undeveloped coastline, lower sea otter population density and minimal shark predation pressure (White et al., 2018). Although no in-depth pathology survey is available for northern sea otters in Alaska, exposure to S. neurona, T. gondii, and Profilicollis sp. are much lower (Miller et al., 2002; Hanni et al., 2003; Mayer et al., 2003; Burgess et al., 2018, 2020). For Alaskan sea otters tested 2004–2011, 25% (43/172) were DA-positive, 23% (37/163) were saxitoxin-positive, and saxitoxin-associated otter deaths were reported (Lefebvre et al., 2016).

Compiled data from tagged and live-stranded otters can also provide insight on mortality factors (Nicholson et al., 2018), although conditions requiring histopathology for confirmation (e.g., DA intoxication, cardiomyopathy, ELS, neoplasia and many parasitic, bacterial, viral, and fungal infections) will be underrepresented. Where possible, future population models should incorporate data from both antemortem and postmortem monitoring programs (e.g., Tinker et al., in review).

Our research identified key sources of mortality that are potential obstacles for southern sea otter population recovery. Because southern sea otter carcass recovery is opportunistic and uneven across a >400 km geographic range, and because demographic processes and population status vary considerably within this range (Tinker et al., 2006, 2019), mortality patterns were interpreted in the context of regional population indices where possible. Some COD can negatively influence population growth as an expression of resource limitation in densely occupied habitat, such as fight trauma and ELS, while others such as shark bite or DA exposure do not appear to be density dependent. Mortality from shark bite has increased and is now the most common primary COD; the concentration of shark bite deaths at the range peripheries may impede future population recovery by limiting expansion into unoccupied habitats. Additional COD, such as DA intoxication and cardiomyopathy, appear to be inter-related, suggesting that their combined impacts are more substantial than previously understood.

Several COD exert effects across the entire southern sea otter range, but may be especially severe in regions that are more impacted by humans (Miller et al., 2010a, b; Oates et al., 2012; Huckabone et al., 2015; Shapiro et al., 2019). Similar to previous reports (Thomas and Cole, 1996; Kreuder et al., 2003), infectious agents were the most prevalent cause of mortality when considering both primary and contributing COD in our study (Table 2). Multi-pathogen infections were extremely common, and mortality due to concurrent terrestrial (e.g., T. gondii and S. neurona) and marine pathogen exposure (e.g., Profilicollis sp., S. phocae, and Vibrio sp.) was documented throughout the southern sea otter range.

In addition to impacts on survival, sublethal polymicrobial infections may reduce fitness and lower resistance to other threats. Sea otters have the highest mass-specific energy requirements of any marine mammal (Thometz et al., 2014), and reproduction, pathogen or toxin exposure and human disturbance can exacerbate nutritional stress. Efforts to mitigate indirect anthropogenic threats, such as terrestrial pathogen, nutrient and other pollutant discharges can provide strong collateral benefits to sea otters, marine ecosystems and humans who rely on these habitats for food and other resources. The potential for anthropogenic nutrient discharges (e.g., sewage and fertilizer) to stimulate or enhance toxic algal blooms is increasingly recognized (Trainer et al., 2007; Cochlan et al., 2008; Kudela et al., 2008). Other occult sources of anthropogenic sea otter mortality may include drowning in fishing traps, as some of these carcasses could sink rather than float to shore (Hatfield et al., 2011).

Ultimately, a key component of southern sea otter population recovery efforts will be range expansion. To the extent that some potential future habitats (e.g., estuaries) may also have lower risk of shark bite mortality (Hughes et al., 2019; Mayer et al., 2019), this conservation approach may address several of the emerging challenges identified by our analyses. As management actions are taken to enhance range expansion, we recommend continued population monitoring and careful assessment of potential threats in currently unoccupied habitat.

This is one of the most comprehensive and detailed reviews of mortality patterns and disease risk factors in a free-ranging wildlife species. Our research has revealed insight on mortality trends, emerging threats, and spatial and temporal disease “hot spots,” and confirmed the importance of southern sea otters as sentinels for terrestrial-origin pollution. It has also demonstrated the importance of consistent, long-term monitoring efforts that influence conservation priorities and animal care; our 15 year perspective illustrates how predominant disease patterns and their ecological drivers change over time. Identifying mechanisms by which sea otters are exposed to pollutants is critical to develop effective management actions, improve clinical care, and decrease health risks for humans and wildlife at the land-sea interface. Knowledge gained from this study has been used in an integrated population model (Tinker et al., in review) that will help clarify processes influencing southern sea otter survival, inform policy, and guide consideration of this population for de-listing as a threatened species under the Federal Endangered Species Act.
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The prevalence of cancer in wild California sea lions (Zalophus californianus) is one of the highest amongst mammals, with 18–23% of adult animals examined post-mortem over the past 40 years having urogenital carcinoma. To date, organochlorines, genotype and infection with Otarine herpesvirus-1 (OtHV-1) have been identified in separate studies using distinct animals as associated with this carcinoma. Multi-year studies using large sample sizes to investigate the relative importance of multiple factors on marine mammal health are rare due to logistical and ethical challenges. The objective of this study was to use a case control approach with samples from 394 animals collected over 20 years in a multifactorial analysis to explore the relative importance of distinct factors identified to date as associated with sea lion cancer in the likelihood of sea lion carcinoma. Stepwise regression indicated that the best model to explain carcinoma occurrence included herpesvirus status, contaminant exposure, and blubber depth, but not genotype at a single microsatellite locus, PV11. The odds of carcinoma was 43.57 times higher in sea lions infected with OtHV-1 (95% CI 14.61, 129.96, p < 0.001), and 1.48 times higher for every unit increase in the loge[contaminant concentrations], ng g–1 (an approximate tripling of concentration), in their blubber (95% CI 1.11, 1.97, p < 0.007), after controlling for the effect of blubber depth. These findings demonstrate the importance of contaminant exposure combined with OtHV1 infection, in the potential for cancer occurrence in wild sea lions.
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INTRODUCTION

California sea lions (Zalophus californianus) are long lived marine mammals that are resident along the west coast of North America, with most of the population of approximately 250,000 individuals breeding on islands off the central California coast (Laake et al., 2018). This population has among the highest prevalence of cancer in mammals, with 18–23% of adult animals examined post-mortem over the past 40 years having neoplasia (Gulland et al., 1996; Deming et al., 2018). The most common type of cancer is urogenital carcinoma (UGC) that is fatal due to widespread metastasis (Gulland et al., 1996). As cancer is rare in wild mammals, with the notable exception of transmissible tumors in Tasmanian devils Sarcophilus harrisii (Pearse and Swift, 2006), it is important to understand sea lion cancer pathogenesis and the potential implications for the health of humans who share the coastal environment and some seafood types with sea lions (Browning et al., 2015). Sea lion cancer is not clonal, unlike that of Tasmanian devils, thus exposure to exogenous factors such as environmental contaminants and infections as well as genetic susceptibility must be considered as causal factors (Leathlobhair et al., 2017).

The central California coast and its food web are exposed to high levels of potentially carcinogenic persistent organochlorines following dumping of industrial waste DDTs (dichlorodiphenyltrichloroethanes) in the 1960s and urbanization and industrialization of the coast increasing run-off of newer chemical contaminants (Young et al., 1976; McCarthy et al., 2008). Organochlorines have been associated with cancers in humans and are carcinogenic in laboratory animal models (Wolff et al., 1993; Longnecker et al., 1997; Lauby-Secretan et al., 2013). Exposure to pollutants has been associated with cancer in another marine mammal, the beluga (Delphinapterus leucas) of the St Lawrence River (De Guise et al., 1995; Martineau et al., 2002). Earlier studies on California sea lion cancer found samples of blubber from sea lions with UGC had significantly higher levels of polychlorinated biphenyls (PCBs) and DDTs than blubber from sea lions without carcinoma (Ylitalo et al., 2005b; Randhawa et al., 2015). Other factors, however, also have been associated with sea lion UGC. A virus, Otarine herpesvirus-1 (OtHV-1), detected in sea lion tumors is phylogenetically similar to the human oncogenic gammaherpesviruses Kaposi sarcoma virus and Epstein Barr virus, suggesting it could be important in oncogenesis (King et al., 2002; Lipscomb et al., 2005). Although observed in sea lion tumors, it also has been detected in secretions and tissues from healthy sea lions, raising questions about its role in cancer development (Buckles et al., 2006, 2007).

Genetic predisposition to cancer also is possible in some sea lions, as carcinoma is more common in relatively inbred California sea lions (Acevedo-Whitehouse et al., 2003). This effect is apparently due to a single microsatellite genetic marker (PV11) (Browning et al., 2014). PV11 maps to intron 9 of the heparanase 2 gene (HPSE2) locus, a large gene which in humans is associated with multiple carcinomas. Expression of heparanase 2 (HPA2) was only found in the genital tract of sea lions with UGC with a homozygous PV11 allele 1 genotype (Browning et al., 2014). Furthermore, a specific MHC class II locus, Zaca-DRB-A, was associated with an increased occurrence of cancer in a small sample of stranded sea lions (Bowen et al., 2005).

Carcinogenesis is a multistep process requiring multiple mutagenic events, often with a long latency period between the initial DNA damage and the onset of neoplasia (Nik-Zainal and Hall, 2019). Here we hypothesize that genetic predisposition in California sea lions interacts with herpesvirus infection and environmental factors including contaminant exposure as the multi-step process resulting in neoplasia. Research to date on the pathogenesis of California sea lion UGC has evaluated the association of single factors with this carcinoma. Each report has used small sample sizes and investigated the association of a single factor with sea lion carcinoma. The aim of this study is to determine the relative importance of the factors identified to date (persistent organic contaminant exposure, herpesvirus infection, and PV11 microsatellite genotype), as well as the confounding variables of sea lion age and body condition, in increasing the likelihood of occurrence of sea lion UGC. The objective is to use a case control study using samples from hundreds of wild sea lions collected over 20 years, an approach which is rare in marine mammals due to the logistical and ethical challenges in sampling significant numbers of animals and obtaining samples from non-diseased animals. This study builds on earlier data from stranded California sea lions. Samples from some cases have been used in previous studies examining the individual factors of interest in the pathogenesis of the disease (contaminants, herpesviruses, and PV11 genotype) and results have been published elsewhere (Ylitalo et al., 2005b; Buckles et al., 2006; Randhawa et al., 2015). Here we include additional samples not previously reported on to the dataset and combine all the results into an integrated analysis to determine the contribution of the various factors associated with sea lion cancer.



MATERIALS AND METHODS


Animals

Adult female California sea lions that died from various causes (trauma, domoic acid toxicosis, cancer) at The Marine Mammal Center (TMMC) (Sausalito, CA, United States) following stranding along the California coast from San Luis Obispo to Humboldt Counties between 1st January 1998 and 30th December 2017 contributed cases or controls to this study (n = 394). California sea lions are a coastal species: after the breeding season when animals are concentrated on the Channel Islands, individuals migrate north along the coast as far as southern Canada to forage, with adult males migrating further north than females that return to the islands between foraging trips to nurse pups (DeLong et al., 2017). Sea lions that are observed stranded and appear sick or injured at various sites along the coast during the foraging season are taken to TMMC for treatment, and all come from the Channel Islands population (Carretta et al., 2018). Only female animals were included as few male sea lions without cancer are found stranded along the central California coast (Greig et al., 2005). Controls were mostly sea lions stranded with domoic acid toxicosis or trauma. All animal care procedures and sampling were authorized by the National Marine Fisheries Service (MMPA permit no 18786) and approved by The Marine Mammal Center’s Internal Animal Care and Use Committee. Within 24 h of death, each animal was examined at post-mortem, and straight length and blubber depth over the sternum measured. Representative samples of each organ including any grossly apparent masses, and the entire urogenital tract, were fixed in 10% neutral buffered formalin, then embedded in paraffin, processed routinely, sectioned at 5 μm and stained with hematoxylin and eosin for light microscopy. To determine the presence of UGC multiple tissues for histologic evaluation were sampled from the reproductive tract including uterus, ovaries, cervix, and vagina, and all histology was reviewed by one pathologist (KMC). A 5 mm3 skin sample from each animal was fixed in 70% ethanol for genetic testing, and 1 cm3 samples of cervix and/or vagina were frozen at −70°C for viral testing. Samples of liver, kidney, and skeletal muscle were archived from each animal at −20°C and used for genetic testing in cases for which skin samples were missing.

An approximately 100 g sample of blubber was collected from over the sternum, wrapped in Teflon and stored at -20°C until analysis for contaminants.

Each sea lion was assigned as a case or control based on histology: “controls,” no UGC observed on histology (n = 215); “cases,” UGC in reproductive tract and metastatic carcinoma in at least one lymph node or other organ (n = 179). In all cases, histologic features of UGC were as previously described (Gulland et al., 1996). Thus, controls came from the same population that gave rise to the cases and if they had cancer they would have been assigned as a case. The controls therefore represent those animals in the population that may have become cancer cases. All animals were selected independently of exposure.



Blubber Lipid and Chemical Contaminants

Persistent organic contaminant concentrations in the blubber of sea lions represent past chemical exposure as these compounds are highly lipophilic and accumulate in the blubber tissue throughout the animals’ lifetime (Randhawa et al., 2015). However, the greatest exposure occurs in utero and during lactation when the legacy of contaminants is passed from mother to pup (Greig et al., 2007). Thus, there is a positive correlation between contaminants in the blubber of the pup and the milk of the mother; pups from females with high concentrations in their blubber and milk will start life with a higher exposure before they are even weaned and feeding independently.

Blubber samples were analyzed for PCBs, DDTs, and other organochlorine (OC) pesticides using either a gas chromatography/mass spectrometry (GC/MS) method coupled with gravimetric lipid determinations or a high-performance liquid chromatography/photodiode array (HPLC/PDA) method coupled with a thin layer chromatography/flame ionization detection (TLC/FID) method for percent lipid measures (Ylitalo et al., 2005a; Sloan et al., 2014). In general, the OC results obtained using these two methods have been shown to be comparable for a number of matrices, including marine mammal blubber (Ylitalo et al., 2005a). The blubber lipid content values determined gravimetrically or via TLC/FID also have been shown to be comparable, although the TLC/FID values tend to be approximately 10–15% lower (Ylitalo et al., 2005c).

The majority of the blubber samples (267 of 296) were analyzed for OCs and polybrominated diphenyl ether (PBDE) flame retardants using the GC/MS method (Sloan et al., 2014). Briefly, blubber samples were weighed (0.5–1.0 g), mixed with drying agents (sodium sulfate and magnesium sulfate), and extracted using dichloromethane in an accelerated solvent extraction procedure, followed by removal of approximately 1 mL of sample extract for gravimetric percent lipid determinations. Next, the sample extracts went through a two-step clean-up regime to remove polar compounds via a single stacked silica gel/alumina column and to separate the compounds of interest from bulk lipids and other biogenic compounds by high-performance size exclusion liquid chromatography. The cleaned-up extracts were then analyzed on a low-resolution quadrupole GC/MS system equipped with a 60-meter DB-5 GC capillary column. In this method, sum PCBs is the summed concentrations of congener PCBs 17, 18, 28, 31, 33, 44, 49, 52, 66, 70, 74, 82, 87, 95, 99, 101/90, 105, 110, 118, 128, 138/163/164, 149, 151, 153/132, 156, 158, 170, 171, 177, 180, 183, 187/159/182, 191, 194, 195, 199, 205, 206, 208, 209. Sum DDTs is the sum levels of o,p’-DDD, p,p’-DDD, o,p’-DDE, p,p’-DDE, o,p’-DDT and p,p’-DDT. Sum chlordanes is the summed concentrations of oxychlordane, gamma-chlordane, nona-III-chlordane, alpha-chlordane, trans-non-achlor, and cis-non-achlor. Sum hexachlorocyclohexanes (HCHs) includes the sum levels of alpha-, beta-, and gamma-HCH isomers and sum PBDEs is the sum concentrations of congeners 28, 47, 49, 66, 85, 99, 100, 153, 154, 183.

A further 29 blubber samples were analyzed using HPLC/PDA (Ylitalo et al., 2005b), and were weighed (0.2–0.3 g), mixed with hexane/pentane (1:1 v/v) and sodium sulfate (5 g), and then homogenized using a Tekmar Tissuemizers. The analytes of interest were separated from lipids and other interfering compounds on a gravity flow cleanup column that contained neutral, basic and acidic silica gels by eluting with hexane/dichloromethane (1:1 v/v). Prior to the cleanup step, approximately 1 mL of sample extract was removed for lipid quantitation by thin layer chromatography with flame ionization detection (TLC/FID) (Ylitalo et al., 2005a). Eight dioxin-like congeners (PCBs 77, 105, 118, 126, 156, 157, 169, 189) were resolved from other selected PCBs (PCBs 99/101/149/196, 110, 128/123, 138, 153/87, 170/194, 180, 190, 200) and six additional OCs [o,p’-DDD, p,p’-DDD, p,p’-DDE, o,p’-DDT, p,p’-DDT, hexachlorobenzene (HCB)] by HPLC on two Cosmosil PYE analytical columns, connected in series and cooled to 16°C. The OCs were measured by an ultraviolet (UV) photodiode array detector and were identified by comparing their UV spectra (200–310 nm) and retention times to those of reference standards. The analyte purity was confirmed by comparing spectra within a peak to the apex spectrum. In the HPLC/PDA method, concentrations of summed PCBs were calculated by summing the concentrations of the PCBs listed above (based on individual response factor) and summing the concentrations of other PCBs (calculated by summing areas of peaks identified as PCBs and using an average PCB response factor). Using an average PCB response factor was justified for the “other PCBs” measured in the samples due to similarities in the PCB congener response factors (ranging from 0.65 to 0.75) measured on the HPLC/PDA system. Based on the retention time and UV spectral data, the “other PCBs” were identified as PCB congeners 28, 52, 47, 66, 70, 182, 200, and 209. Summed DDT concentrations were calculated by adding the concentrations of the five DDT isomers.

Because a small number of blubber samples were analyzed for percent lipid by TLC/FID, we converted the TLC/FID values to approximate the gravimetric percent lipid measures using the following equation previously reported for California sea lion blubber samples (Randhawa et al., 2015):

[image: image]

For both OC analytical methods, a solvent method blank and a National Institute of Standards and Technology whale blubber Standard Reference Material (SRM, 1945) were analyzed with each sample batch and the results for the blubber SRM and other quality control samples met established laboratory criteria (Sloan et al., 2019).



Herpesvirus

Frozen cervical or vaginal samples from 162 control and 121 cancer cases were tested at the University of Florida College of Veterinary Medicine Zoological Medicine and Wildlife Disease Laboratory for the presence of herpesvirus using an OtHV1-specific qPCR (polymerase chain reaction) targeting the unique areas of the DNA polymerase gene (Dpol; forward primer: OtHV1qPCRF 5′-TCCCACGCTGTTTCGAATG-3′, reverse primer: OtHV1qPCRR 5′-AGCTCCGAGTCGTGTACACAGTAT-3′, probe: OtHV-1 Probe 5′-{FAM}-TCGCGCTCGCATCGGCA-{BNQ]-3′) with Black Hole Quencher probe and FAM reporter dye (Deming, 2018). Total DNA was extracted using a Qiagen kit according to manufacturer’s instructions (DNeasy Blood and Tissue, Qiagen Inc., Valencia, California, United States). DNA concentration of extracted samples were quantified using a NanoDrop 8000 spectrophotometer (Therma Fisher Scientific, Wilmington, Delaware, United States). qPCR reactions were run on 96-well polypropylene plates (Olympus Plastics, Genesee Scientific, San Diego, CA, United States). All plates had three no template (molecular-grade water) negative controls and standard curves (10–107 in triplicate). Each 20 μL reaction was composed of 4 μL DNA extract, 10 μL qPCR Master mix (TaqMan Fast Universal PCR Master Mix 2X, Applied Biosystems), 3 μL of molecular grade water, and 1 μL of each primer at a dilution of 18 μM. Samples were run in triplicate with an internal positive control of 18S ribosomal universal eukaryote DNA primer/probe (VIC Probe, Applied Biosystems) on a 7500 Fast Real-Time PCR System (Applied Biosystems) using the standard Fast protocol with thermocycling conditions as described in Deming (2018) (94°C for 20 s once, followed by 45 cycles at 94°C for 3 s and 60°C for 30 s). Data were analyzed using 7500 Fast Real-Time PCR System software. Samples with viral concentrations that were below the lower detection limit (1,000 viral copies per ng of DNA) were assigned an OtHV1 negative status and samples above the lower detection limit were assigned an OtHV1 positive status.

Vaginal samples from a further 15 control and three cancer animals were tested for OtHV-1 at the University of St. Andrews following PCR protocols described in Browning (2014) using OtHV-1 specific PCR primers that target a unique fragment of the OtHV-1 Dpol gene (forward primer: PolFor 5′-TTA CAC TTC TAC GTG ATG-3′, reverse primer: PolRev 5′-TCT TCG TCC AGT ATC ATT G G-3′) (Buckles et al., 2006; Browning, 2014). To confirm OtHV-1 positive PCR results, all samples that produced a positive band of expected size (approximately 740 bp) were gel extracted, sequenced (MRCPPU, College of Life Sciences, University of Dundee, Scotland)1 and aligned to the Dpol gene from OtHV-1 (GenBank: AF236050). All negative samples were re-run to confirm negative result.



Genotyping

Genotyping was carried out as described in Browning et al. (2014) (n = 317, Table 1). Briefly, genomic DNA (gDNA) was extracted following either a proteinase K-chelex DNA isolation method followed by phenol chloroform purification or using the PUREGENE DNA isolation method according to the manufacturer’s instructions. The microsatellite marker PV11 was amplified by PCR using Qiagen Multiplex Master Mix (Qiagen Inc.) and fluorescently tagged primers (Applied Biosystems). This enabled fragment analysis via automated capillary electrophoresis (ABI3700, Applied Biosystems or Beckman Coulter CEQ 8000) and subsequent allele identification. To check for errors in the amplification, a minimum of 10% of the samples were run in triplicate and two negative controls were included in each plate. Additional samples to those reported in Browning et al. (2014) were analyzed by Xelect Ltd., St Andrews, United Kingdom, using a Sanger sequencer to determine the fragment length following PCR including 10 repeats to ensure comparability. Five alleles were identified from fragment lengths (Browning, 2014), and homo- or heterozygosity assigned to each individual.


TABLE 1. Odds ratios for PV11 microsatellite genotype and herpesvirus status in sea lion cancer cases and controls.
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Whilst every attempt was made to obtain results for all factors for all individuals, there were inevitably some missing results and data due to the loss of samples during storage and transport and due to analytical error. However, these losses occurred randomly and were not decisions made by the investigators.



Statistical Analyses

We aimed to determine the herpesvirus status (positive or negative), genotype at PV11 (heterozygote or homozygote), and contaminant concentrations (sum PCB, DDTs, CHLDs, PBDEs, and HCHs on lipid weight basis) for each animal, but not all factors were available for each individuals in the dataset so sample sizes vary accordingly. Contaminant concentrations (on a lipid weight basis) were log-normally distributed and were therefore loge transformed after summation. The distribution of contaminants for the cases and controls are shown in Figure 1. The analysis was carried out using a staged approach with the relationship between the exposures (contaminants, genotype, and herpesvirus) and the probability of cancer first being considered singly, and with potential confounding factors, and then together using a multivariable approach. Fisher’s exact tests were carried out on the single exposure variable contingency tables to assess for independence between the variables and whether to reject the null hypothesis of the odds ratio being 1.0. Associations between the exposures and carcinoma were examined using logistic regression (generalized linear models with a binomial family and logit link function) to estimate odds ratios and their 95% confidence intervals using the package epitools in R (Aragon, 2018; R Core Team, 2020). Multivariable logistic regression analyses were then used to investigate the combined effects of the factors and odds ratios were calculated from the logistic regression coefficients for each factor classifying sea lions as controls and cases. The backward step function in R was used to determine the best fitting model which minimized Akaike’s Information Criterion (AIC), adjusting for covariates (Burnham and Anderson, 2004). The effect of blubber depth, as a potential confounding factor was investigated, together with any effect of year and season. A number of models were fitted to the data to determine the most parsimonious set of biologically plausible linear and non-linear predictors. Models were assessed for goodness of fit and those for which there was sufficient data which were therefore useful for making further inferences were included (see Supplementary Information).
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FIGURE 1. Blubber contaminant concentrations (loge transformed, ng g–1 on a lipid weight basis) in California sea lion cancer cases (red) and controls (blue) by contaminant classes.




RESULTS

A total of 179 adult female California sea lions with UGC and 215 adult female controls were included in the study. The potential role of each of the factors was investigated sequentially.


Homozygote or Heterozygote at PV11

Carcinoma was not significantly associated with homozygosity (i.e., any combination of identical alleles compared to any combination of heterozygosity) at the PV11 microsatellite locus (n = 317, odds ratio = 1.32 (95% CI 0.80, 2.15), Fisher’s exact test p = 0.28, Table 1).



Homozygosity at PV11

The probability of being a cancer case also was not significantly different among the four homozygous allele combinations (i.e., Group 1 alleles 1,1; Group 2 alleles 2,2; Group 3 alleles 3,3; Group 4 alleles 4,4—logistic regression intercept only model, null deviance = 157.16, homozygote groups model null deviance = 152.73, overall χ2 p = 0.218, Nagelkerke pseudo-R2 = 0.051, see Supplementary Information for further details).



All PV11 Allele Combinations

The animals were then categorized according to their allele combination (i.e., 1,1; 1,2; 1,3; 1,4; 2,2; 2,3 etc.), with the aim of determining if the probability of cancer was related to a particular allele occurring in any combination, homozygote or heterozygote. None of the combinations were significantly associated with cancer (intercept only model, null deviance = 429.86; allele group model null deviance = 413.21; overall χ2 p = 0.163, Nagelkerke R2 = 0.069, see Supplementary Information for further details).



Herpesvirus Status

There was a significant association between herpesvirus status and carcinoma. The odds of being virus positive were significantly greater in the cases than the controls (n = 301, odds ratio = 31.0, Fisher’s exact p < 0.0001, Table 1).



Blubber Contaminant Concentrations

Finally, the association between blubber contaminant concentrations and carcinoma was investigated. There was no relationship between contaminants and sea lion length (a proxy for age), and no difference in sea lion length between cases and controls (p = 0.812). The relationship between contaminant exposure and carcinoma was first investigated by combining the blubber concentrations of the five class (DDTs, PCBs, CHLDs, PBDEs, and HCHs) into one contaminant variable because there was a highly significant positive linear relationship among all five contaminant classes (Figure 2), as a combined variable as the sum of all contaminants measured. There was a significant negative relationship between blubber contaminant concentrations and blubber depth (p < 0.0001, adjusted R2 = 0.270, see Supplementary Information, and Figure S1). However, their variance inflation factors indicated a low degree of multicollinearity (blubber contaminant concentrations VIF = 1.27; blubber depth VIF = 1.23).


[image: image]

FIGURE 2. Relationship between blubber concentrations in different contaminant classes (loge transformed, lipid weight, ng g–1). DDTs, Dichlorodiphenyltrichloroethanes; PCBs, polychlorinated biphenyls; CHLDs, chlordanes; BDEs, polybrominated diphenyl ethers; HCHs, hexachlorocyclohexanes.


The odds ratio indicated that, after controlling for differences in blubber depth (cm) (four animals that were missing data on blubber depths were excluded from this analysis), the odds of cancer increased with increasing blubber contaminant concentrations. For the sum of all the contaminants measured, the odds ratio was 1.28 (n = 263, odds ratio 95% CI 1.02, 1.6, p = 0.03) indicating that holding blubber depth constant, the odds of cancer are 28% higher for each unit increase in loge[blubber contaminant concentrations, ng g–1] Table 2). As the contaminants have been loge transformed this equates to approximately a tripling (× 2.72) of concentration for each unit increase. Comparing the results and fit of a model which included loge[blubber contaminant concentrations] to one with both loge[blubber contaminant concentrations] and blubber depth indicated that the latter was more appropriate (analysis of deviance for the generalized linear model with a logit link function and binomial family with blubber contaminant concentrations as an independent variable without blubber depth vs. model with blubber depth; χ2 Pr = 0.0133, crude odds ratio = 1.48, adjusted odds ratio = 1.28, see Supplementary Information). There was thus a 13.5% change in the odds ratio between the two models, indicating blubber depth is a confounding variable. However, as animals will lose blubber mass during the disease process, resulting in an increase in their blubber contaminant concentrations (Hall et al., 2008), a further analysis was carried out including only those animals with a blubber depth > 1 cm (n = 139). For this subset, using the same model structure (Case or Control ∼ blubber depth + loge [blubber contaminant concentrations]), controlling for the effect of blubber depth the odds ratio was higher [odds ratio = 1.97 (95% CI 1.35, 2.89) p < 0.001, Nagelkerke R2 = 0.221]. This suggests that the observed relationship with contaminant exposure is not only because animals have lost blubber due to disease.


TABLE 2. Logistic regression model investigating probability of cancer in relation to blubber contaminant concentrations (loge[sum contaminant concentrations, ng g–1 lipid weight]) after controlling for blubber depth (glm[CaseControl ∼ BlubberDepth] + Loge[ContaminantConcentration], n = 263).

[image: Table 2]


Multiple Exposures

Stepwise multivariable logistic regression to investigate the relationship between carcinoma and the three exposures, genotype, herpesvirus, and blubber contaminants whilst accounting for the potential effect of confounding variables. There was no evidence for year or season being confounding variables (further details are given in Supplementary Information). The most parsimonious model included herpesvirus status, contaminant exposure, and blubber depth (Table 3, see also Supplementary Information). Genotype at microsatellite PV11 and body length were also not retained in the model. Models with interaction terms for the non-correlated variables (body length, blubber contaminants, year, season, and genotype) were tested but were not good fits to the data and were not retained in the final model.


TABLE 3. Logistic regression model investigating probability of cancer in relation to herpesvirus status and blubber contaminant concentrations (loge[sum contaminant concentrations, ng g–1 lipid weight]) after controlling for blubber depth (glm[CaseControl ∼ HerpesStatus] + BlubberDepth + Loge[ContaminantConcentration], n = 252).
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The adjusted odds ratio from the logistic regression model for herpesvirus was 43.57 (95% CI 14.61, 129.96, p < 0.001) and that for the contaminant concentration was 1.48 (1.11, 1.97, p < 0.007) again accounting for any effect of blubber depth. However, it should be noted that there were only seven sea lions with cancer that were negative for herpesvirus, and contaminant data were only available for four of these individuals (Figure 3). Nonetheless, the individual factor analysis indicates an effect of contaminants which is retained when herpesvirus status is accounted for. Probabilities estimated by the model (from the model logits) for animals with and without herpesvirus, for three different blubber depths, with increasing blubber contaminant concentrations, are shown in Figure 4. Animals with the highest blubber concentrations and without herpesvirus have a less than 20% probability of being a cancer case whereas for an animal with herpesvirus this increases from about a 30% probability in the least exposed to over 80% in the most exposed.
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FIGURE 3. Distribution of blubber contaminant concentrations in herpesvirus negative (left panel) and herpesvirus positive (right panel) sea lions with (cases) (red) and without (controls) (blue) cancer. Note only four animals with cancer that also had contaminant data were negative for herpesvirus.
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FIGURE 4. Probability of cancer in California sea lions with increasing blubber contaminant concentrations for animals with thin blubber (0.5 cm), the mean blubber thickness for the study group (1.1 cm) and with thick blubber (2.0 cm). Red = animals with herpesvirus; Black = animals without herpesvirus.




DISCUSSION

This California sea lion case control study provides evidence that herpesvirus infection (OtHV1) is critical to the likelihood of carcinoma occurrence, but in addition, the higher the animals’ blubber contaminant concentrations, the higher the odds of cancer. Such synergism between pollutants and virus in causing cancer has been suggested previously in humans but not wildlife: the high prevalence of esophageal carcinoma in people in the Huaihe River Basin in China is associated with human papillomavirus and exposure to 3-methylcholanthrene (Ghaffar et al., 2018). As carcinogenesis is a multistep process requiring multiple mutagenic events and may necessitate replication and fixing of the DNA damage caused by promoters, this study supports the hypothesis that carcinoma in California sea lions is a multifactorial disease. The gammaherpesvirus of sea lions is likely sexually transmitted, as is more common in sexually mature animals and is localized to the reproductive tract (Buckles et al., 2006, 2007). Exposure to contaminants, in contrast, occurs early in life, with California sea lions accruing PCBs and DDTs both in utero, across the placenta, and in milk (Greig et al., 2007). Thus, as there is often a long latency period between the initial DNA damage and the onset of neoplasia (Robertson and Hansen, 2020), this study suggests early exposure to persistent organic pollutants, followed by infection with OtHV1, are important in the pathogenesis of UGC in wild sea lions. Despite earlier work showing statistically significant associations between a single microsatellite genetic marker, PV11, and California sea lion carcinoma, this study with larger sample sizes and inclusion of other factors, did not find association between PV11 genotype and cancer, suggesting confounding factors may have been important in earlier studies.

Chemicals may induce neoplasia directly through DNA damage, or indirectly by acting as a promotor, or through immune suppression allowing infection with oncogenic viruses (Robertson and Hansen, 2020). PCBs are recognized as complete carcinogens (Lauby-Secretan et al., 2013), although this study suggests coinfection with herpesvirus is needed for urogenital cancer to occur in sea lions. Some contaminants have been linked to immune suppression in marine mammals (Ross et al., 1995; Levin et al., 2005; Williams et al., 2020), although others can increase lymphocyte proliferation and cytotoxicity (Peñín et al., 2018), suggesting that they can modulate anti-viral and tumor-surveillance activities of Natural Killer and cytotoxic T-cells. Such an effect would not necessarily lead to generalized states of immune suppression, which is improbable given that the sea lion population has been increasing over recent decades (Laake et al., 2018). Generalized immunosuppression is thus unlikely to be the mechanism through which persistent organic pollutants increase the likelihood of cancer in this species. Rather, it is possible that modulation of the immune system by organic contaminants can lead to variations in effectiveness of immune responses to OtHV-1 and cellular transformation. Another possibility is that persistent organic pollutants may increase the likelihood of cancer via their hormone mimicking properties, as sea lion reproductive tracts which are prone to cancer have estrogen and progesterone receptors and alteration of receptor expression is noted in UGC (Colegrove et al., 2009). The endocrine-disrupting properties of organochlorine pesticides are well recognized, as are the endocrine associations with cancer. For example, in humans, girls born to mothers receiving diethylstilbestrol are at higher risk of developing reproductive tract cancer (Colborn et al., 1993; Verloop et al., 2010). Also, human reproductive tract cancer is associated with higher blood levels of pesticides, and in utero exposure to DDTs increases the risk of breast cancer later in life (Mathur et al., 2008; Cohn et al., 2015). Experimental studies in laboratory animals have also shown interactions between organochlorines and hormone receptors in the genital tract. Mink exposed to organochlorines exhibit upregulation of hormone receptors (Patnode and Curtis, 1994). Neonatal mice exposed to estrogenic PCB metabolites developed cervicovaginal carcinomas (Martinez et al., 2005).

The blubber levels of persistent organic pollutants in these California sea lions are amongst the highest recorded in any marine mammal, presumably because of the persistence of compounds dumped along the California coast in the 1970s prior to the ban on their use and production in the United States, and the coastal foraging range of sea lions. Such high persistent organic pollutant levels were associated with carcinoma in two earlier studies (Ylitalo et al., 2005b; Randhawa et al., 2015). However, in neither of these studies was the effect of weight loss in animals with cancer considered. As persistent organic pollutants are lipid soluble and stored in adipose tissue of the blubber, when pinnipeds lose weight due to disease such as cancer, the blubber lipid content decreases and persistent organic pollutants are mobilized (Peterson et al., 2014). Serial sampling of sea lions that stranded suffering from domoic acid intoxication that lost weight then regained it after therapy demonstrated increases, followed by decreases, in blubber sum PCB and DDT concentrations, with different congeners having differing dynamics (Hall et al., 2008). To allow for these dynamics, in this study the effect of blubber thickness was controlled for, demonstrating persistent organic pollutant levels remain a significant factor in cancer development, even when considering the effects of weight loss. Age of female sea lions also likely affects blubber persistent organic pollutant burden, although in this study, there was no relationship between sea lion length, a proxy for age, and contaminants, and length was not retained in the model. In bottlenose dolphins (Tursiops truncatus), it has been shown that transfer of PCBs to offspring via the placenta and milk will decrease organochlorine burden with age in reproductively active female dolphins (Schwacke et al., 2002). Length at age for California sea lions has been established (Laake et al., 2016), and in this study most (80%) of these animals were over 5 years old and fully grown (> 153 cm long). Data on reproductive history for these wild animals are unavailable, but given the high fecundity of this species, and the high number of fully grown animals, it is unlikely that animals in the control group have different life histories from those in the case group. However, this remains a source of uncertainty in the results.

The clear association of OtHV-1 with carcinoma in this study supports a significant role for OtHV-1 in the pathogenesis of sea lion cancer. Although this virus has been previously demonstrated in California sea lion cancers, its presence in secretions from apparently healthy animals raised the question of its role in cancer development, and the possibility of it simply replicating in rapidly divided neoplastic tissue rather than playing a role in tumor development. Herpesviruses are associated with other mammalian tumors, including in primates and humans with the effects of infection typically depending upon multiple factors (Hunt et al., 1972; Touitou et al., 2001; Estep and Wong, 2013). For example, Epstein Barr virus (EBV) in humans is usually sub-clinical, or causes a self-limiting lymphoproliferative disease; however, when combined with co-factors, such as malaria or HIV infection, EBV infection can result in the development of lymphomas or nasal pharyngeal carcinoma (Touitou et al., 2001). Results of this larger study provides a clear example of a herpesvirus in a wild animal being strongly associated with cancer as indicated by the very high odds ratio, but a cofactor, persistent organic pollutants exposure, also may increase the likelihood of cancer occurrence. Further work on the mechanisms behind the association of OtHV1 infection with sea lion carcinoma is indicated by this study.



CONCLUSION

In conclusion, this case control study, designed around rigorous opportunistic sampling over two decades, demonstrates the value of long-term epidemiological studies that control for multiple factors and use large sample sizes. There is increasing concern over the exposure of wild marine mammals to multiple factors that could have cumulative impacts on health, yet studies to investigate these impacts are logistically and ethically challenging in ocean environments (National Academies of Sciences Engineering, and Medicine, 2016). This study demonstrates that two factors, herpesvirus infection and contaminant exposure, are positively associated with urogenital cancer, and future studies should focus on mechanistic experiments to explore tumorogenic pathways. This study has implications for human health, as virally associated cancer occurs in humans, and likelihood of cancer development could similarly be increased by exposure to environmental contaminants. Efforts to prevent ecosystem contamination with persistent organic pollutants must be improved to protect both wildlife and human health.
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Most of the world’s sea otters reside in Alaska, but there has never been an assessment of long-term mortality patterns for this keystone predator. We examined data collected from 780 northern sea otter (Enhydra lutris kenyoni) carcasses recovered in Alaska from 2002 to 2012 to evaluate the causes of mortality and risk factors associated with death. A smaller group (n = 144, 18%) of fresh non-frozen carcasses were included in a more detailed mortality analysis. Forty-four% of the fresh dead otters were determined to have died from infectious endocarditis, meningoencephalitis, and/or septicemia due to systemic streptococcosis (“Strep syndrome”). Streptococcus lutetiensis, a member of the Streptococcus bovis/equinus (SB/E) group was most commonly isolated, although other members of the SB/E group were identified. There were fewer cases where S. phocae and other streptococci were isolated. A regression analysis revealed age and location risk factors for Strep syndrome. Subadults were the highest risk age group, and otters recovered from the Kachemak Bay region were 3.6 times (95% CI: 2.2–5.9) more likely to die from Strep syndrome than otters recovered elsewhere. Diagnosis of this Strep syndrome had not been reported in other marine mammals in Alaska. Sporadic cases of septicemia and infectious endocarditis due to S. lutetiensis have been seen in the southern sea otter population in California. Other causes of death for the fresh otters included neurologic diseases (10%), trauma (8%), nutritional diseases (7%), cardiovascular diseases (7%), gastrointestinal diseases /parasites (6%), undetermined (5%), septicemia (3%), and neoplasia (3%). All other causes of death (oiling, hepatobiliary, fungal, marine biotoxins, pulmonary) were at or below 1%. Twenty percent of fresh animals were positive for phocine distemper virus (PDV) by polymerase chain reaction (PCR, 11/55), 18% seropositive for PDV (7/38), and paramyxovirus-like particles were demonstrated by electron microscopy within inclusion bodies from one animal. Low concentrations of the harmful algal bloom toxins domoic acid and saxitoxin were also detected in 26% and 22% of fresh animals, respectively. Protozoal disease was rare. These patterns of disease differ from sea otters in other regions and possible reasons are discussed.

Keywords: northern sea otter, Enhydra lutris kenyoni, Alaska, stranding, mortality, Strep syndrome, Streptococcus lutetiensis, phocine distemper virus


INTRODUCTION

Data from marine mammal stranding programs have been used to understand causes of mortality (Kreuder et al., 2003; Joly et al., 2009; Bogomolni et al., 2010; Bossart, 2011) and types of human interactions (Goldstein et al., 1999) and have led to the discovery of novel diseases (Carrasco et al., 2014b; Shen et al., 2017; Siqueira et al., 2017). As sea otters share the coastal environment with humans and consume some of the same foods, they can serve as effective sentinels for public health issues in a rapidly changing world (Bossart, 2011). Data from stranded sea otters have aided in the documentation of anthropogenic drivers of infectious diseases, such as land-based freshwater runoff as a source of Toxoplasma gondii and Capillaria hepatica infection in southern sea otters (Enhydra lutris nereis; Miller et al., 2002a; VanWormer et al., 2016; Miller et al., 2020). Changes in infectious diseases in sea otters may also correlate with climate change parameters, such as increased sea surface temperatures along with increases in Vibrio parahaemolyticus infections (Goertz et al., 2013) and expansion of the distribution of phocine distemper virus associated with reductions in sea ice (VanWormer et al., 2019).

In Alaska, a northern sea otter (Enhydra lutris kenyoni) stranding program was initiated in 2002 by the U.S. Fish and Wildlife Service (USFWS) to examine causes of strandings and mortality in the three Alaska sea otter population stocks (Figure 1); Southwest (SW), Southcentral (SC), and Southeast (SE) (Gorbics and Bodkin, 2001). In 2005, following a population decline of more than 50% since the mid-1980s, the SW stock of northern sea otters was listed as threatened under the U.S. Endangered Species Act (ESA). Although the SC and SE stocks are not listed under the ESA, an observed increase in the number of sea otter carcasses being recovered from the SC stock in Kachemak Bay with mortality due to high proportions of infectious endocarditis (IE) resulted in a Marine Mammal Unusual Mortality Event (UME) being declared by the U.S. Working Group on UMEs in 2006.
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FIGURE 1. Distribution of northern sea otter (Enhydra lutris kenyoni) carcasses recovered in Alaska from 2002 to 2012 (n = 778). The dashed lines show the stock delineations.


Prior studies examining the health and disease of northern sea otters in Alaska have been limited in their timeline and scope, with most examining the effects of the 1989 Exxon Valdez oil spill in Prince William Sound which found that environmental disasters can have long-term impacts on survival rates and mortality (Bodkin et al., 2000; Monson et al., 2000; Ballachey et al., 2003; Miles et al., 2012). Other studies have compared northern sea otters in Alaska to southern sea otters in California, showing low exposure to most potential marine and terrestrial pathogens tested but 40% exposure to PDV (Hanni et al., 2003; Goldstein et al., 2011; Hoyt et al., 2014); however, characterization of morbidity and mortality had not been previously done. Many long-term studies in southern sea otters have led to a greater understanding of the causes of the lack of population recovery, factors involved in human interactions, resource limitations, infectious diseases, and toxins, with potential mitigation strategies (Miller et al., 2010a; Miller et al., 2010b; Thometz et al., 2014; Chinn et al., 2016). A long-term, systematic evaluation of the causes of death of northern sea otters in Alaska was needed to assess the possible role of disease in the decline of the threatened SW population stock. The objective of this study was to examine the causes of mortality in northern sea otters recovered in Alaska from 2002 to 2012, using stranding data to evaluate risk factors associated with mortality. Such detailed evaluation of mortality patterns may have implications for the management of the species, as well as the potential to broaden our understanding of the health of the nearshore ecosystem in Alaska in relation to possible climate change factors and threats to human health.

Here we present the results of examinations of northern sea otter carcasses, divided into two groups. The “larger group” (n = 780) includes all animals reported and examined from 2002 to 2102. The “smaller group” (n = 144) includes the subset of fresh, non-frozen animals for which a formal necropsy, histopathology and ancillary testing was conducted. The larger group provides broader demographic information as well as wider geographical representation. The smaller group offers greater detail on COD determination. Together, both groups provide insight into patterns of sea otter mortality across Alaska.



MATERIALS AND METHODS


Animals and Sampling

In 2002, the USFWS began a concerted effort to collect, examine, and sample as many Northern sea otter carcasses as possible through a community-based, volunteer marine mammals stranding network in collaboration with the Alaska SeaLife Center (ASLC) and National Oceanic and Atmospheric Administration (NOAA) Fisheries. A Microsoft Access database for all cases and related information was developed and maintained by USFWS.

Carcasses, from dead-stranded sea otters and live-stranded animals that subsequently died or were euthanized, recovered between 2002 and 2012 were included in this analysis. Carcasses were recovered from across more than 1,500 miles of Alaska shoreline and extended from Tanaga Island in the central end of the Aleutians (SW stock) to Kuiu Island in the Alexander Archipelago (SE stock; Figure 1). Stranding locations were determined at the time of recovery by GPS on-site or by estimation from Google EarthTM (Google Inc., Mountain View, CA) if GPS location was unavailable. Additional data upon recovery included date, time, weather, and any visible signs of injury.

Carcass condition was assessed, including estimated post-mortem interval classification (< or >48 h) and extent of decomposition. If post-mortem interval exceeded 48-h, or a fresh carcass could not be shipped immediately, the specimen was frozen for later necropsy; if less than 48 h, it was transported to the USFWS in Anchorage, AK or the ASLC in Seward, AK for immediate necropsy. Due to the large and remote areas where carcasses were reported and recovered, some fresh dead carcasses could not be shipped within the 48-h time frame and were subsequently frozen for later necropsy. Each necropsy was performed by a veterinarian with expertise in marine mammal medicine and/or a board-certified veterinary pathologist.

Data collected on carcasses included carcass condition, age class, nutritional state, and sex. Classification of carcass condition was based on gross appearance and included fresh, mild, moderate or advanced decomposition, or skeletal/mummified (Dierauf and Gulland, 2001). Age class (von Biela et al., 2009) was estimated as aged adult (>10 years), adult (3–10 years, female; 4–10 years, male), subadult (1–2 years, female; 1–3 years, male), or pup (<1 year), and was determined using tooth wear and body size (Kreuder et al., 2003). When present, a first premolar was extracted and submitted to Matson’s Laboratory (Milltown, MT) for accurate aging. Nutritional state was classified as fat, normal, thin, or emaciated as determined by available body fat in the subcutaneous space, groin, mesentery, and/or kidney lobules (Dierauf and Gulland, 2001). Sex was determined based on gross visual examination; for skeletal remains, the animal was cataloged as male if a baculum was present. Examination also included morphometrics: weight (kgs), xiphoid girth (cm), right forepaw width (cm), straight length (cm), skull length (cm), and skull width (cm).

Carcasses were classified as belonging to one of the three population stocks in Alaska: SE, SC, and SW. The geographic location for each carcass was mapped using ArcGIS (version 10.1, ESRI, Redlands, CA, United States) for all recovered carcasses with known or estimated geographic locations (latitude/longitude).



Diagnostics

Carcass condition and histologic findings guided the extent of examination and biologic samples collected and tested. As the program progressed over a decade, the number and type of samples and tests were refined due to logistics and costs. Fresh dead carcasses received the most complete diagnostic work-up including, but not limited to, morphometric measurements; gross necropsy; radiographs; full histopathologic examination; and screening for three protozoal agents (Toxoplasma gondii, Sarcocystis neospora and Neospora caninum), bacterial systemic and fecal pathogens, phocine distemper virus, and harmful algal bloom toxins (domoic acid and saxitoxin) testing.


Histopathology

Tissues collected for histopathologic examination were placed in 10% neutral buffered formalin (NBF) in a 10:1 ratio of NBF:tissue. Tissues were paraffin-embedded, sectioned (5 μm) and stained with hematoxylin and eosin (H&E) at Histology Consultation Services, Inc. (HCS Everson, WA). Special stains including Periodic Acid-Schiff (PAS) for fungi and glycoprotein, Gram stain and silver stain were performed as needed.



Bacteriology

Carcasses in good condition (fresh or mild decomposition) were sampled to culture for bacterial pathogens. Amies swabs were collected from whole blood, stomach wall, tonsil, and tissues including cerebrum, heart valves, mesenteric lymph node, and where gross lesions were suggestive of a bacterial etiology. Gastrointestinal swabs with Cary Blair transport medium (VWR) or loops of jejunum and colon were used to culture for fecal pathogens. Specimens were shipped with frozen gel packs overnight to the University of California, Davis School of Veterinary Medical Teaching Hospital Microbiology Lab (Davis, CA, United States) for pathogen screening. For Salmonella, gastrointestinal samples were inoculated into selenite broth (Veterinary Medicine Biological Media Services, Davis, CA, United States) and subcultured after 18 h. incubation at 35oC on xylose-lysine-tergitol-4 agar (Hardy Diagnostics, Santa Maria, CA, United States). Screening for Vibrio spp. utilized alkaline peptone broth (Hardy Diagnostics) for enrichment at 35oC, incubation overnight and subculture to TCBS agar (Hardy Diagnostics) with incubation at 35oC. For Campylobacter isolation, gastrointestinal samples were inoculated on Campy CVA agar (Hardy Diagnostics) and incubated at 35oC under microaerophilic conditions. Culture of gastrointestinal tissues for SB/E utilized Rose agar (Hardy Diagnostics) incubated at 35°C in 5% CO2. Tissue samples were inoculated onto tryptic soy agar with 5% sheep blood (Hardy Diagnostics, Santa Maria, CA, United States). The plates were incubated at 35°C in a 5% CO2-enriched atmosphere for a minimum of 5 days. Bacterial identification was accomplished using standard microbiological algorithms including Gram staining, tubed media, and strip identification (Spellerberg and Brandt, 2011). In certain cases, some bacteria (i.e., SB/E and Vibrio spp.) were sent to the Centers for Disease Control and Prevention (Atlanta, GA) and the Alaska State Public Health Laboratory (Anchorage, AK) for further typing (Counihan-Edgar et al., 2012; Goertz et al., 2013).



Morbillivirus

Morbillivirus (canine and phocine distemper; CDV and PDV) serology was conducted at the Oklahoma Animal Disease Diagnostic Laboratory (Stillwater, OK, United States) or the Marine Ecosystem Health Diagnostic and Surveillance Lab (Davis, CA, United States). Serum was aseptically collected and tested by serum neutralization with titers greater than 32 considered positive (Goldstein et al., 2009). Tissues for morbillivirus screening were stored at −80°C; and reverse transcription polymerase chain reaction (RT-PCR) was performed on cerebrum, lung, and hilar lymph node (Barrett et al., 1993).



Protozoa

Testing for Toxoplasma gondii, Sarcocystis neurona, and Neospora caninum was performed by culture, PCR, serology, and direct visualization of intralesional protozoal cysts on histopathology with some confirmation by immunohistochemistry (IHC). Specimens were submitted to the Conrad Protozoal Laboratory at the UC Davis School of Veterinary Medicine, Davis, CA, United States. Serum and/or cerebrospinal fluid (CSF) were aseptically collected and screened by immunofluorescence (Miller et al., 2002b), and, when indicated, culture and/or PCR were performed on 1 cm3 sections of cerebrum and cerebellum. Titers ≥ 40 were considered positive and >320 on the serological immunofluorescent antibody test (IFAT) were considered supportive of infection by protozoal organisms. Antibody titers alone were not used to make a diagnosis based on their inability to distinguish between past and active infection. For the PCR, DNA was extracted from sea otter brain using the DNeasy Tissue Kit (Qiagen) and screened for the presence of T. gondii, S. neurona, and N. caninum using 18S rDNA pan-specific primers as previously described (Miller et al., 2004).



Marine Biotoxins

Urine, feces, stomach contents, pericardial fluid, pleural fluid, and intestinal content were collected for domoic acid (DA) and/or saxitoxin (STX) analysis and stored at −80°C. Samples were tested at the Northwest Fisheries Science Center’s Wildlife Algal-Toxin Research and Response Network (WARRN-West) laboratory (Seattle, WA, United States), the California Animal Health and Food Safety Laboratory System (CAHFS), and the Alaska State Environmental Health Laboratory (AK EHL). At WARRN-West, samples were analyzed by Abraxis ELISA for saxitoxin and Biosense® DA ELISA for DA (Lefebvre (Lefebvre et al., 2016). At CAHFS and EHL, samples were tested for DA and STX by liquid chromatography–tandem mass spectrometry (LC/MS/MS) with a method detection limit of 5 ppb (Tor et al., 2003; Diener et al., 2007).



Cause of Death (COD)

Causes of death (COD) were standardized so that the COD identified for each otter was the most substantial injury or disease process thought to initiate the sequence of events leading directly to death or “proximate COD.” Contributing factors were assigned if pathologic conditions were identified that contributed to the probability of death but were not part of the primary disease complex (Kreuder et al., 2003). Carcasses were assigned no more than two contributing factors. Records were reviewed by a designated group of veterinary pathologists, veterinarians, and biologists to verify continuity in the application of assigned mortality categories. COD was based on gross findings and, when possible, histopathology and ancillary testing. A case definition for “Strep syndrome” was developed and assigned when COD was due to bacterial meningoencephalitis (ME), infectious endocarditis (IE), and/or septicemia due to a Streptococcus. Strep syndrome was confirmed when Streptococcus was isolated and there was corresponding pathology, or recorded as suspect when cases had gross and histologic findings that were consistent, but culture was not performed. For percentages of COD in the larger group, both suspect and confirmed cases of Strep syndrome were tabulated together since these CODs were based primarily on gross findings; for the smaller group, only confirmed Strep syndrome was tabulated in order to follow the most conservative approach.

When possible, causes of mortality and contributory factors were classified into associated groups: (1) Strep syndrome; (2) trauma including intraspecific wounds (fighting, mating induced), human interaction (boat strike, gunshot), predation, or unknown; (3) neurologic including encephalitis (not attributed to Strep syndrome), cerebral edema, hydrocephalus, porencephaly, or a primary seizure disorder; (4) cardiovascular including IE (not attributed to confirmed Strep syndrome), dilated cardiomyopathy (DCM), myocarditis, atherosclerosis, thromboembolic disease, heart failure (acute or chronic), endocardiosis, or an acute vascular event such as ischemic stroke or aneurysm; (5) nutrition if the carcass had depleted fat stores and/or histopathologic evidence of emaciation and in pups when the cause of death was confirmed hypoglycemia or presumed hypothermia (presumed abandoned); (6) gastrointestinal/parasitic including acanthocephalan enteritis, esophageal and intestinal impaction, intussusception, intestinal volvulus, enterocolitis, peritonitis, or gastric ulceration; (7) septicemia not caused by streptococci based on culture of organisms from multiple organs or histopathology of suppurative inflammations from multiple sites; (8) neoplasia; (9) harmful algal bloom (HAB) toxicosis when pathologic findings were consistent with exposure (i.e., consistent hippocampal changes) and when samples had unusually high concentrations of a biotoxin; (10) pulmonary including severe edema, pneumonia, drowning, marked pulmonary congestion with no other COD; (11) oiling; (12) hepatobiliary including jaundice, hepatic necrosis, and hepatitis; (13) systemic fungal infection; (14) urinary including urinary bladder obstruction or perforation; (15) musculoskeletal including osteomyelitis, arthritis, or other non-traumatic musculoskeletal conditions; and (16) reproductive including abortion and penile hematoma. In the larger group, COD was primarily based on gross findings with selected ancillary analysis based on carcass quality. As a result, these CODs tended to be those more readily diagnosed (i.e., trauma and IE). Despite these disadvantages, these data were of value to this study due to the vast amounts of temporal, and spatial, demographic information it included due to the large sample size. In particular, the larger group provided data on mortality in the threatened SW population where obtaining carcasses fresh enough for the full work up is all but impossible due to the remoteness of the region. The smaller group allowed for a more robust and consistent testing strategy and detailed mortality analysis. The full workup completed on the 144 fresh animals was the gold standard, but it was expensive, time and labor intensive, and took a program with staff dedicated to that project alone. With the frequency of sea otter carcasses recovered in Alaska, budgets becoming ever increasingly pinched, and management priorities shifting, that gold standard is not sustainable going into the future. So in order to compare sea otter patterns of mortality over time the larger group of animals in this study will provide a baseline for future work when a gross necropsy may be the only tool available.



Statistical Analysis

All carcasses, fresh and non-fresh, recovered between 2002 and 2012 were included in the demographic analysis which included a summary of age class, sex, nutritional state, carcass condition, and date and location of recovery. A two-sided chi-square test of independence was used to examine differences within sex, age class, and date of recovery. Due to a small sample size, fetal animals were combined with pups for statistical analysis.

When possible, causes of mortality were identified and included all stages of decomposition in the larger group (n = 780). Proportionate mortality ratios were calculated to identify the leading COD for these otters. A more detailed mortality analysis was performed on a smaller subset of carcasses (n = 144; those that were recovered fresh, and included histopathology and ancillary diagnostics) and included the distribution of the COD by sex and age classes and the evaluation of these factors by the two-sided chi-square test of independence. For dichotomous distributions with an expected frequency less than five, the Fisher exact test (Fisher, 1935) was calculated. When appropriate, the strength of association was estimated by the odds ratio with a 95% confidence interval. Logistic regression was used to identify risk factors for the leading causes of mortality. Covariates were sex, age class, and location. All statistical analyses were performed in SAS 9.3 (SAS Institute, Cary, NC, United States). A p-value < 0.05 was considered statistically significant.



RESULTS


Demographics

From 2002 to 2012, 780 northern sea otter carcasses were obtained and included in the demographic analysis. Of these, 6% (n = 50) stranded alive but subsequently died or were humanely euthanized. Condition was recorded for 93% (n = 727) of the carcasses. Whole carcasses in varied stages of decomposition made up most of the carcasses (n = 617, 85%), followed by skeletal remains (n = 109, 15%). There was one carcass for which only the pelt remained. Of the whole carcasses, 44% (n = 270) were classified as fresh; 27% (n = 165) were moderately decomposed; and 29% (n = 182) were in a state of advanced decomposition.

Sex was determined for 87% (675) of animals, of which 66% were male. The disproportionate recovery rate of males did not vary significantly between years (two-sided chi-square test, p = 0.3427). Age class was estimated for 96% (n = 747) of carcasses and included 19% (n = 145) aged adults, 34% (n = 257) adults, 21% (n = 158) subadults, 24% (n = 181) pups, and 0.8% (n = 6) fetuses. More adult carcasses were recovered compared with all other age classes throughout the time period with the exception of 2010 when aged adults, subadults, and pups each outnumbered adult carcasses (two-sided chi-square test, p = 0.0151). Estimated age classes for females (n = 228) were 20% aged adults, 28% adults, 18% subadults, 33% pups, and 0.4% fetuses; males (n = 447) were 18% aged adults, 35% adults, 24% subadults, 21% pups, and 0.7% fetuses (Table 1). Age distribution varied significantly by sex (two-sided chi-square test, p = 0.0061), as female carcasses were most likely to be pups and male carcasses were most likely to be adults.


TABLE 1. Northern sea otter (Enhydra lutris kenyoni) carcasses by location (Kachemak Bay vs. all other locations) and cause of death (Strep syndrome vs. all other causes) by age class in Alaska from 2002 to 2012.

[image: Table 1]Seventy-three percent (570/780) of carcasses were classified according to nutritional state: 37% (n = 210) were considered normal, 34% (n = 193) were classified as thin, 17% (n = 95) were emaciated, and 13% (n = 72) were considered fat. Nutritional state did not vary significantly by sex (two-sided chi-square test, p = 0.5126), but there was a significant association with age (two-sided chi-square test, p = 0.01). Recovered subadults were most likely to be classified as thin; whereas for the other age categories, normal-weight animals were the most common classification. Underweight animals (classified as “thin” or “emaciated”) were 1.7 times more likely to be subadults than adults (95% CI = 1.1–2.6).

Animal recovery date was recorded for all but one mortality. Average annual recovery was 71 carcasses (SD = 33.4); from 2006 to 2010 reported mortalities exceeded the average recovery rate (105, 108, 106, 97, and 87 carcasses, respectively). The distribution by month showed that two-thirds of all reported mortalities were recovered from April to August, months which coincided with increased shoreline activity and search effort in Alaska. Specific stranding location was recorded for over 99% (778/780) of carcasses and occurred throughout the range from Tanaga Island in the central end of the Aleutians (SW stock) to Kuiu Island in the Alexander Archipelago (SE stock). The highest number of carcasses were recovered in the SC population stock (630/778), followed by the SW (106/778) and SE (42/778; Figure 1). Of those recovered in SC, 87% were located in Kachemak Bay (Figure 1, inset) which may have been in part due to increased search and recovery efforts by the robust stranding network in that area as well as a relatively recent exponential increase in that otter population (Gill et al., 2009). Overall, the Kachemak Bay region accounted for 70% (547/778) of all reported mortalities for which locations were recorded. Due to the high proportion of carcasses from the Kachemak Bay region, statistical analyses were stratified by location (Kachemak Bay vs. all other locations) to determine whether geographic differences existed. Carcass condition did vary by region; 9% of carcasses from the Kachemak Bay region consisted of skeletal remains compared with 27% of carcasses from all other locations (two-sided chi-square test, p < 0.0001). Because carcasses consisting only of skeletal remains were less likely to have accurate data for sex, age class, and nutritional state, only whole carcasses were stratified by location to determine geographic differences for these parameters. Nutritional state, sex, and age class were not significantly associated with stranding region (two-sided chi-square tests, p = 0.06, p = 0.6669, p = 0.9039, respectively).



Causes of Death (COD)

In the larger group (n = 780), a COD could be determined for 62% (n = 483) of carcasses (Figure 2A). The most common causes were confirmed or suspected Strep syndrome (n = 166, 21%), trauma (n = 128, 16%), nutritional (n = 37, 5%), and cardiovascular (n = 36, 5%). Causes of death in the larger group not represented in the smaller group included reproductive (n = 7, 1%) due to abortion (n = 4), dystocia (n = 1), and penile hematoma (n = 1), neonatal mortality (n = 1) and urinary due to urinary bladder perforation and obstruction (n = 6, 1%).
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FIGURE 2. Proximate causes of mortality for (A) all northern sea otters (Enhydra lutris kenyoni) recovered in Alaska from 2002 to 2012 (n = 780) and (B) a subset of those recovered in good condition (freshly dead, and never frozen) with complete histopathology and ancillary diagnostics (n = 144). Total percentages do not add to 100% due to rounding. Causes of death classified as “miscellaneous” included oiling, hepatobiliary, and fungal diseases.


The most common COD, Strep syndrome, was further categorized by sex, age class, and location to determine demographic and spatial trends (Table 1). Strep syndrome did not vary significantly by sex (two-sided chi-square test, p = 0.2416); however, cases did vary significantly by age and location of recovery (two-sided chi-square test, p < 0.0001 for both variables). A logistic regression analysis evaluated Strep syndrome vs. all other causes of death and revealed that otters recovered from the Kachemak Bay region were 3.6 times (95% CI: 2.2–5.9) more likely to die from Strep syndrome than otters recovered elsewhere. Subadults were the highest risk age group; odds of Strep syndrome in this age group were approximately twice that of adults (95% CI: 1.2–2.8) and aged adults (95% CI: 1.2–3.4) and more than 10 times (95% CI: 5.1–21.4) higher than juveniles. Age and sex were not significant predictors for the remaining CODs including neurologic, cardiovascular disease, nutritional, gastrointestinal/parasitic disease, non-Streptococcal septicemia and neoplasia, HAB toxicosis, oiling, and pulmonary.

The smaller group, which represents fresh dead carcasses that were not frozen prior to necropsy with complete histopathologic analysis and ancillaries (n = 144) provided the most detailed information pertaining to cause of mortality and contributory factors, thus the remainder of the results pertain to these carcasses. The CODs included Strep syndrome (n = 63, 44%); neurologic (n = 14, 10%); trauma (n = 12, 8%); cardiovascular (n = 10, 7%); nutritional (n = 10, 7%); gastrointestinal/parasitic (n = 9, 6%); could not be determined (CBD; n = 7, 5%); neoplasia (n = 5, 3%); non-streptococcal septicemia (n = 5, 3%); miscellaneous (n = 5, 3%) including hepatobiliary (n = 2, 1%), oiling (n = 2, 1%), and systemic histoplasmosis (n = 1, 0.5%); HAB toxicosis (n = 2, 1%); and pulmonary (n = 2, 1%) (Figure 2B and Table 2). None of the animals had a COD in the categories urinary, musculoskeletal, or reproductive; however, these classifications were represented in the contributory factors.


TABLE 2. COD and contributing factors in 144 fresh northern sea otter (Enhydra lutris kenyoni) carcasses with completed histopathology from 2002 to 2012.

[image: Table 2]We characterized three distinct types of Strep syndrome: infectious endocarditis (n = 44), septicemia (n = 13), and meningoencephalitis (n = 6). Multiple of these presentations often appeared as comorbidities in one case. Infectious endocarditis was present when valves had large, tan, vegetative nodules firmly attached to and distorting them, in some cases with perforation in the valve (Figure 3). The aortic valve (AoV) alone was most commonly involved (n = 19), followed by AoV with left atrioventricular valve (LAV) combined (n = 13), LAV alone (n = 10), LAV with right atrioventricular valve (RAV, n = 1), and one in which RAV, LAV, and AoV were all affected. The terminal event was often left-sided heart failure with marked distention and thinning of the left ventricle associated with severe pulmonary edema and pleural effusion. Strep syndrome was frequently complicated by extensive thromboembolic disease characterized by infarctions most frequently in the myocardium (30), followed by kidney (27), spleen (21), brain (20), at the bifurcation of the descending aorta or “saddle” (10), and sporadically in liver, adrenal gland, GI tract, pancreas, mesentery, mesenteric lymph node, skeletal muscle, and bone. These animals were frequently in thin or emaciated body condition (n = 34/43) and rarely had other preexisting lesions from which the infectious endocarditis could have originated, such as tooth root or other abscesses, discospondylitis, osteomyelitis, or other bacterial infections. The second most common presentation was septicemia due to a streptococcal organism. Many of these animals were in normal to good body condition (8/13), indicating rapid development of the process. Finally, Strep syndrome animals with meningoencephalitis as the COD had severe necrosuppurative meningoencephalitis, often with endarteritis, fibrinoid necrosis, and areas of malacia with large numbers of cocci bacteria.
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FIGURE 3. Infectious endocarditis characterized by attachment of large, tan, and friable masses attached to the left atrioventricular heart valve (white arrows). Areas of pallor indicate myocardial infarction indicated by black arrows.


Most of the streptococci isolated (Table 3) were in the SB/E complex (87%). Of streptococci speciated at CDC, the vast majority were Streptococcus lutetiensis (n = 38; previously Streptococcus infantarius spp. coli) with rare other members of this group including S. gallolyticus ssp gallolyticus (n = 2) and S. pasteurianus (n = 1). Strep syndrome cases peaked in 2006, then began to decline (Figure 4). In 2006, there was also a case with Streptococcus marimammalium and a few cases of mixed infection with Streptococcus lutetiensis and Streptococcus phocae (n = 4), and cases of Streptococcus phocae alone (n = 6). Although declining from 2006, SB/E cases continued to be common and primarily due to S. lutetiensis until the end of our analysis in 2012 when percentage of total cases was only 18% and numbers of cases were equal between Streptococcus lutetiensis, Streptococcus phocae, and mixed Streptococcus lutetiensis/Streptococcus phocae.


TABLE 3. Ancillary testing data for fresh carcasses with completed histopathology (n = 144).
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FIGURE 4. Streptococci responsible for the Strep syndrome cases by year in fresh northern sea otters. Total Streptococcus bovis/equinus include S. lutetiensis (SL), S. gallolyticus ssp gallolyticus, S. gallolyticus ssp pasteurianus, and Streptococcus bovis/equinus non-specified. Doted black line indicates percent of Strep syndrome cases over total analyzed cases.


Fourteen fresh animals were coded as neurologic CODS, including five animals with suppurative encephalitis or meningoencephalitis suggestive of bacterial involvement; however, cultures were either not done or were negative for bacteria. In one of these cases, cocci bacteria were visible on histopathology, therefore it was a suspected Strep syndrome case. Four cases had non-suppurative encephalitis suggestive of protozoal or viral infection, which were all negative by serology for protozoal agents and PDV. One animal had lesions and ancillary diagnostics consistent with systemic morbillivirus infection. This was a 2009 animal from Kodiak, with lymphohistiocytic (Figure 5A) and focally suppurative encephalitis with endarteritis demonstrating fibrinoid necrosis (Figure 5B), lymphoplasmacytic sialoadenitis, interstitial pneumonia, portal hepatitis, and distinct periductal and interstitial pancreatitis. There was a single eosinophilic intracytoplasmic inclusion body within a neuron and many within biliary and pancreatic ductal epithelial cells (Figure 5C). The inclusion body in the biliary epithelium had morphology consistent with a paramyxovirus on electron microscopy (Figure 5D). Immunohistochemistry (IHC) to morbillivirus stained positive to scattered neurons (Figure 5E) and endothelial cells (Figure 5F). This animal also had mild hemorrhagic gastroenteritis, moderate lymphoplasmacytic enteritis with isolation of Vibrio alginolyticus and Vibrio parahemolyticus from blood and feces. Two animals had a lymphohistiocytic protozoal encephalitis consistent with that described in the literature (Kreuder et al., 2003). One animal had been treated at a rehabilitation facility for protozoal encephalitis and demonstrated dropping titer to T. gondii from 10,240 to 5,120. It was seronegative to S. neurona and N. caninum; T. gondii was isolated from the cerebrum and cerebellum. In the second case, protozoal cysts were detected on histopathology and there was a high titer to N. caninum. Two other pups presented with seizure disorders. One had previous trauma to the skull with a focus of malacia in the pons, and the other had lesions consistent with congenital porencephaly with a cystic cerebrospinal fluid filled space in the left pyriform lobe and some distortion of the adjacent calvarium (Figure 6). Histologically, sections of the lesion in the pyriform lobe demonstrated a cavity in the cortex not lined by ependymal cells along with some dysplasia of the ependymal cells lining the lateral ventricle.
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FIGURE 5. (A) Encephalitis characterized by perivascular lymphohistiocytic in a phocine distemper virus-positive sea otter (magnification 400×; scale bar = 40 μm). (B) Focal, perivascular, suppurative encephalitis with endarteritis and fibrinoid necrosis (magnification 400×; scale bar = 40 μm). (C) Eosinophilic intracytoplasmic inclusion bodies present in biliary and pancreatic epithelial cells (magnification 400×; scale bar = 40 μm). (D) Electron microscopy of pancreatic cells with viral structures consistent with a paramyxovirus infection (magnification 46460×; scale bar = 500 nm). (E) Immunohistochemistry for morbillivirus highlighted rare neurons (F) and endothelial cells as positive (magnification 400×; scale bar = 40 μm).



[image: image]

FIGURE 6. Congenital porencephaly of the piriform lobe in a 9-month-old sea otter pup. (A) Ventral surface of the formalin fixed brain with the arrow indicating the collapsed cyst in the brain and (B) the deformation of the calvarium.


Trauma was another relatively common cause of death (n = 12, 8%). Human-inflicted injuries, such as boat strike and ballistic trauma, comprised most cases (n = 10) but other trauma included bite wounds (probable intra- and interspecific). A geographic trend was noted for trauma with otters recovered from locations outside of the Kachemak Bay region seven times more likely to die from traumatic causes (OR = 6.9, 95% CI = 1.8–26.8). The modest sample size inhibited geographic analysis by trauma type; however, boat strikes were noted in Seward, Kodiak, Sitka, and Homer. Neither sex (two-sided chi-square test, p = 0.1637) nor age (two-sided Fisher exact test, p = 0.6223) were significant predictors of traumatic death. Two trauma cases had a protozoal meningoencephalitis and three had low levels of DA and/or SXT present. In the larger group, there were four presumed and 1 witnessed orca whale mortalities which were characterized by very little external trauma, blunt trauma injuries, and parallel lacerations of internal organs including liver.

Ten cases were coded as cardiovascular (7%) for COD. Four of these cases were suspect Strep syndrome cases with IE, but streptococcal organisms were not isolated. Four animals had chronic DCM consistent with that described in southern sea otters with replacement of myocardium with fibrosis and lymphoplasmacytic inflammation and signs of right-sided heart failure. Two animals died of ruptured aortic aneurysms. Two of the animals with suspect Strep syndrome as COD had PDV as contributory factors, both with a mild non-suppurative encephalitis positive for PDV by PCR in the brain. Ten animals had cardiomyopathy as a contributory factor. These animals had proximate COD of Strep syndrome (3), HAB toxicosis (2), neoplasia, volvulus, nutrition (emaciation), septicemia, or CBD. Of these 14 animals with cardiomyopathy, one out of nine tested was positive to T. gondii at 80. None of the animals with cardiomyopathy as COD were tested for HAB toxins; however, seven animals with contributory cardiomyopathy were tested for DA and SXT and included both HAB toxicosis cases and another with a low level of DA.

Nutritional diseases (n = 10) and gastrointestinal/parasitic (n = 9) CODs accounted for 7% and 6% of mortality, respectively. Recovery location outside of the Kachemak Bay region was a significant risk factor for death due to nutrition and gastrointestinal/parasitic causes (OR = 5.1, 95% CI = 1.3–20.7; OR = 7.8, 95% CI = 1.5–38.9, respectively). Animals in the nutrition category were six presumed abandoned pups, three emaciated adults, and one animal in poor body condition with severe gastrointestinal parasitism. For gastrointestinal cases/parasitic cases, there were three animals that died of intestinal volvulus with progression to peritonitis and septicemia. Two of these volvulus animals also had heart failure with associated marked ascites. Two animals had impactions of the gastrointestinal tract, one of the esophagus and the other of the colon. There were 4 single cases of different GI processes: one animal died of peritonitis related to gastric perforations due to the nematode parasite Pseudoterranova decipiens, another was an abandoned pup that had perforating gastric ulcers, another had severe Campylobacter sp. enterocolitis, and the final died due to severe mixed gastrointestinal parasitism.

There were five cases each of non-streptococcal septicemia and neoplasia (3%). In the septicemia cases, all cases had mixed cultures from blood and tissues and some predisposing factor such as abscesses, severe tooth root abscesses, or Campylobacter enterocolitis. The five cases of neoplasia included metastatic splenic hemangiosarcoma, possible malignant neuroendocrine tumor (Tuomi et al., 2006), well differentiated adrenocortical adenocarcinoma, possible pancreatic islet cell carcinoma, and metastatic malignant Sertoli cell tumor.

Miscellaneous CODs included hepatobiliary, oiling, and fungal cases. Hepatobiliary and oiling CODs were found in two animals each (Table 2). The hepatobiliary cases had severe, lobular hepatocellular necrosis of presumptive toxic etiology which had no further follow-up. The oiling cases were a consequence of the Selendang Ayu oil spill in the Aleutian Islands in 2004 (Morkill, 2005). The fungal case was a systemic histoplasmosis from Kodiak which has been previously published (Burek-Huntington et al., 2014).

Ancillary testing on the fresh cases included PDV and CDV PCR and serology, protozoology, aerobic and anaerobic bacterial cultures, DA, and SXT levels. Of the carcasses with any PDV testing (n = 71), 18% (7/38) were confirmed positive by serology and 20% (11/55) positive by PCR, with some positive by both serology and PCR resulting in 22% animals positive in any way (16/71). Of the 16 positive cases, the most common CODs were confirmed or suspect Strep syndrome (n = 11), with one each of volvulus (GI), hepatic, PDV encephalitis, septicemia, and trauma. Typical pathology associated with morbilliviruses in other species, such as lymphoplasmacytic meningoencephalitis, bronchointerstitial pneumonia, and inclusion bodies, was rare. One animal died of PDV encephalitis, confirmed by EM and IHC; two others had PDV encephalitis as contributory factors. None of the animals tested by serology for CDV were positive.

Seventeen percent (14/82) of otters screened for protozoal agents had antibodies to one or more protozoal organisms including Toxoplasma gondii (11), Sarcocystis neurona (8), and Neospora caninum (7) with some animals positive for two agents.

Aerobic cultures were performed on lesions, tonsil/pharynx, and gastrointestinal tract as well as anaerobic cultures on GI samples to attempt to determine bacterial pathogens involved with pathology and also likely origin for systemic Streptococcal infections. Streptococcal organisms involved in Strep syndrome were discussed above. Thirty-one percent of animals with GI contents cultured (n = 122) demonstrated SB/E species (S. lutetiensis, S. bovis non-specified, S. gallolyticus ssp gallolyticus, and S. gallolyticus ssp pasteurianus) while 7% demonstrated gastrointestinal S. phocae, the second most common cause of Strep syndrome. Only 9% (n = 67) of tonsils yielded SB/E organisms, while 25% yielded S. phocae (Table 3). Fecal pathogens, including hemorrhagic E. coli and E. coli 0157:H7, Campylobacter spp., and Salmonella enterica, were rarely detected. Vibrio sp., primarily V. parahemolyticus, were detected in 13% of animals tested.

Marine biotoxin concentrations were detected in 29% (21/72) of the otters screened: DA was detected in 26% (19/72) and saxitoxin in 20% (11/56) with some animals positive for both toxins. Levels for DA ranged from 0.4 to 65 ng/g and saxitoxin 4.26–541 ng/g (Table 3) with average levels of 4 and 13 ng/g, respectively. There were two cases in which COD was attributed to HAB toxins; one a pregnant female in 2004 and the other an adult male in 2008 with lesions in the brain suggestive of DA toxicosis, including segmental superficial neuronal cytoplasmic swelling and vacuolation, including hippocampus and rhinencephalon. The term fetus of the female had high levels of saxitoxin (541.076 ng/g) in pleural fluid. The other 19 toxin positive animals had COD of Strep syndrome (n = 5), trauma (n = 4), nutritional (n = 4), neurologic (n = 3), and one each of GI/parasitism, septicemia and hepatobiliary.



DISCUSSION

Our results revealed that the causes of mortality for stranded sea otters in Alaska for this time period differ greatly from those previously reported other sea otter populations. Prior to this study, the Strep syndrome-like pattern of mortality had not been reported for sea otters or other marine mammals. We also report pathology due to a PDV-like virus in a small number of animals, a pattern of mortality very different from that described in northern sea otters on the coast of Oregon and Washington and threatened southern sea otters in California. Our data set from 2002 to 2012 reflects the management team at the time, which initiated and continued a dedicated necropsy program and was consistently present during this time period. A subsequent effort to continue mortality surveillance from 2013 to present has been conducted by the current management team at USFWS and the National Wildlife Health Center.


Demographics

Although sea otters were recovered throughout their range in Alaska, most of the carcasses were from the SC stock, which overlaps with the largest human population base in Alaska. Within this stock, a large proportion of carcasses were from Kachemak Bay (KB), which has a robust marine mammal stranding network, a strong conservation ethic, and accessible beaches, unlike much of the more remote and less densely populated shoreline in Alaska. Also, the geology and oceanography of KB may lend itself to increased carcass recovery. The Homer Spit, an area highly trafficked by people, dissects KB into inner and outer zones. Due to the movement of longshore currents and surface gyres in KB (Burbank, 1977), the spit serves as a catchment area for marine debris. Distribution surveys have shown the spit and adjoining bays are key habitat for sea otters (Gill et al., 2009), and about 6,000 otters are estimated to inhabit KB (Garlich-Miller et al., 2018), which is twice the size of the entire population of the endangered southern sea otter in California (Hatfield et al., 2019).

Carcass recovery peaked between 2006 and 2010 and most carcasses were recovered during spring and summer from April to August. The reason for the increase in cases 2006 to 2010 is unknown but is possibly due in part to the development of the Alaska marine mammal stranding network (AMMSN) beginning 2003 and an increased effort in outreach to the public to report all marine mammal, and in particular sea otter, strandings, which had garnered strong community support by 2005. In 2006 a UME was declared for northern sea otters in Alaska and with this declaration came media coverage, public service announcements, and community concern leading to more stranded sea otters getting reported. Why there was a drop in recovered otter carcasses after 2010 is unknown as outreach and support for the project were still strong. While the AMMSN has gone from strength to strength since its inception, there has been a de-emphasis on sea otter carcass recovery since 2014 and any future analysis on sea otter mortality trends must consider this. The seasonal pattern described in this analysis may be due to inclement weather keeping the public off the beaches during the winter months, as well as carcasses being obscured by snow and ice, rather than a true reflection of mortality rates. In a study of the SE AK stock where 31 sea otters were tracked for 3 years, most of the mortality also occurred in the summer months and was primarily due to hunting by Alaska Natives (Hoyt et al., 2014). This finding is contrary to what has been previously described with maximum mortality among northern sea otters in the western Aleutians during the winter and early spring, associated with a period of environmental stress (Kenyon, 1969; Bodkin et al., 2000).

On average, twice as many male carcasses were recovered annually compared with females and our analysis showed that location of recovery was not predictive of sex. This male bias could perhaps be explained by the behavioral ecology of sea otters. Sea otters segregate in areas by sex with distinct male, mom/pup, and resting areas (Garshelis et al., 1984; Riedman and Estes, 1990; Doroff and Badajos, 2010). Earlier studies on the species have shown that it is not unusual for mortality in sea otter populations to be male-biased (Kenyon, 1969; DeGange and Vacca, 1989). Various hypotheses include sexual segregation and the high densities of males associated with this, as well as male-male competition (Bodkin et al., 2000).

More adult carcasses were recovered compared with all other age classes throughout the study period, which is similar to the analyses from California (Kreuder et al., 2003). Subadults of both sexes were much more likely to be underweight than other ages. This finding may be due to failure to thrive, social marginalization, and competition for foraging territories common for this age class, possibly in combination with other differential health stressors for this group, including the proportionately high occurrence of Strep syndrome with IE.



Strep Syndrome

Strep syndrome was by far the most common COD, and these cases were primarily recovered from KB. Subadults were more commonly affected by this disease, the reason for which is unknown. Our analysis did not show a correlation between Strep syndrome cases and sex, suggesting that males and females were equally susceptible to the condition or its predisposing factors. The most common presentation of Strep syndrome was IE, which appears to be a relatively new phenomenon. Out of 282 sea otter carcasses necropsied after the 1989 Exxon Valdez oil spill, only one was reported with IE, due to an unknown organism (Lipscomb et al., 2013). Early cases of IE were noted in an animal from Kodiak in 1989 (DeGange and Vacca, 1989) and an animal from Prince William Sound that died at Sea World San Diego shortly after arrival in 1990 and bacterial agents were not determined (Joseph et al., 1990).

In most of the Strep syndrome cases, there were no correlations with preexisting lesions typically associated with IE in humans and domestic animals, such as tooth root abscess, discospondylitis, osteomyelitis, or other chronic bacterial infections. In our sea otter cases, other lesions observed on histopathology in concert with IE included mild to moderate eosinophilic enteritis, likely as a result of endoparasitism. The chronically inflamed gastrointestinal tract likely provides a portal of entry for these bacterial pathogens, as Strep syndrome cases also more frequently had isolates of streptococcal organisms within the mesenteric lymph nodes and GI tract compared with animals that died of other causes.

Most Strep syndrome cases were infected with members of the SB/E group, primarily S. lutetiensis (Poyart et al., 2002). The pathogenesis and origin of the S. lutetiensis bacteria are poorly understood. Animals that died of other etiologies generally did not have SB/E or other streptococci isolated from the gastrointestinal or oropharyngeal swabs. Attempts to isolate this bacteria from environmental sources, such as bivalves, have been variably successful, but the pattern of presence in the GI suggests that an environmental/food source is the probable route of infection (Counihan-Edgar et al., 2012). S. lutetiensis has multiple pathogenic properties that may be important to host colonization, invasion, and disease, including the adherence to ground substance, ability to survive phagocytosis by macrophages, and adherence and invasion of endothelial and epithelial cells (Counihan et al., 2015). It is unknown whether there could have been an increase in virulence to explain the increase in cases; however, this seems unlikely considering the drop in cases after 2010. Infectious endocarditis associated with S. bovis (not characterized to species) has been described in domestic mink (Mustela vison) in outbreak patterns (Pedersen et al., 2003). In these cases, a preexisting condition also could not be determined, similar to northern sea otters. Sporadic cases of septicemia and infectious endocarditis due to S. lutetiensis have been seen in the southern sea otter population in California but are rare, occurring in only 4 of 281 carcasses collected and necropsied along the central California coast between 2004 and 2008 (Counihan-Edgar et al., 2012). Members of the SB/E group are also important pathogens in humans. S. lutetiensis has been described in a case of bacteremia in a person (Almuzara et al., 2013); S. gallolyticus ssp gallolyticus is an emerging pathogen in humans correlated with IE and bacteremias along with colonic polyps and adenocarcinomas (Herrero et al., 2002; Abdulamir et al., 2011). These correlations of different species of SB/E with various diseases indicates that characterization of streptococcal species is of importance in understanding the epidemiology of these diseases and organisms.

In other host species, several organisms such as Erysipelothrix rhusiopathiae in swine, Bartonella spp. in dogs (Lepidi et al., 2000; Pesavento et al., 2005), and Coxiella spp. are associated with IE and thought to be primary pathogens (Duncan et al., 2015). Bartonella spp. and Coxiella sp. can be difficult to culture, therefore studies using the samples reported here were performed in order to determine whether initial damage to endothelium by these organisms correlated to Strep syndrome. In these previously published studies, Bartonella spp. were detected by PCR in northern sea otters at a higher rate in AK than in California; however, a direct correlation to Strep syndrome was not found (Carrasco et al., 2014a; Carrasco et al., 2014b). Coxiella burnetii was not detected in heart valve lesions by PCR (Duncan et al., 2015). Immunosuppression could be an explanation for the frequency of Strep syndrome in northern sea otters, and possible causes include malnutrition, viral infections such as by morbilliviruses or retroviruses, organohalogen contaminants, and decreased population genetic variability. Morbillivirus consistent with PDV was detected in these northern sea otters, has not reported in southern sea otters, and is a possible factor in the high rate of Strep syndrome. Levels of organohalogens and perfluorinated chemicals have been detected in northern sea otters but at lower levels than in southern sea otters, and levels are decreasing over time (Hart et al., 2009; Harley et al., 2019).



Phocine Distemper Virus (PDV)

It is possible that susceptibility to Strep syndrome is associated with immunosuppression or pathology due to previous phocine distemper virus infection (Goldstein et al., 2009; Goldstein et al., 2011). Almost a quarter of fresh cases were confirmed positive for PDV by PCR and/or serology. Partial sequence analysis of the P gene showed identity with PDV from the Europe 2002 variant and close alignment with PDV from Europe 1988. These results were initially surprising considering there have not been PDV mortality events on the Pacific coast as seen in harbor and gray seals in northwestern Europe and Atlantic coast of the United States. PDV is endemic in gray and harp seals, and they are likely reservoir species for the virus in the Atlantic. With PDV detected first in northern sea otters with closest sequence data to the 2002 European variant associated with low ice years in the Arctic, it is possible there has been transmission of this virus into the Pacific via Arctic waters due to reduced sea ice cover related to climate change (Goldstein et al., 2009). Testing of seals, sea lions, and sea otters sampled in the North Pacific Ocean from 2001 to 2016 investigated the timing of PDV introduction, risk factors associated with PDV emergence, and patterns of transmission following introduction with a peak in 2003 and another in 2009 (VanWormer et al., 2019). In our case series, there were cases of non-suppurative encephalitis, positive by PCR and IHC for PDV with rare inclusion bodies in the brain, liver, and pancreas with electron microscopy consistent with a paramyxovirus. Typical bronchointerstitial pneumonia with inclusion bodies and syncytial cells in the lung and urothelium were not seen in any of the cases. Interestingly, positive immune staining of endothelial cells associated with fibrinoid necrosis demonstrated in one case is reminiscent of pathology seen with other morbillivirus including Hendra and Nipah viruses (Hooper et al., 2001). It is possible that pathology of this morbillivirus manifests differently in this species, or perhaps this represents a different variant of the virus with slightly different pathology and pathogenesis. It is possible that one contribution of morbillivirus infection in some of these northern sea otters is damage to endothelial cells with resultant pathology in the heart and brain and/or immunosuppression, which could partially explain the high frequency of Strep syndrome. Isolation and characterization including full sequencing of this virus may help to answer these questions.



Trauma

Trauma was another common COD and was primarily due to human interaction. Rates of death by trauma did not differ by sex. Otters recovered from locations outside of KB were more than nearly seven times as likely to die from trauma. This difference is likely related to the carcass quality of many of the non-KB cases, as some CODs, including trauma, are more easily diagnosed in more autolyzed carcasses than other causes. Neurologic disease would be highly under-represented in the lower quality carcasses because the brain would not be examined histologically. In California, great white shark bites were listed as the second highest cause of death (Kreuder et al., 2003), and rates of attacks increased between 2003 and 2013, in which year it was the highest cause of death (Tinker et al., 2016). We did not report any mortalities due to shark attack, which is likely because the range of great white sharks does not often extend into Alaska. Conversely, we reported mortalities consistent with orca attacks, which have not been reported in California.



Comparison to Mortality Patterns in Washington/Oregon and California

The patterns of mortality detected in this study have some similarities but mostly differ from other studies in sea otter populations. The bias toward adults in our analysis was similarly reported in southern sea otters (Kreuder et al., 2003) and northern sea otters in Russia during a die-off (Bodkin et al., 2000) and in Oregon and Washington (White et al., 2018). Kreuder et al. (2003) concluded that the high percent of prime-aged adult mortality, along with a high prevalence of disease in this age class, was not consistent with a healthy population destined for recovery. Similar to other studies, our top COD was infectious disease, with Strep syndrome most common in our study, while protozoal encephalitis and acanthocephalan infection were most common in southern sea otters in California (Kreuder et al., 2003), and protozoal encephalitis due primarily to Sarcocystis neurona was most common in northern sea otters in Oregon and Washington (White et al., 2018). Prevalence of confirmed or suspect protozoal encephalitis was very low in our population.

Although not frequently a proximate COD of northern sea otters, the presence of protozoal organisms may have played a part in contributing to mortality and may be demonstrating an increasing presence in this region. A few earlier studies of the species have evaluated exposure of free-ranging animals in Alaska to protozoal organisms, in particular Toxoplasma gondii. Two earlier studies in live-captured northern sea otters had evidence of no exposure to T. gondii (Hanni et al., 2003; Hoyt et al., 2014), and one found low exposure rates of 3% (Goldstein et al., 2011). Our analysis, although conducted on stranded otters and thus more likely to be diseased or debilitated, demonstrated an overall prevalence of T. gondii exposure of 13%. Toxoplasma gondii is a globally ubiquitous protozoan parasite capable of infecting all warm-blooded animals, including humans, and is a significant cause mortality in southern sea otters in California (Kreuder et al., 2003; Miller et al., 2004; Jessup et al., 2007) and northern sea otters in Washington state (Verma et al., 2018). The definitive host for Toxoplasma gondii is both domestic and wild felids, and in California it has been suggested that land-to-sea pathogen transport has occurred as a result of expansion of domestic cat populations as well as decreased natural filtration of watershed runoff through coastal estuaries, thereby increasing sea otter exposure to T. gondii oocysts (VanWormer et al., 2016). Lower human density may partly explain why Alaska has such a lower rate of transmission, as fewer people correlates with a smaller domestic cat population.

Another major COD in California which had very low rates in Alaska was DCM, characterized by replacement of myocardium with chronic lymphoplasmacytic myocarditis and fibrosis progressing into right-sided heart failure. In California, myocarditis is correlated with exposure to both Sarcocystis neurona and domoic acid in southern sea otters and DCM correlated with exposure to domoic acid alone (Kreuder et al., 2003; Kreuder et al., 2005; Zabka et al., 2009). In our study, DCM was the COD for four animals and a secondary factor in 10 animals. This low rate in northern sea otters in Alaska supports the idea that Sarcocystis neurona and domoic acid may be involved in the pathogenesis of DCM due to our relatively low prevalence of this disease agent and low levels of DA.

Low levels of the biotoxins DA and STX, responsible for amnesic and paralytic shellfish poisoning (PSP), respectively, were detected in almost a third of sea otters tested in this study with DA most commonly detected. DA is a naturally occurring marine neurotoxin produced during seasonal algal blooms, typically associated with warmer water temperatures than has historically been seen in Alaska. The presence of DA was first documented in Alaska in the early 1990s in shellfish from SE, AK, and KB (RaLonde and Wright, 2011) and in a sea otter necropsied for USFWS in 2000. The fact that DA was detected at low levels in 26% of otters tested from Alaska, but was only implicated in 1% of mortalities, suggests that either mortality due to DA may be underestimated or that most exposures were at subclinical levels in this region.

Paralytic shellfish poisoning is a known human health hazard in Alaska with shellfish harvest being an important commercial as well as subsistence resource in Indigenous communities (Lewitus et al., 2012) and appears to be increasing with climate factors (Tobin et al., 2019). Saxitoxin was found in 22% of the otters tested and acute toxicosis may have contributed to at least two boat strike fatalities in November 2009 in the Kodiak boat harbor. Live capture of otters in SE AK in May 2011 found that 95% of the animals were positive for SXT (Hoyt et al., 2014) which suggests otters may not be able to avoid PSPs as easily as previously thought (Kvitek and Bretz, 2004) and likely have chronic low-level exposure. DA was detected in 13 species and SXT in 10 species of marine mammals tested from southeast Alaska to the Arctic from 2004 to 2013 (Lefebvre et al., 2016), including subsistence-harvested and stranded animals, evidence that biotoxins are now widespread in the Subarctic and Arctic but not necessarily at high enough levels to cause toxicosis. A review of changes in marine mammal health in North America since 1972 found that toxicoses from harmful algal blooms appear to be increasing (Simeone et al., 2015). We suggest that, when possible, sea otters should be tested for biotoxins and the results used to alert shellfish managers where there may be hotspots and risks to human health.

Our results indicate a possible increase in exposure and/or susceptibility of northern sea otters to infectious pathogens and highlight possibilities for changing pathogen availability, distribution, and virulence. Increasing causes of death may well be related to climatic variability facilitating exposure to pathogens and toxins. A review of changes in marine mammal health in North America since 1972 found that viral epidemics are most common along the Atlantic U.S. coastline, while bacterial epidemics, primarily leptospirosis, are most common along the Pacific coast of California (Simeone et al., 2015). The presence of recurring infections and/or unusual mortality events can hamper recovery of threatened and endangered populations or lead to population declines in growing or stable stocks. Understanding causes of mortality is vital for understanding the cumulative impacts of stressors, such as development in the nearshore environment, on northern sea otter health. Due to the potential for some diseases and biotoxins found in northern sea otters to also affect human health, continued monitoring, accurate detection, and analysis of fresh northern sea otter strandings are needed. As climate change continues to affect the Arctic and subarctic, and ocean temperatures increase, novel health effects on marine mammals in this region are likely to continue to occur (Burek et al., 2008) and it is possible Strep syndrome may be one of these changes. An enhanced understanding of the high prevalence of Strep syndrome, particularly among subadult otters that have yet to reproduce, is needed to better assess and monitor the potential for long-term, population-level effects from this disease process.
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The marine biotoxin domoic acid (DA) is an analog of the neurotransmitter glutamate that exerts potent excitatory activity in the brain, heart, and other tissues. Produced by the diatom Pseudo-nitzschia spp., DA accumulates in marine invertebrates, fish, and sediment. Southern sea otters (Enhydra lutris nereis) feed primarily on invertebrates, including crabs and bivalves, that concentrate and slowly depurate DA. Due to their high prey consumption (25% of body weight/day), sea otters are commonly exposed to DA. A total of 823 necropsied southern sea otters were examined to complete this study; first we assessed 560 subadult, adult, and aged adult southern sea otters sampled from 1998 through 2012 for DA-associated pathology, focusing mainly on the central nervous system (CNS) and cardiovascular system. We applied what was learned to an additional cohort of necropsied sea otters of all demographics (including fetuses, pups, juveniles, and otters examined after 2012: n = 263 additional animals). Key findings derived from our initial efforts were consistently observed in this more demographically diverse cohort. Finally, we assessed the chronicity of DA-associated pathology in the CNS and heart independently for 54 adult and aged adult sea otters. Our goals were to compare the temporal consistency of DA-associated CNS and cardiovascular lesions and determine whether multiple episodes of DA toxicosis could be detected on histopathology. Sea otters with acute, fatal DA toxicosis typically presented with neurological signs and severe, diffuse congestion and multifocal microscopic hemorrhages (microhemorrhages) in the brain, spinal cord, cardiovascular system, and eyes. The congestion and microhemorrhages were associated with detection of high concentrations of DA in postmortem urine or gastrointestinal content and preceded histological detection of cellular necrosis or apoptosis. Cases of chronic DA toxicosis often presented with cardiovascular pathology that was more severe than the CNS pathology; however, the lesions at both sites were relatively quiescent, reflecting previous damage. Sea otters with fatal subacute DA toxicosis exhibited concurrent CNS and cardiovascular pathology that was characterized by progressive lesion expansion and host response to DA-associated tissue damage. Acute, subacute, and chronic cases had the same lesion distribution in the CNS and heart. CNS pathology was common in the hippocampus, olfactory, entorhinal and parahippocampal cortex, periventricular neuropil, and ventricles. The circumventricular organs were identified as important DA targets; microscopic examination of the pituitary gland, area postrema, other circumventricular organs, and both eyes facilitated confirmation of acute DA toxicosis in sea otters. DA-associated histopathology was also common in cardiomyocytes and coronary arterioles, especially in the left ventricular free wall, papillary muscles, cardiac apex, and atrial free walls. Progressive cardiomyocyte loss and arteriosclerosis occurred in the same areas, suggesting a common underlying mechanism. The temporal stage of DA-associated CNS pathology matched the DA-associated cardiac pathology in 87% (n = 47/54) of cases assessed for chronicity, suggesting that the same underlying process (e.g., DA toxicosis) was the cause of these lesions. This temporally matched pattern is also indicative of a single episode of DA toxicosis. The other 13% of examined otters (n = 7/54) exhibited overlapping acute, subacute, or chronic DA pathology in the CNS and heart, suggestive of recurrent DA toxicosis. This is the first rigorous case definition to facilitate diagnosis of DA toxicosis in sea otters. Diagnosing this common but often occult condition is important for improving clinical care and assessing population-level impacts of DA exposure in this federally listed threatened subspecies. Because the most likely source of toxin is through prey consumption, and because humans, sea otters, and other animals consume the same marine foods, our efforts to characterize health effects of DA exposure in southern sea otters can provide strong collateral benefits.
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INTRODUCTION

Domoic acid (DA) is an amino acid analog of kainic acid and glutamate that acts as a potent excitotoxin when ingested by humans and other animals. Along the North American Pacific Coast, DA is produced during blooms of the diatom Pseudo-nitzschia spp., including P. australis (Scholin et al., 2000; Trainer et al., 2000; Bargu et al., 2010). Domoic acid can accumulate in food webs (Lefebvre et al., 2002; Trainer et al., 2002; Kvitek et al., 2008) and persist in marine sediments (Sekula-Wood et al., 2009), enhancing exposure risks for humans and wildlife. Domoic acid-associated human deaths were first recognized along the east coast of North America in 1987 (Perl et al., 1990a,b; Teitelbaum et al., 1990). In California, DA was initially reported as a cause of avian mortality (Fritz et al., 1992; Work et al., 1993) and then as a cause of marine mammal mass-stranding (Scholin et al., 2000). Subsequent studies have confirmed health impacts in diverse marine wildlife (Shumway et al., 2003; Bejarano et al., 2008; Lefebvre et al., 2010; McHuron et al., 2013), clarified food web exposure patterns (Lefebvre et al., 2002; Goldberg, 2003; Kvitek et al., 2008), and identified factors influencing Pseudo-nitzschia bloom dynamics and DA production (Bargu et al., 2010; Lewitus et al., 2012; McKibben et al., 2017).

Laboratory research has provided insight into the pathophysiology of DA (Tryphonas et al., 1990; Pulido et al., 1995; Sobotka et al., 1996; Giordano et al., 2007). Early observational studies focused on neurotoxicity (Tryphonas et al., 1990; Pulido et al., 1995; Silvagni et al., 2005), while later investigations documented cardiovascular pathology and other health impacts (Kreuder et al., 2005; Gill et al., 2007; Zabka et al., 2009; Moriarty et al., 2021a,b). Acute, subacute, and chronic effects of DA exposure are now recognized in people, wildlife, and laboratory animals (Sutherland et al., 1990; Goldstein et al., 2008; Pulido, 2008; Buckmaster et al., 2014). Severe, intermittent, or chronic sublethal DA exposure can cause cognitive and functional deficits such as impaired memory, poor spatial navigation, and temporal lobe epilepsy (Zatorre, 1990; Cendes et al., 1995; Sobotka et al., 1996; Goldstein et al., 2008; Thomas et al., 2010; Buckmaster et al., 2014; Ramsdell and Gulland, 2014; Grattan et al., 2018).

Sequestration of DA in fetal fluids can prolong maternal and fetal toxicosis (Ramsdell and Zabka, 2008; Goldstein et al., 2009; Lefebvre et al., 2018). Permanent neurobehavioral deficits from in utero or early postnatal DA exposure have been described in California sea lions (Zalophus californianus) (Goldstein et al., 2008; Ramsdell and Zabka, 2008; Thomas et al., 2010; Cook et al., 2015, 2016), primates (Burbacher et al., 2019), and rodents (Sobotka et al., 1996; Doucette et al., 2004; Levin et al., 2006; Lefebvre et al., 2017). Domoic acid has also been detected in milk from California sea lions, indicating lactational exposure (Rust et al., 2014).

Despite awareness of the effects of DA in Pacific coastal marine ecosystems (Lefebvre et al., 2016), little is known about the health and population impacts on California’s smallest marine mammal: the southern sea otter (Enhydra lutris nereis). This federally listed threatened subspecies has a current population of approximately 3,000 individuals distributed along 500 km of the central California coast (Hatfield et al., 2019). Toxic Pseudo-nitzschia blooms are common throughout southern sea otter habitat (McCabe et al., 2016; McKibben et al., 2017), and cases of DA-associated fatal neurotoxic and cardiovascular disease have been reported in sea otters (Kreuder et al., 2005; Miller et al., 2020; Moriarty et al., 2021b).

The primary objective of this study was to establish a case definition for DA toxicosis in southern sea otters using insight gained from necropsy and microscopic examination of 823 individuals necropsied from 1998 through 2018. Our secondary objectives were to describe acute, subacute, and chronic lesions associated with DA toxicosis, estimate the DA post-exposure intervals based on lesion characteristics and stereotypical host tissue response patterns, and compare the temporal patterns in the CNS and cardiovascular system. Improved recognition of DA toxicosis can inform clinical care, facilitate estimates of population-level health impacts, and aid assessment of disease prevalence in relation to climate change and other environmental perturbations.



MATERIALS AND METHODS


Sample Population and Comprehensive Postmortem Evaluations

The sample population consisted of minimally decomposed southern sea otters from the central California coast that were necropsied from 1998 through 2018 (Supplementary Table 1). Criteria for diagnosing DA toxicosis were developed initially using a subgroup of 560 subadults, adults, and aged adults that were part of an in-depth review of sea otter mortality patterns from 1998 through 2012 (Miller et al., 2020). Provisional diagnostic criteria were assessed and further refined via examination of additional otters of all age classes (fetuses, pups, immatures, subadults, adults, and aged adults), and animals necropsied through 2018 (n = 263; Supplementary Table 1). Finally, we independently assessed and compared the chronicity of gross and microscopically apparent DA-associated pathology in the CNS and heart of 54 adult and aged adult southern sea otters with optimal tissue sampling (Supplementary Tables 1, 2). The total sample size for all three phases of this study was 823 southern sea otters that were necropsied from 1998 through 2018.

When available, antemortem clinical data were reviewed to assess findings associated with DA toxicosis. Standardized protocols were utilized for gross necropsy, tissue and body fluid collection, histopathology, and diagnostic testing. The abdomen, thorax, brain, and heart were photographed during necropsy to facilitate comparison among sampled sea otters. All major organs and tissues were examined grossly and microscopically, including the brain, pituitary gland, trigeminal ganglia, heart, aorta, kidneys, eyes, lung, liver, spleen, pancreas, adrenal glands, gallbladder, stomach, intestines, rectum, omentum, lymph nodes, salivary glands, skeletal muscles, tongue, soft palate, tonsil, esophagus, thymus, thyroid, parathyroid, bladder, skin, gonads, and reproductive tract. Formalin-fixed tissues were trimmed using a standard protocol (Supplementary Data Sheets 1, 2 and Supplementary Images 1A,B) so that lesions could be compared among cases.

Central nervous system (CNS) trimming of the brain for microscopic examination was initiated by a single coronal slice through the left and right cerebral hemisphere and diencephalon just caudal to the mammillary bodies (Supplementary Data Sheet 1 and Supplementary Image 1A). Coronal slices were cut sequentially from this point both rostrally and caudally at approximately 4 mm thickness throughout the cerebrum, cerebellum, and brainstem, and standardized sections were collected for histopathology to facilitate comparison. The pituitary gland was bisected along the sagittal midline for histological examination (Supplementary Data Sheet 1 and Supplementary Image 1B). Microscopic examination included the left and right rostral and caudal hippocampus, olfactory and entorhinal cortex, parahippocampal cortex, temporal cerebral cortex, rhinencephalon at the level of the lateral olfactory tract, pituitary gland, cerebellum, pons, medulla, ventricles, meninges, choroid plexus, and trigeminal ganglia. For some cases, the olfactory bulbs, spinal cord, brainstem, diencephalon, mesencephalon, and additional circumventricular organs (CVOs), including the area postrema, pineal gland, and median eminence, were also examined.

Cardiac trimming and histopathology were standardized to include the left and right atrioventricular free wall and valves, papillary muscles, interventricular septum, cardiac apex, and thoracic aorta (Supplementary Data Sheet 1). One or both eyes were bisected mid-sagittally at the optic nerve and examined microscopically (Supplementary Data Sheet 1). Trim sheets were completed so that each tissue could be identified during microscopic examination (Supplementary Data Sheet 2). Epidemiological assessment of DA-associated mortality patterns and comprehensive DA testing of body fluids and tissues from necropsied southern sea otters are summarized in separate publications (Miller et al., 2020; Moriarty et al., 2021b; Tinker et al., in Press; Miller et al., In final preparation).



Assessment of DA-Associated Pathology

The potential for DA toxicosis as a cause of death for each sea otter was determined using a preponderance of evidence approach that included review of available case history, gross and microscopic assessment of the brain, heart, eyes, and other tissues, and biochemical tests (liquid chromatography-mass spectrometry and enzyme-linked immunosorbent assay) for DA in tissues and body fluids. Publications on the pathology of DA in other species aided lesion assessment (Teitelbaum et al., 1990; Tryphonas et al., 1990; Bruni et al., 1991; Pulido et al., 1995; Silvagni et al., 2005; Goldstein et al., 2008; Zabka et al., 2009; Lefebvre et al., 2010; Vranyac-Tramoundanas et al., 2011; McHuron et al., 2013; Buckmaster et al., 2014). Also considered, when available, were data on confirmed toxic Pseudo-nitzschia bloom events, DA-associated public safety seafood harvest closures, and DA-associated stranding of sympatric wildlife.

Variation in the level of detail available for each case (a common challenge for retrospective studies of free-ranging wildlife) affected the precision of diagnostic assessment. More informative cases had antemortem data, a shorter time interval between death and necropsy, biochemical testing for DA, and comprehensive necropsy and histopathology. Less precise cases had more limited clinical history, DA test results, histopathology and/or reduced sample quality due to minor postmortem scavenging or autolysis; however, diagnostic assessment was both possible and informative. Domoic acid case classification (Miller et al., 2020) reflected the level of confidence in the likelihood of DA toxicosis as a primary or contributing cause of death: probable cases had the highest confidence for DA toxicosis as a cause of death, while possible cases had indications of DA exposure but insufficient detail to confirm whether DA toxicosis contributed to mortality. Negative cases were considered unlikely to have DA toxicosis as a cause of death.

Prior epidemiological studies have identified DA exposure and systemic protozoal disease due to Toxoplasma gondii and/or Sarcocystis neurona as significant risk factors for fatal cardiomyopathy in southern sea otters (Kreuder et al., 2005; Miller et al., 2020; Moriarty et al., 2021b). Kreuder et al. (2005) pooled cases with moderate to severe non-suppurative myocarditis and those with significant non-inflammatory cardiac pathology. For the current study, a range of lesions including myocardial congestion, hemorrhage, cardiomyocyte vacuolation, apoptosis, necrosis or loss, interstitial edema, non-suppurative inflammation, vascular pathology, fibrosis, and microscopic hemorrhage (microhemorrhage) were assessed independently to distinguish cardiac lesions associated with DA toxicosis from those attributable to protozoal infection or other etiologies. Based on prior research (Miller et al., 2020), southern sea otters with purely suppurative myocarditis or endocarditis were grouped separately due to suspected or confirmed bacterial etiology. Cases were not classified based on the presence/absence of cardiac dilation, because experience from >20 years of southern sea otter postmortem examinations suggests that these differences represent stages within a continuum of cardiomyopathy expression.

Microscopic assessment of the CNS, heart, and eyes was performed in relation to the other tissues to document the systemic effects of DA toxicosis and identify criteria that could facilitate diagnosis. Gross and microscopic pathology from the most definitive acute DA cases were compared with non-DA cases. We also identified lesions in sea otters similar to those that have been reported in other species with DA toxicosis. Due to the complex systemic effects of DA toxicosis, the possibility of repeated sublethal DA exposure, and potential interactions among concurrent health conditions, lesion patterns were reported conservatively as DA-associated pathology. Confirming the pathophysiological mechanisms underlying lesion development was beyond the scope of this descriptive, necropsy-based, retrospective study.



Estimating the Interval Between DA Exposure and Death Based on Lesion Chronicity

For a prior analysis of southern sea otter mortality patterns (Miller et al., 2020), estimates of DA lesion chronicity were pooled as acute/subacute for CNS lesions and subacute/chronic for cardiovascular lesions because more in-depth temporal assessment was not considered possible in wild sea otters with unknown DA exposure timing, frequency, and dose. However, as we gained an understanding of patterns of DA lesion development, progression, and healing responses, we were able to estimate acute, subacute, and chronic post-DA exposure intervals. These intervals were based on the gross and microscopic appearance of DA-associated CNS, cardiovascular, and ocular pathology, and uniform patterns of host response following toxic injury (Kumar et al., 2014). Estimates of lesion chronicity and post-DA exposure intervals were also guided by DA concentrations in postmortem tissues and body fluids, case histories, and descriptions of DA-associated pathology and lesion progression in other animals (Bruni et al., 1991; Pulido et al., 1995; Silvagni et al., 2005; Goldstein et al., 2008; Zabka et al., 2009; Lefebvre et al., 2010; Vranyac-Tramoundanas et al., 2011; Buckmaster et al., 2014). Based on the above criteria, acute lesions were estimated to have developed within a few hours to a few days prior to death, subacute lesions likely developed within a few days to approximately 6 months prior to death, and chronic pathology was considered the result of DA toxicosis occurring >6 months to years before death. Because the duration between DA exposure and death is unknown for wild sea otters, and recurrent DA exposure is possible given the pervasiveness of this toxin in the marine environment, these temporal criteria are estimates that should be further validated and refined through prospective research.

After identifying CNS and cardiac lesion patterns characteristic of each DA post-exposure chronicity category (acute, subacute, and chronic), we assessed the chronicity of gross and microscopic DA-associated pathology in the CNS and heart of 54 adult and aged adult southern sea otters with optimal tissue sampling. The relative chronicity of DA-associated pathology and the presence/absence of any mixed temporal patterns (e.g., acute pathology superimposed on pre-existing chronic lesions) were noted independently for the CNS and heart prior to comparison. Strong temporal associations, such as the presence of subacute pathology in both organ systems, were considered indicative of a single event of DA toxicosis that concurrently affected the CNS and cardiovascular system. The presence of concurrent acute, subacute, and/or chronic DA-associated pathology in the CNS, heart, or both tissues was also evaluated, given its importance as potential evidence for recurrent DA toxicosis.



Documentation of Pseudo-nitzschia Uptake by Ingested Prey in Sea Otters Acutely Exposed to DA

Prey items from the gastrointestinal (GI) tracts of two sea otters were assessed for Pseudo-nitzschia diatom ingestion. Both sea otters died during toxic Pseudo-nitzschia blooms, had histopathology indicative of acute DA toxicosis, and had very high DA concentrations (5,000–56,200 ppb) in postmortem urine and gastric content. Minimally digested sand crabs (Emerita analoga) were recovered from the stomach of both sea otters at necropsy. The GI tracts of these sand crabs were dissected, pooled for each sea otter, and cleaned using a modified KMnO3/HCl oxidation method to remove soft tissue (Miller and Scholin, 1998). Cleaned cells were resuspended in distilled water and filtered onto a Millipore filter (Millipore Sigma, Burlington, MA, United States). The dried filter was mounted to an aluminum stub, sputter-coated with gold-palladium, and viewed on a scanning electron microscope (SEM: model ISI WB-6; International Scientific Instruments, New Delhi, India) for the presence of Pseudo-nitzschia frustules (silica-based exoskeletons of diatoms). Free-living sand crabs were also collected during a toxic Pseudo-nitzschia bloom that was associated with marine mammal mass-mortality; the GI tracts of these crabs were also processed to confirm Pseudo-nitzschia ingestion as described above. Finally, an in vitro culture of Pseudo-nitzschia australis diatoms was cleaned, dried on a glass coverslip, and mounted to an aluminum stub prior to coating and SEM; this served as a positive control for Pseudo-nitzschia frustules.



RESULTS

A bimodal pattern of DA-associated clinical signs and pathology was observed in southern sea otters. Otters with acute DA toxicosis typically stranded with severe CNS signs, chronic cases presented predominantly with severe cardiovascular signs, and subacute cases showed either or both patterns. Detailed descriptions of clinical, gross, and histopathology findings are described below. Clinical, biochemical, and gross necropsy findings are summarized by chronicity category in Table 1, and DA-associated histopathology is summarized in Table 2. To optimize the utility of the summary tables and pathology image content of this manuscript for diagnosing potential DA cases, all figures and Tables 1, 2 are also available as separate, large, high-resolution, downloadable files in Supplementary Presentation 1 in the Supplementary Materials. It is important to note that the figure order and numbering differs between the text of the manuscript, where the figures are cited in order of discussion, and Supplementary Presentation 1, where the figures are arranged by 1) organ system (e.g., brain, heart, etc.), then 2) tissue subtype within each organ system (e.g., hippocampus, atrium, etc.), 3) from gross, broad-scale pathology findings to progressively higher magnification microscopic views that show lesions in detail, and 4) from acute to chronic with respect to the estimated post-exposure interval for DA toxicosis, so that the reader can visually assess lesion progression and resolution through time. The figures are arranged this way so that the most definitive findings for confirming a diagnosis of DA toxicosis are illustrated first, while helpful but less diagnostically definitive findings are found at the close of each section (e.g., in the CNS, diagnostic hippocampal lesions are presented prior to DA-associated cerebellar pathology.) Side-by-side images within figures also depict normal tissues along with progressive lesion development through time (acute, subacute, and chronic). To facilitate comparison between the lesion descriptions in each table and corresponding images, the Supplementary Presentation Figures are also cross-referenced in column 1 of the Supplementary Presentation Tables 1 and 2.


TABLE 1. Clinical, biochemical and gross findings suggestive of domoic acid toxicosis and DA-associated cardiomyopathy in southern sea otters (Enhydra lutris nereis).
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TABLE 2. Histopathology findings suggestive of domoic acid (DA) toxicosis and DA-associated cardiomyopathy in southern sea otters (Enhydra lutris nereis).
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Domoic Acid-Associated Clinical Findings

Sea otters stranding alive with acute DA toxicosis were often in good to excellent nutritional condition (Figures 1A,B), with full GI tracts (Figure 2A). Clinically these animals often exhibited tremors, seizures, obtundation, hyper- or hypothermia, and visual deficits (Table 1). Other clinical signs included somnolence or unusual tameness, difficulties with ambulation and food prehension, and abnormal vocalization. These neurological signs could be caused by DA-associated neurotoxicity and/or the observed regional or systemic vascular pathology leading to fluid leakage, brain swelling, and cerebellar herniation.
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FIGURE 1. Gross presentation for acute domoic acid (DA) toxicosis in southern sea otters. (A) Adult male sea otter that died from acute DA toxicosis. The otter was in excellent nutritional condition with red-tinged, seromucoid fluid stains around the nose and mouth. (B) Subcutis of the same sea otter showing abundant adipose and mildly distended jugular veins (arrow). The liver (C) and kidneys (D) were diffusely congested but not abnormally enlarged.
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FIGURE 2. Pseudo-nitzschia frustule detection in sand crabs (Emerita analoga) ingested by southern sea otters with acute domoic acid (DA) toxicosis. Sea otters with acute DA toxicosis often have full gastrointestinal (GI) tracts. Examination of the GI tracts of these prey items can reveal the presence of pennate frustules (silica-based exoskeletons of diatoms), confirming that the prey consumed Pseudo-nitzschia diatoms that could have contained DA prior to predation by sea otters. (A) Full stomach from a sea otter that died of acute DA toxicosis during a toxic Pseudo-nitzschia bloom; postmortem stomach content and urine were strongly positive for DA (≥10,240 ppb). The stomach contained a mixture of small crabs, including sand crabs (Emerita analoga). The masses of tiny, bright orange spheres are crab eggs. Sea otters may preferentially consume crabs with eggs because their nutritional value is higher; these reproductive cycles can coincide with Pseudo-nitzschia blooms. (B) Scanning electron microscopy (SEM) micrograph of fragment of Pseudo-nitzschia frustule from cleaned GI tracts of free-living sand crabs collected during a toxic Pseudo-nitzschia bloom event (Bar = 4 μm). (C) SEM micrograph from the stomach content shown in (A). A fragment of Pseudo-nitzschia frustule was obtained from the gastrointestinal tracts of sand crabs in this sample (Bar = 4 μm). (D) SEM micrograph of stomach content from a second sea otter that died from acute DA toxicosis. Postmortem stomach content and urine were strongly positive for DA (≥5,000 ppb) and a fragment of Pseudo-nitzschia frustule was obtained from the GI tracts of sand crabs recovered from the stomach of this sea otter (Bar = 4 μm). (E) Reference Pseudo-nitzschia australis frustules showing the characteristic pennate shape and complex ribbed morphology (Bar = 20 μm).


In subacute and chronic cases, clinical signs could be continuous or episodic. Chronically affected individuals often exhibited abrupt cessation of normal behaviors (such as eating), remaining immobile and unresponsive for several minutes before resuming normal activity. Periods of reduced activity were sometimes accompanied by tremors. A few sea otters displayed unusual aggression or persistent biting and chewing on an extremity and were euthanized as potential rabies suspects; brain tissue screening for rabies was negative in all cases. Abrasions or scrapes on the nose, face, and paws, asymmetrical whisker wear, and self-trauma to the paws, penis, or tail were suggestive of significant neurological impairment, paresthesia, and/or ambulatory deficits. Some otters had clinical signs or gross pathology suggestive of spinal cord damage, including hind limb paraparesis, fecal impaction, and urine retention, all of which have been reported for other DA-affected species (Jian Wang et al., 2000; Pulido, 2008).

Live-stranded sea otters with subacute to chronic cardiomyopathy had radiographic evidence of cardiomegaly and enhanced pulmonary density, and clinical indications of congestive heart failure (Table 1): dyspnea, lethargy, anorexia, copious white or pink oronasal froth, and pleural, pulmonary, pericardial, and peritoneal edema (Moriarty et al., 2021a). Affected otters were emaciated with a poorly groomed pelage. Murmurs, pulse deficits, and abnormalities on electrocardiographic examination, such as reduced P wave amplitude, atrial and ventricular ectopy, and first- and second-degree atrioventricular block were also noted (Moriarty et al., 2021a), similar to reports for humans and other mammals with DA toxicosis (Perl et al., 1990a; Vranyac-Tramoundanas et al., 2011; Vieira et al., 2016).



Domoic Acid-Associated Pathology of the CNS and Cardiovascular Systems


Acute DA Toxicosis


Central nervous system

The earliest, most common, and most striking gross lesion in the CNS of sea otters with high DA concentrations (>500 ppb) in urine or GI content was severe diffuse brain, spinal cord, and meningeal congestion (Table 1 and Figures 3B,C, 4A; please also see Figure 3A as a normal comparison image). Affected brain tissue was pink, moist, and mildly translucent; postmortem cisternal taps commonly yielded >2 ml of cerebrospinal fluid (CSF) (≤2 ml is normal at necropsy). Severe congestion was sometimes accompanied by diffuse brain swelling and herniation of the caudal cerebellar vermis through the occipital foramen (Figures 3B, 4A), along with grossly apparent meningeal, neuropil, and ventricular hemorrhage (Figures 3B,C, 4A).
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FIGURE 3. Gross appearance of the southern sea otter central nervous system following domoic acid (DA) toxicosis. (A) Normal sea otter brain; the outer meninges (dura and arachnoid) were removed to show the brain surface. (B) Brain (with dura and arachnoid) from a sea otter that died from acute DA toxicosis showing severe diffuse meningeal congestion, multifocal acute hemorrhage, and mild deformation of the caudal cerebellar vermis (arrow) due to diffuse brain swelling that resulted in perimortem occipital herniation. (C) Brain (without dura and arachnoid) from a sea otter that died from acute DA toxicosis; there was severe diffuse congestion, multifocal hemorrhage, and mild to moderate diffuse swelling. (D) Brain (without dura and arachnoid) from a sea otter that died from chronic DA-associated cardiomyopathy (chronic DA post-exposure case); the brain is mildly atrophied with flattened gyri and pale tan neuropil.
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FIGURE 4. Gross and microscopic brain lesions associated with acute domoic acid (DA) toxicosis in southern sea otters. (A) Marked congestion, multifocal hemorrhage, diffuse brain swelling, and mild deformation of the caudal cerebellar vermis due to perimortem occipital herniation (bottom center). (B) Parahippocampal cortex of a sea otter with acute DA toxicosis. There is diffuse severe congestion, acute meningeal hemorrhage (asterisk), and multifocal microhemorrhage (arrows) (Bar = 200 μm). (C) Cerebrum from a fetus that died in utero from acute DA toxicosis. Severe diffuse congestion is accompanied by multifocal microhemorrhage (arrows) (Bar = 200 μm). (D) Cerebrum from a fetus that died in utero from acute DA toxicosis. Severe congestion is accompanied by marked venodilation in the choroid plexus (Bar = 200 μm).


On histopathology, severe diffuse congestion was observed in the meninges, hippocampus, diencephalon, entorhinal, olfactory and parahippocampal cortex, and the olfactory bulbs (Table 2 and Figure 4B). Domoic acid-associated cerebellar congestion was easiest to see in the molecular layer (Figure 5A). Severe congestion was often accompanied by multifocal microhemorrhage (Table 2 and Figures 4B,C, 6B–D, 7A,B, 8A,B). In contrast, neuronal or glial necrosis or degeneration were minimal in sea otters with acute DA toxicosis (Figures 6C,D, 7A).
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FIGURE 5. Acute and subacute cerebral and cerebellar pathology associated with domoic acid (DA) toxicosis in southern sea otters. (A) Diffuse, severe cerebellar congestion in a sea otter with acute DA toxicosis. The congestion is often most visible in the molecular layer (ML), often accompanied by multifocal meningeal hemorrhage (arrow) (Bar = 200 μm). (B) Parahippocampal gyrus in a sea otter with subacute DA toxicosis. Malacia, astrogliosis, perilesional microhemorrhage (arrowheads), and vascular mural and perivascular fibrin (arrow) are occasionally observed in the brain of sea otters with subacute DA toxicosis (Bar = 100 μm). (C,D) Higher magnification of (B) showing perivascular fibrin deposition, hemorrhage, malacia, and perivascular gliosis (arrows) (C,D: Bar = 40 μm). (E) Vascular mural and perivascular fibrin deposition (arrows) and hemorrhage (asterisk) in the parahippocampal gyrus of a sea otter with subacute DA toxicosis (Bar = 20 μm). (F) Spongiosis and malacia (asterisk), and multifocal microhemorrhage (arrows) in the cerebellar white matter of a sea otter with subacute DA toxicosis (Bar = 200 μm). (G) Olfactory lobe of a sea otter with acute or subacute DA toxicosis. There is diffuse congestion, mild patchy spongiosis, and linear bands of swollen, pale cytoplasmic vacuoles (presumptive astrocytic processes; arrows) (Bar = 60 μm).
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FIGURE 6. Histology of the southern sea otter hippocampus at intervals before and following domoic acid (DA) toxicosis. (A) Normal sea otter hippocampus (except for a single Toxoplasma gondii tissue cyst; arrowhead). Pyramidal neurons of the cornu ammonis (CA) normally form a smooth, curved arc with uniform neuronal density; the approximate locations of the CA1, CA2, and CA3 regions are indicated. The smaller curve of dentate granule neurons (DG) is visible at bottom center. The pale pink homogenous tissue between the pyramidal and dentate neurons is the molecular layer (ML) (Bar = 200 μm). (B) Severe congestion in the hippocampus of an otter with acute DA toxicosis. The putative CA2 segment (the approximate extent of the CA2 segment is within the dashed lines) is located across from the inflection of the tightly curved dentate granule cells, and adjacent to the lateral ventricle (LV). Note that this segment is more congested than adjacent CA segments, with focal microhemorrhage (arrowhead) (Bar = 200 μm). (C) Mild diffuse congestion and severe multifocal microhemorrhage in the dentate (DG) and CA4 segment in a sea otter with DA toxicosis. The density of pyramidal neurons is also severely depleted in the CA4 segment. These superimposed lesions could represent a single episode of severe DA toxicosis or a mixture of acute and pre-existing DA pathology; examination of additional tissues could help determine if these lesions are temporally related or represent two different DA exposure events (Bar = 200 μm). (D) Higher magnification inset of (C) showing that despite the severe multifocal microhemorrhage, the neurons are often histologically unremarkable in sea otters that die from acute DA toxicosis (Bar = 50 μm).
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FIGURE 7. High magnification views of the southern sea otter hippocampus illustrating acute and subacute domoic acid (DA)-associated pathology. (A) Hippocampal cornu ammonis (CA) in a sea otter with acute DA toxicosis. There is moderate diffuse vascular congestion and focal microhemorrhage (arrow). Pyramidal neurons are histologically unremarkable at this early stage. Views (B) through (E) illustrate subacute hippocampal pathology in sea otters: (B) Considered a classic lesion for other mammals with DA toxicosis, severe segmental necrosis of pyramidal neurons (i.e., “red dead” neurons; arrows) is uncommon in sea otters with subacute DA toxicosis, possibly because this lesion is ephemeral and rapidly disappears. The severe neuropil congestion that characterizes acute DA cases is no longer present in this subacute case, but a focal microhemorrhage is visible (arrowhead) (Bar = 40 μm). (C) Pyramidal neuron degeneration is often accompanied by hyperplasia of plump, gemistocytic astrocytes (arrows) (Bar = 20 μm). (D) Concurrent pyramidal neuron necrosis (arrows) and astrogliosis (arrowhead) (Bar = 20 μm). (E) DA-affected neurons can vary greatly in appearance, from the swollen eosinophilic cells shown above, to angular and elongated hyperchromic neuronal profiles with prominent axons and dendrites (Bar = 20 μm), or (F) shrunken hyperchromic neurons surrounded by numerous tiny non-nucleated cell profiles (possible axons, dendrites or astrocytic processes; arrows) (Bar = 20 μm).
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FIGURE 8. Spinal cord pathology in southern sea otters with domoic acid (DA) toxicosis. (A) Diffuse, severe congestion and mild hemorrhage into the central canal (CC) of the spinal cord from a sea otter with acute DA toxicosis (Bar = 200 μm). (B) Multifocal acute microhemorrhage in the gray matter (arrows) of the spinal cord of a sea otter with acute DA toxicosis (Bar = 100 μm). (C) Mild congestion, spongiosis, and neuronal necrosis and/or astrogliosis (arrows) in the dorsal horn of the spinal cord of a sea otter with subacute DA toxicosis (Bar = 100 μm). (D) Higher magnification view of (C); (image rotated due to space constraints) showing congestion, spongiosis, and neuronal necrosis or astrogliosis (arrows) (Bar = 40 μm). (E) Spinal cord from a sea otter with chronic DA toxicosis; the central canal (CC) is moderately dilated, with extensive ependymal loss and spongiosis of the periventricular neuropil (arrow) (Bar = 200 μm).


Early vascular and perivascular CNS lesions included mural and perivascular edema, vacuolation and necrosis or apoptosis of arteriolar mural smooth muscle cells and endothelium, and occasional sloughed endothelium (Table 2). Microhemorrhages were common near small arterioles or engorged capillary beds (Figures 6C,D; please also see Figure 6A as a normal comparison image), especially in the cornu ammonis (CA) of the hippocampus. Intramural and perivascular hemorrhage, fibrin deposition, and malacia were also observed in some acute and subacute DA cases (Figures 5B–F). Severe congestion of the choroid plexus was common (Figure 4D), and necrosis of the choroidal epithelium and ventricular ependyma was suspected (Figures 9A–E), although postmortem autolysis precluded confirmation. Ependymal swelling, cytoplasmic eosinophilia, and sloughing were consistent findings throughout the ventricles (Figures 9A–E) and spinal cord central canal.
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FIGURE 9. Central nervous system ventricular and periventricular pathology associated with domoic acid (DA) toxicosis in southern sea otters. (A) Edge of the lateral ventricle (LV) of a sea otter with acute DA toxicosis. The ventricular lumen contains swollen, rounded, free-floating nucleated cells with brightly eosinophilic cytoplasm (possible sloughed necrotic or apoptotic choroid plexus epithelium and/or ependyma; arrows) and sparse hemorrhage (arrowheads). Moderate intercellular edema is visible in the sub-ependymal neuropil (asterisk) (Bar = 40 μm). (B) Lateral ventricle from a sea otter with acute DA toxicosis. The subependymal neuropil is congested and spongiotic with multifocal microhemorrhage (arrows) (Bar = 40 μm). Images (C) through (E) are examples of the lateral ventricle (LV) from sea otters with subacute to acute DA toxicosis; there is scattered ependymal necrosis or apoptosis and sloughing (C–E: arrowheads), and the sub-ependymal neuropil is congested and spongiotic (C), with numerous gemistocytic astrocytes (C–E; arrows). Due to rapid autolysis, assessment of ependymal and choroid pathology should be attempted only on minimally decomposed carcasses (C: Bar = 100 μm), (D: Bar = 20 μm), and (E: Bar = 40 μm).


Severe congestion, spongiosis, and occasional microhemorrhage were apparent in all circumventricular organs (CVOs) examined microscopically (Table 2), including the area postrema (Figure 10B; please also see Figure 10A as a normal comparison image), median eminence, pineal, and pituitary gland (Figures 11B–D; please also see Figure 11A as a normal comparison image). The microscopic appearance of the pituitary gland was especially striking in acute DA cases: when bisected along the median sagittal plane, the pars distalis and pars nervosa were severely congested, while the pars intermedia was relatively unremarkable (Table 2 and Figures 11B–D). Multifocal microhemorrhage and spongiosis were also common in the pars nervosa (Figures 11C,D, 12F). Pituitary congestion was often so extreme that it was visible on subgross examination. Although congestion and spongiosis were also observed in the pineal gland and area postrema (Figures 10B–D), the pattern was less visually striking when compared with the pituitary gland.
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FIGURE 10. The circumventricular organs (CVOs) appear to be sensitive to domoic acid (DA) toxicosis in southern sea otters. (A) Normal area postrema (AP) at the caudal end of the fourth ventricle (FV). Note the characteristic diminution and specialization of ependymal cells over the AP where it forms the roof of the ventricle (arrow). The AP may appear bilateral or fused on histopathology depending on the sample site. The AP integrates autonomic function between the blood and central nervous system (CNS) via permeable capillaries; sensory neurons allow it to detect hematogenous chemical messengers (hormones) and transduce them into neural signals. The AP communicates to the CNS signals involved in vomiting, thirst, hunger, and blood pressure control (Bar = 200 μm). (B) Severely congested AP from sea otter with acute DA toxicosis. There is also acute hemorrhage into the fourth ventricle (FV) (Bar = 200 μm). (C) Hyper-eosinophilic and spongiotic AP from sea otter with subacute DA toxicosis (Bar = 200 μm). (D) Higher magnification inset of (C) showing marked cytoplasmic eosinophilia of the specialized ependyma lining the interface between the AP and the fourth ventricle (arrows) and intercellular edema (Bar = 40 μm). (E) Moderately spongiotic AP from sea otter with chronic DA toxicosis. At this plane of section, the AP appears bilobed, with one side visible at upper right (Bar = 100 μm).
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FIGURE 11. Pituitary gland histopathology in southern sea otters with acute domoic acid (DA) toxicosis. (A) Normal sea otter pituitary gland bisected along the sagittal midline to reveal the pars distalis (PD), pars intermedia (PI), and pars nervosa (PN) (Bar = 200 μm). (B) Pituitary gland from sea otter with acute DA toxicosis. There is severe congestion of the pars distalis and pars nervosa, while the pars intermedia is histologically unremarkable (Bar = 200 μm). (C,D); The pituitary congestion is often accompanied by microhemorrhage in the pars nervosa (arrows) but not the pars distalis or pars intermedia (C,D: Bar = 100 μm).
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FIGURE 12. Pathology suggestive of chronic (prior sublethal) domoic acid (DA) toxicosis in southern sea otters. (A,B) Large, sharp-walled vacuoles are scattered throughout the gray and white matter in the diencephalon from a sea otter with chronic sublethal DA toxicosis. These large vacuoles are common in the thalamus, hypothalamus, and periventricular neuropil, and are usually bilaterally symmetrical (A: Bar = 200 μm), (B: Bar = 100 μm). (C,D): Scarred, mis-shapen ventricles from sea otters with chronic sublethal DA toxicosis. Prior damage to the ventricular wall is indicated by adhesions (C), clusters of ependymal cells trapped below the irregularly thickened ventricle wall (arrows), a discontinuous ependymal lining (arrowheads) and periventricular spiongiosis and astrogliosis (asterisks) (C,D: Bars = 100 μm). (E) Ventricle from a sea otter with chronic sublethal DA toxicosis. There is partial disruption of the ventricle wall and massive proliferation of gitter cells and/or astroglia in the periventricular neuropil (arrows) (Bar = 40 μm). (F) Pituitary gland from a sea otter with subacute or chronic DA toxicosis. There is spongiosis and mild gliosis of the pars nervosa (PN), while the pars intermedia (PI) is histologically unremarkable (Bar = 100 μm).




Cardiovascular system

Sea otters with acute DA toxicosis commonly had mild diffuse venodilation (Figure 1B), and the atria had a mildly dilated appearance (Table 1 and Figures 13B, 14A; please also see Figure 13A as a normal comparison image) grossly. The ventricular myocardium was diffusely wet, brown, and mildly translucent (Figures 13B, 14A), accompanied by a mild increase in pericardial fluid (≤2 ml is normal at necropsy) that had a slight brownish tinge.
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FIGURE 13. Gross cardiac pathology suggestive of domoic acid (DA) toxicosis in southern sea otters. (A) Normal sea otter heart. (B) Heart from a sea otter with acute DA toxicosis. The myocardium is wet, shiny, and mildly translucent. There is diffuse brown discoloration of the ventricular myocardium and diffuse venodilation. Although the heart is not enlarged, the atria appear “full.” (C) Heart from a sea otter with subacute DA toxicosis. The brown discoloration has transitioned to patchy myocardial pallor (tan or white spots or streaks), which are often most severe in the apex and left ventricular free wall. (D) Heart from a sea otter with chronic DA toxicosis. There is severe myocardial streaking, pallor, and cardiomegaly. (E) Enlarged and congested liver from a sea otter with subacute or chronic cardiomyopathy. (F) Peritoneal cavity distended with ascitic fluid in a sea otter with severe cardiomyopathy and congestive heart failure. (G) Blood-tinged serous peritoneal effusion secondary to congestive right heart failure.
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FIGURE 14. Cardiac pathology suggestive of acute domoic acid (DA) toxicosis in southern sea otters. (A) Heart from a sea otter with acute DA toxicosis. The ventricular myocardium is mildly brown-discolored, shiny, and wet, and the right atrium and cranial vena cava appear “full.” (B) Acute DA cases sometimes have grossly apparent acute cardiac hemorrhages, especially in the epicardium near the coronary groove, the endocardium near the base of the valves, the left papillary muscles, and the left ventricular endocardium. This is an example of endocardial hemorrhage at the base of the mitral valve. (C) Microhemorrhage is common in these same areas on histology (Bar = 100 μm).


Acute cardiac pathology was subtle on histopathology and affected mainly the myocardium, coronary vasculature, and, to a lesser extent, the Purkinje fibers. Severe diffuse congestion (Figures 14C, 15A) was often accompanied by patchy cardiomyocyte hyper-eosinophilia, swelling and vacuolation, linear bands of contracted cardiomyocytes, and swelling and cytoplasmic vacuolation of Purkinje fibers (Table 2). Small and medium-sized arterioles in areas of cardiomyocyte damage often had mural smooth muscle cell swelling and cytoplasmic hyper-eosinophilia, accompanied by mural and perivascular edema and microhemorrhage (Figures 16A–C). Perivascular and interstitial microhemorrhage and edema were apparent in areas of cardiomyocyte pathology (Table 2 and Figures 14B,C, 15B,C), especially the perivascular interstitium, the papillary, epicardial and, endocardial myocardium, the apex, and along the atrioventricular border near the base of the valve leaflets. Acute inflammation was usually minimal or absent.
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FIGURE 15. Cardiac histopathology suggestive of domoic acid (DA) toxicosis in southern sea otters. (A) The first sign of acute DA toxicosis on cardiac histopathology is severe, diffuse congestion (Bar = 100 μm), and (B) multifocal microhemorrhage (Bar = 40 μm). Also common is (C) patchy interstitial edema that often corresponds with the brown-discolored myocardium observed grossly (Bar = 150 μm). (D) Subacute DA-associated cardiac pathology is characterized by regional cardiomyocyte vacuolation, necrosis or apoptosis, depletion, stromal collapse, fatty replacement, interstitial fibrosis, and, occasionally, non-suppurative myocarditis (Bar = 100 μm). (E) As the acute myocardial congestion normalizes over time, the cardiac lesions progressively expand (Bar = 100 μm). (F) For sea otters with chronic DA toxicosis, grossly apparent foci of myocardial pallor and streaking correspond histologically with intersecting bands of cardiomyocyte depletion, stromal collapse, fatty replacement, and interstitial fibrosis (Bar = 200 μm).
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FIGURE 16. Coronary arterial histopathology associated with domoic acid (DA) toxicosis in southern sea otters. (A) through (D); cardiac tissue of sea otters with acute to subacute DA toxicosis often exhibits perivascular microhemorrhage and edema (A: arrowhead). Adjacent coronary arterioles often exhibit mural pathology, including shrunken or swollen mural smooth muscle cells with eosinophilic cytoplasm, pyknotic nuclei and intercellular edema (asterisks), and transient endothelial sloughing (A,B: arrows) or hyperplasia (C,D: arrowheads) (A,B: Bar = 40 μm), (C: Bar = 20 μm). (D: Bar = 40 μm). (D) through (F) Sea otters with subacute to chronic DA toxicosis often exhibit progressive coronary arteriosclerosis, characterized by decreased smooth muscle density, progressive mural hyalinization, sparse dystrophic mineralization, and patchy endothelial hyperplasia, clumping, or rounding (arrowhead). The wall of affected arterioles is markedly thickened, hypocellular, and hyalinized (E,F: Bars = 100 μm). These sections have artifactual section folds that reflect the density of the severely scarred arterioles.




Subacute DA Toxicosis


Central nervous system

Gross CNS lesions were often less visually striking in sea otters with subacute DA toxicosis when compared with acute DA cases (Table 1). Subacute DA cases were characterized by less severe vascular congestion and the appearance of significant neuronal, glial, and stromal histopathology (Table 2). Swollen, brightly eosinophilic hippocampal pyramidal neurons (i.e., “red dead” neurons) were infrequent in southern sea otters with DA toxicosis (Table 2 and Figures 7B, 17B), as opposed to other species where this lesion is commonly reported (Silvagni et al., 2005; Pulido, 2008). More frequently, there was discrete shrinkage of pyramidal neurons and cytoplasmic hyperchromasia, vacuolation and pallor, and neuronal loss (Table 2 and Figures 7E,F, 17A, 18A–C). Also common were gemistocytic astrocytes (Figures 7C,D), elongated angular hyperchromic neurons (Figure 7E), and tiny linear eosinophilic cytoplasmic processes or punctate spots (putative dendrites, axons and/or astrocytic processes; Figure 7F), accompanied by gliosis and spongiosis of the hippocampal molecular layer (Figures 18B,C).
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FIGURE 17. Subacute domoic acid (DA) pathology in the southern sea otter hippocampus. (A) Pyramidal neurons of the cornu ammonis (CA) segments CA3 and CA4 are condensed and hyperchromic, and many appear elongated, with increased prominence of axons and dendrites. There is also moderate spongiosis of the molecular layer (ML). Note that the dentate granule neurons (DG) are histologically unremarkable (Bar = 200 μm). (B) High magnification view of the CA2 region of the hippocampus from a sea otter with subacute DA toxicosis. Some pyramidal neurons have bright red cytoplasm and condensed, pyknotic nuclei (arrows); these classical “red dead” hippocampal neurons are relatively uncommon in sea otters with fatal DA toxicosis. Pyramidal neurons that are shrunken, angular, and have diffusely hyperchromic cytoplasm and pyknotic nuclei (arrowhead) are more common in the CNS of sea otters with subacute DA toxicosis (Bar = 20 μm).
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FIGURE 18. Hippocampal histopathology in southern sea otters with subacute or chronic domoic acid (DA) toxicosis. (A) For cases of subacute DA toxicosis, progressive resolution of the severe congestion is associated with histologically apparent segmental pyramidal neuron degeneration and depletion, especially around the cornu ammonis (CA) segment CA2 (area between the dashed lines). During the subacute phase, DA-associated pyramidal lesions often expand and encompass additional CA segments. The extent of lesion expansion varies, possibly due to variation in the DA dose, the number of prior DA exposure events, and other factors (Bar = 200 μm). (B) In milder cases, segmental pyramidal neuron depletion is partial and limited to the putative CA2 segment (area between the dashed lines). At higher magnification, the remaining neurons often appear histologically abnormal (e.g., elongated or shrunken and hyperchromic; please see Figure 7 for examples). As the congestion resolves, mild gliosis develops, as indicated by increased cellular density in the molecular layer (ML) (Bar = 200 μm). (C) Hippocampus from a sea otter that died from severe subacute DA toxicosis; there is marked, diffuse pyramidal neuron loss along the entire CA (CA3 and CA4 shown) and severe spongiosis of the molecular layer (ML). Note that the dentate granule neurons (DG) are relatively unaffected (Bar = 200 μm). (D) Pyramidal neurons from a sea otter that died with mild chronic hippocampal damage are mildly depleted and less clearly organized into a single homogenous linear band; the most severely damaged area (CA2; area between the dashed lines) is mildly displaced toward the dentate granule neurons (DG). Mild gliosis is also apparent in the molecular layer (ML). While mild chronic lesions are hard to detect, especially in cases with autolysis or concurrent brain pathology, standardized trimming of formalin-fixed tissue can facilitate lesion identification (Bar = 200 μm).


As with other species (Silvagni et al., 2005; Pulido, 2008; Lefebvre et al., 2010; McHuron et al., 2013; Buckmaster et al., 2014), DA-associated damage to the hippocampal pyramidal neurons was usually segmental, with severe neuronal loss in some CA segments while adjacent areas remained intact (Table 2 and Figures 6B, 18A,B). The earliest and most severe pyramidal neuron lesions were centered on the hippocampal CA segment located directly opposite the curved inflection of the granule cells of the dentate gyrus (Figures 6B, 18B), which appears to correspond with the CA2 segment in other animals. Lesions appeared to spread along the CA segments and into adjacent tissue in subacute cases, and they sometimes encompassed the CA1 through CA4 segments (Figures 17A, 18C). Dentate granule neurons were less commonly affected (Figures 17A, 18C). Gemistocytic astrocytes were numerous in areas of pyramidal neuron pathology (Figures 7C,D) and were accompanied by variable spongiosis, gliosis, and, occasionally, mild non-suppurative inflammation (Figures 18B,C).

Ependymal loss, abortive ependymal regeneration, and ventricular scarring were observed in subacute and chronic DA cases (Figures 9C–E, 12C,D) and were characterized by a discontinuous ependymal lining, an irregular “moth-eaten” appearance of the ventricular walls, ventricular mural adhesions, and entrapment of small islands of ependyma below a fibrillar, variably thickened, and acellular ventricular surface (Figures 12C,D). Ventricular luminal dilation was apparent in severe subacute and chronic DA cases (Figures 8E, 12C,D, 19B, 20; please also see Figure 19A as a normal comparison image).
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FIGURE 19. Unilateral hippocampal atrophy following domoic acid (DA) toxicosis in a southern sea otter. Transverse sections of formalin-fixed sea otter brain centered on the hippocampus. (A) Normal sea otter hippocampus (bottom center). The cornu ammonis (CA; arrow) has a smooth convex curve along the border with the lateral ventricle (arrowhead). (B) Opposite cerebral hemisphere from the same sea otter. There is extensive hippocampal atrophy resulting in severe flattening of the lateral aspect of the CA (arrow) and dilation of the lateral ventricle (arrowhead).
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FIGURE 20. Bilateral hippocampal atrophy following domoic acid (DA) toxicosis in a southern sea otter. Transverse section of formalin-fixed sea otter brain at the level of the hippocampus. On the left side the hippocampus is mildly atrophied with mild flattening of the lateral aspect of the cornu ammonis (CA; arrow) and mild dilation of the lateral ventricle (arrowheads on left). On the right side there is marked hippocampal atrophy and the CA is severely flattened (arrow) with marked dilation of the lateral ventricle (arrowheads on right). The mesencephalic duct (surrounded by dashed line at center) is also mildly dilated. Partial formalin fixation at the time of tissue trimming is indicated by the elliptical area of pink tissue at center left.


Severe lesions were often located in the peri-ventricular brain tissue next to regions of ependymal and ventricular pathology. As acute congestion and microhemorrhage (Figures 9A,B) normalized in subacute cases, the sub-ependymal neuropil became spongiotic and edematous, with numerous gemistocytic astrocytes (Figures 9C–E, 10C,D, 12E) and neuronal loss in periventricular gray matter. In the cerebellum, subacute cases were characterized by mild Purkinje cell shrinkage, hyperchromasia, vacuolation and loss, and swelling and cytoplasmic vacuolation of adjacent astrocyte processes. The neuropil damage was usually temporally concordant across all areas of the CNS; examination of multiple consistently trimmed areas helped to facilitate DA diagnosis and assessment of the post-exposure interval.

Fewer spinal cords were examined microscopically in this study, but DA-associated subacute lesions were observed in the gray matter, periventricular neuropil, and central canal, occasionally with severe neuronal degeneration, loss and astrogliosis (Table 2 and Figures 8C–E). The central canal was sometimes dilated, especially in the cervical spinal cord, with partial or complete ependymal loss and a motheaten appearance to the wall, similar to other ventricular spaces (Figure 8E).



Cardiovascular system

The hearts of subacute DA cases were variably enlarged and rounded at gross necropsy with pale tan to light, orange-mottled ventricular myocardium (Table 1 and Figure 13C). Irregular pale streaks radiated from the cardiac apex or the interventricular junction to the atrioventricular border, especially along the left ventricular free wall (Figure 13C). Progressive dilation of epicardial veins was accompanied by proliferation of tortuous collateral venules (Figures 13C,D) and moderate serofibrinous pericardial effusion, especially in sea otters that died due to congestive heart failure. Severe cardiomegaly with luminal expansion of both atria and ventricles was observed in severely affected sea otters (Figure 13D).

On histopathology, myocardial congestion was less prominent in subacute cases (Table 2 and Figure 15D). Instead, there was substantial cardiomyocyte pathology characterized by multifocal cardiomyocyte necrosis or apoptosis, loss, stromal collapse, and fatty or fibrous replacement (Figures 15D,E, 21B–E). These lesions corresponded with the grossly apparent ventricular mottling and streaking (Figures 13C,D, 21A). Hyperplastic cardiomyocytes with karyomegaly and/or nuclear rowing (attempted regeneration) occurred in some areas. Severe lesions were most common in the apex, left heart (ventricular and atrial free wall and papillary muscle), and interventricular septum, although a global distribution also occurred. Lesions were often concentrated in the sub-epicardial and sub-endocardial ventricular myocardium and the papillary muscles, and they occasionally formed discrete, well-demarcated areas of cardiomyocyte loss (Figures 15D,E, 21B). Cell swelling and cytoplasmic vacuolation were observed in the Purkinje fibers and other components of the cardiac conduction system, as reported for California sea lions (Zabka et al., 2009). Ventricular arterioles (especially in the left ventricular free wall) had progressive mural smooth muscle cell swelling, hyper-eosinophilia, necrosis or apoptosis, loss, patchy mural hyalinization and thickening, and dystrophic mineralization (Figures 16C–F), accompanied by mild endothelial cell regeneration and hyperplasia (Figures 16C,D). Estimates of lesion chronicity in the heart usually matched those in the CNS (Supplementary Table 2), providing helpful metrics to confirm DA toxicosis and estimate the post-exposure interval.
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FIGURE 21. Cardiac pathology suggestive of subacute to chronic domoic acid (DA) exposure in southern sea otters. (A) As DA-associated cardiac pathology (cardiomyopathy) progresses, prominent white or pale tan streaks often develop, especially on the epicardium of the left ventricle and the apex. These lesions are often opaque, light tan to white, and are sometimes slightly depressed relative to adjacent tissue. (B) These streaks correspond histologically with areas of cardiomyocyte depletion, mild non-suppurative myocarditis, stromal collapse, and fibrosis, and they often have a sub-epicardial and sub-endocardial distribution on histopathology (Bar = 200 μm). (C) In addition to the ventricular streaks, the atria (especially the left atrial free wall) often become progressively opaque and white to light tan. (D) On histopathology, the atrial pallor corresponds with cardiomyocyte depletion, stromal collapse, fatty degeneration, fibrosis, and mild non-suppurative myocarditis (Bar = 200 μm). (E) As shown in this Masson’s Trichrome stain of the left ventricular free wall, in severe cases cardiomyocyte depletion and scarring can efface large expanses of myocardium, accompanied by stromal collapse and fibrosis (Bar = 200 μm).


For subacute DA cases, perilesional inflammation was usually mild, but occasionally it was severe, possibly reflecting both host response to DA-mediated tissue damage and concurrent protozoal myocarditis (Kreuder et al., 2005; Miller et al., 2020). Domoic acid-associated cardiac pathology was typically more regional, affecting the sub-epicardial and subendocardial tissues, apex, and papillary muscles (Figures 15D,E, 21B,D,E), while definitive protozoal lesions containing intracytoplasmic parasites were often randomly distributed. Reactive inflammation associated with myocardial pathology due to DA often contained a mixture of macrophages and lymphocytes, while T. gondii-associated myocarditis was predominantly lymphoplasmacytic. Sea otters with myocardial sarcocystosis had mixtures of mononuclear leukocytes and sparse neutrophils or eosinophils. Bacterial myocarditis and endocarditis were characterized by miliary suppurative inflammation. Subacute or chronic DA-associated myocardial pathology was sometimes difficult to distinguish from persistent protozoal and bacterial lesions.



Chronic DA Toxicosis


Central nervous system

Chronic lesions had the same CNS distribution as acute and subacute cases but were relatively quiescent, reflecting prior DA-associated pathology with some progressive and healing responses. Severely damaged brains were atrophied with diffuse tan discoloration, flattened gyri, and deep sulci (Table 1 and Figure 3D); postmortem sampling commonly yielded an increased volume of CSF (>2 ml). In severe cases, one or both hippocampal profiles were shrunken with corresponding dilation of the lateral ventricles (Figures 19B, 20).

On histopathology, hippocampal degeneration was characterized by flattening of the normally convex curve of the CA, and expansion of the lateral ventricle (Table 2 and Figure 22B). Severely damaged CA segments had extensive pyramidal neuron loss, mild astrogliosis, and neuropil rarefaction and scarring (Figures 22C,D). Scar maturation and tissue retraction often resulted in angular deformation of the normal smooth arc of CA pyramidal neurons (Figure 22B). Previously damaged CA sectors were often slightly retracted toward the dentate gyrus, resulting in segmental inflection of the linear band of pyramidal cells (Figures 18D, 22A). Chronic hippocampal lesions were often accompanied by patchy scarring of the ventricles (Figures 12C,D) and peri-hippocampal white matter. Intralesional gemistocytic astrocytes and microglia were sparse in chronic cases, making mild lesions possible to miss on histopathology (Figures 18B,D, 22A).
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FIGURE 22. Sea otter hippocampus showing variable tissue damage and scarring associated with subacute or chronic domoic acid (DA) toxicosis. (A) Hippocampus from a sea otter with chronic DA toxicosis. Pyramidal neurons are segmentally depleted and less evenly distributed into a single linear band. The most severely affected cornu ammonis (CA) segment CA2 (area between the dashed lines) is mildly displaced toward the dentate granule neurons (DG) (Bar = 200 μm). (B) Marked segmental depletion of CA2 pyramidal neurons (area between the dashed lines). Hippocampal atrophy has resulted in the development of a concave surface (arrow) and mild luminal expansion of the corresponding lateral ventricle (LV). The normally smooth convex curve of pyramidal neurons has also become sharper and more angular (compare with normal hippocampus: Figure 6A) (Bar = 200 μm). (C) Severely damaged hippocampus with massive depletion of pyramidal neurons in all CA segments (pyramidal neurons should normally be visible just inside of the dashed line). The dentate granule cells (DG) were also partially depleted in this severe case. There is also diffuse, marked gliosis and spongiosis in the molecular layer between the dentate and the CA (ML) (Bar = 200 μm). (D) Higher magnification inset of (C) showing near-total depletion of pyramidal CA neurons (normally visible just inside of the dashed line), severe gliosis and spongiosis of the molecular layer (ML), and partial depletion of dentate granule neurons (DG) (Bar = 100 μm).


A similar but less visually striking pattern was noted in the olfactory, parahippocampal and entorhinal cortex, CVOs, olfactory bulbs, diencephalon, mesencephalon, periventricular neuropil, pons, medulla, brainstem, and spinal cord (Table 2 and Figures 5G, 8E, 10E, 12A–F, 22C,D). Areas of bilaterally symmetrical gray and white matter vacuolation were sometimes apparent in areas of neuropil with prior primary insult; these large, sharply defined vacuoles were associated with mild neuronal depletion in some neuronal nuclei and were especially common in the diencephalon (thalamus and hypothalamus) of otters with chronic DA-associated CNS pathology (Figures 12A,B).



Cardiovascular system

The most common finding at gross necropsy for sea otters with chronic DA toxicosis was congestive heart failure (Table 1). Lesions suggestive of heart failure included severe diffuse venodilation and congestion (Figures 1B–D), hepatomegaly and chronic passive hepatic congestion (Figure 13E, 23A), severe ascites (Figures 13F,G), pulmonary septal edema, pleural effusion, pulmonary septal and pleural fibrosis, and peritoneal and thoracic venous shunts. The heart was round with massive dilation (eccentric hypertrophy) of all four chambers and a prominent double apex indicative of severe right ventricular dilation (Figure 13D). In the ventricles, occasional areas of severe cardiomyocyte loss resulted grossly in extensive pallor (Figure 21A) and depressed, variably translucent foci. The left atrial free wall was often mildly thickened and opaque (Figure 21C). Marked (>4–16 ml) serofibrinous, mildly red-tinged pericardial effusion was common for sea otters that died due to congestive heart failure. A few otters with subacute or chronic right-sided congestive heart failure died acutely due to hepatic vein thrombosis and massive hepatic necrosis (Figures 23A–F); this condition was often indicated grossly by perihilar hepatic capsular fibrin exudation (Figure 23B).
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FIGURE 23. Budd-Chiari-like syndrome: Cardiomyopathy-associated hepatic vein thrombosis in southern sea otters with subacute to chronic domoic acid (DA) toxicosis. Some sea otters with DA-associated subacute or chronic cardiomyopathy develop hepatic vein thrombi, leading to acute exacerbation of congestive right heart failure. (A) An enlarged, congested, red-black mottled liver from a sea otter with hepatic vein thrombosis. This sea otter survived a prior episode of thrombosis, as indicated by focally extensive, regional hepatic atrophy (area of liver lobe to the right of the dashed line, center right). (B) Hepatic perihilar raised fibrin plaques with a “Turkish towel” appearance (asterisk) are suggestive of hepatic vein thrombosis; the liver should be carefully searched for venous thrombi. (C) Hepatic vein thrombi are often large, firm, branched, and loosely attached to the wall of larger and smaller branches of the hepatic vein. (D) The thrombi have a layered or lamellated appearance on cross-section. (E) Microscopic examination often reveals surface endothelium (arrows), fibroblast proliferation (asterisks), and capillary buds (arrowhead), confirming that this is an antemortem thrombus (Bar = 40 μm). (F) On histopathology, congested livers with dilated, blood-filled central veins containing concentric bands of lamellated fibrin and red blood cells (arrow) are indicative of hepatic vein thrombosis (Bar = 100 μm).


Chronic cardiac lesions resembled subacute cases, but they were more severe and quiescent on histopathology (Table 2). Intersecting bands of severe stromal collapse, fatty replacement, and peripheral cardiomyocyte hypertrophy were indicative of a chronic process (Figure 15F). Severe cardiomyocyte loss and stromal collapse were associated with fatty replacement or fibrosis (Figures 15D–F, 21D,E). Cardiomyocyte necrosis and non-suppurative inflammation were usually mild. Coronary arteriolar hyalinization and sclerosis were often severe in the left ventricular free wall, papillary muscles, and apex (Figure 16F).



Estimating the Interval Between DA Exposure and Death Based on Lesion Chronicity

For 54 sea otters that were independently assessed for DA-associated pathology in the CNS and heart, the temporal stage of DA-associated CNS pathology matched with DA-associated cardiac pathology in most cases (87%; n = 47/54) (Supplementary Table 2). Seven otters (13%; n = 7/54) exhibited mixed patterns of acute, subacute, and chronic DA pathology in the CNS and heart on histopathology, suggestive of multiple episodes of DA toxicosis.



Domoic Acid-Associated Pathology of Other Tissues

In addition to the CNS and heart, severe diffuse vascular congestion was common in the liver, intestines, lungs, mesentery, adrenal glands, and kidneys (Table 1 and Figures 1B–D, 23A). Severe diffuse congestion of the choroid, retina, and ciliary body of both eyes was both common and distinctive for sea otters with acute DA toxicosis (Table 2 and Figures 24B,D; please also see Figures 24A,C as normal comparison images). The ocular congestion was often accompanied by grossly apparent or microscopic hyphema (Figure 24D) and multifocal microhemorrhage. As with the pituitary gland, microscopic examination of the eyes facilitated diagnosis of sea otters with acute DA toxicosis.
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FIGURE 24. Ocular histopathology suggestive of acute domoic acid (DA) toxicosis in southern sea otters. (A) Mid-sagittal view of the posterior region of a normal sea otter eye at the level of the optic nerve (ON); retinal separation (R) from the choroid (CH) and sclera (S) is a postmortem artifact. The vitreous humor (VH) is also visible (Bar = 400 μm). (B) Eye from a sea otter with acute DA toxicosis. There is severe diffuse congestion of the choroid and periocular tissue, and moderate retinal congestion. The lens (L) is apparent at upper right (Bar = 400 μm). (C) Mid-sagittal view of the anterior region of a normal sea otter eye showing the sclera (S), cornea (CO), iris (I), ciliary body (CB), vitreous humor (VH), and anterior chamber (AC) (Bar = 200 μm). (D) Anterior eye from a sea otter with acute DA toxicosis. There is severe congestion and mild hemorrhage (arrowhead) in the ciliary body (CB) and iris (I), and severe hyphema (arrow) in the anterior chamber (AC) (Bar = 200 μm).


Severe diffuse uterine congestion, placental necrosis, and patchy placental hemorrhage were noted for some pregnant southern sea otters with acute DA toxicosis (Table 2 and Figure 25A). On histopathology the myometrium had discrete bands of hypercontracted, swollen, and markedly eosinophilic smooth muscle cells with variable cytoplasmic vacuolation, accompanied by mild proteinaceous pericellular edema and microhemorrhage (Figures 25B–E). Arteriolar mural smooth muscle cell necrosis or apoptosis was also observed in the myometrium, accompanied by vascular mural and perivascular edema and microhemorrhage (Figures 25F,G). Glutamate receptors (potential sites for DA binding) have been detected in the female reproductive tract, including the myometrium, endometrium, and ovary in other species (Pulido, 2008).
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FIGURE 25. Reproductive histopathology that may reflect domoic acid (DA) toxicosis in southern sea otters. (A) Through (E) severe diffuse congestion and hemorrhage may be observed in the uterine wall of pregnant sea otters with acute DA toxicosis (A: Bar = 100 μm). (B) Through (G) the myometrium of pregnant sea otters with acute or subacute DA toxicosis may exhibit congestion, multifocal microhemorrhage (D: arrows), and patchy smooth muscle cell necrosis or apoptosis (B through E: asterisks) (B: Bar = 100 μm, C–E: Bar = 40 μm). (F,G) Myometrial arterioles also appear to be affected in sea otters with fatal DA toxicosis. Similar to the coronary arterioles, there is often mural smooth muscle swelling, cytoplasmic eosinophilia, and necrosis or apoptosis (arrows). Vascular mural and perivascular edema, fibrin and hemorrhage (arrowheads), and sparse mural hyalinization (asterisk) are also visible (F,G: Bar = 20 μm).


Fetal gross and microscopic pathology resembled that of mothers with acute DA toxicosis and included severe congestion, brown-discolored ventricular myocardium, pericardial effusion, mild diffuse venous dilation, and microhemorrhage in the heart, brain, eyes, and kidneys. DA-associated reproductive and fetal pathology reported in pinnipeds, primates, fish, and laboratory animals includes abortion, fetal resorption, stillbirth, uterine torsion, and chronic post-natal health impacts (Tiedeken et al., 2005; Brodie et al., 2006; Maucher and Ramsdell, 2007; Ramsdell and Zabka, 2008; Goldstein et al., 2009; Burbacher et al., 2019). Although abortion and uterine torsion were observed in sea otters with DA toxicosis, our sample size was small: over 21 years (1998–2018), we performed detailed necropsy and histopathology on 266 minimally decomposed adult and aged adult female southern sea otters, and only 39 animals (15%) were visibly post-implantation pregnant at the time of necropsy, with 21 fetuses receiving detailed gross and microscopic examinations (Supplementary Table 1).

Some female sea otters with acute or subacute DA toxicosis had indications of perimortem copulation during non-estrus periods, suggesting that males were forcibly mating with females that had severe neurological impairment (Table 1). One animal had lesions consistent with forced copulation during near-term abortion or parturition that resulted in multifocal hematomas on the head of the fetus within the vaginal canal. Severe perimortem fight trauma was also apparent for some males with DA toxicosis. Paraphimosis was also observed, which could be indicative of DA-associated spinal cord pathology.

Sea otters with acute DA toxicosis commonly had copious red- or green-tinged seromucoid fluid leaking from the nares and oropharynx that often stained the peri-oral and peri-nasal pelage (Table 1 and Figure 1A); this finding was suggestive of nausea and hypersalivation, and/or diffuse pulmonary hypersecretion. Both conditions have been reported in humans and other animals with acute DA toxicosis (Pulido, 2008). Diffuse pulmonary edema and pleural effusion were common and could reflect hypersecretion, systemic cardiovascular impacts, or terminal seawater aspiration.

The GI tract of sea otters with acute DA toxicosis often contained minimally or partially digested prey (Table 1 and Figure 2A) that was high DA-positive (Miller et al., 2020). In contrast, emesis and comparatively empty GI tracts are common for humans and other animals with acute DA toxicosis (Tryphonas et al., 1990; Pulido, 2008; Grant et al., 2010). Other than the peri-oral staining and hypersalivation, we found no clinical reports of emesis in live-stranded sea otters, although some cases had ingested prey in the upper GI tract, trachea, bronchi, and lungs.

Domoic acid exposure has been associated with development of gastric ulcers in laboratory rodents (Glavin et al., 1990). Although GI erosions and melena were common in sea otters that died from DA toxicosis, this lesion is ubiquitous in stranded sea otters and could be a non-specific indicator of stress (Miller et al., 2020). Although we observed diffuse mucosal and serosal congestion, ileus, intestinal intussusception, and gastric or intestinal torsion in otters with DA toxicosis (Table 1), we could not confirm that these findings were DA-associated due to our limited sample size.

No unique patterns of DA-associated renal pathology were observed in sea otters other than diffuse, marked parenchymal congestion and occasional interstitial microhemorrhage in acute DA cases (Table 2). Because we focused mainly on investigating DA-associated pathology of the CNS and cardiovascular system, subtle kidney lesions could have been missed. DA-associated renal pathology has been reported in other species (Pulido, 2008; Funk et al., 2014) and glutamate receptors have been identified in renal tissue (Gill and Pulido, 2005).



Pseudo-nitzschia Frustule Detection in Prey Items and Stomach Content

Scanning electron microscopy analysis of the GI tracts of sand crabs ingested by two sea otters with acute DA toxicosis and high DA concentrations in their urine and gastric content revealed ingested Pseudo-nitzschia spp. frustules (Figures 2C,D). Similar frustules were recovered from the GI tracts of free-living sand crabs collected in Monterey Bay, California during a toxic Pseudo-nitzschia bloom (Figure 2B). These frustules matched morphologically with the reference P. australis strain (Figure 2E).



DISCUSSION


Patterns of DA-Associated Pathology

Domoic acid-associated clinical signs, gross pathology and biochemical data in southern sea otters are summarized in Table 1, and histopathology findings are summarized in Table 2; example lesions from the figures are referenced in column 1 of the full-scale, printable versions of Tables 1, 2 that are available in Supplementary Presentation 1. CNS pathology in southern sea otters was similar to reports for other marine mammals, laboratory animals, and primates with DA toxicosis (Silvagni et al., 2005; Goldstein et al., 2008; Pulido, 2008; Burbacher et al., 2019), although there were some differences. Similarities include concurrent CNS and cardiovascular impacts (Pulido, 2008; Zabka et al., 2009), and a bimodal pattern of clinical signs and pathology: For sea otters, severe acute DA cases typically presented with CNS and/or systemic vascular clinical signs and lesions predominating, while chronic DA toxicosis cases were more likely to present with severe cardiovascular signs and lesions (Tables 1, 2); subacute DA toxicosis cases were intermediate, presenting with CNS, cardiovascular, or both processes concurrently. Our ability to histologically diagnose DA toxicosis and estimate the post-exposure interval improved when the brain, eyes, and heart were all assessed at the same time.

Blood vessels appeared to be an early DA target for southern sea otters with acute DA toxicosis. The predominant lesion for otters with acute DA toxicosis was severe diffuse congestion and multifocal microhemorrhage with edema and tissue injury, especially in the CNS, eyes, and heart. These findings suggest that vascular mural pathology, regional or systemic edema, transient hypo- or hypertension, or vascular shock could contribute to the acute clinical signs of DA-associated neurotoxicity. These lesions were consistently observed in otters with the highest DA concentrations in urine and GI content (≥500 ppb), and preceded development of microscopically apparent neuronal and glial pathology. Although the finding of severe congestion as a predictor of acute DA toxicosis in sea otters seems to contradict published reports of DA-associated pathology in other species (Silvagni et al., 2005: Pulido, 2008), retrospective case review suggests that a similar pattern may occur in California sea lions with acute DA toxicosis (T. Zabka, unpublished data).

Subacute DA toxicosis was characterized by transitional gross and microscopic pathology, reflecting toxic injury, progressive lesion expansion, vascular mural damage, and robust host response to injury. In the CNS, characteristic lesions included multifocal neuronal degeneration, gliosis, and spongiosis. In the heart there was progressive cardiomyocyte loss, stromal collapse, and interstitial fatty replacement and fibrosis. Where present, intra- or perilesional inflammation often appeared to be a response to tissue damage. Similar cardiac lesions have been reported in California sea lions following DA toxicosis and were attributed to pathology mediated via the cardiac conduction system (Zabka et al., 2009). DA-associated cardiac pathology had a similar anatomical distribution in otters and sea lions, but atrial wall pathology was more common in sea otters.

For sea otters with chronic DA toxicosis, clinical signs and pathology attributable to severe cardiac pathology and congestive heart failure were usually the most obvious findings clinically, grossly, and on histopathology. Mild chronic CNS lesions were often challenging to discern on histopathology, whereas severe cases had massive neuronal loss, scarring, and atrophy affecting one or both hippocampal profiles. Death due to cardiovascular decompensation was common for some subacute and most chronic DA cases. The cardiovascular and CNS lesion distribution was similar for acute, subacute, and chronic cases, but chronic lesions were dominated by atrophy, scars, and gliosis that reflected damage that was initiated months to years before death. Although chronic lesions appeared to be relatively quiescent on histopathology, the cumulative impacts on cardiovascular function were often severe.

Although hippocampal pathology is a diagnostic feature of DA toxicosis in humans and other species (Sutherland et al., 1990; Gulland, 2000; Silvagni et al., 2005), the lesion distribution is variable (Pulido, 2008). While dentate granule cells are an important DA target in humans (Pulido, 2008), they are less severely affected in California sea lions than pyramidal neurons (Silvagni et al., 2005; Goldstein et al., 2008). In most mammals, the CA2 segment of hippocampal pyramidal neurons is relatively unaffected by DA in comparison to other segments (Silvagni et al., 2005; Goldstein et al., 2008; Pulido, 2008). While humans usually develop bilateral hippocampal pathology (Sutherland et al., 1990), California sea lions can develop unilateral or bilateral lesions (Silvagni et al., 2005; Goldstein et al., 2008; Buckmaster et al., 2014).

Contrary to reports in other animals (Silvagni et al., 2005; Pulido, 2008), southern sea otters with severe DA toxicosis rarely had swollen, brightly eosinophilic hippocampal pyramidal neurons or dentate granule cells on histopathology, suggesting that this commonly described DA lesion is more ephemeral in sea otters. Like sea lions, DA-exposed sea otters developed unilateral or bilateral hippocampal damage (Table 2 and Figures 19B, 20), with relative sparing of dentate granule cells (Figures 17A, 18B,C). However, the earliest and most severe pyramidal cell lesions in sea otters were in the putative CA2 segment (Figures 6B, 18A,B), while sea lions often show more severe damage to pyramidal neurons in other sectors; this difference could reflect anatomical variation or differential impacts of DA in sea otters. We also identified DA-associated spinal cord pathology in sea otters; this lesion could be under-recognized in all species because the spinal cord is not routinely examined microscopically.

The findings of this study suggest that some effects of DA toxicosis could be mediated through CVO damage (Table 2 and Figures 10B–E, 11B–D). Although CVOs have been proposed as potential targets for DA toxicity, there is limited information on this topic (Bruni et al., 1991). These highly vascularized structures are distributed along the sagittal midline near ventricles, and most are located outside of the blood-brain barrier. The CVOs serve as critical interfaces between the brain and systemic circulation, and regulate cardiovascular, renal, and GI function, emesis, blood osmolality, and endocrine homeostasis (Bruni et al., 1991; Duvernoy and Risold, 2007). Given these critical functions, DA-mediated CVO damage could amplify localized effects of DA toxicosis and cause systemic impacts. Given the importance of CVOs in vascular homeostasis (Duvernoy and Risold, 2007), the severe congestion observed in sea otters with acute DA toxicosis could be reflective of primary cardiac or vascular insult, or secondary systemic insult from CVO damage.

Because of their location, function, rich vascular supply, and exclusion from the blood-brain barrier, CVOs could also serve as portals for DA passage from the systemic circulation into the brain and CSF (Bruni et al., 1991). Biochemical testing has confirmed that DA enters the ventricular system in sea otters, with concentrations as high as 1,244 ppb in CSF (M. Miller, unpublished data). Potential routes of DA entry into the CSF include the choroid plexus, ependyma, CVOs, DA-mediated vascular leakage, damage to periventricular neuropil, and ventricular hemorrhage. We have identified potential DA-associated pathology in all of these anatomic regions. This research also suggests that DA entry into the CSF may facilitate toxin spread throughout the CNS. Interestingly, CSF transport has also been postulated as a means of expediting DA clearance from the CNS; CSF volume is replaced approximately every 4 h in rats (Fuquay et al., 2012). If a similar clearance interval occurs in sea otters, detection of high DA concentrations in CSF could be diagnostic for acute DA toxicosis.

The pituitary gland has been described as a highly vascularized secretory CVO or an extension of the median eminence, another CVO (Bruni et al., 1991; Duvernoy and Risold, 2007; Pulido, 2008). Given the close anatomic and functional relationship of the pituitary gland to the CVOs, we have included it with the CVOs. As with other CVOs, the pituitary gland appears to be a sensitive target for DA in southern sea otters (Table 2 and Figures 11B–D). When other causes of pituitary gland congestion and hemorrhage were excluded (e.g., sepsis, endotoxemia, and trauma), detection of severe diffuse congestion of the pars distalis and pars nervosa, but not the pars intermedia, was indicative of acute DA toxicosis. Lack of congestion in the pars intermedia could be due to lower susceptibility to DA, or because the pars intermedia has a comparatively low capillary density and separate vascular supply from the pars distalis (Duvernoy and Risold, 2007). Because the pituitary gland is easy to find at necropsy when compared with other CVOs, we recommend routine pituitary histology as part of DA case assessment. Bisecting the gland along the mid-sagittal plane is essential to observe the distinct pattern of differential congestion on histopathology (Supplementary Image 1B).

Although our sample size was small, assessment of DA-associated lesion chronicity in the CNS and heart from 54 necropsied sea otters demonstrated strong temporal concordance (87%) for DA-associated pathology in the CNS and heart (Supplementary Table 2). These findings suggest that the CNS and cardiac pathology was initiated by a common cause (e.g., DA toxicosis). The simultaneous presence of acute, subacute and chronic, DA-associated pathology in the CNS and heart of 13% of examined otters suggests recurrent DA toxicosis. Concurrent microscopic examination of the CNS and cardiovascular system can facilitate confirmation of DA toxicosis, temporal assessment of lesion chronicity, and detection of recurrent DA toxicosis in sea otters.

The findings of this study (Tables 1, 2 and Supplementary Table 2) strongly support other reports of a link between DA toxicosis and cardiomyopathy in sea otters (Kreuder et al., 2005; Miller et al., 2020; Moriarty et al., 2021b). As CNS lesions became more difficult to detect in subacute and chronic cases, the cardiovascular lesions were usually more severe and obvious, illustrating the value of combined assessment. Associations between DA exposure and cardiovascular pathology have been reported for sea lions (Zabka et al., 2009), sea otters (Kreuder et al., 2005; Miller et al., 2020, Moriarty et al., 2021a,b), laboratory animals (Gao et al., 2007; Vieira et al., 2016), and primates, including humans (Perl et al., 1990a; Gessner et al., 1997; Pulido, 2008; Vranyac-Tramoundanas et al., 2011). In a recent comprehensive southern sea otter mortality investigation (Miller et al., 2020), DA toxicosis was a significant risk factor for fatal cardiomyopathy along with older age and protozoal infection, supporting prior assessments that cardiomyopathy is a complex, multifactorial condition (Kreuder et al., 2005).

In contrast with humans and other animals (Pulido, 2008; Zabka et al., 2009), DA-associated cardiomyopathy is common as a cause of death for southern sea otters (Kreuder et al., 2005; Miller et al., 2020; Moriarty et al., 2021b). The earliest DA-associated cardiovascular lesions were severe diffuse congestion, brown-discolored myocardium, and multifocal microhemorrhage (Tables 1, 2 and Figures 13B, 14A–C, 15A,B). To our knowledge, this is the first report of these lesions in relation to DA exposure in any species. When present, the brown-discolored myocardium supported a diagnosis of acute DA toxicosis, although artifact from autolysis or euthanasia must also be considered. While the cause is unknown, this discoloration may reflect myoglobin leakage from DA-mediated cardiomyocyte damage. Interestingly, high DA concentrations (up to 829 ppb) have been detected in pericardial fluid of sea otters with DA toxicosis (M. Miller, unpublished data). Subacute and chronic cardiac pathology was accompanied by progressive myocardial adaptation (e.g., cardiac dilation), and, ultimately, congestive heart failure (Table 1). Although chronic cardiac lesions were easy to identify on histopathology, temporally compatible CNS lesions could usually be found on careful inspection (Table 2).

Congestive heart failure-associated hepatic vein thrombosis and massive hepatic necrosis (Tables 1, 2 and Figures 23A–F) have not been previously reported in association with DA toxicosis in humans and other animals. This condition appears similar to Budd–Chiari-like syndrome due to caudal vena cava thrombosis in domestic dogs (Dennis et al., 2010); in both dogs and sea otters the impeded venous blood flow can acutely exacerbate right-sided congestive heart failure. The most likely cause of this condition is sea otters is impeded venous return secondary to right-sided congestive heart failure, leading to blood stasis in the hepatic vein and caudal vena cava, and activation of clotting factors and platelets.

Although hypertension has been reported in humans with acute DA toxicosis (Gessner et al., 1997) and the cardiac conducting system and blood vessels express glutamate receptors that could facilitate DA binding (Mueller et al., 2003; Gill and Pulido, 2005; Gill et al., 2007), the pathophysiology of DA-mediated cardiac damage is poorly understood (Pulido, 2008). Potential pathways for cardiotoxicity include centrally mediated (CNS) processes (Pulido, 2008; Zabka et al., 2009), oxidative, mitochondrial, and/or ischemic impacts (Boldyrev et al., 2004; Vranyac-Tramoundanas et al., 2011; Vieira et al., 2016), and systemic renal, vascular and hormonal dysfunction (Arufe et al., 1995; Pulido, 2008; Funk et al., 2014). Domoic acid-mediated myocardial pathology could involve multiple pathways that are directly or indirectly initiated by DA toxicosis, including vasopressive or vasotoxic effects, shock, ischemia, dysrhythmia, osmotic dysregulation, endocrine disruption, mitochondrial damage, and cytokine cascades that culminate in cellular necrosis or apoptosis (Kreuder et al., 2005; Pulido, 2008; Zabka et al., 2009). Because the CVOs regulate blood volume, plasma osmolality, electrolytes, hormones, and cardiac function (Fry and Ferguson, 2009), DA-associated CVO damage could also be a contributing factor.

Sea otters with DA toxicosis also had substantial vascular mural pathology (Table 2), especially in the coronary arterioles (Figures 16A–F), which has not been reported in humans or other animals. Based on their microscopic appearance, acute lesions were suggestive of DA-mediated cytotoxicity for vascular mural smooth muscle cells and endothelium, which could be associated with regional or systemic hypotension and vascular shock. The observed arterial lesions coincided spatially and temporally with regions of extensive cardiomyocyte loss, suggesting that the coronary pathology could accelerate cardiomyocyte loss through chronic hypoxia.

The findings of this study indicate that ocular examination and histopathology can facilitate diagnosis of acute DA toxicosis in sea otters. Severe hyphema and congestion, affecting the choroid, retina, and ciliary body, were common in sea otters with acute DA toxicosis (Tables 1, 2 and Figures 24B,D), and visual deficits have been noted in some live-stranded otters with DA toxicosis. Glutamate receptors are present in mammalian ocular tissue (Thoreson and Witkovsky, 1999; Yang, 2004; Gill and Pulido, 2005), providing potential binding sites for DA. Domoic acid-associated retinal pathology has been reported in sea lions and laboratory animals (Olney, 1982; Todd, 1993; Silvagni et al., 2005). The extended postmortem interval and the type of tissue fixation used in the current study limited assessment of retinal histopathology; future research may also identify DA-associated retinal lesions in sea otters.



Challenges of Broad-Scale Assessment of DA Toxicosis in Sea Otters

Postmortem assessment of DA toxicosis is challenging in free-ranging wildlife due to limited clinical history, unknown toxin dose and frequency, variable time intervals between DA exposure and death, and artifact due to postmortem scavenging and autolysis. In addition to fatal acute toxicosis, understanding the sublethal effects of DA is important, yet under-recognized. Domoic acid-associated pathology in California sea lions can propagate from initial sites of damage over time (Silvagni et al., 2005; Goldstein et al., 2009). These cascades of tissue damage in the brain, heart, vasculature, and other tissues can cause chronic health impacts (Silvagni et al., 2005; Pulido, 2008; Goldstein et al., 2009). Although these sublethal effects are less well characterized, lifelong illness can result from one-time, episodic, or chronic DA exposure (Goldstein et al., 2008; Pulido, 2008). Fetal DA exposure can also cause lifelong disease and reduce fitness (Ramsdell and Zabka, 2008; Grant et al., 2010). Given the frequency of toxic Pseudo-nitzschia blooms in California (Lewitus et al., 2012; Smith et al., 2018) and the importance of DA as a cause of acute and chronic CNS and cardiovascular disease (Miller et al., 2020), this potent neurotoxin has the potential to hinder southern sea otter population recovery (Moriarty et al., 2021b; Tinker et al., in Press).

Several unique biological characteristics put sea otters at high risk for DA toxicosis (Jessup et al., 2004, 2007). As the smallest marine mammal with no insulating blubber (Riedman and Estes, 1990), sea otters consume 25% of their body weight in prey each day to meet baseline metabolic requirements (Kenyon, 1969; Yeates et al., 2007). Because the diets of southern sea otters can include a high proportion of filter-feeding and detritus-feeding benthic invertebrates (Riedman and Estes, 1990; Tinker et al., 2008), high DA exposure may occur during or after a toxic bloom event, as DA-containing diatoms sink into deeper water and persist in sediment and invertebrates (Wekell et al., 1994; Sekula-Wood et al., 2009; Schultz et al., 2013). As a result, sea otters with DA toxicosis often strand weeks after DA-exposed pinnipeds during toxic bloom events. California sea lions are highly mobile predators that feed on planktivorous fish, while sea otters have greater site fidelity, smaller home ranges, and feed on invertebrates. Domoic acid toxicosis in these two species likely reflects trophic transfer of the toxin in the pelagic and nearshore food webs, respectively. Although there can be spatiotemporal overlap of DA-associated mortality events in sea lions and sea otters (Kreuder et al., 2005), this is not always the case and is likely due to their different life histories and the ecological complexity of DA events.

Indistinct associations between Pseudo-nitzschia blooms and DA-associated sea otter deaths could also reflect the tendency for this toxin to persist in sediment and invertebrates long after blooms dissipate (Wekell et al., 1994; Sekula-Wood et al., 2009; Schultz et al., 2013). Although stranding patterns for sea otters and other marine species often increase during or after Pseudo-nitzschia blooms (Scholin et al., 2000; Kreuder et al., 2005; De La Riva et al., 2009), DA detection in tissues and body fluids and DA-associated sea otter deaths occur year-round in California (Miller et al., 2020). Similar results have been reported for free-ranging sea lions, including during the winter season when blooms are unlikely (Akmajian et al., 2017).

Several factors likely influence disease outcome following DA exposure, including the toxin dose, exposure frequency, age at exposure, and relative competency of the blood-brain barrier (Pulido, 2008). Other potential influences on outcome include prior DA-associated tissue damage, nutritional status, concurrent disease, and renal competence, since urinary excretion is a major route of DA clearance (Suzuki and Hierlihy, 1993; Pulido, 2008). Baseline CNS, vascular, and cardiac health are also important based on the case definitions presented herein and reports in other species (Goldstein et al., 2008; Zabka et al., 2009; Lefebvre et al., 2010; McHuron et al., 2013).

Reproductive status may also affect outcome; fetal fluids can act as a “sink” for maternally ingested DA, thereby slowing toxin excretion and prolonging both maternal and fetal exposure (Ramsdell and Zabka, 2008; Goldstein et al., 2009; Lefebvre et al., 2018). Prey preference also poses risks; some invertebrates such as razor clams (Siliqua patula) readily concentrate and retain DA in their tissues for weeks to months after toxic bloom events (Trainer et al., 2002; Goldberg, 2003; Kvitek et al., 2008). In vitro studies have also revealed that DA-exposed mussels can increase production of endogenous excitatory neurotransmitters, which could potentiate neurotoxic effects (Novelli et al., 1992). Interaction among risk factors is likely and could explain observations of varying disease expression, lesion patterns, and survival.



Summary

In this study, case definitions for acute, subacute, and chronic pathological findings for DA toxicosis were reported in a large cohort of necropsied southern sea otters. Although DA toxicosis has previously been reported in southern sea otters (Kreuder et al., 2003; Miller et al., 2020; Moriarty et al., 2021a,b), it is important to establish criteria for diagnosis so cases can be accurately identified, and DA-associated mortality can be factored into population monitoring and management efforts. Pseudo-nitzschia blooms that produce DA are common in California (Trainer et al., 2000; Lewitus et al., 2012; Wells et al., 2015; Smith et al., 2018), and bloom severity and frequency appear to be accentuated by climate change (Wells et al., 2015; Lefebvre et al., 2016; McKibben et al., 2017). A robust dataset encompassing hundreds of southern sea otters necropsied over 20 years has provided a unique opportunity to evaluate and describe pathology associated with DA toxicosis in this keystone species (Estes and Palmisano, 1974) and environmental sentinel (Jessup et al., 2004). Standardized necropsy and histopathology, sample collection, processing, and testing facilitated recognition of DA-associated lesion patterns in the brain, vasculature, heart, eyes, and other tissues, and aided identification of acute, subacute, and chronic impacts.

This work represents the first concerted effort to develop a rigorous case definition for DA toxicosis in sea otters. Diagnosing this common but often occult condition is important for improving clinical care of live-stranded sea otters and provides some of the necessary tools to assess the population-level impacts of DA for this federally listed, threatened subspecies. This work will also facilitate monitoring of DA-associated disease prevalence in southern sea otters in relation to periodic El Niño-Southern Oscillation events, climate change, and other environmental perturbations.

These provisional case definitions should be further refined and improved through prospective case review and biochemical testing, and the temporal estimates put forth can be further evaluated as part of ongoing research. Although mitigating the effects of DA on sea otters would be challenging, improving case recognition is a critical first step. Because humans, sea otters, and other marine wildlife consume similar marine foods, efforts to characterize acute, subacute, and chronic health effects of DA toxicosis for southern sea otters will provide strong collateral benefits for the health and well-being of humans and other animals. Documentation of cases in the absence of bloom events can also highlight the importance of DA retention in ecosystems and biota, accentuating exposure of all secondary consumers.
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Decompression sickness (DCS) is a widely known clinical syndrome in human medicine, mainly in divers, related to the formation of intravascular and extravascular gas bubbles. Gas embolism and decompression-like sickness have also been described in wild animals, such as cetaceans. It was hypothesized that adaptations to the marine environment protected them from DCS, but in 2003, decompression-like sickness was described for the first time in beaked whales, challenging this dogma. Since then, several episodes of mass strandings of beaked whales coincidental in time and space with naval maneuvers have been recorded and diagnosed with DCS. The diagnosis of human DCS is based on the presence of clinical symptoms and the detection of gas embolism by ultrasound, but in cetaceans, the diagnosis is limited to forensic investigations. For this reason, it is necessary to resort to experimental animal models to support the pathological diagnosis of DCS in cetaceans. The objective of this study is to validate the pathological results of cetaceans through an experimental rabbit model wherein a complete and detailed histopathological analysis was performed. Gross and histopathological results were very similar in the experimental animal model compared to stranded cetaceans with DCS, with the presence of gas embolism systemically distributed as well as emphysema and hemorrhages as primary lesions in different organs. The experimental data reinforces the pathological findings found in cetaceans with DCS as well as the hypothesis that individuality plays an essential role in DCS, as it has previously been proposed in animal models and human diving medicine.

Keywords: gas bubble, stranded cetaceans, pathology, rabbit model, decompression sickness


INTRODUCTION

Decompression sickness (DCS) is a widely known clinical syndrome in human medicine, mainly in recreational and professional divers. It is considered to occur when the sum of the gases dissolved in the tissues exceeds the environmental pressure, causing the formation of intravascular and extravascular gas bubbles. The presence of gas embolism as noted by ultrasound must be observed for its confirmatory clinical diagnosis. In these cases, the patient is treated with a hyperbaric chamber. If the gas and the symptoms resolve, the diagnosis of DCS is definitive (1). In forensic investigations, gas bubble-related lesions are the main findings (2, 3). These bubbles can result in mechanical, biochemical, and embolic damage with different severity levels depending on their number and their size (1). The respiratory system is the most affected organ by DCS when the amount of bubbles exceeds the pulmonary capillaries' capacity to eliminate them, resulting in severe lung damage (4).

Cetaceans are mammals that returned to the marine environment 60 million years ago and have developed behavioral, anatomical, and physiological adaptations for this new habitat, including those related to diving (5). It was hypothesized that these adaptations protected them from possible DCS, but in 2003, lesions compatible with DCS were described for the first time in beaked whales stranded coincidentally in time and space with naval exercises using high-intensity and mid-frequency active sonars (6, 7). This first description of a decompression-like sickness in beaked whales broke the dogma that cetaceans were immune to this disease (7). These findings have also been found in other beaked whale (BW) strandings associated with naval maneuvers (8–11) as well as in Risso's dolphins but, in this case, were caused naturally due to an interaction with their preys during feeding (12). Gas embolism and decompression-like sickness have also been described in other wild animals such as sea turtles (13).

In cetaceans, the diagnosis of DCS is limited to forensic investigations and its pathological gas bubble-associated lesions since a clinical diagnosis is not possible due to obvious logistical and ethical restrictions. For this reason, it is necessary to resort to experimental animal models to contrast the macroscopic and microscopic lesions and to support the pathological diagnosis described in marine mammals affected by DCS. To our knowledge, there are very few publications focused on the pathological study of DCS in humans or other species (14–17), and almost all the articles on animal experimentation focus on the analysis of specific tissues for the application of preventive treatments in DCS (4, 18–20). Furthermore, there is no pathological comparative study showing gross and histological findings in experimental and natural DCS. Therefore, the objective of this study is to validate the pathological results of cetaceans through an experimental model wherein a complete and detailed histopathological analysis is performed. For this purpose, an experimental rabbit model was performed in which severe DCS is reproduced, presenting the pathological results in these animals and then comparing them with the pathological findings in cetaceans.



MATERIALS AND METHODS

For this study, 18 males of New Zealand white rabbits of 3.15 ± 0.65 kg were used. These animals were divided into compression/decompression model (C/D) (n = 14) and control group (C) (n = 4).

All experiments were accomplished following the European Union's laboratory animals' regulation and were conducted under surgical anesthesia: subcutaneous injections of medetomidine (0.5 mg/kg) and ketamine (25 mg/kg). The C/D model was carried out in the experimental animal facilities of St. Olav University Hospital NTNU, Norway (Trondheim, Norway), and the Norwegian Committee for Animal Experiments approved the protocol (2154). The control group was carried out in the experimental animal facilities of Dr. Negrín University Hospital (Las Palmas de Gran Canaria, Spain), and the Ethical Committee for Animal Experiments of the University of Las Palmas de Gran Canaria approved the protocol (CEEBA-HUGCDN 002/2010).


The Compression/Decompression Model

The rabbits were anesthetized with the protocol described above and compressed in pairs in a dry, hyperbaric chamber (Animal Chamber System, NUT, Haugesund, Norway) with a diving profile selected to induce severe decompression stress with excessive amounts of intra-corporal gas formation: eight absolute atmospheres during 45 min, followed by fast decompression (0.33 m/s) to one atmosphere (21). One animal appeared dead when recovered from the chamber, and it remains unclear at what time during the treatment the animal died; thus, it was withdrawn from the study. The animals were monitored for 1 h after decompression. A group of animals (n = 8) died within 25 min post-decompression (C/D mortality group), while the rest (n = 5) survived the observation period of 1 h and were euthanized with an intraperitoneal injection of diluted pentobarbital (200 mg/kg) (C/D euthanized group).



Control Group

The rabbits were first anesthetized with the protocol described above and later euthanized with an intraperitoneal injection of diluted pentobarbital (200 mg/kg) as in the C/D euthanized group.



Pathological Study

Necropsy was carried out for each rabbit in a dorsal decubitus position. Dissection was carefully done to avoid severing large blood vessels following the method of Bernaldo de Quirós et al. (22) to characterize the presence of intravascular and extravascular gas bubbles using a gas score index. This index-based method consists of giving a gas score from 0 to 6 for each of the defined vascular locations (i.e., subcutaneous veins, femoral veins, mesenteric veins, caudal vena cava, coronary veins, and to the right atrium) and a gas score from 0 to 3 to describe the presence and distribution of extravascular gas (i.e., subcapsular and interstitial emphysema) that may affect different organs. The sum of the gas score of each intravascular and extravascular location calculates the total gas score in each rabbit. In the current study, the mode of each group for intra- and extravascular locations has been calculated.

Representative samples of the lung, trachea, superficial cervical lymph node, spleen, central nervous system, heart, liver, stomach, small and large intestine, mesenteric lymph node, kidney, urinary bladder, and skeletal muscle (gastrocnemius) were collected and fixed in 10% buffered formalin. These tissues were processed routinely and embedded in paraffin wax, and 5-μm-thick sections were cut and stained with hematoxylin and eosin (23) for microscopic analysis. Histological sections from the heart and skeletal muscle were also stained with phosphotungstic acid hematoxylin and Masson's trichrome (23), respectively, to evidence changes in skeletal and cardiac musculature.



Comparison With Cetacean Decompressive Pathology

The histopathological results from the animal model were compared with the necropsy reports and histology slides from stranded cetaceans that have been studied and diagnosed with DCS by our research group. This included 31 animals: eight Cuvier's BWs (Ziphius cavirostris), one Blainville's BW (Mesoplodon densirostris), and one Gervais's BW (Mesoplodon europaeus) stranded in the islands of Fuerteventura and Lanzarote (Spain) in 2002 (7); four Cuvier's BWs stranded on these same islands in 2004 (8); four Cuvier's BWs stranded in 2006 and one Cuvier's BWs stranded in 2011, both in Almeria (Spain) (9, 10); 10 Cuvier's BW mass stranding in Corfú (Greece) in 2011 (11), all of them coincidental in time and space with naval exercises; and two Risso's dolphins (Grampus griseus) that were diagnosed with a decompressive disease after an interaction with a prey (12). Since the pathological results of these animals have already been published, the comparison with the original pathological results from this study will be addressed in the Discussion section.




RESULTS


Presence, Distribution, and Amount of Bubbles

Rabbits from the control group presented very few or an absence of gas bubbles. One animal presented few gas bubbles in the mesenteric veins, occasional bubbles in the subcutaneous veins, and scarce bubbles in the adipose tissue (total gas score: 4). One more animal presented only occasional gas bubbles in the mesenteric veins (total gas score: 1). These results were previously reported by Bernaldo de Quirós et al. (22). The resulting gas score mode calculated in this study for all locations was 0 (Figure 1) since the two remaining animals showed no bubbles.


[image: Figure 1]
FIGURE 1. Gas score modes of C/D mortality animals, C/D euthanized animals, and control group in the different locations selected.


In rabbits from the C/D mortality group, gas bubbles were observed in abundant numbers and/or filling complete vessel sections in the subcutaneous veins, the femoral veins, the mesenteric veins (Figure 2E), the caudal vena cava, the right atrium (Figure 2C), and the coronary veins. In addition, a sparse or moderate presence of subcapsular and interstitial emphysema was observed. The gas score mode in the subcutaneous veins, the femoral vein, and the caudal vena cava was 6, while the mesenteric and the coronary veins, along with the right atrium, had a gas score mode of 5 (Figure 1). The gas score mode for interstitial emphysema in this group was 2, while that of subcapsular emphysema was 0. The total gas score ranged from 29 to 40 (22). Additionally, large amounts of gas bubbles were found disseminated through other vascular locations.


[image: Figure 2]
FIGURE 2. Macroscopic lesions compared between decompression sickness in rabbits (left row) and cetaceans (right row). (A) Presence of pale lungs with distended and enlarged areas, mainly denoted in the right side, in a rabbit dead by C/D protocol. (B) Emphysematous lungs in a beaked whale diagnosed with decompression-like sickness. (C) Heart of a C/D mortality rabbit with congestion and macroscopic bubbles in the right atrium (white arrow) and caudal vena cava (white star). (D) Heart of a beaked whale with dilated right atrium due to the presence of macroscopic bubbles, which are also observed in the coronary vessels (white arrows). (E) Mesenteric area of a C/D mortality rabbit. Emphysematous fat and congestion of blood vessels running through mesenteric fat. The presence of gas bubbles in the mesenteric veins is denoted (white arrow). (F) Mesenteric area of a Risso's dolphin with visible bubbles circulating in the mesenteric vessels (white arrows) and congestion.


Gas bubbles were not found in the C/D euthanized group, with a total gas score of 0 in all animals and a gas score mode for all locations of 0 (22).



Gross Examination and Histopathology
 
Control Group

Gross findings in this group showed congestion in different organs, such as lung (3/4, 75%), liver (3/4, 75%), kidney (3/4, 75%), spleen (2/4, 50%), and brain (1/4, 25%), and mild multifocal petechial hemorrhages in thymus (3/4, 75%). These findings were confirmed histologically. No other histopathological findings were observed, except hypereosinophilia (2/4, 50%) and vacuolization (2/4, 50%) in muscular cardiac fibers and vacuolization of hepatocytes (1/4, 25%).



C/D Model: Mortality Group

Emphysema was the predominant lesion observed in the lung of C/D mortality animals (6/8, 75%), with grossly voluminous, pale, and gas-distended pulmonary areas (Figure 2A). Other lung findings were congestion (3/8, 38%) and alveolar edema evidenced by exudation of fluid from the cut surface (2/8, 25%). The lung's microscopic appearance showed mild to severe emphysema in all animals (8/8, 100%). Besides these, mild pulmonary congestion (7/8, 88%) and alveolar hemorrhages ranging from mild focal hemorrhages to severe multifocal hemorrhages (4/8, 50%) as well as microscopic intravascular bubble-like round empty spaces surrounded by blood cells (3/8, 38%) were observed (Figure 3A).


[image: Figure 3]
FIGURE 3. Histological findings compared between decompression sickness in rabbits (left row) and cetaceans (right row) stained routinely with hematoxylin–eosin. (A) C/D mortality rabbit. Intravascular bubble-like round empty space among blood cells (black star), mild emphysema, and congestion in pulmonary areas. (B) Risso's dolphin, ×10. Microscopic bubble-like cavities circulating within a pulmonary blood vessel (black star). (C) C/D mortality rabbit, ×20. Multifocal hemorrhages (black arrows) and congestion of cardiac capillaries. (D) Risso's Dolphin, ×10. Presence of congestive capillaries in cardiac tissue (black arrows). (E) C/D mortality rabbit, ×20. Hemorrhages in the subarachnoid area of the central nervous system. (F) Beaked whale, ×10. Subarachnoid hemorrhages in the central nervous system.


Marked subcapsular splenic emphysema was observed (3/8, 38%). Histological emphysema was confirmed in six out of eight animals (75%). Gross cavities underneath the splenic capsule and within splenic parenchyma were observed microscopically along with mild splenic congestion (7/8, 88%). Cerebral congestion was seen in four cases of C/D mortality animals (4/8, 50%), and two animals showed, microscopically, mild local to extensive hemorrhages in the meningeal area and around cerebral capillaries (2/8, 25%) (Figure 3E).

The most relevant finding in the heart was the presence of hemorrhages, mainly in the right ventricle, in the group of C/D mortality animals (3/8, 38%). Mild hemorrhages were confirmed microscopically (4/8, 50%) (Figure 3C), while two showed bubble-like cavities in cardiac capillaries (2/8, 25%). Acute changes such as mild hyaline changes of muscle fibers as well as hypereosinophilia and mild intracytoplasmic vacuolization of injured cardiomyocytes were observed in seven animals out of eight (88%). In contrast, contraction band fibers were detected in only one animal (1/8, 13%). Cardiac muscle fibers were separated by expanded interstitial spaces filled with pale pink material, indicating mild interstitial edema (3/8, 38%).

In the liver of C/D mortality animals, mild hepatomegaly and general congestion were the main gross findings (5/8, 63%). Histologically, moderate congestion was confirmed by the distention of central veins and sinusoids. Mild vacuolization of centrilobular hepatocytes with cytoplasmic ballooning of these cells was also observed (4/8, 50%). Renal congestion was also found in this group (4/8, 50%). Microscopic vascular bubble-like cavities were also observed (2/8, 25%).

Other findings in this group were emphysema (7/8, 88%) and vascular congestion (4/8, 50%) associated with the adipose tissue. At the microscopic analysis of this group's skeletal muscle, acute changes such as mild hypereosinophilia were found in seven animals out of eight (88%) as well as interfibrillar mild interstitial edema (4/8, 50%).



C/D Model: Euthanized Group

The lung of C/D euthanized animals showed emphysema (2/5, 40%), while edema was present in one animal of five (20%). Histologically, 100% of animals presented mild lung emphysema, mild congestion (3/5, 60%), and multifocal alveolar hemorrhages (1/5, 20%). While splenic subcapsular emphysema was only macroscopically observed in one animal (1/5, 20%) and congestion in two animals (2/5, 40%), the microscopic analysis revealed mild splenic congestion in 100% of animals (5/5, 100%) and subcapsular and parenchymal emphysema in 80% of animals (4/5). In the brain, gross and microscopic congestion was found (2/5, 40%).

The heart showed no gross lesions in this group, whereas acute cardiomyocyte changes, intracytoplasmic vacuolization, and hypereosinophilia were detected microscopically in 100% of animals (5/5). Mild congestion (2/5, 40%), mild hemorrhages (2/5, 40%) as well as mild interstitial edema (1/5, 20%) were also observed in this group.

Hepatic congestion was present in four animals out of five (80%) in this group and mild congestion (5/5, 100%) with mild hepatocytic vacuolization (3/5, 60%). Renal congestion was observed in 40% (2/5), while congestion was observed in 100% (5/5), with intravascular bubble-like cavities in 60% of the animals (3/5).

Other findings in this group were congestion of the adipose tissue (2/5, 40%) and muscle fiber hypereosinophilia as well as wavy fibers in two animals (2/5, 40%).



Comparative Results

As shown in Figure 1, where the different gas score modes of each group are represented, both the control and the C/D euthanized animals do not present macroscopic bubbles in any defined location for the gas score. The C/D mortality group presents bubbles in all locations, varying between abundant number of bubbles and completely filling vessel sections, except the presence of few bubbles leading to interstitial emphysema and the absence of subcapsular emphysema.

As shown in Tables 1, 2, the presence of microscopic bubble-like cavities was another finding also observed with greater incidence in the group of C/D mortality, with these bubbles observed in capillaries and small-sized blood vessels of the lung (38%), the heart (25%), and the kidney (25%). In the C/D euthanized group, the presence of these microscopic bubble-like cavi ties was lower in kidney, although with a relevant percentage (60%).


Table 1. Macroscopic findings in each group of rabbits and organs.
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Table 2. Microscopic findings in each group of rabbits and organs.
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Pulmonary and splenic emphysema was observed in both groups. Emphysema in the adipose tissue was only seen in the C/D mortality group. Hemorrhages were more prevalent in different organs of the C/D mortality group, with hemorrhages present in the lung (50%), heart (50%), and brain (25%). The C/D euthanized group presented lower hemorrhages in the lung (20%) and heart (40%). No hemorrhages were seen in the brain.

Other relevant lesions observed were interfibrillar edema in cardiac (38% in C/D mortality and 20% in C/D euthanized) and skeletal muscles (50% in C/D mortality group) as well as hypereosinophilia in these fibers (88% in C/D mortality group and 40% in C/D euthanized group). Congestion was seen in most of the organs in all groups.





DISCUSSION

The main pathological finding in rabbits that died by experimental compression/decompression was the presence of a large amount of gas bubbles widely distributed throughout both the central and peripheral venous circulation. Emphysema (mainly in the lung, spleen, and adipose tissue) and hemorrhages in the lung, heart, and brain were the second main gross and histological finding in those rabbits. These pathological findings have also been described in beaked whales (Family Ziphiidae) and Risso's dolphins (Grampus griseus) that died of decompression-like sickness (7–12) (Figure 3D). Nevertheless, these lesions were absent in the rabbits that survived for 1 h after decompression.

The abundance, distribution, and gas composition of the animals from this study have been previously described in detail by Bernaldo de Quirós et al. (21). Thus, we will only briefly summarize those results here in order to compare them with the results from cetaceans. Macroscopic gas was observed massively and systematically distributed in rabbits that died due to a compression/decompression protocol. These results are in agreement with other studies such as those of Eggleton et al. (14), Lever et al. (16), or Shim et al. (17), carried out with guinea pigs, mice, and rabbits, respectively. In stranded cetaceans, the abundance and distribution of macroscopic gas were also analyzed in the two stranded Risso's dolphins diagnosed with a decompression-like sickness as the cause of death, being also systemically distributed (12) (Figures 2D,F).

Microscopic bubble-like cavities (i.e., small round to oval non-staining spaces that sometimes displaced erythrocytes) were observed within blood capillaries and small vessels from the lung, heart, and kidneys of the rabbits that died after decompression as well as in the kidney of animals that survived decompression and were euthanized. Microscopic gas embolism in the lung small pulmonary arteries, capillaries, and veins has been previously described, such as that of Geng et al. (4) in decompressed rabbits. L'Abbate et al. (24) also described microscopic bubbles in hepatic sinusoids from rats. In cetaceans diagnosed with a decompression-like sickness as the cause of death, abundant microscopic gas embolism was observed in renal capillaries, subcapsular veins, hepatic sinusoids, and pulmonary (Figure 3B), coronary, intestinal, and meningeal vessels (7, 10, 12).

These microscopic lesions were also observed in cetaceans, disrupting the white matter structure of the brain and spinal cord (7, 8). Similarly, micro-bubbles in the nervous system have been described in human medicine, being primarily seen in the spinal cord (25). It has been hypothesized that the low vascular supply and the high lipid content of the spinal white matter, conferred by the myelin that covers the axons, increase the affinity of inert gases for this structure (26). Thus, most CNS lesions are described in the spinal cord's white matter, such as punctured hemorrhages, spongiosis, axon swelling, and myelin degeneration (27). Microscopic bubble-like cavities were not observed in the brain or cranial spinal cord of the rabbits, but only the cranial part of the spinal cord was sampled. Future studies should aim at investigating the entire spinal cord.

Gas composition analysis of the gas embolism was performed in the rabbits of this study (21) and in some of the cetaceans diagnosed with a decompression-like sickness. These included a beaked whale stranded in association with naval exercises (11) and Risso's dolphins after a deadly prey interaction (12). In all cases, nitrogen was the main compound, followed by CO2. Hydrogen, a putrefaction marker, was absent or present in low quantities.

The most affected organ in all the rabbits from the C/D model was the lung. Mild to severe pulmonary emphysema was observed in all of them, while no control rabbits showed pulmonary emphysema. Similar results have been observed in other animal models of decompressive sickness with rats and rabbits (4, 19, 20, 28) as well as in mass stranded beaked whales associated with military exercises and in single stranded Risso's dolphins analyzed in this comparative study (7, 12) (Figure 2B).

Emphysema in other locations, such as the spleen and the adipose tissue of the abdominal cavity and mesenteric areas, was also observed in rabbits. Although splenic emphysema was observed to be affecting both groups in the C/D model, the severity was more critical in the rabbits that died after decompression, with severe emphysematous spleens vs. the mild emphysema of the spleens of rabbits that survived decompression and were euthanized. Clay (15) also described that half of the dogs analyzed presented macroscopic and microscopic gas in the spleen, which sometimes displaced the splenic follicles.

The adipose tissue (i.e., mesenteric, abdominal, and coronary fat depots) presented mild multifocal emphysema in most rabbits that died after decompression. Since nitrogen is more soluble in fatty tissues than in non-fat tissues (17), the relevant presence of bubbles within the adipose tissue in animals that have died by DCS was probably a macroscopic finding to be considered in the assessment of this disease. In the case of the cetaceans diagnosed with DCS, emphysema in the adipose tissue was evident in most cases, being more evident in the coronary fatty deposits and beneath the renal capsule (7, 12).

Another relevant injury found in the rabbits that died after decompression was hemorrhages in different organs. Bubbles can cause vasoconstriction, leading to the presence of ischemia, edema, and hemorrhages in target organs such as the lung (3). Severe pulmonary hemorrhages were present in the rabbits that died from compression–decompression than those that survived decompression after 1 h. Pulmonary hemorrhages have also been described in rats (19, 29), rabbits (4), and stranded cetaceans with pathological signs of DCS (7, 12).

The beaked whales in the mass strandings were all diagnosed with decompressive-like sickness (7, 8) that showed macroscopically acute disseminated hemorrhages in different organs, being especially severe in the CNS. These multifocal hemorrhages were mainly in subarachnoid areas, spinal cord, and meninges (Figure 3F). These findings are similar to those presented in rabbits from this study. In addition to hemorrhages in the CNS, vascular congestion, myelin degeneration, axon swelling, and pericapillary edema are common findings in pigs, humans, or rats (19, 26, 27, 30). However, in this experimental model, only congestion and brain-associated hemorrhages in the subarachnoid space were observed.

Interstitial and alveolar pulmonary edema was observed in all groups. This edema has also been macroscopically described in other experimental models that reproduced DCS in rats, sheep, and rabbits (4, 20, 28, 31). In these models, pulmonary edema was one of the most observed lesions, along with emphysema. According to Atkins et al. (31), pulmonary edema is related to the development of pulmonary hypertension and increased permeability of blood capillaries due to the contact of microbubbles with the endothelium, inducing the release of intracellular calcium, causing damage to endothelial cells, increasing their permeability, and allowing the release of protein-rich fluid into the intracellular space (20). In this experimental model, the low number of affected rabbits and all groups' presence do not seem relevant to this finding. Cetaceans diagnosed with DCS also had diffuse pulmonary edema (8) and non-specific lesions linked to different causes of death.

Acute muscle changes were associated with ischemic damage caused by stressful situations. In this study, these changes were found in muscular tissues such as skeletal muscle and myocardium. These acute changes usually occur within minutes after ischemia, including contraction band necrosis and wavy fibers' presence. These changes are well studied in other recent studies that analyzed the stress to which cetaceans were exposed while stranding alive (32) (Figure 3C). In this study, these two lesions were reported in fewer animals than expected (1/8 animals in the mortality group presented both lesions and 2/5 animals in the euthanized group presented wavy fibers). Other acute changes such as hypereosinophilia and intracytoplasmic vacuolization were observed in the cardiac and skeletal muscle of animals that died after decompression and, to a lesser extent, in those that survived and were euthanized. Since in the rabbits all the procedures were carried out under surgical anesthesia, this might prevent the appearance of some stress-related lesions.

Vacuolization of hepatocytes was observed in the C/D model, with the rabbits that died by the protocol being more affected. L'Abbate et al. (24) conducted a study on the changes observed in rats' liver after undergoing a rapid decompression protocol. Thus, hepatocellular vacuolization was not observed in spontaneous death or in the group euthanized after 3 h, but it was observed in the animals euthanized at 24 h, with different severity levels. These findings are dissimilar to those obtained in our study, where the animals that died shortly after decompression had more marked hepatocellular vacuolization than those that were euthanized at 1 h post-decompression.

While in this study no fibrin microthrombi were observed in the compression/decompression model, pulmonary arterial microthrombi have been described in other studies of DCS with similar protocols, such as in the study of Tanoue et al. (33), where rabbits were exposed to a compression protocol of 6 ATA for 40 min and rapid decompression of 5 min, and the animals euthanized immediately after decompression showed these microthrombi in large arteries of the lung, or in the study of Geng et al. (4), where thrombosis was seen in small pulmonary arteries, capillaries, and veins (7'98 ATA for 1 h, rapid decompression for 5 min in rabbits). Arieli et al. (18), with a rat model subjected to 12'49 ATA for 33 min and a rapid decompression in 6 min, also described the blood alterations generated by the microbubbles and the platelets' consequent activation which increased the presence of microthrombi and disseminated intravascular coagulation. In cetaceans, the presence of these microthrombi associated with decompression-like sickness was not observed.

In summary, it is necessary to highlight the difference between the severe presence of systemic gas embolism and associated gas lesions in rabbits dead by decompression vs. the absence or lower incidence in euthanized animals. Other studies have observed that, despite exposing individuals with a similar profile (species, sex, age, and weight) to the same protocol, bubble formation and lethality are highly variable (17, 24). Based on this, cetaceans exposed to the same diving profile and subjected to the same stress can present different results, with some animals developing a lethal DCS, while others may survive.

In conclusion, the rabbits that died after decompression presented large quantities of macroscopic and microscopic gas bubbles systemically distributed, emphysema, and hemorrhages in multiple vital organs. Most of the lesions described were probably due to the bubbles' mechanical and embolic damage. These same lesions have been described in cetaceans, consistent with a decompression-like sickness, reinforcing the pathological findings found. Besides this, almost half of the rabbits that survived for 1 h after decompression did not show the same lesions or severity. It reveals that individuality plays an essential role in this disease as it has previously been hypothesized in animal models and human diving medicine.
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The proper management of cetacean populations requires life history and demographic parameters to be estimated at population level. In this study we focus on a reproductive pathology that has the potential to alter reproductive rate: the vaginal calculi or stones. The present work documents vaginal calculi prevalence and structure in the eastern North Atlantic common dolphin Delphinus delphis in order to infer their likely mechanisms of induction and possible effects on fecundity. The work is based on routine examinations and necropsies of stranded marine mammals reported by the French stranding scheme from 1972 to 2012. Vaginal calculi were described and measured, and their composition was analyzed by Fourrier-Transformed Infra-Red (FTIR) spectroscopy. Necropsies and reproductive tract examinations were performed on 435 female common dolphins since 1972 along the French coasts, of which 14 showed vaginal calculi, representing 3.2% of the examined females. All females with calculi were older than 7, and there was no relationship of calculus size with age. Histopathology revealed lesions due to an inflammatory response to the presence of the calculi: chronicle vaginitis, variable endometritis and cystitis. Calculus size varied from 1 to 21 cm in maximum dimension and 4–1,460 g in mass. Their internal structure was homogeneous, particularly due to the absence of core material, hence corresponding to the definition of primary calculi. All calculus spectra showed almost identical compositions, with struvite (magnesium ammonium phosphate hexahydrate) representing on average 87% of calculus mass. Dysfunction of the uro-genital tract, such as vesico-vaginal fistulae, would be the likely initial pathological condition that led to the formation of these stones. Both the initial chemical condition in the vagina and the resulting formation of a calculi are obstacles to successful reproduction.
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INTRODUCTION

The proper management of cetacean populations requires life history and demographic parameters to be estimated at population level. In addition to reproductive parameters sensu stricto, pathologies of the genital tract can be relevant as well, in that they can be associated with sterility (Boyd et al., 1999). In this study we focus on a reproductive pathology that has the potential to alter reproductive rate: the vaginal calculi or vaginal stones.

Vaginal stones have been well documented in mammals like Guinea pigs, moles, bats and primates, including man (Harrison, 1969; Raghavaiah and Devi, 1980; Oguzkurt et al., 2009). In human medicine, 82% of vaginal calculi are due to fistulas resulting from gynecologic surgery, 8% to obstetric procedures, 6% to pelvic radiotherapy, and 4% to trauma (Lee et al., 1988; Singhal et al., 2007). The general conditions described as contributing to calculi induction are cystic lesions due to an obstructed genital tract or to the presence of embryological remnants. Reflux of urine into the vagina during voiding may mimic a cystic lesion. Solid lesions are uncommon and are usually fibroids or neurofibromas. Malignant lesions usually occur in elderly patients and account for only 1–2% of gynecological malignancies. Most malignancies are usually squamous cell carcinomas, although adenocarcinomas and melanomas do occur. Younger patients may get rhabdomyosarcoma (Allan et al., 2011).

These stones may be primary or secondary. Primary stones are formed in the vagina due to the deposition of urinary salts as a result of continuous urinary leakage into the vagina resulting from vesicovaginal fistulae and concomitant bacterial infections (Hildebrand, 1987). The internal structure of primary stones is homogeneous without foreign bodies in the nucleus, and its section appears smooth. The structure is mainly made of struvite (magnesium-ammonium-phosphate). A secondary vaginal stone is formed around a foreign body in the vagina and results from the reaction of the organism involving hormonal and calcium mobilization (Warner et al., 1979). Secondary stones are extremely polymorphic and show internal organization with a nucleus composed of foreign bodies secondarily embedded in crystals that are similar in composition to the apatite of dental calculus. Both primary and secondary vaginal calculi can occur as single or multiple stones.

Vaginal calculi are reported to alter reproductive parameters. Firstly, calculi over 20 ml would induce mating failure in dolphins by reproductive tract occlusion (Essapian, 1961). Secondly, the chemical environment required for crystal formation would also lead to sterility (McFee and Osborne, 2004). However, this harmful chemical environment is only permanent in the case of physiological dysfunction associated with primary stones, whereas these conditions stop in the case of secondary stones when the foreign bodies are expulsed or isolated.

Many cases of vaginal stones were reported in marine mammals. Several delphinid species have been reported to display vaginal stones: the dusky Lagenorhynchus obscursus (Van Bressem et al., 2000), Pacific white-sided L. obliquidens (Harrison, 1969), pan-tropical spotted Stenella attenuata (Sawyer and Walker, 1977), bottlenose Tursiops truncatus (McFee and Osborne, 2004), and common Delphinus delphis (Sawyer and Walker, 1977; Bernirschke et al., 1984; Woodhouse and Rennie, 1991) dolphins. However, the prevalence of this condition and its potential effect on reproductive outputs at population level are unknown.

The goal of the present work was to address the issue of vaginal calculi prevalence and structure and infer their likely mechanisms of induction and possible effects on fecundity. To do this, we described the prevalence of this pathological condition in the eastern North Atlantic common dolphin and its relation with age and reproductive status. Besides, we analyzed composition of calculi by using Fourrier Transformed Infra-Red (FTIR) spectroscopy. In small cetaceans, the examination of stranding events represents a major source of samples from which health condition and reproductive parameters can be estimated. The present work is based on routine examinations and necropsies of stranded marine mammals reported by the French stranding scheme from 1972 to 2012. In a second step, all calculi found during necropsies were described in terms of size, internal structure and chemical composition.



MATERIALS AND METHODS


Origin of the Samples

Biological material was made available by the French stranding scheme which monitors and examines marine mammal strandings since the early 1970’s. The network is composed of field correspondents trained to use standard examination protocols (Kuiken and Hartmann, 1991; Jauniaux et al., 2005), under supervision by Observatoire PELAGIS, at the University of La Rochelle. Yearly reports of stranding events are made available online at http://observatoire-pelagis.cnrs.fr/publications/rapports/.



Age Determination

Tooth preparation was adapted from the protocol described by Lockyer (1995). Teeth were immersed in a decalcifying agent (DC3© Labonord, Z.I. de Templemars, f-59175 Templemars, France) before sectioning and staining in toluidin blue (Martoja and Martoja, 1967) and then washed overnight in running tap water. Sections were mounted in a synthetic medium (Isomount Labonord®) and examined under a stereomicroscope with transmitted polarized light (Olympus® BH2, Olympus Optical Co., Ltd.). Growth layer groups (glg) were counted, assuming that one glg equals one year (Gurevich et al., 1980; Perrin and Myrick, 1980; Klevezal, 1996). Three independent readings were done for each tooth section (Hohn and Fernandez, 1999). All readings were recorded to the nearest whole year and age was expressed as mean for each individual.



Individual Reproductive Status and Ovarian Characteristics

Individual reproductive status was determined by the examination of the entire reproductive tracts on the basis of the criteria described and illustrated by Collet and Harrison (1981). All Corpus Albicans (CAs) and Corpus Luteum (CLs) were counted and measured in the entire ovaries (Perrin and Donovan, 1984). Females were categorized as “immature” when they had no CA, as “resting mature” when they had at least one CA and showed no sign of gestation or lactation (no CL, no fetus, no milk in the mammary gland, no expanded uterine horn), as “pregnant” when a CL was present and a fetus was found, as “lactating” when milk was found in mammary gland. Vaginal tissue was fixed in buffered formaline and processed for histopathological assessment and calculi were collected and dry stored (Perrin and Donovan, 1984).



Calculus Morphometrics

Firstly, calculi were measured (Mitutoyo CD-15DC; 0.01 mm), weighed (Precisa 300C; 0.01 g) and their volume determined by water displacement in a graduated cylinder. Secondly, shape, surface aspect and sections were described both macroscopically and microscopically. Polarized microscope was used in order to describe crystal structures (Olympus BH2, Olympus® Optical Co., Ltd.).



Chemical Composition

The composition of each calculus was analyzed by Fourier Transformed InfraRed spectroscopy (FTIR). This technique is based on the absorption of infrared radiation by calculi powder added with potassium bromure matrix in excess. Every individual spectrum was compared with reference spectra to identify the main components (Maurice-Estepa et al., 2000). The quantitative composition of each individual female spectrum was calculated from surface area of peaks (Kuzmanovski et al., 2003).



RESULTS


General

Necropsies and reproductive tract examinations were performed on 435 female common dolphins since 1972 along the French coasts, of which 14 showed vaginal calculi, representing 3.2% of the examined females. They were found along the coasts of the Bay of Biscay (n = 10) and the western Channel coasts (n = 4) (Figure 1). As many as 12 of these individuals were reported during the winter to early spring (from January to April).
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FIGURE 1. Location map of sampled female common dolphin with vaginal calculi (n = 14).


Only one calculus was present at a time in most cases except in three females where multiple stones were found. All females with calculi were older than 7, and there was no relationship between calculus volume and age (Figure 2). Smaller calculi were rather polymorphic in shape, but larger ones all tended to develop an ellipsoid shape (Figure 3).


[image: image]

FIGURE 2. Vaginal calculus size as a function of dolphin age (n = 14).
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FIGURE 3. Largest vaginal calculi observed (collection number 10202178).




Reproductive Tract Examination and Histopathology

The reproductive tract examinations revealed that all females with vaginal calculi were resting mature individuals as they all showed ripe follicles or CA on the ovaries (Table 1). None of these females were pregnant, but ten of the eleven females for which ovaries were examined showed active CL suggesting that ovulation had occurred recently. CA counts were about twice higher on the left ovary (10.6 ± 5.3) than on the right one (5.7 ± 4.0). Histopathology revealed lesions due to an inflammatory response to the presence of the calculi: chronic vaginitis, variable endometritis and cystitis (Table 1). Finally, none of the females were lactating.


TABLE 1. Veterinary and histopathology appearance (n = 14).
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Description of Calculi

The morphometric analysis shows a great variability in calculus size (1–21 cm maximum dimension) and mass (4–1,460 g; Table 2). Microscopically, all calculi had a smooth surface and showed no specific internal organization particularly due to the absence of core material.


TABLE 2. Morphometric measurements (mm) and microscopic observations (n = 14).

[image: Table 2]


Identification of Main Components by FTIR Spectroscopy

The 14 vaginal calculi were analyzed by FTIR spectroscopy. All calculus spectra (e.g., Figure 4) showed almost identical compositions. All calculi were composed of struvite (magnesium ammonium phosphate hexahydrate), calcium carbonate, whewellite, ammonium, and phosphate (Table 3). Struvite represented on average 87% of calculus mass (Table 3).


[image: image]

FIGURE 4. Exemplified spectrum analysis by Fourrier Transformed Infra-Red (FTIR) spectroscopy with main component identified.



TABLE 3. Component proportion of Vaginal calculi as revealed by FTIR spectroscopy (n = 14).
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DISCUSSION

Vaginal calculi were only found in resting mature females with otherwise apparently functional reproductive tracts. This cannot be attributed to insufficient scrutiny during examination, because from January to April, the period when most of the sample set came from, pregnant females normally show large fetuses that cannot readily be overlooked at necropsy.

Furthermore ten out of eleven of the females examined for reproductive status had a CL on one ovary, showing that an ovulation took place recently. This proportion of ovulating females is much higher than the average figure previously reported for the Bay of Biscay population of common dolphins (39% of mature females have a CL on one ovary, Dabin et al., 2008) and would suggest that females with vaginal calculi had higher ovulation rates than mature females with no vaginal stone, presumably because they can neither become pregnant nor lactate and therefore would stay in hormonal conditions favorable to repeated ovulation.

Vaginal calculi were extremely variable in size inrespective of the individual’s age. Their internal structure was homogeneous with no core material. All calculi had a similar composition mainly made of struvite. They all can be considered as primary vaginal stones as defined by Hildebrand (1987).

The chemical conditions associated with calculus crystallization can be inferred from the compositions revealed by FTIR spectroscopy. High ammoniac concentration, alkaline urine, supersaturated urine with important concentration of magnesium ammonium phosphate are the likely conditions for the formation of these primary calculus (Warner et al., 1979). Continuous urinary leakage into the vagina caused by vesico-vaginal cysts and fistulae, associated with a bacteriological infection with ureasic bacteria resulting in increased ammonium concentration in the vagina are the initial pathological conditions required for struvite calculi to form (Hildebrand, 1987).

In a previous case in captivity, calculi were detected using echography and obstructed successful copulation (Essapian, 1961). These calculi were smaller than the calculi found in the common dolphin described here. Therefore, comparing to Essapian’s findings, 12 individuals of the present study would be physically unable to successfully copulate as a result of genital tract obstruction. In addition to this mechanical effect on reproduction, fistulae and chemical conditions required for calculi crystallization would also be sufficient to cause sterility even before any calculus would eventually develop (McFee and Osborne, 2004).

In the present common dolphin sample set, 3.2% of all examined females had vaginal stones. Calculi were only found in mature females. Considering that the chemical environment leading to the formation of vaginal stones would prevent fertilization even before stone formation, this figure is likely an underestimation of the proportion of females made infertile because of this initial dysfunctional condition of the urogenital tract. A higher ovulation rate in females with calculi suggested by the higher proportion of females with a CL would result from their inability to become pregnant and thereafter lactating.

A closer systematic examination of uro-genital tract should be conducted on all stranded common dolphin females, notably to look at possible vesico-vaginal fistulae even in the absence of fully developed vaginal stones, in order to better estimate the proportion of infertile females among the adult population.
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As part of an ongoing investigation of harbor seal (Phoca vitulina) mortalities within Puget Sound, Washington State, United States, between October 2007 and July 2008, 25 seal cases were submitted for histopathology and ancillary diagnostic testing, including additional attempted virus isolation. In vitro granular and refractile cytopathic effects (CPE) were consistently observed in Vero.DogSLAMtag cells inoculated with tissue homogenates from three seals. Transmission electron microscopy of infected Vero.DogSLAMtag cells revealed cytoplasmic clusters of icosahedral viral particles morphologically consistent with members of the family Reoviridae. The complete genome of a novel species within the genus Orthoreovirus, tentatively named phocid orthoreovirus 1 (PhRV1), was determined by next-generation sequencing and confirmed by rt-PCR in isolates from the three harbor seals. This is the first report of an orthoreovirus infection associated with dead stranded harbor seals. Aside from the CPE and ultrastructural findings, no consistent signalment, gross pathology, histopathology, or ancillary diagnostic findings were identified with PhRV1 infection. Further research is needed to determine the prevalence, tissue tropism, transmission, pathogenicity, zoonotic potential, and host range of orthoreoviruses in pinnipeds. This study demonstrates the value of thorough necropsy investigations and a multidisciplinary team approach to advance our understanding of marine mammal health.
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INTRODUCTION

Harbor seals (Phoca vitulina) are long-lived phocids with natal philopatry and inhabit near shore waters of Europe, Asia, and North America. There are approximately 500,000 harbor seals worldwide with estimates up to 29,000 seals in Washington State in-shore waters, which is considered the Optimal Sustainable Population (OSP) for this stock (Jeffries et al., 2003). Harbor seals haul out, congregate and pup on land and forage in tidal and subtidal areas. These animals consume similar fish and invertebrate species as humans and share coastal zone habitats with people. Mortalities from anthropogenic activities such as fishing, illegal hunting, environmental degradation, industrial, agricultural and urban discharge and vessel strikes are major concerns for resource managers, biologists and the lay public. Harbor seals worldwide are subject to similar pressures and there are indications that some European populations are declining (Hanson et al., 2013); whereas, others have stabilized and are now increasing (Brasseur et al., 2018). Since enactment of the Marine Mammal Protection Act in 1972 by the United States government, harbor seal populations in the northeast Pacific Ocean have steadily increased to historic high levels (Brasseur et al., 2018).

Ongoing investigations of mortality, contaminant loads and health status in Washington State harbor seals have been conducted since the early 1980’s. Infectious disease and malnutrition were the leading causes of pup mortality between 2004 and 2009 in Washington State (Leahy, 2010; Huggins et al., 2013); whereas, in 1984, the leading causes of pup mortality were predation, malnutrition, and premature parturition (Steiger et al., 1989). With the advent of long-term post-mortem examination of pinnipeds, expanded diagnostic modalities and access to archived marine mammal case material, the causes of death of harbor seals has been expanded, refined and new pathogens identified including: helminth (Stroud and Dailey, 1978) and coccidian (Gibson et al., 2011) parasites, bacteria (Taurisano et al., 2018), and various DNA and RNA viruses.

Several families of single-stranded (Parvoviridae and Anelloviridae) and double-stranded (Herpesvirdae, Poxviridae, and Adenoviridae) DNA viruses have been characterized from harbor seals. Single-stranded DNA viruses include a Pacific harbor seal anellovirus (Ng et al., 2011) and a harbor seal B19-like parvovirus (Bodewes et al., 2013). Double-stranded DNA viruses characterized from harbor seals include at least one alphaherpesvirus and multiple gammaherpesviruses. Phocid alphaherpesvirus 1 (PhHV-1) was first isolated and characterized from juvenile harbor seals that died from liver necrosis and pneumonia during rehabilitation in the Netherlands in 1984 (Osterhaus et al., 1985; Borst et al., 1986). PhHV-1 has also been associated with adrenal and/or hepatic necrosis in harbor seal pups that died during rehabilitation after stranding along the northeastern Pacific coastlines of the United States and Canada (Gulland et al., 1997; Himsworth et al., 2010). Phocid gammaherpesvirus 2 (PhHV-2) was isolated and characterized from the mononuclear blood cells of an adult harbor seal that presented with severe respiratory disease along the German coastline of the Wadden Sea (Lebich et al., 1994; Harder et al., 1996). Other herpesviruses (PhHV-5, PhHV-6, and PhHV-7) were reported in harbor seals associated with ocular lesions (PhHV-6; Wright et al., 2015), gingivitis, glossitis and other health issues (PhHV-7; Bodewes et al., 2015). An endemic outbreak of seal parapoxvirus, proposed as a separate species within the genus Parapoxvirus, was described in association with ulcerative to proliferative cutaneous, and mucosal lesions in harbor seals (Becher et al., 2002; Müller et al., 2003). Phocid adenovirus 2 (PhAdV-2) has been identified in ocular lesions and in unaffected eyes of harbor seals (Wright et al., 2015).

Several families of single-stranded (Paramyxoviridae, Orthomyxoviridae, Picornaviridae, Coronaviridae, and Flaviviridae) and double-stranded (Reoviridae) RNA viruses have been characterized from harbor seals. Since the 1980’s, major epizootics have been documented in European harbor seals, including phocine distemper virus (PDV) which resulted in the loss of tens of thousands of harbor seals in 1988 and 2002 (Osterhaus and Vedder, 1988; Jensen et al., 2002). Influenza A virus has also been responsible for significant harbor seal morbidity and mortality events in European waters, as well as in the United States (Callan et al., 1995; Anthony et al., 2012; Krog et al., 2015; Bodewes et al., 2016). Seal coronavirus was reported in captive harbor seals associated with acute necrotizing enteritis and pulmonary edema (Bossart and Schwartz, 1990). West Nile flavivirus infection was reported in a harbor seal presenting with progressive signs of neurologic dysfunction and polioencephalomyelitis (Del Piero et al., 2006). Two distantly related picornaviruses have been isolated from stranded harbor seals along the Pacific and Atlantic coastlines of the United States (Anthony et al., 2015; Rodrigues et al., 2020) and a syncytium forming orthoreovirus was isolated from an aborted Steller sea lion (Eumetopias jubatus) fetus from British Columbia, Canada (Palacios et al., 2011).

Reoviruses possess segmented, double-stranded RNA genomes packaged within a double-shelled nucleocapsid of approximately 70–85 nm in diameter (Fields, 1996). The family Reoviridae comprises fifteen genera that infect a diverse range of hosts including: mammals, birds, fish, invertebrates, and even fungi (Attoui et al., 2012). Some reoviruses have been associated with disease in both birds and fish, resulting in significant economic losses to the poultry and aquaculture industries (Lu et al., 2015; Siah et al., 2015). Viruses within the genus Orthoreovirus are subdivided into those which induce syncytia in vitro (fusogenic) and those that do not (non-fusogenic). The species Mammalian orthoreovirus includes all the non-fusogenic mammalian orthoreoviruses. Mammalian orthoreoviruses (MRVs) are ubiquitous and can infect a range of hosts, with significant disease reported in highly susceptible species (Zhang et al., 2011). In this investigation, we characterized the signalment, clinical signs, gross pathology, and histopathology, as well as ultrastructural and molecular characteristics of a novel MRV associated with dead stranded harbor seal pups in Puget Sound, Washington State, United States.



MATERIALS AND METHODS


Sample Collection and Diagnostic Testing

From October 2007 to June 2008, a limited mortality event occurred among harbor seals along the coast of Puget Sound in Washington State, United States (Figure 1). In total, 25 harbor seals were included in this study which includes 15 weaned pups (WP) (eight males; seven females) and 10 adults (AD) (nine males; one female) (Table 1). Age classes were determined as described in Lambourn et al. (2013). Two seals had suspected serological titres to morbillivirus which prompted an increased effort in viral testing from October 2007 through July 2008 on cases that presented with evidence of respiratory disease.
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FIGURE 1. Map of Puget Sound, Washington State, United States showing the sites where seal carcasses were recovered.



TABLE 1. Sample identification number, carcass collection location and date, sex, age class, tissues processed for virus isolation and results from 25 dead harbor seals from Puget Sound, Washington State between October 2007 and July 2008.
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As part of a health assessment and investigation, systematic gross necropsies were conducted on code 2 and 3 harbor seal carcasses according to established protocols by biologists at the Washington Department of Fish and Wildlife and Cascadia Research Collective, Lakewood, WA, United States. Collected tissue samples were submitted for diagnostic testing to the Animal Health Center (AHC) in Abbotsford, BC, Canada. Frozen tissue samples were submitted for routine aerobic culture, Salmonella spp. enrichment culture of the small intestine, and when available, feces were submitted for routine fecal floatation (Blazevic and Ederer, 1975; Egwang and Slocombe, 1982). As part of routine surveillance for seal pathogens, pooled tissue samples from all 25 seals were screened by PCR for Brucella spp. (Lambourn et al., 2013; Wu et al., 2014) and canine distemper virus (Barrett et al., 1985). Tissue samples were preserved in 10% neutral buffered formalin and processed by an automated tissue processor, stained with hematoxylin and eosin and evaluated for histopathology. Additional samples were frozen at −80°C for virus isolation (Table 1).



Virus Isolation

Since morbillivirus infection was initially suspected as the cause of death in some of the seals, routine virus isolation (Chan and Hsuing, 1994) was performed using the Vero.DogSLAMtag cell line expressing a morbillivirus cell receptor that allows efficient morbillivirus isolation (Seki et al., 2003). Thawed tissue samples were homogenized to a 10% w/v cell free suspension in Hank’s Balanced Salts Solution (HBSS) containing antibiotics (penicillin 200 International Units/ml, streptomycin 200 μg/ml, gentamycin 50 μg/ml, and 0.25 μg/ml Fungizone) then clarified by low-speed centrifugation for 10 min (2,060 × g). A 0.5 ml aliquot of each sample was inoculated into each 70% confluent 25 cm2 tissue culture flask of Vero.DogSLAMtag cells. The inoculum was allowed to adsorb for 1 h at 37°C, then decanted, and a mixture of 5.0 ml of cell culture medium (DMEM/F-12), 4% fetal calf serum, and antibiotics was added. Flasks were incubated at 37°C and observed daily for cytopathic effects (CPE). Flasks were sub-cultured weekly for 6 weeks before discarding as negative. When CPE could be successfully passaged, presumptive virus isolates were harvested at passage two and frozen at −80°C for further study.



Transmission Electron Microscopy (TEM)

A 70% confluent culture of Vero.DogSLAMtag cells in a 75 cm2 flask was infected with a 1:100 dilution of a sample with extensive CPE (WDFW1107-03, mediastinal lymph node sample). After incubation and subsequent development of CPE, the infected cells were fixed in 15.0 ml of Karnovsky’s fixative (2% formaldehyde + 2% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4) for 2 h at room temperature. The cells were harvested in 0.1 M cacodylate buffer, pelleted, and post-fixed in 1% OsO4 in 0.1 M cacodylate buffer pH 7.4. The sample was stained en bloc with 2% aqueous uranyl acetate (20 min at 60°C), dehydrated through a graded ethanol series, infiltrated and embedded in epoxy resin PolyBed 812 (Polysciences, Inc., Warrington, PA, United States). Ultrathin sections (60–90 nm) were cut on Leica EM UC7 ultramicrotome and stained with lead citrate prior to examination in a JEOL JEM 1400 electron microscope at 80 kV.



Next-Generation Sequencing

The cell suspensions of the WDFW1107-03 mediastinal lymph node sample viral isolate (presumptive) was frozen-thawed three times to release cell-associated virus and cell debris were removed by centrifugation at 5,509 × g at 4°C for 20 min using a Beckman JA-14 fixed angle rotor. Virus particles were pelleted from the clarified supernatant by ultracentrifugation at 100,000 × g at 4°C for 60 min in a Beckman Type 50.2 Ti rotor. RNA was extracted from the resuspended pellet using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s protocol. A cDNA library was generated using a NEBNext Ultra RNA Library Prep Kit (Illumina, San Diego, CA, United States) and sequenced on an Illumina MiSeq sequencer. De novo assembly of 2,099,690 paired-end reads was performed using SPAdes 3.5.0 (Bankevich et al., 2012). The assembled contigs were then subjected to BLASTX searches against the National Center for Biotechnology Information (NCBI) non-redundant protein database using OmicsBox 1.1. Putative open reading frames (ORFs) of all ten segments of the harbor seal virus were predicted using GeneMarkS1 (Besemer et al., 2001) and gene functions were predicted using BLASTP searches against the NCBI GenBank non-redundant protein sequence database.



Phylogenetic and Genetic Analyses

The amino acid (aa) sequences of all ten proteins of orthoreoviruses (Supplementary Table 1), including the harbor seal virus discovered in this study, were separately aligned using the Multiple Alignment using Fast Fourier Transform 7.0 (MAFFT) with default parameters. Maximum Likelihood phylogenetic trees were generated in IQ-TREE 1.4.42 using 1,000 non-parametric bootstraps to test the robustness of the clades (Nguyen et al., 2015). The same aa alignments were used to perform genetic analyses within the Sequence Demarcation Tool v.1.2 (Muhire et al., 2014) with the MAFFT option implemented.



Reverse Transcription PCR Assay

A specific endpoint reverse transcription PCR (RT-PCR) assay was designed to amplify a 390 bp region (including the primer sequences) within the segment 4 (that encodes the sigma 3 protein) of the harbor seal virus discovered in this study for screening RNA extracts from cell cultures displaying CPE (potential viral isolates). RNA from the tissue samples and cell culture supernatants were extracted using a QIAamp Viral RNA Mini Kit according to the manufacturer’s protocols. The assay was performed using a Qiagen OneStep RT-PCR Kit with 30 μL cocktails consisting of 1.2 μL Enzyme Mix, 6 μL 5X RT-PCR buffer, 6 μL 5x Q-Solution, 1.2 μL 10 mM dNTP Mix, 1.2 μL 20 μM forward (5′-TTGAAGAGGGTGGTTCTTGG-3′) and reverse (5′-CAGAGAAGACCGCAGGAATC-3′) primers, 8.4 μL RNase-free water and 4.8 μL extracted sample RNA. The RNA extracted from the WDFW1107-03 mediastinal lymph node sample cell culture supernatant was used as positive control and RNase-free water was used as the negative control. The reverse transcription step was conducted at 50°C for 30 min, followed by an initial cycle of 15 min at 95°C, 40 cycles of denaturation at 95°C, annealing at 56°C, and extension at 72°C for 30 s each, and a final elongation step at 72°C for 10 min. PCR products were subjected to electrophoresis on a 1% agarose gel stained with ethidium bromide. Bands of the expected size were purified using a QIAquick PCR Purification Kit and submitted to Functional Biosciences, Inc., Madison, WI, United States for Sanger sequencing.




RESULTS


Pathologic Findings

Of the 25 harbor seals in this study, 11 were observed alive with clinical signs of respiratory distress, some noted with nasal discharge; nine seals (eight WP; one AD) were picked up and either euthanized immediately or died within 48 h of being in rehabilitation. The most significant gross findings were suboptimal nutritional condition in 21 seals, lungworms (n = 13; all WP) and variable puncture wounds on the flippers and torso (n = 4). Histopathology revealed pneumonia (n = 21 seals), enteritis (n = 20 seals), reactive lymphoid hyperplasia (n = 22 seals), hepatitis (n = 14 seals), hepatocellular hemosiderosis (n = 10 seals), and lymphoid depletion (n = 3 seals involving the thymus and lymph nodes) (Table 2). The changes were attributed to verminous pneumonia, enterocolonic helminthiasis and sepsis, presumably sequelae to malnutrition and other factors. The reactive lymphoid hyperplasia, lymphoid depletion, and iron sequestration within the liver were consistent with antigenemia. There were no pathognomonic lesions identified among the three weaned pups (WDFW1007-05, WDFW1107-03, and WDFW2008-012) in which RT-PCR confirmed the presence of the novel harbor seal virus discovered in this study. The seals presented with emaciation, pneumonia, parasitic enteritis, reactive lymphoid hyperplasia, and multifocal lacerations and punctures, that were also observed in unaffected conspecifics.


TABLE 2. Summary of the most significant and consistently observed gross and histologic findings for 25 harbor seals that stranded in Washington State between October 2007 and July 2008.
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Ancillary Diagnostic Studies

Aerobic culture yielded a plethora of individual or mixed bacterial flora from harvested tissues which likely represented opportunists, post mortem invaders, and occasional contaminants. The most frequently isolated bacteria in the cohort were Escherichia coli (n = 16 seals) and Streptococcus phocae (n = 11 seals), with occasional isolates of Psychrobacter spp. (n = 4 seals), Gemella haemolysans (n = 3 seals), Actinomycetes spp. (n = 3 seals), Enterococcus spp. (n = 2 seals), and individual cases of Salmonella enteritis, Pseudomonas aeruginosa, and other bacteria. Based on the degree of autolysis and associated histopathology, many isolates were attributed to post mortem overgrowth or contaminants.

Tissue samples from 25 animals were pooled (brain, lung, and lymph node) and PCR was conducted for Brucella spp. (n = 2 positive) and canine distemper virus (CDV) (n = 1 positive). Fecal parasitology identified light (n = 3 seals), moderate (n = 2 seals), or heavy (n = 1 seal) ascarid loads. Capillaria spp. and filariae were noted in the intestinal contents of two seals. No parasites were identified in three animals.



Virus Isolation and Transmission Electron Microscopy

Following inoculation and incubation, cells infected with samples collected from three harbor seals showed identical CPE (Table 1). The infected cells became granular and developed a refractile appearance, began to round up, detach from the plastic substrate, and coalesced into clumps, which progressed over a few days until the entire cell sheet was involved (Figure 2). CPE developed as early as 18 days post infection (DPI) with some flasks developing CPE as late as 33 DPI. There was no evidence of syncytium formation, a hallmark of morbillivirus infection seen in the progression of the CPE therefore morbillivirus infection was no longer suspected. The presumptive viral isolates from the harbor seal WDFW1107-03 were chosen for expansion, TEM, and next-generation sequencing. Additional virus isolation attempts were also made from these seals and upon further characterization all additional isolates (from animals WDFW 2008-010, WDFW 2008-012, and WDFW-016) were aquamavirus B, a proposed new member of the family Picornaviridae (Rodrigues et al., 2020).
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FIGURE 2. Cell culture (A,B) and transmission electron micrographs (C,D) of phocid orthoreovirus 1 (PhRV1) infecting Vero.DogSLAMtag cells. (A) Uninfected Vero.DogSLAMtag cells. Scale bar = 100 μm. (B) Passage two PhRV1 (WDFW2008-12 brain isolate) 11 DPI showing rounding up of infected cells with detachment of cells and the early stages of the disintigration of the cell monolayer. Scale bar = 100 μm. (C) Intracytoplasmic virus inclusion. N-fragment of cell nucleus with depleted chromatin in the nucleoplasm and chromatin condensation at the periphery of the nucleus. Bar = 1 μm. (D) Fragment of virus inclusion with particles ∼75 nm in diameter in different stages of maturation. Bar = 200 nm.


Transmission electron microscopy of ultrathin sections of the selected infected cells showed cytoplasmic inclusions consisting of fine fibrils and granules and contained virus particles measuring approximately 75 nm in diameter in different stages of maturity and some with empty shells. The nuclei of infected cells were depleted of most of the chromatin, the rest of it being condensed at the inner periphery of the perinuclear membrane (Figure 2). The CPE and virion morphology observed were typical of viruses within the family Reoviridae.



Genome Sequencing, Phylogenetic, and Genetic Analyses

De novo assembly of the paired-end reads followed by BLASTX analyses recovered all 10 segments of the genome of a novel virus within the genus Orthoreovirus (Table 3). Phylogenetic analyses based on the aa sequences of 10 proteins showed the harbor seal virus formed an unique and a well-supported basal branch to the members of the species Mammalian orthoreovirus (Figure 3 and Supplementary Figures 1A–9A). Comparisons of the core proteins (segments L1–L3, M1, and S2) and outer capsid proteins (segments M2, S1, and S4) of the harbor seal virus to other orthoreoviruses showed the aa identities ranged between 25.9–77.2% and 18.8–60.0%, respectively (Table 4 and Supplementary Figures 1B–5B, 7B, 8B). The aa identities of the harbor seal virus non-structural proteins (segments M3 and S3) ranged between 24.0–53.1% as compared to other orthoreoviruses (Supplementary Figures 6B, 9B).


TABLE 3. The phocid orthoreovirus 1 (PhRV1) genome characterization by segment.
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FIGURE 3. Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 (PhRV1) to representatives of the Orthoreovirus genus based on the aligned amino acid sequences of the sigma 1 protein (segment S1). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. Viral names are listed, followed by isolate/strain identification when available. Viral abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3; MRV4, mammalian orthoreovirus 4.



TABLE 4. Sequence identity matrix showing the amino acid (aa) percent identity of the phocid orthoreovirus 1 to 27 other orthoreoviruses based on the sigma 1 protein (segment S1).
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Reverse Transcription PCR Assay

The RNA extracted from cell cultures displaying identical CPE (Table 1) were tested by the RT-PCR designed in this study to confirm the presence of harbor seal virus RNA. The isolates from samples collected from the three harbor seals were positive by RT-PCR including: WDFW1007-05 (unspecified lymph node), WDFW1107-03 (mediastinal and mesenteric lymph nodes, heart, brain, spleen, lung, kidney, skin, and abdominal cavity fluid), and WDFW2008-012 (brain).




DISCUSSION

Based on the cytopathic, ultrastructural and sequencing studies, the harbor seal virus described in the present study is believed to be the first orthoreovirus isolated, in vitro propagated and genetically characterized from dead stranded harbor seals. Although an Avian orthoreovirus species designated the Steller sea lion reovirus (SSRV) had previously been reported from a Steller sea lion in the northeastern Pacific (Palacios et al., 2011), the harbor seal virus is believed to be the first Mammalian orthoreovirus discovered to infect marine mammals.

The harbor seal virus infected Vero.DogSLAMtag cells displayed characteristic in vitro cytopathology and virus particles with morphology and maturation stages consistent with non-fusogenic orthoreoviruses replicating in the cytoplasm of infected cells, as confirmed by TEM (Attoui et al., 2009; Quin et al., 2009). The fusogenic Avian orthoreovirus, SSRV, was isolated from multiple tissues of an aborted Steller sea lion fetus with syncytia also observed in infected Vero.DogSLAMtag cultures. CPE was reported in only 3–5 DPI with SSRV (Palacios et al., 2011); whereas, the harbor seal virus cell inoculations resulted in a more granular CPE after a much longer incubation period (18–33 DPI) and repeated blind passages.

The harbor seal virus genome sequence reported herein permitted phylogenetic and genetic analyses that support its inclusion as a novel species within the genus Orthoreovirus. Phylogenetic analyses based on aa sequences of the 10 proteins revealed the harbor seal virus formed a unique and well-supported branch as the sister species to all other mammalian orthoreoviruses. One criterion for the species demarcation of orthoreoviruses is the pairwise aa identity of the core proteins >85% represent different strains within a orthoreoviruses species and <65% represent different species. Additionally, the pairwise aa identity of the outer capsid proteins >55% represent different strains within a orthoreoviruses species and <35% represent different species (Attoui et al., 2012). The pairwise aa identity of the core proteins and outer capsid proteins of the harbor seal virus compared to other orthoreoviruses ranged between 25.9–77.2% and 18.8–60.0%, respectively. Given the unique phylogenetic position and sequence divergence of the harbor seal virus, we propose the formal species designation of phocid orthoreovirus 1 (PhRV1) to be considered for approval by the International Committee on Taxonomy of Viruses.

Phocid orthoreovirus 1 is most closely related to viruses within the Mammalian orthoreovirus species (MRV), that includes all non-fusogenic orthoreoviruses, with four recognized strains (MRV-1, MRV-2, MRV-3, and MRV-4; Attoui et al., 2012). MRV includes orthoreoviruses recovered from humans and terrestrial mammals, responsible for either symptomatic or asymptomatic infections in a range of hosts (Tyler, 2001). In humans, MRVs are primarily associated with respiratory and enteric infections. Similarly, in bats, three MRV strains have been described and infections typically present with hemorrhagic enteritis and interstitial pneumonia (Kohl et al., 2012). In mice and in non-human primates, orthoreovirus infections affect the respiratory, gastrointestinal, and nervous systems (Tyler, 2001; Attoui et al., 2009). A MRV-3 was described from the cerebrospinal fluid in a case of meningitis in a child in Colorado. When inoculated in newborn mice, this virus was capable of systemic spread and induced a lethal encephalitis (Tyler et al., 2004). Multiple MRV strains have been recovered from dogs with pneumonia or enteritis, sometimes in association with other pathogens, such as canine distemper virus (CDV) and canine parvovirus (Lou et al., 1963; Appel, 1987; Decaro et al., 2005). It has been suggested that MRV infection may act synergistically with other infectious agents, exacerbating concomitant or supervening infections (Appel, 1987; Ahasan et al., 2020).

In this study, PhRV1 was detected in harbor seals with non-specific pneumonia, enteritis, and non-suppurative encephalitis or meningitis; however, similar processes were identified in seals with no demonstrable virus. Morbillivirus infection was originally suspected as a leading cause of these mortalities but no histopathologic evidence of morbillivirus could be found in any of the examined tissues. Harbor seal WDFW 2008-012 was found to be coinfected with Aquamavirus B (isolated from spleen tissue; Rodrigues et al., 2020) and PhRV1 (isolated from the brain). Among the three weaned pups in which PhRV1 was confirmed by RT-PCR, no pathognomonic lesions were identified. The three animals presented with emaciation and multifocal skin lacerations and punctures, that were also observed in unaffected conspecifics. Due to the relatively small number of infected harbor seals, intercurrent disease [such as bacterial, viral (e.g., PhRV1), and verminous infections] and post mortem change in this case series, no specific gross or histopathology could be attributed to PhRV1. Efforts to enhance surveillance and detection of viral infection by PCR with systematic histopathology and possible development of in situ hybridization or immunohistochemistry assay may provide insights into the pathogenesis and incidence of pinniped infections. PhRV1 was recovered from multiple tissues from sampled animals, which may reflect a broad tissue tropism secondary to viremia, a trait common to other members of the family Reoviridae (Nibert et al., 1996; Tyler et al., 2004). For example, the SSRV was reported to be pancytotropic in a Steller sea lion fetus (Palacios et al., 2011).

Orthoreovirus infections have been reported worldwide in a broad range of host species and transmission is believed to be predominantly parental or via inhalation. These viruses typically feature a diverse host range and significant potential for extending across species barriers (Attoui et al., 2009; Wellehan et al., 2009). As segmented viruses, reoviruses are capable of gene segment reassortment, which increases their ability to generate unique strains (Wellehan et al., 2009). A study scored viruses infecting mammals for their biological properties considered advantageous to host switching, and concluded that reoviruses scored highest (Pulliam, 2008). Decaro et al. (2005) also suggested that because of the apparent lack of species barriers, MRVs may potentially spread from animals to humans and vice versa. A possible zoonotic transmission of Melaka virus, a bat orthoreovirus that is associated to respiratory disease, is assumed (Kohl et al., 2012). In the present study, PhRV1 was isolated in a cell line of African green monkey (Cercopithecus aethiops) origin. These cells are known to be deficient in the production of interferon and therefore more susceptible to infection by a number of different viruses (Emeny and Morgan, 1979). PhRV1 was isolated from multiple organs from three seals with CPE being detected after at least two and as many as four blind passages. Islam et al. (2003) also found that blind passaging an avian reovirus strain would allow adaptation in Vero cell cultures. This underscores the value of blind passaging for virus discovery.

In the present study, we isolated and characterized the genome and ultrastructural features of a novel orthoreovirus from wild harbor seals in Washington State. Although the virus was recovered from multiple tissues its pathogenicity has not yet been resolved. The Vero.DogSLAMtag cell line was permissive and facilitated primary isolation of PhRV1 in harbor seal tissues and may be effective on the isolation of similar viruses from other marine mammal species. Our study underscores the relevance of conventional virology and pathology techniques (such as virus isolation, histopathology, and TEM), coupled with high-throughput sequencing technologies for the discovery and characterization of pathogens in wild marine mammals. Further research is needed to unravel the transmission, host range, prevalence, and pathogenicity of PhRV1 in pinniped populations.
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Supplementary Figure 1 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the lambda 1 protein (segment L3). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the lambda 1 protein (segment L3). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3.

Supplementary Figure 2 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the lambda 2 protein (segment L2). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the lambda 2 protein (segment L2). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3.

Supplementary Figure 3 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the lambda 3 protein (segment L1). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the lambda 3 protein (segment L1). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3; MRV4, mammalian orthoreovirus 4.

Supplementary Figure 4 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the Mu 1 protein (segment M2). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the Mu 1 protein (segment M2). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3; MRV4, mammalian orthoreovirus 4.

Supplementary Figure 5 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the Mu 2 protein (segment M1). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the Mu 2 protein (segment M1). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3.

Supplementary Figure 6 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the Mu NS protein (segment M3). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the Mu NS protein (segment M3). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3.

Supplementary Figure 7 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the sigma 2 protein (segment S2). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the sigma 2 protein (segment S2). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3; MRV4, mammalian orthoreovirus 4.

Supplementary Figure 8 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the sigma 3 protein (segment S4). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the sigma 3 protein (segment S4). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3; MRV4, mammalian orthoreovirus 4.

Supplementary Figure 9 | (A) Maximum Likelihood phylogram depicting the relationship of the phocid orthoreovirus 1 to representatives of the Orthoreovirus genus based on the amino acid (aa) sequences of the sigma NS protein (segment S3). Bootstrap values are given at each node and the branch lengths represent the number of inferred substitutions as indicated by the scale. (B) Sequence identity matrix showing the aa percent identity of the novel harbor seal virus to 27 other orthoreoviruses based on the sigma NS protein (segment S3). Virus name are listed, followed by isolate/strain identification when available. Virus abbreviations: MRV1, mammalian orthoreovirus 1; MRV2, mammalian orthoreovirus 2; MRV3, mammalian orthoreovirus 3.

Supplementary Table 1 | Orthoreoviruses used in the phylogenetic and genetic analyses.


FOOTNOTES

1http://exon.gatech.edu/GeneMark/genemarks.cgi

2http://iqtree.cibiv.univie.ac.at/
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Field number

VAQS20161019
VAQS20161035
VAQS20161067
VAQS20161079
VAQS20181097
VAQS20191012
VAQS20191015
VAQS20191039
VAQS20191067

Gross diagnosis

CBD
Acute
Chronic
Chronic
Acute
Acute
Acute
Chronic
Acute

Histopathological diagnosis

Not sampled

Not sampled

Chronic (fibrosis, lymphocytes, plasma cells)
Chronic (fibrosis, lymphocytes, plasma cells)
Acute (edema, neutrophils)

Not sampled

Acute (fibrin exudation) and chronic (fibrosis)
Not sampled

Acute (hemorrhage, collagen disruption) and
chronic (lymphoplasmacytic fasciitis)

Location

Tendinous portion of RA
Tendinous portion of RA
Linea alba
Linea alba
Linea alba
Tendinous portion of RA
Tendinous portion of RA
Tendinous portion of RA
Tendinous portion of RA

Herniated structure

Omentum

Falciform ligament

Omentum

Omentum and peritoneum
Falciform ligament

Peritoneum

Falciform ligament and peritoneum
Peritoneum

Falciform ligament and peritoneum

CBD, could not be determined; RA, rectus abdominis. The peritoneal hernias represent hernias that only involved the peritoneum.
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Rectus abdominis

Linea alba
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Field number PUE Presumptive  Pulmonary Pulmonary Hemorrhagic Rectus abdominis Hernia
gear petechiae perivascular edema pulmonary lymph separation
VAQS20161017 Yes Gillnet Yes Yes Yes CBD CBD
VAQS20161018 Yes Gillnet No Yes Yes CBD CBD
VAQS20161076 Yes Gillnet CBD Yes Yes CBD No
VAQS20161077 Yes Gillnet Yes Yes Yes CBD No
VAQS20171003 Yes Gillnet Yes ¥es Yes No No
VAQS20171019 Yes Gillnet No Yes Yes CBD CBD
VAQS20171030 Yes Gillnet Yes Yes Yes CBD No
VAQS20181019 Yes Gillnet No Yes Yes No No
VAQS20181097 Yes Gillnet CBD Yes CBD Yes Yes
VAQS20191012 Yes Gillnet Yes Yes Yes No Yes
VAQS20191015 Yes Gillnet Yes No Yes No Yes
VAQS20191067 Yes Gillnet Yes CBD Yes No Yes
VAQS20191097 Yes Gillnet No Yes CBD Yes No
VAQS20161010 Yes Pound net No CBD Yes CBD CBD
VAQS20161019 Yes Pound net CBD Yes CBD CBD CBD
VAQS20161050 Yes Pound net No Yes No CBD CBD
VAQS20161051 Yes Pound net CBD ¥es CBD ¥es No
VAQS20171065 Yes Pound net No CBD Yes CBD CBD
VAQS20181090 Yes Pound net No Yes No CBD CBD
VAQS20191091 Yes Pound net No CBD No Yes No
VAQS20191094 Yes Pound net No Yes CBD Yes No
VAQS20191096 Yes Pound net No Yes Yes No No
VAQS20161035 Yes Pot buoy CBD Yes Yes Yes Yes
line
VAQS20161007 No N/A CBD CBD Yes CBD CBD
VAQS20161037 No N/A Yes No Yes CBD CBD
VAQS20161054 No N/A Yes CBD Yes CBD CBD
VAQS20161067 No N/A Yes CBD CBD CBD No
VAQS20161079 No N/A CBD CBD Yes No No
VAQS20181069 No N/A Yes CBD Yes CBD CBD
VAQS20191039 No N/A Yes Yes Yes No No
VAQS20191060 No N/A No CBD No No No

CBD, Could not be determined.
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Sample ID Host MS type ToxoDB RFLP # Genetic markers

SAG1 5'3SAG2  altSAG2 SAG3 BTUB GRA6 c22-8 ¢29-2 L358 PKi Apico  CS3

PS-TgBaledBreS1 Balaenoptera edeni Non-archetypal 300 | | I Ml | Il Il | | | | Il
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Sample ID Host MS type ToxoDB RFLP # Microsatellite markers

TUB2 W35 TgM-A B18 B17 M33 V.1 XIL1 M48 M102 N60 N82 AA N61 N83

PS-TgBaledBrES1 Balaenoptera edeni  Non-archetypal 300 291 248 205 162 342 165 278 358 235 164 171 111 295 89 306

Marker names in bold are the typing markers.
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Case No.

Case ID

SNH13012

SNH16011-2

SNH16023

SNH16031

SNH17003

SNH170056

SNH17007

SNH18012

SNH14034-1

SNH14034-3

SNH19008-1

SNH19003-2

SNH19003-5

SNH19003-7

SNH19003-10

SNH19003-11

SNH15011

SNH18034

Species

Harbor porpoise

Harbor porpoise

Harbor porpoise

Harbor porpoise

Harbor porpoise

Harbor porpoise

Harbor porpoise

Harbor porpoise

Dall’s porpoise

Dall's porpoise

Dall's porpoise

Dall’s porpoise

Dall's porpoise

Dall's porpoise

Dall's porpoise

Dall's porpoise

Hubbs' beaked whale

Hubbs' beaked whale

Date found

05/17/13

04/26/16

07/16/16

09/06/16

02/2417

04/02/17

04/04/17

04/25/18

07/04/14

07/04/14

02/07/19

02/07/19

02/07/19

02/07/19

02/07/19

02/07/19

04/14/15

08/31/18

Stranding site

4357'52.0'N,
145°08'25.7"E
41°56/'37.8'N,
140°58'01.7"E
42°46/'38.6'N,
143°46'47 6'E
41°56119.8'N,
143°12'349'E
43°1254.7'N,
140°55'16.1"E
42°37'26.4'N,
141°35'03.7E
42°37°07.3'N,
141°33'27.0'E
41°56/37.8"N,
140°58'01.7"E
43°5236.8'N,
145°08'39.0°E
43°52'36.8'N,
145°08'39.0°E
44°02'59.6'N,
145°13'543'E
44°0259.6'N,
145°13'54.3'E
44°02'59.6'N,
145°13'54.3'E
44°0259.6'N,
145°13'543'E
44°0259.6'N,
145°13'54.3'E
44°0259.6'N,
145°13'54.3'E
42°07°21.4'N,
142°56'56.3'E
42°5632.0'N,
144°28/30.47E

Sex

BL (cm)

131.0

127.2

186.5

138.3

13956

133.1

138.6

152.2

1936

198.6

190.4

176.9

1765

185.8

169.1

204.3

493.0

5100

Age

2

> 2 ¢ g2 g2 >

2 ¢ ¢ 2 2

e

DC  Hepatic trematode species

2 Campulaoblonga
2 C. oblonga
2 G oblonga
2 C oblonga
2 G oblonga
2 C. oblonga
2 C. oblonga
2 C. oblonga
2 C oblonga
2 C. oblonga
2 C. oblonga
2 C oblonga
2 C. oblonga
2 C.oblonga
2 C oblonga
2 C.oblonga
2 Oschmarinella macrorchis

3 O. macrorchis

F, female; M, male; BL, body length; age, age class (A, adult; SA, subadult; J, juvenile); DC, decomposition code (2, minimal autolysis; 3, moderate autolysis); SNH, stranding network

hokkaido.
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Gastric sampling type Enrolled Total gastric
sea otters samples

Collected fresh at necropsy, 46 92
frozen immediately

Formalin-fixed paraffin 45 59
embedded blocks

Gross necropsy data 41 82
Histology analyses 37 57
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Antimicrobial Agent

Amoxicillin (AC)
Clarithromycin (CH)
Chloramphenicol (CL)
Kanamycin (KM)
Nalidixic acid (NA)
Tetracycline (TC)

MICs (rg/mL)

05-2.0
<0.016
1.6-20
3.0-4.0
16-24
0.047 - 0.094

The ETEST® predefined antibiotic gradient range is from 0.016 to 256 ug/mL.
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Components

Struvite

Dittmarite

Proteins

Carbapatite
Whewellite

Weddellite

Urate acid ammonium

Occurrence (n = 14)

14
8
14
14
11
3
3

Average crystal%

87.7
6.3
3.6
3.3
1.4

1
1

Range

84.5-90.9
4.6-8
3.1-4.1
2.3-4.3
0.9-1.9
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Calculus collection Leftovary  Right ovary scars Uterin horn Endometrial Vagina Bladder Cyst location
number scars

1265 14 4 Edematous stroma - Chronic vaginitis - Uterin horne
1600 0 1 Chronicle endometritis Edematous propria Chronic vaginitis -

1630 15 4 = Chronicle endometritis Chronic vaginitis ~ Cyst =

1675 = = = = = = =

1709 3 0 Endometritis Superficial chronicle endometritis  Acute vaginitis Cyst  Left ovary surface
1760 78 13 Endometritis Chronicle endometritis Chronic vaginitis = =

1797 13 8 = = Chronic vaginitis = =

1807 15 10 Moderate endometritis - Chronic vaginitis - -

2131 — — — — — — —
9604023 — — Mild endometritis Mild endometritis Chronic vaginitis — —
10202157 14 4 Mild endometritis Mild endometritis Chronic vaginitis - Left ovary
10202165 13 7 Mild endometritis Mild endometritis Chronic vaginitis = Left ovary
10202169 = 3 Mild endometritis Mild endometritis Chronic vaginitis = Left ovary
10202178 22 4 Endometritis Endometritis Chronic vaginitis - Left ovary
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Cet 303A_UT993

Cet 305A_UT1005
Cet 352B_UT1318
Cet 353B_UT1331

Cet 399B_UT1485

Cet 400B_UT1486
Cet 401B_Pp02
Cet 404B_UT1495

Cet 413A_UT1535
Cet 426A_UT1562
Cet 426B_UT1562
Cet 432B_UT1602
Cet 394A_15-1637
Cet 435A_KLC248

Cet
314A_DDE_203_2013

Cet 385B_SC150819
Cet 340A_HI-14-08
Cet 419A

Cet 420A

Bat 03A

Bat 07A

Bat08 B

Bat11B

Species

Phocoena phocoena

Phocoena phocoena
Phocoena phocoena
Phocoena phocoena

Phocoena phocoena

Phocoena phocoena
Phocoena phocoena
Phocoena phocoena

Phocoena phocoena
Phocoena phocoena
Phocoena phocoena
Phocoena phocoena
Tursiops truncatus
Tursiops truncatus
Delphinus delphis

Stenella coeruleoalba
Delphinapterus leucas
Delphinapterus leucas
Delphinapterus leucas
Pteronotus parnelli

Carolla perspicilata

Carolia perspicillata

Carolia perspicilata

Common name

Harbor porpoise

Harbor porpoise
Harbor porpoise
Harbor porpoise

Harbor porpoise

Harbor porpoise
Harbor porpoise
Harbor porpoise

Harbor porpoise
Harbor porpoise
Harbor porpoise
Harbor porpoise
Bottlenose dolphin
Bottlenose dolphin
Common dolphin

Striped dolphin
Beluga whale
Beluga whale
Beluga whale

Parnell's
mustached bat

Seba’s short-tailed
bat
Seba's short-tailed
bat
Seba's short-tailed
bat

Origin

The Netherlands

The Netherlands
The Netherlands
The Netherlands

The Netherlands

The Netherlands
The Netherlands
The Netherlands

The Nethertands
The Nethertands
The Nethertands
The Netherlands
United States
United States
Portugal

Spain
Canada
Canada

Canada
Germany

Germany

Germany

Germany

Age group

Neonate

Adult
Neonate
Neonate

Juvenile

Juvenile
Adutt
Juvenile

Adult
Adult
Adult
Adult
Adult
Adult
Juvenile

Adult
Adult
Adutt
Adult
Adutt

Adult

Time death-
perfusion

5-6h

5-6h
7-8h
5-6h

10h

15h
16h
4h

4h
4h
4h
6.5h
2h
2-3h
7h

8h
1.25h
5.5h
16h
Smin

Smin

Smin

5min

Time decal.

52 days

78 days
36 days
37 days

21 days

27 days
42 days
43 days

43 days
44 days
44 days
44 days
63 days

91 days
92 days

32 days
100 days
61 days
57 days
29h

12.5h
7h

35h

Cause of death

Emaciation and acute
starvation

Infectious isease
Acute starvation
Asphyxiation following
bycatch

Asphyxiation following
bycatch

Infectious isease

Not available
Emaciation of unknown
origin

Infectious isease
Infectious disease
Infectious disease
Infectious disease
Infectious disease
Infection disease

By-catch in beach
seine

Infectious disease
Harvested

Infectious disease
Hypovolemic shock
Humanely euthanized

Humanely euthanized

Humanely euthanized

Humanely euthanized
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Calculus Stranding Age Nature Diameters Mass Volume
# Date (9) (ml)

D1 D2 D3
(em) (cm) (cm)

1675 13/02/84 10 Single 26 21 1.2 4 2
1760 14/04/85 17,5  Single 43 3.1 1.9 12 8
10202157 19/02/02 21 Single 59 42 15 21 16
1265 07/08/81 24  Multiple* 48 19 1.6 7 B

52 32 19 24 16
1630 25/01/84 15 Single 6.7 4 1.3 28 18
1797 24/01/86 18  Multiple™ - - - 31 19
1709 26/11/84 15 Single 62 42 21 37 25
2131 06/01/89 15 Single 7 53 34 44 28
10202165 19/02/02 8 Single 6.4 4 2.6 41 42
1600 11/09/85 12 Single 89 48 39 88 61
1807 03/03/86 9 Single 89 48 39 50 61

9604023  16/04/96 24 Single 118 7.0 6.1 348 236
10202169 19/02/02 11 Single 168 87 75 875 551
10202178 19/02/02 12 Single 211 94 81 1,460 845

*2 calculus—**multiple calculus (n = 22), very polymorphic of less than 1cm3 each.
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Bubble-like Congestion ~ Edema
cavities

co 3/8(38%)  7/8(88%)  0/8(0%)

mortality

oD 050%  8/5(60%)  0/5(0%)

euthanized

Control  0/4(0%)  B/4(75%)  0/4(0%)

Liver

Congestion  Vacuolization

oD 5/8(63%) 4/8 (50%)

mortaiity

¢/ 5/5 (100%) 3/5 (60%)

euthanized

Control 1/4 (25%) 1/4 (25%)

Lung

Emphysema Hemorrhages Pneumonia

8/8(100%)  4/8 (50%)
5/5(100%)  1/5 (20%)
0/4(0%)  0/4(0%)
Kidney
Bubble-like  Congestion
cavities
2/8 (25%) /8 (100%)
3/5 (80%) 5/5 (100%)
0/4 (0%) 3/4 (75%)

1/8 (13%)

05 (0%)

1/4 (25%)

Congestior

7/8 (88%)

5/5 (100%)

3/4 (75%)

Heart
Thrombi  Bubble-like Congestion Contraction ~Edema Hemorrhages Hyper-  Vacuolization
cavities band eosinophilia
necrosis
0/8(0%)  2/B(25%)  T/8(88%)  1/8(13%) 3/B(38%)  4/B(50%)  7/8(88%)  7/8(88%)
05(0%  O50%  2/5(40%)  0/5(0%)  1/5(20%)  2/5(40%)  6/5(100%)  5/5(100%)
0/4(0%)  OA0%)  1/4@5%)  O/4(0%)  O/40%)  O/40%  2/4(50%)  2/4(50%)
Spleen Brain Skeletal muscle
n  Emphysema  Congestion  Hemorrhages  Edema Hypereosinophilia Wavy fibers
6/8 (75%) 4/8 (50%) 2/8 (25%) 4/8 (50%) 7/8 (88%) 118 (13%)
4/5 (80%) 2/5 (40%) 0/5 (0%) 0/5 (0%) 2/5 (40%) 2/5 (40%)
074 (0%) 074 (0%) 0/4 (0%) 0/4 (0%) 074 (0%) 0/4 (0%)
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Lung Heart Thymus Liver Kidney Spleen Brain Fat
Congestion Edema Emphysema Pneumonia Hemorrhages Petechiae Congestion Congestion Congestion Emphysema Congestion Congestion Emphysema
C/DMortalty — 3/8(38%)  2/8(25%)  6/8(75%)  1/8(13%) 3/8(38%) 0/80%)  5/8(63%)  4/8(50%)  1/8(13%)  3/8(38%)  4/B(50%)  4/8(50%)  7/8(88%)

C/DEuthanized 0/5 (0%) 1/5(20%)  2/5(40%) 0/5 (0%) 0/5 (0%) 0/5 (0%) 4/5 (80%) 2/5 (40%) 2/5 (40%) 1/6 (20%) 2/5 (40%) 2/5 (40%) 0/5 (0%)
Control 3/4 (75%) 0/4 (0%) 074 (0%) 174 (25%) 0/4 (0%) 3/4 (75%) 3/4 (75%) 3/4 (75%) 2/4 (50%) 074 (0%) 1/4 (25%) 074 (0%) 074 (0%)
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Sex

Age class

Stranding location

Male Female Not determined Fetus/ Neonate  Juvenile  Adult Florida North Carolina
Bottlenose dolphin (T. truncatus, N = 46) 29 16 1 3 12 31 17 29
Pygmy sperm whale (K. breviceps, N = 21) 13 6 2 4 4 13 3 18
Atlantic spotted dolphin (S. frontalis, N = 4) 3 1 0 0 1 3 1 3
Melon-headed whale (P electra, N = 3) 2 1 0 0 1 2 3 0
Gervais’ beaked whale (M. europaeus, N = 2) 1 1 0 0 0 2 1 1
Blainville’s beaked whale (M. densirostris, N = 2) 0 1 1 1 0 1 2 0
Dwarf sperm whale (K. sima, N = 1) 1 0 0 0 0 1 1 0
White beaked dolphin (L. albirostris, N = 1) 1 0 0 0 0 1 0 1
Pantropical spotted dolphin (S. attenuata, N = 1) 0 1 0 0 1 0 1 0
Risso’s dolphin (G. griseus, N = 1) 1 0 0 0 0 1 0 1
Cuvier’s beaked whale (Z cavirostris, N = 1) 0 1 0 0 0 1 0 1

These animals stranded in the southeastern United States, 2012-2018.





OPS/images/fvets-08-676499/fvets-08-676499-g002.gif





OPS/images/fvets-08-676499/fvets-08-676499-g001.gif
‘GAS SCORE MODES

B -
s -
° 2 L]

= Control C/D mortality ®C/D eutha

-

-
s,

n " n

et s
Sipedarscotnaens]





OPS/images/fvets-08-676499/crossmark.jpg
©

2

i

|





OPS/images/fmars-08-585501/fmars-08-585501-t002b.jpg
Cardiovascular and Pulmonary

o Marked diffuse myocardial congestion
and multifocal microhemorrhages:
Perivascular, epi- and endocardium,
coronary groove, papillary muscles

e Coronary endothelial and vascular
smooth muscle necrosis/apoptosis/
vacuolation, mural edema, hemorrhage

¢ +/— Proteinacious interstitial edema

e +/— Bands of bunched cardiomyocytes,
hyper-eosinophilic, glassy appearance

e +/—Mild cardiomyocyte swelling, edema,
vacuolation, necrosis, or apoptosis

e Coronary vasculature: No hyalinization

o Cardiomyocytes: Cytoplasmic vacuolation,
eosinophilia, swelling, necrosis, apoptosis,
myophagia

e Multifocal cardiomyocyte loss with stromal
collapse, fatty replacement, mild fibrosis,
non-suppurative inflammation

e Coronary arterioles: Smooth muscle
necrosis/apoptosis. Walls of coronary
arterioles increasingly hyalinized, hypocellular
+/— sparsely mineralized

o Decreasing congestion, interstitial edema

e Most severe lesions: apex, left ventricular free wall,
septum, and papillary muscles

o \entricles: Often sub-endocardial/sub-epicardial
lesion distribution

o Moderate to severe multifocal cardiomyocyte
loss, intersecting bands of stromal collapse,
fatty replacement, stromal fibrosis

e Large expanses of atrium may contain few
cardiomyocytes, severe fatty replacement,
no/mild inflammation

e Walls of coronary arterioles hyalinized, hypocellular,
thickened, sparsely mineralized Endothelium may
be bunched and rounded

o Cardiomyocyte necrosis/apoptosis/cytoplasmic
vacuolation less prominent

e Lesions most severe apex, left ventricular free wall,
atrium, papillary muscles, septum

e Moderate diffuse congestion

e Hepatic passive congestion, atrophy of hepatic

e Hepatic passive congestion, atrophy of hepatic

Hepatobiliary o+/— Mild acute venous dilation cords (especially centrilobular) cords (centrilobular to diffuse)
e +/— Patchy hepatic necrosis and thrombosis e +/— Patchy hepatic necrosis and thrombosis
eHyphema and severe diffuse vascular congestion (bilateral) e +/— Blindness/visual deficits
Eyes e +/—Congestion, hyphema due to congestive heart

failure

Female Reproductive System

¢ +/— Bands and patches of myometrial
hyper-eosinophilia, necrosis, apoptosis

e +/— Myometrial arteries: Endothelial
and smooth muscle necrosis or
apoptosis, degeneration, edema,
hemorrhage

e Placental congestion, hemorrhage,
necrosis

o Bands and patches of myometrial
hyper-eosinophilia, necrosis, apoptosis

e Myometrial vessels: Endothelial and smooth
muscle cell necrosis or apoptosis,
degeneration, edema, hemorrhage

o Placental congestion, hemorrhage, necrosis

e Placental congestion, hemorrhage, necrosis
(associated with congestive heart failure)

Renal

e Moderate to marked diffuse congestion

e Variable congestion

e Moderate to marked congestion

Gastrointestinal

e +/— Moderate vascular congestion

Definitions: CA, cornu ammonis of hippocampus.

Bold text, most helpful criteria for DA case diagnosis and staging, when present.
+/—, findings that are less consistently observed or less definitive.
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Key Tissues

Acute (Hours to days)

Subacute (Days to < 6 months)

Chronic (=6 months to years)

Choroid Plexus, Ependyma, Ventricles,
Sub-Ependymal Neuropil

e Congestion of choroid plexus

o Ventricles may contain cell debris and
acute hemorrhage

e Sub-ependymal neuropil:
+/— Congestion, microhemorrhage,
spongiosis (especially lateral and third
ventricles)

e Ependyma and choroid: +/—acute
necrosis/apoptosis, cells rounded, swollen,
eosinophilic, sloughing

o Ventricles may contain cell debris and mild

to severe hemorrhage

e Sub-ependymal neuropil: Congestion,

microhemorrhage, spongiosis, astrogliosis

e \entricles: Irregular contour, “moth-eaten”

appearance, patchy ependymal lining,
ependymal cells trapped below surface

e \entricle edges may adhere, forming scars
e Ependyma, choroid: Lessening congestion,

necrosis, apoptosis

e +/— Mild pallor, spongiosis and astrogliosis of
sub-ventricular neuropil

e Ventricles variably dilated with irregular
contours, “moth-eaten” appearance

e +/— Ventricles discontinuously lined by
ependyma and acellular fibrils, bands of
ependymal cells trapped below surface

e Ventricle edges may adhere, forming scars

Diencephalon (Thalamus, Hypothalamus)

e Marked vascular congestion,
microhemorrhage less prominent

e +/— Perivascular spongiosis

e Minimal/no discernible neuronal
necrosis, dropout, astrogliosis

o Progressive development of multifocal

large, well-defined vacuoles, especially
near ventricles and neuronal nuclei

e Congestion progressively fades
e Perivascular spongiosis
e Sparse neuronal necrosis/apoptosis,

shrinkage, dropout, astrogliosis

e Periventricular neuropil and ependyma

may look spongiotic, scarred,
“moth-eaten”

e Multifocal large, sharp-walled, well-defined
vacuoles, especially near ventricles and neuronal
nuclei

e Periventricular neuropil and ependyma may appear
scarred, “moth-eaten”

e +/— Decreased neuronal density in some nuclei,
+/— mild astrogliosis

Cerebellum, Pons, Medulla

o Marked diffuse vascular congestion,
especially in meninges and molecular
layer

o Marked diffuse vascular congestion,

especially in molecular layer

e Purkinje cell layer: +/— mild laminar swelling of astrocytes and Purkinje cell loss

e Periventricular neuropil and ependyma may appear
scarred, “moth-eaten”
e Sparse scarring and vacuolation

Olfactory Tracts, Olfactory Bulbs

o Marked congestion, mild/moderate
spongiosis and laminar swelling of
astrocytic foot processes,
+/— microhemorrhages

e Neurons and glia: Mild-moderate
cytoplasmic vacuolation, minimal/no
necrosis, shrinkage, dropout,
astrogliosis

o Mild/moderate spongiosis and laminar

swelling of astrocytic foot processes

e Marked congestion +/— multifocal

microhemorrhage (progressively fades)

e Sparse neuronal necrosis, shrinkage,

dropout, gemistocytic astrogliosis

e +/— Sparse, well-defined vacuoles along laminae
(Swollen astrocytic processes)
e +/— Mild gemistocytic astrogliosis

Spinal Cord

o Severe diffuse congestion, multifocal
microhemorrhage

e +/— Dilation of central canal, ependymal
loss, minimal intraluminal hemorrhage

e +/— Perivascular and periventricular
spongiosis and microhemorrhage

o Dilation of central canal, ependymal loss,

minimal intraluminal hemorrhage

e ++/— Patchy symmetrical neuronal necrosis
e +/— Microhemorrhage, gemistocytic

astrocytes, sparse dilated axon sheaths

o +/— Dilation and mural scarring of central
canal, variable ependymal loss

e +/— Sparse axonal loss, ballooning of axon
sheaths, mildly decreased neuronal density

e +/— Multifocal large, well-defined clear spaces,
especially near ventricles
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Key Tissues

Hippocampus, Entorhinal Cortex,
Parahippocampal Gyrus

Pituitary

Area Postrema, Other Circumventricular
Organs (CVOs)

Acute (Hours to days) Subacute (Days to < 6 months) Chronic (=6 months to years)

Central nervous system (CNS) signs and
lesions dominate. Occasional deaths from
acute cardiovascular impacts.

o Marked diffuse congestion and
multifocal microhemorrhages,

e +/— spongiosis
+/— Perivascular fibrinoid changes in
hippocampus and elsewhere without
evidence of sepsis or endotoxemia

e No/mild neuronal necrosis, shrinkage,
dropout, astrogliosis on histopathology

o Moderate to marked congestion in
pars distalis and pars nervosa with
relative sparing of pars intermedia.
Microhemorrhages in pars nervosa

e Congested, spongiotic, +/—
microhemorrhages

May present with severe CNS and/or
cardiovascular deficits.

o Pyramidal neurons: Necrosis, apoptosis,
hyperchromic, shrunken, pale, elongated,
dropout, especially cornu ammonis 2
region (CA2), entorhinal cortex,
parahippocampal gyrus. Dentate neurons
relatively spared. “Red dead” neurons
relatively uncommon

o Lesions commonly segmental, spread up
and down CA over time (spans CA1-4 in
severe cases), with most severe damage
around CA2. Pyramidal neuron loss and
gemistocytic astrocyte proliferation.

e Perivascular and laminar spongiosis of
molecular layer between CA and dentate
granule cells with gliosis

o Lesions often asymmetrical

e Progressive neuropil vacuolation, +/—
malacia near blood vessels and ventricles

e Segmentally decreased pyramidal neuron
density, focal retraction toward dentate,
and flattening of pyramidal neuron curve,
outer hippocampus, dilation of lateral
ventricle

e Ventricle walls appear irregular, “moth-
eaten”, with discontinuous ependyma

e Progressive decrease in congestion,
microhemorrhage, fibrinoid change

e +/— Vascular congestion in pars distalis and
pars nervosa with relative sparing of pars
intermedia, +/— edema and microhemorrhages
in pars nervosa

e Mild to moderately congested, spongiotic,
+/— neuronal necrosis or apoptosis,
astrogliosis, damaged ventricle wall,
microhemorrhage

Cardiovascular signs and lesions dominate.
CNS signs may be present, but are often less
severe than cardiovascular pathology.

o Mild to complete segmental loss of pyramidal
neurons (especially in CA2), mild gliosis,
malacia. Smooth curve of CA pyramidal
neurons becomes angular

o Inflexion of dentate neurons often “points”
toward area of most severe segmental
pyramidal neuron damage (consistent tissue
trimming is required)

o Retraction of severely affected CA segments
toward dentate neurons, flattened medial
hippocampus, ventricle dilation

e Hippocampi may appear shrunken, flattened,
asymmetrical, with enlarged lateral ventricle

e Ventricle walls appear irregular, “moth-eaten”,
with discontinuous ependyma

e Chronic, mild, sublethal cases can be
challenging to confirm, especially when
autolysis or concurrent pathology are present

e For severe chronic lesions, may see neuropil
loss, cavitation, extracellular vacuoles; lesions
often bilateral but may be asymmetrical

o No severe congestion or microhemorrhage

e Minimal/no discernible neuronal necrosis,
shrinkage, dropout. Astrogliosis may persist

e No abnormal pituitary congestion, edema,
hemorrhage
e +/— Scarring in pars nervosa

o Adjacent ventricle may appear scarred,
“moth-eaten”, with discontinuous ependyma
e +/—Scarring, gliosis, vacuolation
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Assessment Type Acute (Hours to days)

Subacute (Days to < 6 months)

Chronic (=6 months to years)

o Volume mildly increased (Normal = 1.5-2
ml), may be strongly DA positive
e +/— pale brownish/reddish tinge

Pericardial Fluid*

o Volume moderately/markedly increased (~4-8
ml), may be DA-positive

¢ Volume markedly increased (often >8 ml)

o ++/— fibrin strands inters

persed in pericardial fluid

¢ +/— Blindness/visual deficits

o +/— Blindness/visual deficits

e +/— Grossly apparent fibrin thrombi in hepatic vein
& hepatic parenchymal necrosis

Eyes o Hyphema (Unilateral or bilateral) o +/— Hyphema (Unilateral or bilateral)
e Hepatomegaly (mild/moderate), hepatic passive o Hepatomegaly (moderate/marked), hepatic passive
congestion, +/— mild hemosiderosis congestion, hemosiderosis +/— Liver surface has
Liver e Moderate diffuse congestion e Serous ascites +/— fibrinous capsulitis irregular "cobblestone" appearance

e Hemorrhagic ascites, fibrinous capsulitis
e +/— Hepatic vein thrombi, hepatic necrosis

Kidneys and Bladder
o Moderate/marked diffuse congestion

e Variable congestion

e Moderate-marked congestion

e +/— Dilated, urine

-distended bladder

o Often food in Gl tract, including minimally

Stomach and Intestines digested food in stomach

o +/— Partially digested food in Gl tract

o Gl tract often empty, atrophic

e +/— lleus, intussusception, torsion

e +/— Serosal & mucosal congestion

e +/— Recent abortion, acute death while
pregnant, stillborn fetus, pre-term fetus

o +/— Signs of forced copulation during
non-estrus period (while pregnant,
possibly due to neurological disease)

o Uterus, placenta, fetus: Congestion,
edema, brain or myocardial hemorrhage,
meconium stains ++/—uterine torsion

e None to mild mismatch between systemic
adipose stores & muscle catabolism

Female-Specific

o +/— Recent abortion, death while pregnant,
stillborn fetus, +/— uterine torsion

e +/— Signs of forced copulation during
non-estrus period (due to neurological
disease)

e +/— Fetus: Congestion, edema, brain or
myocardial hemorrhage, meconium stains

o Variable mismatch between systemic adipose
stores & muscle catabolism

e +/— Cardiac decompensation during
pregnancy, recent abortion, stillborn fetus

e +/— Pregnant but emaciated, or marked
nutritional mismatch (ample systemic adipose
but severe muscle catabolism)

e +/— Fetus: Emaciation, congestion, edema,
meconium stains (female attempted to reproduce
despite progressive cardiac disease)

o History of "rebooting" reproductive cycle, poor pup care or preweaning pup

e Perimortem fight trauma

Male-Specific

e +/— Mild paraphimosis or self-trauma

o No paraphimosis or self-trauma

e No testicular atrophy

e +/— Testicular atrophy

o Testicular atrophy

Definitions: G, gastrointestinal;, PPB, parts per billion.

Bold text, most helpful criteria for DA case diagnosis and staging, when present. +/—, findings that are less consistently observed or less definitive.

*Longer postmortem interval, blood loss & dehydration can decrease yield.
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Assessment Type

Acute (Hours to days)

Subacute (Days to <6 months)

Chronic (=6 months to years)

Central nervous system (CNS) signs & lesions
dominate. Occasional deaths from acute
cardiovascular impacts

May present with severe CNS and/or
cardiovascular deficits

Cardiovascular signs & lesions dominate.
CNS signs may be present but less severe
than cardiovascular pathology

External Examination

¢ Fair-excellent nutritional condition

o Glossy,well-groomed pelage

e +/— Perimortem neurological disease;
abraded nose, face, paws, self-trauma

o Copious red or yellow-tinged, clear to
mucoid oronasal fluid/hypersalivation

o +/— Perimortem neurological disease
(abrasions nose, face, paws, self-trauma)

o Signs overlap with acute & chronic cases

o Variable nutritional condition

e Pelage may be poorly groomed, dry

e ++/— Copious red or yellow-tinged, clear to mucoid
oronasal fluid & pulmonary edema

o Signs of cardiac/respiratory failure

e Declining (poor-fair) nutritional condition,
often cachexic, empty Gl tract

e Pelage often poorly groomed, dry

o +/— Peritoneal effusion, fluid wave

e +/— Red or yellow-tinged, clear to mucoid oronasal
fluid & pulmonary edema

DA Biochemical Results (urine, Gl
content)

o Often DA-positive, may be > 300 ppb
(=500 ppb is highly suspect for DA)

e Pseudo-nitzschia frustules in prey

o Negative test does not rule out toxicosis, esp. if
alive for hours/days before death

o DA test results variable, less informative
e DA values may not correspond with lesion severity or chronicity

Clinical Presentation

o Tremors, seizures, tameness, paresis,
obtundation, aggression, self-trauma,
blindness/visual deficits, hypersalivation

e +/— Chronic/recurrent neurological disease
o Cardiopulmonary disease, dyspnea

e Cardiopulmonary disease, heart failure,
effusion, dyspnea, emaciation
e +/— Chronic/recurrent neurological disease

Brain

o Meninges, neuropil, & ventricles: Severe
congestion +/- hemorrhage

e +/— Neuropil pink, wet, translucent

e +/— Variable brain swelling & herniation

e Meningeal & neuropil congestion gradually fades
+/— hemorrhage

e +/— Variable brain swelling & herniation

o Neuropil pink, white to pale tan (late)

o Neuropil pale tan +/- brain atrophy

e Hippocampus shrunken, flattened,
asymmetrical, enlarged ventricle(s)

e Minimal congestion, herniation, swelling

Cerebrospinal Fluid Volume*

o Mildly increased (normal <2 ml)

o Variable (mild-marked) increase (>2 ml)

Cardiovascular System

o Myocardium may look brown, wet,
translucent

o +/— Heart, systemic veins & viscera
appear mildly dilated & "full of blood", but
organs not abnormally enlarged

e +/— Grossly apparent hemorrhage in
papillary muscles, ventricular myocardium

e +/— Pleural, pericardial and peritoneal effusion
(mild to moderate)

o Myocardium pale & mottled or streaked,
especially apex, ventricles (L > R), brown
discoloration mild/absent.

o Atrial walls increasingly opaque

e +/— Mild myocardial hemorrhage

e Variable (none-severe) cardiac dilation

e +/— Pleural, pericardial, peritoneal effusion

o Variable (mild to severe) cardiac & venous
dilation +/— venous shunts (chest, abdomen)

e Myocardium pale, tan or white spots or
streaks, atrial walls often opaque

e Severe congestion, cardiomegaly,
hepatomegaly, chronic passive congestion

o Moderate-severe peritoneal, pleural &
pericardial effusion, hepatic capsular fibrin

o Pulmonary edema +/— interstitial fibrosis

o +/— Depressed, thin or transparent areas, especially near apex (myofiber loss)

o +/— Hepatic vein thrombosis

e +/— Arrhythmias, acute death, heart failure, pulmonary edema, dyspnea, cyanosis
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Dolphin

R132

R137

R303

R305
R308

R352
R356
R363
Y365

Y302

Y327
Y375

Pharynx
lesions

0.0/~

*20.9/+
18.2/+

16.5/+

17.6/+

0.0/~

Skin lesions

0.0/~

Spleen

0.0/~

0.0/~

0.0/~
0.0/~

0.0/~
0.0/~
0.0/~

0.0/~

0.0/~
0.0/~

Cerebellum,
thymus

0.0/~
0.0/~

0.0/~

na
0.0/~

0.0/~

0.0/-,
0.0/~
0.0/~

0.0/~

Kidney,
adrenal

0.0/~

0.0/-,
0.0/~

0.0/-,
0.0/~

0.0/
0.0/~

0.0/~

0.0/~
0.0/, 0.0/~

0.0/~

0.0/~
0.0/~

Cerebrum  Tongue,

0.0/~
0.0/~

0.0/~

0.0/~
0.0/~

0.0/~
0.0/~
0.0/~
0.0/~

0.0/~

0.0/~
0.0/~

epiglottis

0.0/~
0.0/~

25.9/+

0.0/~,
0.0/~

00/~

Mouth Pseudo-
lesions cervix, liver

0.0/-, 0.0/~
0.0/~

0.0/~

0.0/~ 0.0/-, 0.0/~

0.0/~

0.0/~ 0.0/,
0.0/~

0.0/~

LALT

0.0/~
0.0/~

0.0/~

0.0/~
0.0/~

0.0/~
0.0/~
0.0/~

0.0/~

0.0/~
0.0/~

Lung,
pancreas

0.0/~
0.0/, 0.0/~

0.0/, 0.0/~

0.0/, 0.0/~

0.0/, 0.0/~
0.0/~
0.0/~

0.0/-, 0.0/~

0.0~
0.0/, 0.0/~

“Ct value of a GPCR targeting the glycoprotein B gene of cetacean gammaherpesvirus/bolded positive (+) or negative (-) result of a conventional panherpes PCR targeting the DNA

lymerase gene of alpha- or gamma- cetacean herpesviruses.
“Empty spaces correspond to tissues not being available. LALT, Laryngeal-associated lymphoid tissue.
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Group-1 Group-2

System and Tissue Number Examined* Lesions % Number Examined* Lesions %
Respiratory system and sinuses 27 12

Pterygoid sinusitis nasitremiasis o 0.0 5 a7
Pulmonary congestion/hemorrhage 4 148 6 50.0
Pulmonary edema 14 51.9 1 83
Bronchopneumonia 6 222 7 583
Preumontis 1 37 4 333
Extramedullary hematopoiesis 1 37 3 250
Oronasal pharynx 3 10

Nasopharyngitis o 00 6 60.0
Pharyngitis 3 100.0 0 00
Cytopathic changes 2 66.7 5 50.0
Hemorrhage 0 00 3 30.0
Scirthous ductal carcinoma 0 00 1 100
Epithelial hyperplasia/acanthosis 2 66.7 4 40.0
LALT 2 11

Laryngitis 1 50.0 11 100.0
Gland abscessation o 00 8 727
Follicular hyperplasia 2 100.0 3 213
Glandular hyperplasia 1 50.0 3 213
Hemorrhage 1 50.0 2 18.2
Trematode eggs o 0.0 4 36.4
Nervous system 23 12

Anoxic change 4 17.4 7 58.3
Purkijne cell drop-out 1 43 3 25.0
Neuronal satelitosis 2 87 8 66.7
Microglial nodules 1 43 3 25.0
Giiosis 4 17.4 7 583
Myelin hyalinosis 1 43 3 25.0
Myelin vacuolation 2 87 7 583
Demyelination 7 30.4 2 16.7
Axonal degeneration/spheroids 4 17.4 3 250
Neuropil vacuolation (spongiosis, edemz) 6 26.1 9 750
Congestion 0 00 3 250
Perivascular edema 9 391 9 75.0
Perivascular hemorthage 5 217 3 25,0
Perivasculitis non-suppurative 5 217 1 83
Siderophages/hemosiderosis 3 130 3 250
Pigment deposition 1 43 3 25.0
Non-suppurative meningitis 2 87 5 a7
Lafora bodies (polyglucosan bodies) 1 43 4 333
Meningeal edema 2 87 5 “7
Meningeal hemorthage 3 13.0 9 750
Meningeal fiorosis 1 43 7 583
Choroid plexus, edema o 00 3 25,0
Hemolymphatic system

Lymph nodes. 24 12

Hyperplasia 6 250 3 25,0
Depletion/hypocellularity 3 125 10 833
Hemorrhage o 0.0 5 a7
Inflammation drainage 4 16.7 12 100.0
Hemorrhage drainage 2 83 10 833
Lymphadenitis 1 4.2 7 58.3
Reactive change 4 16.7 10 833
Histiocytosis 4 167 9 750
Squamous metaplasia 0 00 1 9.1
Plasmacytosis 2 83 3 25,0
Extramedullary hematopoiesis 1 4.2 4 333
Pigment depositionhemosiderosis 5 208 8 66.7
Pigment deposition/hematin o 0.0 4 333
Pigment deposition/anthracosis 6 250 3 25,0
Spleen 19 12

Splenitis 1 53 3 25.0
Hemorrhage 3 158 4 333
Pigment deposition/hemosiderosis 2 105 3 250
Extramedullary Hematopoiesis 1 53 8 66.7
Lymphoid depletion 1 53 6 50.0
PAL hyalinosis 0 00 4 333
Thymus. 14 6

Thymic Involution 5 35.7 1 16.7
Lymphoid depletio/atrophy 2 143 5 833
Hemorrhage 2 14.3 4 66.7
Edema 2 14.3 4 66.7
Pancreas 12 11

Zymogen granule depletion 3 250 8 727
Necrosis 4 333 6 545
Saponification/lipolysis 1 83 3 213
Ductitis 1 83 4 36.4
Duct hyperplasia 2 167 @ 27.3
Hemorrhage 4 333 7 636
Islet of Langerhan eosinophilic intranuclear 2 167 6 54.5
inclusions

Hepatobiliary system 26 11

Vacuolar change 0 00 5 455
Hydropic change 0 00 3 273
Fatty change 6 231 0 00
Hemosiderosis (ron deposition) 6 234 7 63.6
Hematin deposition (trematode pigment) 2 7.7 3 213
Bacterial embol 1 38 3 213
Cholangitis/portal hepatitis 7 269 5 455
Cholangiohepatitis 0 00 5 455
Cholestasis 0 00 3 213
Bile duct hyperplasia 3 15 5 455
Fibrosis 1 38 4 364
Central vein fibrosis 3 15 4 36.4
Congestion 9 346 5 455
Extramedullary hematopoiesis 3 15 3 213
Cholestasis 0 00 3 213
Endocrine system

Pituitary gland 5 11

Rathike’s pouch cyst 1 200 0 00
Adenohypophysis, cyst 1 200 3 27.3
Adenchypophysis, thyroidization 1 200 11 100.0
Adenchypophysis, mineralization 0 00 3 273
Hemorrhage 1 200 0 00
Infundibular stalk, congestion 0 0.0 3 273
Adrenal gland 21 12

Adrenal gland, cortical hyperplasia 5 238 3 25.0
Extramedullary hematopoiesis 2 95 5 Mn7
Adrenalitis 0 00 6 50.0
Necrotizing adrenalitis 0 00 4 333
Fibrosis 0 00 3 25.0
Hemorrhage 1 48 3 250
Thyroid gland 15 12

Thyroid gland, folicular cysts 5 333 3 250
Thyroid gland, thyroglossal cyst [ 00 3 250
Papilary hyperplasia 0 00 3 250
Colloid depletion/drop out 4 26.7 6 50.0
Hemosiderin deposition 2 13.3 5 Mnr
Congestion 2 133 8 66.7
Urinary system

Kidney 27 12

Nephritis 4 14.8 5 Mnr
Interstitial fibrosis 3 111 4 33.3
Tubular pigment deposition 0 00 3 50.0
Glomerulopathy (membranous)/Bowman’s 6 222 5 a7
hyalinization

Nephrosis/tubular necrosis 1 37 4 333
Medullary mineralization 4 14.8 7 58.3
Reproductive system 17 12

Female 11

Leiomyoma 1 91 2 222
Endometrtis 7 636 2 222
Uterine angiopathy (sclerosis) 4 36.4 0 00
Cenvicitis 0 00 2 222
Pseudocervicitis 0 00 5 55.6
Cervix, squamous metaplasia 0 00 2 222
Endometrial Adenocarcinoma 0 0.0 2 222
Mammary gland 13 7

Mastitis 5 385 2 286
Benign adenoma 0 00 1 1.4
Male 6 3

Epididymitis 0 00 1 333
Epididymis, luminal hemorrhage 0 00 1 333
Integumentary system 14 6

Atrophy 5 387 4 66.7
Dermatitis 1 71 6 100

*The denomintor for prevalence determination represents the number of samples aveileble for any particular orgen system examined. Light gray indicates sex and orgen system
headings. Bold numbers indicates findings in >20% of the samples examined for either or both groups.
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Group-1 Group-2

System and tissue Number examined* Lesions % Number examined* Lesions %
Cardiovascular system 32 2

Myocardial fibrosis 0 ) 1 50.0
Arteriosclerosis 1 3.1 1 50.0
Aneurysm o o 1 50.0
Thrombosis 0 0 1 50.0
Respiratory system and sinuses. 30 12

Plerygoid sinusitis nasitremiasis 0 00 5 an7
Pulmonary congestion/hemorthage 12 40.0 3 250
Bronchopneumonia 1 33 6 50.0
Pleural fibrosis. 2 67 3 250
Oronasal pharynx & 6

Pharyngitis 0 00 2 333
Mucosal plaque 2 66.7 4 66.7
Nervous system 18 1

Meningeal hemorthage 4 222 2 18.2
Hemolymphatic system

Lymph nodes 32 12

Lymphadenopathy 17 53.1 7 583
Depletion 0 00 3 250
Edema 2 63 3 250
Pigment deposition 0 0.0 5 a7
Spleen 2 12

Congestion 6 231 ) 0.0

Thymus 8 3

Thymic involution 1 125 1 333
Edema o 0.0 2 66.7
LALT 2 11

Laryngitis o 0.0 8 727
Hyperplasia 1 50.0 6 545
Digestive system 30 11

Gastroduodenal, trematodiasis 18 60.0 7 636
Fundic stomach, gastitis 0 00 4 36.4
Fundic stomach, ulceration 1 33 3 273
Fundic stomach, Hemorrhage 1 33 4 36.4
Pyloric stomach, Hemorthage o 00 2 182
Enteric, hemorrhage 1 33 6 54.5
Enteritis 1 33 3 273
Enterocoliis o 0.0 4 36.4
Oral cavity 10 12

Dental attrition 4 40.0 5 a7
Tooth fracture 2 200 0 00

Glossitis 0 00 4 333
Tongue, ulceration 2 200 4 333
Ulcerative stomatitis 2 20,0 0 00

Pancreas 32 11

Pancreaiis 1 31 6 545
Necrosis 2 63 6 545
Hemorrhage 2 63 6 545
Saponification 1 34 3 273
Hepatobiliary system 32 11

Hepatic trematodiasis 3 273
Congestion 14 4338 0 00

Musculoskeletal system 34 12

Scoliosis/muscle contracture 1 29 3 250
Muscle necrosis/pallor o 00 4 333
Rhabdomyolysis 1 29 5 a“7
Endocrine system

Adrenal gland 30 12

Adrenal gland cortical hyperplasia 7 233 3 250
Congestion 7 233 4 333
Thyroid gland 19 12 00

Thyroglossal cyst 1 53 4 333
Urinary system

Kidney 32 12

Interenicular fat serous atrophy 7 219 0 00

Urinary bladder 32 12

Proteinuria NA NA 3 25.0
Hematuria NA NA 3 250
Reproductive system 32 12

Female 25

Leiomyoma 1 40 2 222
Endometritis 0 0.0 2 222
Cervicitis 0 0.0 2 222
Millary cervicitis 0 00 2 222
Endometrial adenocarcinoma 0 0.0 2 222
Body as awhole, body cavity

Emaciation/poor condition 4 125 6 50.0
Thinvfair condition 9 281 2 16.7
NRG/good condition 21 656 4 333
Abdominal serosanguinous effusion 4 125 5 a7
Thoracic serosanguinous effusion 0 00 3 250
Pericardial serosanguinous effusion 0 0.0 9 75.0
Integumentary system 18 12

Abrasion 5 278 2 16.7
Laceration 4 222 1 83

Fibrosis 4 222 2 16.7
Dermatitis 1 56 6 50.0
Pox dermatitis 3 167 3 250

*The denominator for prevalence determination represents the number of samples available for any particular organ system examined. Light gray indicates sex and organ system
headings. Bold numbers indicates findings in >20% of the samples examined for either or both groups. NA, not applicable.





OPS/images/fvets-07-00572/fvets-07-00572-g005.gif





OPS/images/fvets-07-00572/fvets-07-00572-g004.gif





OPS/images/fvets-07-00572/fvets-07-00572-g003.gif





OPS/images/fvets-07-00572/fvets-07-00572-g002.gif





OPS/images/fvets-07-00572/fvets-07-00572-g001.gif
4

=

Florida 3
Keys g
o <

Strajts of Floridd, , o





OPS/images/fvets-07-00572/crossmark.jpg
©

2

i

|





OPS/images/fmars-07-00684/fmars-07-00684-t001.jpg
ID Species common Scientific name Date Loc Type Code NS Age Sex FS Most likely Cause Lat Long
name of Stranding or
Death
1 Dwarf sperm whale Kogia sima 28/4/2017 Huasco D 3 4 S M N Undetermined —28.4 —-71.2
2 Dusky dolphin Lagenorhynchus obscurus 13/7/2017  Cogquimbo D 3 3 A U N Undetermined —29.9 -71.3
3 Burmeister’s porpoise Phocoena spinipinnis 12/1/2019 Concoén A 2 4 S F Y Drowning —-329 -71.5
4 Long-finned pilot whale Globicephala melas 26/8/2015  Valparaiso D 3 2 A F N Undetermined —-33.1 -71.6
5 Short-beaked common dolphin Delphinus delphis 27/1/2015 Quintero D 2 4 A F N Drowning due to bycatch —33.2 —71.6
6 Risso’s dolphin Grampus griseus 24/4/2019  San Antonio D 3 4 S M Y Drowning due to bycatch —33.5 —71.6
7 Fin whale Balaenoptera physalus 25/5/2018 Santo Domingo D 3 4 S F U Trauma (vessel collision) —33.6 —71.6
8 Orca Orcinus orca 13/7/2017 El Yali D 4 3 S M Y Inter/intra specific trauma —33.7 —71.6
9  Southern right whale dolphin  Lissodelphis peronii 8/6/2015 Pelluhue A 2 3 A F N Stranding stress —35.8 —72.6
10 Fin whale Balaenoptera physalus 25/5/2018  Talcahuano D 3 4 S M U Trauma (vessel collision) —36.7 —73.1
11 Peale’s dolphin Lagenorhynchus australis  5/6/2017 Aldachildo D 3 3 A U U Undetermined —39.4 -73.2
12 Burmeister’s porpoise Phocoena spinipinnis 5/08/2012 Valdivia D 3 4 A F Y Drowning due to bycatch —39.7 —73.3
13 Burmeister’s porpoise Phocoena spinipinnis 5/15/2010 Valdivia D 3 4 A M Y Drowning due to bycatch —39.8 —73.4
14 Burmeister’s porpoise Phocoena spinipinnis 5/15/2010 Valdivia D 3 4 S M Y Drowning due to bycatch —39.8 —73.4
15 Strap-toothed beaked whale  Mesoplodon layardii 30/3/2019  Tortel cove A 4 4 A M Y Undetermined —47.7 —73.5

Provided are the species common name, scientific name, date and location of stranding, type of stranding (D = dead vs. A = alive animal), decomposition stage of the
necropsied carcass (Code), age, sex, food in stomach (FS), most likely cause of death, latitude (Lat) and longitude (Long). Strandings are ordered according to latitude,
from north to south. For age class and sex, A: adult, S: subadult, M: male, F: female and U: unknown. Decomposition code; 2 = minimal, 3 = mild, 4 = moderate.
Nutritional status scale (NS): 1 = emaciated, 2 = poor, 3 = fair, 4 = good, 5 = very good. Food in stomach: Y = yes, N = No, unknown = U.
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Diagnosis Not assessed Normal Mild Moderate Marked Severe Total

Pneumonia 1 2 0 8 10 3 21
Pneumonia, verminous 0 12 1 4 6 2 13
Lymphoid hyperplasia il 2 0 19 3 0 22
Enteritis 2 3 5 16 0 0 20
Encephalitis/meningitis 6 13 5 1 0 0 6
Hemosiderosis 0 15 1 g 0 0 10
Thymic lymphoid depletion 8 14 1 1 0 0 2
Splenic lymphoid depletion 3 21 0 1 0 0 1

Skin punctures 2 19 3 1 0 0 4
Dermatitis 6 16 1 2 0 0 3

Emaciation 0 2 1 13 7 2 23
Hepatitis 0 10 8 6 0 0 14

The numbers represent the frequency of morphologic diagnoses identified within the examined case material.
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Sample ID Carcass location Collection date Age Tissues processed for virus Virus isolation results
(Latitude /Longitude) isolation
WDFW 1007-05 West Seattle 05-October-2007 WP Lung, brain, spleen, unspecified lymph All tissues positive
(47.589/—122.376) node
WDFW 1007-16 West Seattle 31-October-2007 WP Lung, brain. spleen, unspecified lymph All tissues negative
(47.589/—122.376) node, small intestine
WDFW 1107-03 Seattle 06-November-2007 WP Mediastinal lymph node, heart, All tissues positive
(47.6307/—122.3954) mesenteric lymph node, brain, spleen,
lung, kidney, dermatitis affected skin,
abdominal cavity fluid
WDFW 2008-008 Seattle 16-January-2008 WP Lung, spleen, mediastinal lymph node, All tissues negative
(47.6753/—122.4031) brain, cerebral spinal fluid,
suprascapular lymph node
WDFW 2008-009 Seattle 16-January-2008 WP Lung, spleen, mediastinal lymph node, All tissues negative
(47.6861/—122.4028) brain
WDFW 2008-010 West Seattle 20-January-2008 AD Lung, spleen, mediastinal lymph node, All tissues negative
(47.589/—122.376) brain*
WDFW 2008-011 West Seattle 20-January-2008 WP Lung, spleen, mediastinal lymph node, All tissues negative
(47.5853/—122.3725) brain
WDFW 2008-012 Seattle 22-January-2008 WP Lung, spleen*, mediastinal lymph node, Brain positive
(47.626/—122.3925) brain
WDFW 2008-013 Tacoma 25-January-2008 AD Lung, spleen, mediastinal lymph node, All tissues negative
(47.3035/—122.4396) brain
WDFW 2008-014 West Seattle 29-January-2008 WP Lung, spleen, mediastinal lymph node, All tissues negative
(47.5897/—122.3809) brain
CRC-834 Vashon Island 10-February-2008 AD Lung, spleen, mediastinal lymph node, All tissues negative
(47.388/—122.375) brain
WDFW 2008-016 Poulsbo 13-February-2008 WP Lung, spleen, mediastinal lymph node*, All tissues negative
(47.854/—122.6045) brain
WDFW 2008-019 Federal Way 22-February-2008 AD Lung, spleen, mediastinal lymph node, All tissues negative
(47.321/—-122.3932) brain
WDFW 2008-020 Bremerton 28-February-2008 WP Lung, spleen, mediastinal lymph node, All tissues negative
(47.5993/—122.593) brain
WDFW 2008-023 Seattle 17-March-2008 AD Lung, spleen All tissues negative
(47.5178/—122.3926)
WDFW 2008-025 Seattle 20-March-2008 WP Lung Negative
(47.5255/—122.4015)
WDFW 2008-027 Seattle 22-March-2008 WP Spleen Negative
(47.5935/—122.3823)
WDFW 2008-028 Seattle 24-March-2008 WP Brain Negative
(47.5098/—122.3922)
WDFW 2008-029 Des Moines 25-March-2008 AD Lung Negative
(47.394/—122.3259)
WDFW 2008-032 Seattle 29-March-2008 AD Lung, spleen All tissues negative
(47.5394/—122.3971)
WDFW 2008-031 Seattle 31-March-2008 AD Lung, spleen All tissues negative
(47.5226/—122.3943)
WDFW 2008-030 Tacoma 31-March-2008 WP Lung, spleen All tissues negative
(47.2589/—122.4427)
WDFW2008-037 Bainbridge Island 28-April-2008 AD Spleen, brain, suprascapular lymph All tissues negative
(47.5718/—122.5204) node, mediastinal lymph node, lung
WDFW2008-076 Bainbridge Island 26-June-2008 AD Lung, abnormal lung, suprascapular In, All tissues negative
(47.6374/—122.5023) kidney, mediastinal lymph node,
mesenteric lymph node, spleen, brain
WDFW2008- 079 Seattle 01-July-2008 WP Mediastinal lymph node, kidney, brain, All tissues negative

(47.595/—-122.3874)

spleen, lung

M, male; F, female; WP, weaned pup; AD, adult. *Tissues from which Aquamavirus B was isolated (Rodrigues et al., 2020).
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Species
T. truncatus
T. truncatus

T. truncatus
L. albirostris
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Adult
Adult

Adult
Adult

Sex

Male
Male

Female
Male

Location stranded
Cape Lookout, NC, United States
Atlantic Beach, NC, United States

Oceanana Pier, NC, United States
Back Sound, NC, United States

Neoplasia type(s)

Metastatic immunoblastic
lymphosarcoma

Microadenoma
Leiomyoma

Pheochromocytoma;
seminoma
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Lungs, pulmonary lymph
node, adrenal gland
Pituitary gland
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Histopathologic Changes # Cases Lesion Severity (%)

Mild Moderate Severe
Hepatobiliary Pathology (45 cases)
Fibrosis 28 8/28 (29%) 15/28 (54%) 5/28 (18%)
Biliary hyperplasia 17 4/17 (24%) 1217 (71%) 1/17 (6%)
Hepatitis 20 6/20 (30%) 11/20 (55%) 3/20 (15%)
Hydropic degeneration 10 3/10 (30%) 6/10 (60%) 1/10 (10%)
Necrosis 3 0/3 (%) 1/3 (33%) 2/3 (67%)
Lymphoreticular Pathology (20 cases)
Lymphoid depletion (general) 4 1/4 (25%) 3/4 (75%) 0/4 (0%)
Lymphoid depletion [lymph node(s)] 16 5/16 (31%) 6/16 (38%) 5/16 (31%)
Lymphoid depletion (spleen) 7 4/7 (57%) 3/7 (43%) 0/7 (0%)
Lymphoid depletion (Peyer’s patches) 2 1/2 (560%) 0/2 (0%) 1/2 (50%)
Severe erythrophagocytosis (axillary lymph node) 1 0/1 (0%) 0/1 (0%) 1/1 (100%)
Cardiovascular Pathology (16 cases)
Cardiomyocyte loss 13 6/13 (46%) 6/13 (46%) 1/13 (8%)
Myocardial fibrosis 13 7/13 (54%) 5/13 (38%) 1/13 (8%)
Nervous-Endocrine Pathology (18 cases)
Adrenal cortical hyperplasia 6 1/6 (17%) 5/6 (83%) 0/6 (0%)
Central neuronal axonal degeneration (spinal cord) 6 2/6 (33%) 3/6 (50%) 1/6 (17%)
Central neuronal axonal spheroids (spinal cord) 2 0/2 (0%) 1/2 (60%) 1/2 (60%)
Thyroid fibrosis 2 2/2 (100%) 0/2 (0%) 0/2 (0%)
Thyroid atrophy 2 1/2 (560%) 1/2 (60%) 0/2 (0%)
Thyroid follicular hyperplasia 2 2/2 (100%) 0/2 (0%) 0/2 (0%)
Thyroid follicular cysts 2 0/2 (0%) 2/2 (100%) 0/2 (0%)
Thyroiditis 1 1/1 (100%) 0/1 (0%) 0/1 (0%)
Pituitary periadenitis 2 1/2 (60%) 1/2 (60%) 0/2 (0%)
Genitourinary Pathology (14 cases)
Interstitial nephritis 7 3/7 (43%) 4/7 (57%) 0/7 (0%)
Glomerulosclerosis 4 4/4 (100%) 0/4 (0%) 0/4 (0%)
Interstitial fibrosis 10 7/10 (70%) 3/10 (30%) 0/10 (0%)
Hydropic degeneration of renal tubular epithelium 2 2/2 (100%) 0/2 (0%) 0/2 (0%)
Orchitis 3 2/3 (67%) 1/3 (33%) 0/3 (0%)
Testicular atrophy 1 1/1 (100%) 0/1 (0%) 0/1 (0%)
Endometritis 2 2/2 (100%) 0/2 (0%) 0/2 (0%)
Infections Diagnosed # Cases Diagnostics Performed
Morbillivirus 12 Histopathology, PCR analysis of lung, lymph node, spinal cord, brain
Brucella spp. 1 Histopathology, PCR analysis of spinal cord, lung lymph node
Campula spp. 6 Histopathology
Sarcocystis spp. 2 Histopathology
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Organic toxicants
Atrazine 0.26* 0.02* 0.02* N/A 0.01 /A /A <0.01
(0.06-0.5) (0.02-0.03) N=1 N=1 &
N=2 N=4
BPA 50.4* 1.65* <0.01 N/A <0.01 /A /A 397.4
(1.4-258.3) (1.10-11.11) N=2 N=2 N =
N=4 N=3
DEP 4.8* 017" 0.07 £0.04 /A 0.5+0.7 /A /A 13.8
(0.02-46.3) (0.03-8.5) (0.04-0.1) (0.03-0.99) N =
N=17 N=9 N=2 N=2
PE 1.5* 59.8* <0.01 /A 0.08 &+ 0.08 /A /A <0.01
(0.02-31.3) (0.1-95.8) N=2 (0.02-0.14) N=
N =11 N=11 N=2
Aroclor'?8 8.4 (0.1-17.3) N =8 <0.06N=5 N/A 3.84 (N=1) <0.06 N =1 <0.06N =1 /A N/A
Triclosan 9.62* 0.12* 0.3+0.3 N/A 0.05 + 0.04 N/A /A 49.6
(0.03-173.7) (0.02-24.3) (0.1-0.5) (0.02-0.08) N=
N=12 N=10 N=2 N=2
Non-essential elements
Arsenic 183£10 224186 28422 356289 16+14 4.3 1.1 05
(0.16-5.8) (0.1-6.3) (0.5-6.2) (1.3-7.7) (0.7-2.6) N=1 N=1 N=1
N =44 N=18 N=5 N=4 N=2
Cadmium 0.4* 134 +£13.2 264187 3204315 56.6 £12.7 384.5 53.8 25
(0.04-366.0) (0.01-46.8 (0.01-39.1) (10.4-68.2) (47.6-65.5) N=1 N=1 N=1
N =31 N=18 N=5 N=8 N=2
Mercury 247.9 £ 327.9 9594874 434.2 + 271 111.9+113.3 1102.1 644.6 170.9 173.4
(8.6-1415.5) (1.6-249.7 (412.5-464.6) (8.2-232.8) N=1 N=1 N=1 N=1
N=37 N=8 N=3 N=3
Lead 0.14* 0.05* 0.02* 0.04* 0:15+0.03 0.2 201 0.5
(0.03-0.64) (0.02-0.12 (0.01-0.03) N=1 (0.13-0.17) N=1 N=1 N=1
N=21 N=13 N=2 N=2
Thallium 0.01 £0.01 0.004* 0.01* 0.01 0.01 <0.1 <0.1 <0.1
(0.001-0.02) (0.001-5.07) (0.02-0.01) N=1 N=1 N=1 N=1 N=1
N=8 N=10 N=2
Essential elements
Cobalt 0.02* 0.35* 0.02* 0.09* 0.07 £0.02 0.1 0.05 <0.05
(0.01-0.08) (0.01-0.86) (0.01-0.04) (0.07-0.12) (0.06-0.08) N=1 N=1 N=1
N=12 N=17 N=2 N=2 N=2
Copper 34.0+ 384 195.2 £ 312.0 294 +738 427.0:: 8353 20.7:£53 265 22.8 30.5
(7.9-218.0) (8.7-1014.1) (17.5-37.0) (6.4-1679.9) (17.0-24.5) N=1 N=1 N=1
N=45 N=18 N=5 N=4 N=2
Iron 1128.0 £ 714.3 2458.1 £ 1216.9 572.6 +49.8 1698.0 £+ 483.0 1003.77 6516.8 1773.7 877.9
(411.2-3674.7) (679.0-4109.1) (639.6-629.8) (1141.3-2006.4) N=1 N=1 N=1 N=1
N =37 N=8 N=3 N=3
Manganese 11.6+5.0 4.9 +23 10.08 £ 4.5 481 +3.0 120+ 3.0 5:3 7.7 7.6
(2.56-26.0) (0.7-9.4) (3.60-15.4) (1.43-7.5) (9.9-14.0) N= N=1 N=1
N =45 N=18 N=5 N=4 N=2
Selenium 107.7 £122.7 37.89 + 32.6 104.4 £ 86.0 5837 4425 324.3 £213.0 268.6 68.8 150.2
(2.9-585.9) (6.62-122.7) (1.90-175.8) (10.75-95.4) (173.7-474.9) N=1 N=1 N=1
N =45 N=18 N=5 N=4 N=2
Zinc 188.3 £ 117.3 116.6 £ 305.3 139.4 £ 101.7 161.4 £190.6 787 +£52.1 128.3 105.5 58.2
(42.8-702.7) (10.7-1337.7) (14.4-263.8) (33.5-444.8) (36.9-110.5) N=1 N=1 N=
N =45 N=18 N=5 N=4 N=2

BPA, bisphenol-A; DEP, diethyl phthalate; NPE, nonylphenol ethoxylate. Organic toxicants were measured in blubber (atrazine, BPA, DEP NPE, triclosan) and liver (Aroclor’?%) samples, and inorganic toxicants were
measured in liver samples. Sample sizes are shown in parentheses for each analyte and species. “N” gives the number of samples that tested above detection limits for each analyte. “NA” denotes analytes that were
not measured in the annotated species. *Denotes median values.
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Species 0.111
Balaenoptera 8(1.1) 51.2) 0(0.0)
acutorostrata
Balaenoptera borealis 3(0.6) 2(05) 0(0.0)
Balaenoptera edeni 2(0.4) 2(05) 0(0.0)
Balaenoptera physalus 8(1.1) 4(1.0 0(0.0)

Delphinus delphis 55(102) 47(11.5)  3(125)
Globicephala 4583 2869  8(333)
‘macrorhynchus

Grampus griseus 13 (2.4) 10(2.5) 0(0.0)
Kogia breviceps 29(54)  20(49  3(128)
Kogia sima 7(1.3) 5(12) 0(0.0)
Lagenodelphis hosei 4(0.7) 3(0.7) 0(0.0)
Megaptera novacangliae 2 (0.4) 2(05) 0(0.0)
Mesoplodon bidens 2(0.4) 102 0(0.0)
Mesoplodon densirostris 8 (1.5) 7(17) 0(0.0)
Mesoplodon europaeus  11(20) 4 (1.0) 2(83)
Mesoplodon mirus 102 0(0.0) 0(0.0)
Orcinus orca 102 102 0(0.0)
Phocoena phocoena 102 102 0(0.0)
Physeter macrocephalus 32 (5.9) 21(5.1) 0(0.0)
Pseudorca crassidens 2(04) 2(05) 0(0.0)
Stenella coeruleoalba 105(19.4)  81(19.9)  3(12.)
Stenella frontalis 102(189) 83(208)  3(125)
Stenela longirostris 3(0.6) 3(07) 0(0.0)
Steno bredanensis 22 (4.1) 20(4.9) 0(0.0)
Tursiops truncatus 4208  33@.1) 1(4.2)
Ziphius cavirostris 3667  23(56) 1(4.2)

Diving behavior 0,003
Shallow diver 356(65.9) 289(70.8)  10(41.7)

Deep diver 184(34.1) 119(29.2)  14(58.3)

Coast 0.014

El Hierro y La Palma 14 2.6) 8(2.0) 0(0.0)
La Gomera y Tenerife 172(31.9) 131(32.1)  16(66.7)
Gran Canaria 149 (27.6) 113(27.7)  3(12.5)
Fuerteventuray 205(38.0) 156(382)  5(208)

Lanzarote

Age 0.004
Neonate/calf 142(263) 107 (262) 11(45.8)
Juvenisubadult 161(209) 121(29.7)  4(167)

Adut 236 (43.8) 180(44.1)  9(37.5)

Body condition 0,044
Poor/very poor 166(34.7) 145(37.2)  3(15.0)

Good/fair 312(65.3) 245(62.8 17(85.0)

Sex 0731
Female 254(482) 187 (46.4)  12(50.0)

Male 273(51.8) 216(53.6) 12(50.0)

Mature categories 0.768
Immature 261(492) 199(49.0)  12(52.2)

Mature 260(50.8) 207 (51.0) 11(47.8)

Categorical variables are expressed as frequencies and percentages, in brackets, and
were compared, as appropriate, using the Chi-square (x2) test or the exact Fisher test.
Statistical significance was set at p < 0.05.
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The cases in which the death was related to an accident during the predation are not included (cases 14, 17, and 20). The table shows the number of the case, the species, and the presence (¥, yes) or the absence (N, no) of
intra-interspecific tooth-rake marks, healed rake marks, skin erosion/laceration, vascular changes in the skin, postmortem shark bites, subcutaneous and muscle hematomas, fractures [cranium, mandibles (S, single; M, multiole; R right;
and L, lef), vertebrae (T, thoracic and L, lumbar), ribs (the exact number of rib fractures is given in case it was recorded, lso the side), and scapula), hemothorax, hemoabdomen, hemopericardium, lung perforation, non-digested food,
tracheal edema, and vascular changes and Central Nervous System (CNS).
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Case Species Diving Stranding  Island  Stranding Sex  Age Body  Decomposition Sexual Traumatic

behavior  date event condition state maturity behavior

1 Globicephala D 14072003 FV D F Aduit 2 2 M s
macrorhynchus

2 Mesoplodon D 08.00.2008  TNF D M calt 2 3 s
‘europaeus

3 Stenella frontalis s 09.06.2004  TNF D M Neonate 2 3 | s

4 Stenella coerulecalba S 05.02.2006  LNZ D = Adult 2 2 M S

5 Stenella coeruleoalba S 14062005  TNF D F Juvenile 2 3 | s

6 Kogiabreviceps D 31082006 LG D F Aduit 2 3 M s

7 Mesoplodon D 28.07.2006  TNF D M Calf 2 3 | s
europaeus

8 Globicephala D 30.11.2006 GC D M Adult ND 4 M s
macrorhynchus

9 Kogiabreviceps D 06.04.2007  TNF D F Aduit 2 3 M s

10 Kogia breviceps D 29.082007 LNZ D F Juvenile 1 3 M s

11 Globicephala D 07.002007  TNF D M Neonate ND 5 | s
‘macrorhynchus

12 Delphinus delphis s 14012008  TNF D M Calf 2 3 | s

13 Delphinus delphis s 08.03.2008  TNF D M Calf 2 3 | s

14 Pseudorca crassidens S 11082008  LNZ A M Calf 1 2 I P

15 Delphinus delphis s 0907.2008  FV D M Calt 1 4 | s

16 Stenella coerulcoalba S 09.02.2000  GC D F Calf 2 2 I s

17 Grampus griseus D 06032000 FV D M Subadult 2 2 | P

18 Globicephala D 06.07.2000  TNF A M Subadult 2 2 M s
macrorhynchus

19 Stenell frontalis s 13042010 TNF D F Adult 2 2 M s

20 Grampus griseus D 17.002010  TNF D F Aduit 1 2 M P

21 Tursiops truncatus S 05.08.2011 TNF D F Calf ND 4 | S

22 Globicephala D 24082011 FV D F calf 1 3 | s
macrorhynchus

23 Stenella frontalis s 19.03.2013  TNF D F Adult 2 3 s

24 Globicephala D 16062013  TNF D M Calf 2 4 I s
macrorhynchus

25 Globicephala D 25022015  LNZ D F Juvenile 2 4 M s
macrorhynchus

26 Globicophala D 20052015  TNF D M Adult 2 4 M s
macrorhynchus

27 Zphius cavirostris D 22052017 GC D M Aduit ND 4 ND s

The table shows the species, diving behavior (D, deep diver; S, shallow diver), stranding date (day.month.year), location (FV, Fuerteventura; GC, Gran Canaria; LG, La Gomera; LNZ,
Lanzarote; TNF, Tenerife), the type of stranding event (D, death; A, alive), sex (F, female; M, male); age (neonate, calf, juvenile, subadut, adul) of each case (n = 27). Forensic studies
allow us to know the following date: body condition (1: poor/very poor; 2: goodfei), decomposition state (2: fresh; 3: moderate autolysis; 4: acvanced autolysis), sexual maturity (I
immeture; M, mature), nd the traumatic behavior that cause the death of the animal (S: socel traumatic interaction between cetaceans of the same species or other; P: death due to
an accident during predation).
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Brain-associated lesions CeMV (n = 16) HV (n = 13) Brucella sp. (n =7) T. gondii (n = 6) Nasitrema sp. (n = 1)

Animals (1) Percentage (%) Animals (1) Percentage (%) Animals (1) Percentage (%) Animals (1) Percentage (%) Animals (1) Percentage (%)

Meningitis 16 100 10 769 7 5 833 1 100
Minimal 7 437 4 30.8 o 5 833 1 100
Mid 7 437 5 385 0 0 o 0 o
Moderate 1 625 o o 2 o o 0 o
Severe 1 625 1 77 5 o o 0 o
Perivascular cuffings 16 100 1 846 6 6 100 1 100
Minimal 4 2 4 308 0 6 100 1 100
Mid 6 375 4 308 o 0 o 0 0
Moderate 6 375 1 7.7 4 0 0 0 0
Severe o 0 2 15.4 2 0 0 0 0
Microgliosis 1 68.7 10 769 4 4 66.7 0 o
Minimal 9 56.22 6 46.4 3 4 667 0 0
Mid 2 125 4 308 1 o o 0 o
Moderate 0 0 0 0 0 0 0 0 0
Severe 0 0 0 0 0 o 0 0 0 4
INCIBs 2 125 6 461 0 [ [ 0 0 o
Malacia 4 2 5 385 2 286 3 50 1 100
Minimal 3 18.7 2 12.5 2 286 2 333 0 o
Mild 1 6.2 3 284 o 0 1 16.7 0 0
Moderate 0 0 0 o 0 o 0 0 1 100
Severe 0 0 0 0 0 0 0 o 0 0
Neuronal necrosis and 10 625 9 69.2 3 429 4 66.7 4 0
neuronophagia

Minimal 7 437 7 538 0 0 3 50 o o
Mild - 125 2 15.4 1 14.3 1 16.7 ] o
Moderate 1 625 0 o 2 286 0 o 0 o
Severe 0 0 o o 0 o o o 0 o
Hemorrhages 9 56.2 6 461 0 0 1 167 0 0
Oedema 4 25 2 15.4 0 0 2 333 0 0
Associated brain lesions 11 68.75 1 7.7 4 571 6 100 o o
Pyogranulomatous inflammation 3 18.7 0 0 3 428 6 100 0 o
Syncytia 4 2 1 77 o o 0 o 0 o
Vasculitis 3 187 0 o 2 o o 0 o
Fibrinoid necrosis of vessels 0 0 0 o 2 o o 0 o
Tissue cysts 0 0 0 0 0 4 66.7 0 o
Lesions in other regions 13 81.25 7 538 7 4 2 .3 0 0
Ventriculitis 1 62 0 0 1 0 o 0 o
Cerebelitis 3 16 o o 3 2 333 [ o
Myeltis 4 2 2 15.4 4 0 o 1 100
choroiditis 4 25 5 385 3 1 16.7 0 o
Polyradiculoneuritis 1 62 0 o 5 o o 0 o

CeMV, Cetacean Morbillvirus; HV, Herpesvirus; T. gondi, Toxoplasma gondii. Bold numbers indicate n and percentages of main CNS lesions observed in each group of etiological agents.
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Case no. Cerebrum Other regions Associated lesions Co-infections References

M PC Mg INCIBs Malacia NN H o

1 - + + - + ++ - + Choroditis. Lymphooytic to - -
Granulomatous granulomatous
cerebelitis encephalitis. Tissue
oysts
3 + + + - + + - - Granulomatous Lymphocytic to - -
cerebelitis granulomatous
encephaiiis. Tissue
oysts
13 + + - - - - - - - Lymphocytic to - -
granulomatous
encephaitis. Tissue
oysts
15 - + + - - + + + - Lymphooytic to - -
granulomatous
encephaltis
16 + + + - ++ + - - - Lymphooytic to - -
granulomatous
encephaitis. Tissue
cysts
17 + + - - - - - + - Lymphooytic to = =
granulomatous
encephaltis

T. gondii, Toxoplasma gondii; M, meningitis; PC, perivascular cuffing; Mg, microgliosis; INCIBS; intranuclear andor intracytoplasmic inclusion bodies; NN, neuronal necrosis and associated focal neuronophagie; H, hemorrhages; O,
cacha
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Case no. Cerebrum Other regions Associated lesions Co-infections References

™ PC Mg INCIBs  Malacia NN H O
5 o - - - - - - - Polyradiculoneuritis Pyogranulomatous - -
meningtis. Fibrinoid
necrosis of vessels
6 o e+ + - + - + - Choridtls. Ventricuiiis and Granulomatous encephaliis  CeMV. (21,65, 66)
myeliis. Polyradiculoneuritis with multinucleated giant
cells). Vasculiis
8 b e+ - - - - - = Neurits - - -
2 . i = - - - - - Choroiditis. - - -
Pyogranulomatous
meningocerebeliis
26 +4-+ +++ e o = =k = = Myelitis. Cerebelitis. Fibrinoid necrosis of vessels. - -
Polyneuritis Intravascular bacteria
30 ++++ ++ + - + - - Choroiditis. Cerebelitis, Vasculitis - -
myelitis and
polyradiculoneuritis
37 + + ot ++ + + ++ - - Myelitis - HY

CNS, Central Nervous System; M, meningitis; PC, perivascular cuffing; Mg, microghosis; INCIBS; intranuclear and/or intracytoplasmic inclusion bodies; NN, neuronal necrosis and associated focal neuronophagia; H, hemorrhages; O,
Gatiarar
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Case no. Cerebrum Other regions. Associated lesions. Co-infections References

LU PC Mg INCIBs Malacia NN H o
2 - + + = = = & o = = = (34)
10 ++ +++ + - = + + + Myeltis - HV (35, 65)
18 + - - - - + - - - - -
21 ++ ++ + + ++ + + - - - -
28 ++ ++ + + ++ + + - - - N
29 ++ +H + + ++ + + - Choroiditis - -
32 + + - - - - - - Choroiditis - -
33 = - - & - - - - - - -
34 - ++ ++ - - - + - Choroiditis Suppurative S. aureus
meningoencephalitis
35 + + + - - + - - Choroiditis - CeMv
36 ++ ++ ++ + = ++ - o - - -
37 + bt + ++ + + ++ - = Myeittis = Brucelia sp.
38 + + ++ + + + + - Choroiditis Syncytia CeMv

HV, Herpesvirus; CNS, Central Nervous System; M, meningitis; PC, perivascular cuffing: Mg, microgliosis; INCIB; intranuclear and/or intracytoplasmic inclusion bodies; NN, neuronal necrosis and associated focal neuronophagia; H,
hemorrhages; O, oedema.





OPS/images/fvets-07-00650/fvets-07-00650-t001.jpg
Case no. Cerebrum Other regions Associated lesions Co-infections References

™M PC Mg INCIBs Malacia NN H o
4 + ++ + - - - - + Cerebelitis and myeltis - =
(35, 65)
6 . e+ + = + - + - Choroiditis. Ventriculitis Granulomatous Brucella sp. (21,65, 66)
and myelits. encephalitis with
Polyradiculoneuritis multinucleated giant
cells). Vascuiitis
7 ++ ++ - = = ++ = = = = - (65)
o be . - - - - ~ ~ Ghorids. - - @)
Suppurative meningitis
(Thalamus)
10 ++ o+ + - - + + + Myeiitis - HY (85, 65)
" + +++ - - - - - - - - - (35, 65)
12 +++ +4++ + - + + - = = - = ©7)
14 ++ ++ + - - + + + = - - (35, 65)
19 ++ +++ + B = + + - Cerebelitis - - (35,65)
23 ++ ++ - - - - - - Cerebelitis and myeltis - - -
2 + ++ - - - - + + Polioleucomieltis - . =
25 ++ ++ + + - ++ + - - Vasculitis. Syncytia - (65)
27 + +++ + = N + + - - - N =
31 + + ++ - ++ 4+ + - - Pyogranulomatous Mucormycosis like (68)
encephalits. Vasculitis.
Syncytia
35 + + + = = + = - Choroidiiis - HY
38 + + ++ + + + + - Choroiditis Syncytia HY

CeMV, Cetacean Morbillvirus; CNS, Central Nervous system; M, meningitis; PC, perivascular cuffing; Mg, microgliosis; INCIBs; intranuclear and/or intracytoplasmic inclusion bodies; NN, neuronal necrosis and associated focal
neuronophagia; H, hemorrhages; O, cedema.
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T. gondii S. neurona Both: T. gondii All cases Number of sea

only only and S. neurona combined otters assessed
Primary cause of death 6 33 iR 50 560
Contributing cause of death 38 17 3 58 547
Combined primary or contributing cause of death 44 50 14 108 547
Seropositive (Immunofluorescent antibody IgG > 1:320 dilution) 138 76 168 382 541
Protozoal infection confirmed via serology and/or 114 87 220 421 542/539*

histopathology

*T. gondii/S. neurona.
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Variable

Age class

Nutritional
condition

Gl
erosions

Season

Spatial
cluster

Temporal
or spatio-
temporal
cluster

Other
variables

Level

Male

Subadult

Adult

Aged Adult

Excellent

Good

Fair

Poor
Emaciated

Present

Fall
(Aug - Oct)

Winter
(Nov — Jan)

Spring?
(Feb — Apr)

Summer
(May — Jul)

Inside

Inside

White
shark
bite

560
OR: 1.46

Cl: 0.91 -
2.34

P =01
OR: 4.43

Cl 212~
9.25

P < 0.001
OR: 1.43

Cl:0.73 -
2.83

P=03
REF

OR: 3.71

Cl: 216 -
6.38

P < 0.001
OR: 2.64

Cl: 1.47 -
4.73

P =0.001
REF

REF
REF

OR: 5.20

Cl: 317 -
8.55

P < 0.001
OR: 2.48

Cl: 1.33 -
4.63

P =0.004
REF

REF

Pescadero/
Pacifica:

OR: 10.23

Cl: 4.01 -
26.08

P < 0.001

Pismo
Beach/
Vandenberg:

OR: 8.06

Cl: 1.84 -
5.09

P < 0.001
2008 -
2012:

OR: 2.32

Cl: 1.48 -
3.65

P < 0.001

Acanthocephalan
peritonitis

487

OR: 4.13
Cl: 2.42 -7.05

P < 0.001
REF

REF

REF

REF

REF

REF
OR: 1.84
Cl: 1.13-3.02

P=0.02
OR: 2.06
Cl: 1.20 -3.55

P =0.009
REF

REF

OR: 1.58
Cl: 0.90-2.76

P =01

OR: 1.60
Cl: 0.88 - 2.91

P =01

Moss Landing
2002 - 2007:
OR: 3.61
Cl: 2.06 - 6.30

P < 0.001

Bacterial
infection:

OR: 2.54
Cl: 1.40-4.59

P =0.002

Sarcocystosis Toxoplasmosis End

(Sarcocystis

neurona)

547
OR: 2.23

Cl:
1.20-4.14

P=0.01
OR: 3.66

Cl:
2.05 -6.53

P < 0.001
REF

REF

REF

REF

REF

REF
OR: 2.12
Cl:

1.19-3.78

P=0.01

REF

REF

OR: 7.18

Cl: 3.28 -
15.73

P < 0.001

OR: 5.22

Cl2.22 -
12.26

P < 0.001

(Toxoplasma lactation
gondii) syndrome
547 168
OR: 1.89 —
Cl:
0.78 -4.57
P=02
OR: 1.89 REF
Cl: 0.78 -
4.57
P=02
REF OR: 12.70
Cl: 3.563 -
45.70
P < 0.001
— OR: 7.46
Cl: 3.25 -
1713
P < 0.001
— REF
— REF
— OR: 2.47
Cl:
1.15=5.31
P =0.02
= OR: 2.47
Cl: 115 -
5.31
P =002
Oso Flaco
Creek/Morro
Bay/Cambria:
OR: 3.26
Cl: 1.81-
587
P < 0.001
Kelp*K
index:
— OR: 4.21
Cl: 1.73 -
10.25
P=0.002

Probable
domoic
acid
intoxication

208
OR: 2.39

Cl:1.26 -
4.53

P =0.007
REF

OR: 1.57

Cl: 0.89 -
3.04

P=02
REF

OR: 4.99

Cl: 2.62 -
9.48

P < 0.001
OR: 4.99

Cl: 2.62 -
9.48

P < 0.001
OR: 4.99

Cl: 2.62 -
9.48

P < 0.001
REF
REF

Cardiomyopathy

529

REF

OR: 2.98
Cl: 1.59 -5.58

P =0.001
OR: 11.48
Cl: 5.43 -24.26

P < 0.001

OR: 2.94
Cl: 1.63-5.28

P < 0.001

Moss Landing:

March - June
2004:

OR: 11.88
Cl: 3.67 - 39.50

P < 0.001
DA intoxication:

OR: 4.64
Cl:2.77-7.75

P < 0.001

T. gondii
infection:
OR: 2.31

Cl: 1.46 - 3.64
P < 0.001

S. neurona
infection:

OR: 1.91
Cl:1.23-2.97
P =0.004

Each multivariate logistic regression model shows associations between demographic, comorbidity, and space-time variables for specific causes of mortality, while
adjusting for other variables in the model. The outcome of each model is based on pooled primary and contributing cause of death. This table displays adjusted odds
ratios (OR), 95% confidence intervals (Cl), and P-values. Values noted as REF specify the reference group category for the variable. The reference category is used to
compare with the values for all other categories within that variable. @The end lactation syndrome (ELS) model used a slightly different definition for season, in which late
Spring/Summer spanned from April-July; the timing was adjusted to reflect sea otter annual reproductive cycles and the associated seasonal peak in ELS mortality.
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Cause of Death Index  Analysis Highor Relative P-value Location Latitude Longitude Cluster Date Range # Cases/Total #

Type Low Risk Risk Name Radius Carcasses
Cluster (km)
White shark bite 1 S High 2.95 <0.001 Bean Hollow 37.226 N 122.414 W 42.84 = 20/26
(Carcharodon State Beach,
carcharias) Pescadero
2 S High 250 0.01 Pacifica 37.610N 122.502 W 69.73 e 18/27
3 S High 2.00 0.001 Pismo Beach  35.066 N 120.637 W  33.91 —— BB/12
4 5 High 1.91 0.006 Vandenberg Air 34.683 N 120.613 W 71.97 - 53/116
Force Base
i3] S Low 0.34 <0.001 Pfeiffer Beach, 36.237 N 121.818 W 72.74 e 26/205
Big Sur
6 8T High 2.83 0.02  Bean Hollow 37.226 N 122.414 W 62 4/1/2009 - 22/30
State Beach, 10/31/2012
Pescadero
T4 ST Low 0.23 <0.001 Pfeiffer Beach, 36.237 N 121.818 W 72.74 2/1/2002 - 10/127
Big Sur 5/31/2009
8 ST Low 0.29 <0.001 Point Cabrilo, 36.623 N 121.904 W 37.92 2/1/2002 - 17/162
Monterey 3/31/2009
9 ST Low 0 0.01  Natural Bridges 36.944 N 122.058W  40.92  10/1/2006 - 0/41
State Beach, 7/31/2008
Santa Cruz
T High 1.80 0.01 — — — — 7/1/2008 - 70/170
10/31/2012
Acanthocephalan 10 ST High 2.31 0.04 Mosslanding 36.790N 121.799W 2224  2/1/2002 - 44/101
peritonitis 5/31/2007
(Profilicollis sp.) i ST Low 0.067 0.05 Carmel 36.552 N 121.935W  45.64 6/1/2007 - 1/57
4/30/2010
T Low 0.17 0.001 —- — — ——  7/1/2007 - 4/87
2/28/2010
Protozoan 12 ST High 10.64 <0.001 Mussel Point, 34.938N 120.665 W 60.89 4/1/2004 - 14/14
parasite: Guadalupe 4/30/2004
Sarcocystis Dunes
neurona or S. sp. 13 ST High 10.45 <0.001 Estero Bay, 35452 N 120.963W  49.01 4/1/2004 - 18/18
Cayucos 4/30/2004
¢ High 8.71 0.001 —% — s —% 4/1/2004 — 1417
4/30/2004
Protozoan 14 S High 3.49 <0.001 Morro Bay 35306 N 120.883W  32.72 —_ 37/183
parasite: State Park
;Z”"Z”?’.’asma 15 s High ~ 342 0001 OsoFlaco  35035N 120640W 6951 = 407215
Creek
16 8 High 3.00 0.008 Moonstone 35565 N 121.113W  68.03 — 37/202
Beach Park,
Cambria
17 S Low 0.25 <0.001 Manresa State 36.942N  121.892W  41.70 = 11/263
Beach,
Watsonville
18 S Low 0.29 0.004 Yankee Point, 36.486 N 121.943W 53.12 s, 18/272
Point Lobos
19 S Low 0.35 0.04  Afio Nuevo 37.111N 122.334W  69.37 T 15/29
20 ST Low 0.085 0.006 Manresa State 36.920N 121.866 W  42.80 4/1/2005 - 2/162
Beach, 9/30/2012
Watsonville
g ST Low 0.13 0.03  VYankee Point, 36.486 N 121.943W  53.12 4/1/2005 - 3/161
Point Lobos 9/30/2012
22 ST Low 043 0.03  Afo Nuevo 37111 N 122.334W  69.37 4/1/2005 - 3/161
9/30/2012
Fungus: 23 S High 156.11 0.06 PismoBeach  35.070N 120.636 W 2.42 e 5/29
Coccidioides sp.
e High 11.93 0.07  Mussel Point, 34.938 N 120.665W 52.34 — 9/1562
Guadalupe
Dunes
8 High 12.26 0.07  Avila Beach 35.168 N 120.745 W 26.01 — 9/149
S High 14.34 0.1 Morro Bay 35.392N 120.872W  43.62 = 10/228
End lactation ST Low 0.082 0.01 Morro Bay 35.361 N 120.870 31.55  10/1/2007 - 119
syndrome 10/31/2012
Cardiomyopathy 24 S High 1.69 0.01 Moss Landing 36.794 N 121.797 W 10.83 e 54/85
T High 212 0.01 —_ —_ —_ —_ 3/1/2004 - 2128
6/30/2004

Spatial and temporal cluster analysis using SaTScan included assessment of COD with respect to stranding location (purely spatial analysis), stranding date (purely
temporal analysis), and both location and date concurrently (space-time analysis). Spatial window parameters: Maximum cluster size of 50% of the population at risk,
and/or a 75-km radius. Temporal window parameters: Minimum cluster size of 1 month, maximum cluster size of 50% of the study period. The index numbers (second
column at left) correspond with the numbers of significant spatial or space-time locations for common COD, as shown in Figure 3. Analysis type: S, Spatial; ST,
Spatiotemporal; T, Temporal. P-values < 0.05 were considered significant. Color designation: blue = low-risk, red = high-risk.
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Primary COD Contributing COD All COD

Subadult Adult Aged Adult

Total Male Female Male Female Male Female

Mortality Factor (n =560) (n=76) (n=46) (n=182) (n =151) (n = 71) (n = 34) Total Total
Shark bite (presumed or confirmed) 156 29 18 69 27 13 0 4 160
Trauma (unknown cause) 8 1 0 2 2 0 0 10 15
Trauma (excluding intraspecific trauma) Subtotal 161 30 18 71 29 13 0 14 175
Acanthocephalan peritonitis 61 17 6 14 17 5} 2 66 127
Protozoal infection (Sarcocystis neurona and/or Toxoplasma gondiii) 50 12 8 14 7 8 1 58 108
Primary bacterial infection 33 2 2 11 g 7 2 35 68
Gastroenterocolitis (bacterial or viral) 8 4 0 2 2 0 0 15 23
Coccidioidomycosis (Coccidioides sp. systemic mycosis) 9 3 1 2 2 1 0 2 1
Viral infection (putative morbillivirus and uncharacterized viruses) 3 0 0 1 2 0 0 5 8
Baylisascaris sp. Larva migrans-probable 0 0 0 0 0 0 0 6

Nasopulmonary acariasis (Halarachne sp.) 0 0 0 0 0 0 0 3 3
Infectious Subtotal 164 38 17 44 39 21 5 190 354
End lactation syndrome (ELS) 42 o - = 30 - 12 64 106
Fight trauma 11 1 - 4 — 6 — 35 46
Mating trauma g - 1 - 7 - 1 47 56
Dental disease 3 0 0 1 0 1 1 73 76
Abortion or uterine torsion 1 — 0 = 1 — 0 5 6
Conditions Associated with Age and Sex Subtotal 66 1 1 5 38 7 14 224 290
Domoic acid intoxication — probable 52 5 2 28 13 4 0 60 112
Domoic acid intoxication — possible 8 0 0 5 3 0 0 108 116
Microcystin intoxication — possible & 0 0 3 2 0 0 2 14
Intoxication (biotoxins) Subtotal 65 5 6 44 33 20 10 177 242
Cardiomyopathy (Including dilated cardiomyopathy) 44 0 0 7 13 15 9 185 278
Gl Impaction/Displacement (esophagus, stomach and intestines) 8 0 3 1 2 1 1 3 11
Emaciation/Starvation 1 0 1 0 0 0 0 128 130
Gastrointestinal erosions, ulcers, or melena 0 0 0 0 0 0 0 237 237
Multicausal Conditions Subtotal 53 0 4 8 15 16 10 554 607
Boat strike — probable 25 1 2 g 6 B 2 0 25
Fishing gear entanglement 1 0 2 1 0 0 3

Gunshot 4 0 0 3 0 1 0 1 5
Fishhook ingestion 0 1 0 0 0 0 0 1
Direct Anthropogenic Subtotal 34 2 3 14 7 6 2 4 38
Neoplasia & 0 1 1 1 2 0 12 17
Medical complication 8 0 0 2 1 0 2 2

Brain and/or spinal cord disease (Idiopathic) 2 0 0 1 0 1 0 6

Hepatic, renal, or myocardial lipidosis 2 0 0 0 2 0 0 3 5
Primary cardiac disease other than cardiomyopathy 1 0 0 0 0 1 0 8 9
Pulmonary emphysema, pulmonary edema, or terminal drowning 0 0 0 0 0 0 0 40 40
Miscellaneous and unknown 2 0 0 0 1 0 1 26 28
Less Common and Less Well Characterized Processes Subtotal 17 0 1 4 5 4 3 97 114

Each animal was assigned a primary and up to three contributing COD, characterized as independent or unique health conditions that were considered moderate to
severe and could have caused death.
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Year Subadult Adult Aged Adult Total

Female Male Female Male Female Male

1998 3 0 5 6 0 1 15
1999 0 2 12 7 1 3 25
2000 2 2 4 9 1 4 22
2001 2 3 4 8 2 2 21
2002 1 5 10 4 4 2 26
2003 1 8 16 23 4 7 59
2004 10 9 7 18 2 11 57
2005 3 5 12 17 2 3 42
2006 6 8 13 17 1 7 52
2007 3 7 10 16 5 9 50
2008 5 4 11 5 4 3 32
2009 4 4 11 11 1 1 32
2010 1 3 12 11 2 6 35
2011 0 7 14 18 1 5 45
2012 5 9 10 12 4 T 47
Total 46 76 151 182 34 71 560

Age classes were classified as subaault (1-3 years), adult (4-10 years), and aged
adult (>10 years).





OPS/images/fmars-07-00582/fmars-07-00582-g004.jpg
Shark bite -

Acanthocephalans -

Sarcocystis -

Toxoplasma -

Cause of death

End lactation syndrome -

Domoic acid intox.-

Cardiomyopathy -

Shark bite -

Acanthocephalans -

Sarcocystis -

Toxoplasma -

Cause of death

End lactation syndrome -

Domoic acid intox. -

Cardiomyopathy -

Jan

1998~

1999~

Feb~

2000°

Mar”

2001°

a > [ = .5 (2}
< £ 3 5 2
Month

2002
2003
2004"

8 2005"
2006
2007

=

Sep

2008"

2009

Oct”™

2010

Nov

2011°

Dec

2012

Incidence
40%
25%
10%

Incidence

40%
25%
10%





OPS/images/fvets-07-00262/fvets-07-00262-g003.gif





OPS/images/fvets-07-00262/fvets-07-00262-g004.gif





OPS/images/fvets-07-00262/fvets-07-00262-g005.gif





OPS/images/fvets-07-00262/fvets-07-00262-g006.gif





OPS/images/fmars-07-00335/fmars-07-00335-t001.jpg
Case Strand Stranding Sex Age class  Nutritional Primary cause of Capillaria Capillaria Concurrent
number date County (years) condition death hepatica-associated hepatica-associated parasitism
at gross lesions (liver) microscopic lesions
stranding (liver)
1 3/21/2016 SanlLuis F A 4-5) Emaciated Chronic hepatitis due to Multifocal necrotizing ~ Chronic multifocal Based on findings from
Obispo Capillaria hepatica hepatitis. Multifocal necrosuppurative to serology and
infection, with discrete, pale yellow,  granulomatous histopathology,
secondary intrahepatic raised capsular hepatitis. Intrahepatic  incidental T. gondii and
and hepatic-omental  fibrinous plaques with  clusters of S. neurona infection
adhesions, time-depth hepatic lobular un-embryonated was suspected.
recorder (TDR) adhesions. Focally parasite eggs with
entrapment and extensive omental prominent polar plugs.
bacterial omentitis and adhesion with TDR Chronic severe
peritonitis. entrapment. Secondary fibrinosuppurative
severe hepatic capsulitis.
necrosuppurative
omentitis and
peritonitis.
2 5/26/2006 Santa Cruz F A(8) Emaciated Subacute shark bite Multifocal necrotizing ~ Putative parasite Based on findings from
with secondary hepatitis. Multifocal migration tracks. serology and
bacterial infection and  discrete, pale yellow,  Chronic multifocal histopathology
septicemia. raised fibrinous necrosuppurative to incidental T. gondi and
capsular plaques. granulomatous S. neurona infection
hepatitis with clusters ~ was suspected.
of un-embryonated
parasite eggs with
prominent polar plugs.
Chronic
fibrinosuppurative
hepatic capsulitis.
3 4/25/2011 SanlLuis F A (4-6) Excellent  Acute boat strike Multifocal pale pink to  Mild multifocal Based on findings from
Obispo yellow sessile capsular hepatitis. Clustered serology and
plagques. larval aphasmid histopathology,
nematode profiles. incidental S. neurona
infection was
suspected. Intestinal
trematodes.
4 12/27/2016 Santa Cruz F A (4-6) Excellent  Domoic acid Multifocal hepatic Putative parasite Based on findings from
intoxication. Necrosis. migration tracks with  histopathology,

probable intralesional
degenerating metazoan
cuticle. Chronic
multifocal
necrosuppurative to
granulomatous
hepatitis.

toxoplasmosis was
considered a
contributing cause of
death.
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Good Moderate Poor Notevaluated Total

Parasitic infection 0 0 @ 0 4
Gastriis 1 1 2 2 6
Parasitic infection and gastritis 1 5 ™ 0 13
No pathological indings 0 2 2 o 4

2 8 15 2 27

*One AWSD included.





OPS/images/fvets-07-00262/fvets-07-00262-t008.jpg
Parasites Distribution

Anisakidae

Anisakis sp. Esophagus, stomach, intestine
Pseudoterranova decipiens Stomach

Crassicaudidae

Crassicauda sp. Sub cutis, fascia, vas deferens.
Pseudaliidae

Stenurus globicephalae Tympanic bullae, eustachian tube

Polymorphidae
Bolbosoma capitatum Intestine

Phyllobothriidae

Phyllobothrium delphini Blubber
Monorygma grimaldli Peritoneum

Heterophyidae
Pholeter gastrophilus Stomach, ampulla duodeni
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Nutritional status Age distribution

Mature Immature NPD® Total
Good 2 0 0 2
Moderate 6 0 8
Poor S 9 0 17
Not evaluated 3 6 9 18
Total 19 17 9 45

%No determination possible.
“Two Atlantic white-sided dolohins included.
*One Atlantic white-sided dolphin included.
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Case ID
reference

WBD3

WBDS

WBD6

WBD7

WBD8

wBD12
wBD13

wBD14

WBD15

WBD20

wBD21

WBD22

WBD24

WBD25
WBD26

AWSD1

AWSD2

LATO

LA11

Year of
stranding

1998

2003

2008

2007

2010

1991
1992

1992

1993

1993

1993

1993

1904

1994
1904

2011

2007

2008

2008

2009

2009

2009
2010

2010
2012

2017

2019

Sex

==z

Age

Macroscopic

Pleuriis; Stomach: gastritis (1st),
parasites (al); Esophagus: Ulceration;
Enteritis; Pyometra; Congestion of
kidneys and liver

‘Stomech: gastritis (1st, 2nd), Parasites
(1st, 2nd); Enterits, intestinal parasites;
Thymic cysts

Stomach: gastritis (1st, 2nd), Para sites
(1t, 2nd); Enteriis, intestinal parasites;
Otitis media; Skin: scars and nematodes
in subcutis; Thymic cysts

Stomach: gastritis (1st), Parasites (1st,
2nd); Skin: wounds, suppurative myositis

‘Stomach: gastritis (1st, 2nd), Parasites
(@nd)

Lung: edema; Stomach: Parasites (1st)
Stomach: gastitis (2nd), parasites (1st,
2nd)

Stomach: Ulceration (2nd) intestinal
volvulus; Ears: nematodes liver:
suppurative-granulomatous hepatiis,
periportal fiorosis

Lung: ederma; Stomach: gastris (2nd),
parasites (1st); Skin: suppurative
inflammation of blubber, foreign body in
skin; Skefetal system: ankylosis of
vertebrae, ossification of humerus with
radius/ ulna

Lung: parasites and parasitic nodules;
‘Stomach: ulceration and parasites
Stomach: ulceration (1st, 2nd), parasites
(1st, 2nd); Intestine: Parasites;
Esophagus: parasites

Lung: Parasitic nodules; Intestine:
Parasites; Esophagus: Parasites
Gastritis (1s)

Gastritis (1s1)

Pleuriis; Stomach: Parasites (1st)

Stomach: Parasites (1st); Intestine:
Parasites; Ears and eustachian tube:
Nematodes; Skin: irregular pigmentation,
lesions; Suboutis: parasites

Stomach: parasites (2nd); Ears:
Nematodes; Subcutis: parasites,
abscesses; Peritoneum: Parasites

Stomach: Gastritis (1st), parasites (1st);
Esophagus: Ulceration; Intestine:
Parasites; Skeleton: Irregular new bone
formation, sequestration, osteomyelis;
Subeutis: Hematoma

Lung: Edema, emphysema, congestion;
Esophagus: Ulceration; Subcutis:
Parasites, linear calcification

Lung: Edema; Stomach: Gastrits (1st,
2nd); Esophagus: ulceration

Ears: hematoma

Lung: edema; Stomach: gastritis

Lung: ederma

Stomach: gastiits (1st)
Stomach: parasites (al) thymic cysts;
Spleen: swelling of red pulp

Stomach: Gastritis (2nd), parasites (2nd);
Intestine: Enteritis; Skin: Pox-like lesions;
Throat: Abscess

Stomach: gastritis (2nd), parasites (2nd);
Brain: hyperemia, perivascular bleeding,
bilood clot; Skin: white plaque on dorsal
head, depressed scar on fluke, rake
marks, pox-like lesions; Suboutis:
Hemorthages under white plaque and
rake marks

Histology

Lung: granulomatous pneumonia, suppurative
bronchopneumonia; Stomach: ulcerative and
(Pyolgranulomatous gastritis; Brain: Lipofuscin
accumulation; skin: Granulomatous-histiocytic
dermatitis

Lung: Interstitial pneumonia, edema, emphysema;
Stomach: Ulcerative,
granulomatous/pyogranulomatous, hemorhagic
gastrits; Thymic cysts; Kidneys: atrophy of
glomerula; Liver: lymphocytic hepatitis, periportal
fibrosis

Lung: suppurative bronchopneumonia, interstitial
pneumonia, edema, emphysema, fibrosis,
calcification; Stomach: eosinophilc, ulcerative
gastritis, calcification; Skin: suppurative dermatitis
and epidermal hyperplasia; Thymic cysts;
Suppurative vaginitis and lymphohistiocytic
inflammation of cervix; Kidneys: fibrosis; Liver:
fibrosis

Lung: suppurative bronchopneumonia, interstitial
pneumonia, emphysema; Stomach:
granulomatous/pyogranuomatous gastritis; Brain:
encephalitis, cell necrosis, calcification, malacia,
astrogliosis, microgliosis, inclusion bodies; Skin:
suppurative dermatitis/inflammation of the blubber
Lung: suppurative bronchopneumonia,
necro-suppurative pneurmonia, edema,
emphysema; Stomach: Ulcerative gastriis; Brain:
necrotizing encephalitis

Lung: interstitial bronchopneumonia, edema,
fibrosis; Stomach: Ulcerative gastritis

Lung: interstitial pneumonia; Stomach:
Granulomatous/pyogranulomatous gastitis

Lung: Interstitial pneumonia; Kidneys: Congestion;
Liver: Congestion

Lung: Edema; Stomach: Ulcerative gastrtis (1st);
Muscle, blubber: Calcification, lympho-histiocytic
inflammation, parasites; Splenitis; Hepatitis

Lung: Edema; Brain: encephalitis and meningitis

Lung: Preumoconiosis; Kidneys: Necrosis of tubuiar
epithelium; Liver: Necrosis with
lymphoplasmacelutar infitrates, brown
pigmentation of hepatic cells

Stomach: necrosuppurative, ulcerative gastritis

Lung: pneurmoconiosis brain: hyperemia; Kidneys:
necrosis of tubular epithelium liver: necrosis and
lymphoplasmacellular infitration, brown
pigmentation of hepatic cells

Lung: interstitial and pyogranulomatous
bronchopneumonia, edema stomach:
necrosuppurative gastiits (all; Brain: hyperemia,
lipofuscin accumulation, satelitosis thymus: cysts,
lymphoid depletion, necrosis; Lymphoplasmacytic
cystits; Liver: lymphohistiocytic hepatitis
Stomach: Granulomatous gastrts; Brain:
Suspected encephalitis (hemorrhages, purulent
nodules, necrosis of neurons, activated microglia),
hyperemia, perivascular bleedings; Skin: swollen
keratinocytes, inclusion body-like structures; Liver:
periportal fibrosis

Lung: edema, emphyserna; Brain: Suspected
encephalitis (hyperemia, hemorhages, infitration
with eosinophils in cerebrum, bacterial colonies in
cerebellum); Skin: Erosion and apoptosis (head),
necrosis, accumulation of bacteria, eosinophils,
neutrophils (fluke), uiceration and erosion (rake
marks), erosion, apoptosis, hemorthages (pox-like
lesions); Spleen: Hyperplasia of white pulp; Kidneys:
hyperemia, intersitial fibrosis, mineralization, cystic
dilatation of tubuiar epithelium in right kidney; Liver:
Hyperemia, vacuolization, roundcell and polymorph
infiltration

Cause of death

Euthanasia

Endoparasitosis

Cardiovascular
failure due to live
stranding

Euthanasia

Euthanasia

Unknown
Unknown

Intestinal volvulus

Pneumonia

Emaciation

Unknown
Unknown
Unknown

Splenitis, hepatitis

Encephalitis

Emaciation,
trauma

Emaciation

Emaciation

Emaciation

Clostridium
sordelli septicemia

Trauma
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Mild Moderate Severe Without quantity Total

Esophagus 0 1 0 2 3
istcompartment 9 4 1 0 14
2nd compartment 3 5 2 2 12
3rd compartment 1 1 0 0 2
Ampulla duoden” O 2 0 0 2
Intestines* 2 0 0 4 3

If not specified; the parasites were anisakid nematodes or not specified further
*Pholeter gastrophilus.
‘Bolbosoma capitatum, anisakid nematodes.
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Microorganisms

Acinetobacter spp.
Aerobic Bacili
Alcaligenes spp.
Beta-hemolytic
streptococci
Clostricium
pertringens
Clostricium sordeli
Clostricium spp.
Colforme bacteria

Edwardsiella tarda
Enterobacter spp.
Erwinia spp.
Escherichia coli

Gamma-hemolytic
streptococci

Kiebsiella oxytoca
Proteus spp.
Pseudomonas spp.

Salmonella enterica
subspp. (Group B)
Staphylococcus
epidermids
Streptococc spp.
Yeast

Total

Cultured fromn =

12
16

1

13
24

187

Liver

Lungs

(SRR

20

Number of organs with pathological findings and microorganisms

Lung associated
lymphnodes

Hearing
apparatus

Thymus Central nervous Mouth/ Spleen Skin

system

Throat

Kidneys Musculature/throat Case IDs of

abscess

affected animals

WBD5
WwBD13
WBD7

WBDS, WBD?,
WBD26

WBDS6, WBD7

LA10
LA11

WBDS, WBD7,
LAY

WBD?7, LA10
WBD7

WBDS, WBD7
WBD6, WBD13

WBD7, WBD8,
AWSD1

WBD6
WBD13

WBDS, WBD6,
WBD7

WBD6

WBDS, WBD6

LA10, LAT1
WBDS6, WBD7
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CaseIDreference  Species  Country of examination  Fullnecropsy ~ Histology ~ Bacteriology  Immunohistochemistry

WBD3 WBD DE x x
WBDS5 WBD DE x x x
WBD6 WBD DE x x x
WBD7 WBD DE x x x X (Morbillvirus)
wBD8 WBD DE x x x x (Morbilivirus; Toxoplasma goni)
wBD12 weD DE x x
WBD13 weD DE x x x
WBD14 wep DE x
WBD15 ‘WBD DE x x x
WBD20 weD DE x
wBD21 ‘WBD DE x
WBD22 WBD DE x
WBD24 WBD DE x x
WBD25 weD DE x
WBD26 WBD DE x x x
AWSD1 AWSD DE x x x
AWSD2 AWSD DE x x x x (Morbilivirus)
LAY weD NL x x
LA2 AWSD NL X x
LA3 weD NL x x
LA4 WBD NL x x
LAS wep NL x x
LAG WBD NL x x
LA7 weD NL x x
LA9 WBD NL x x
LA10 weD NL x x x
LA11 ‘WBD NL x X
27 22 12 3

Only the 27 animals are listed, where a full necropsy was performed. DE, Germany; NL, the Netherlands.
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Mature Immature NPD? Total
Male 1 8 0 9
Female 16 8 1 25
NPD 1 0 7 8
Total 18 16 8 42

aNPD, No determination possible.
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Agent/Organism #POS # Tested % POS Comments

Bacterial agents

SS confirmed cases 63 144 44%
S. lutetiensis 38 63 60%
SB/E non-specified 9 63 14%
S. phocae 6 63 10%
S. lutetiensis / S. Phocae 5 63 8%
S. gallolyticus ssp 2 63 3%
gallolyticus
S. gallolyticus ssp 1 63 2%
pasteurianus
S. marimammaliam 1 63 2%
S. Viridans 1 63 2%
Bacterial fecal
pathogens
SB/E 38 122 31%
S. phocae g 122 7%
Vibrio sp. 16 122 13% V. alginolyticus (5),
V. parahemolyticus
(12), V. cholerae (1)
Campylobacter sp. 1 122 9%
Salmonella sp. 4 122 3%
Tonsil / Oropharyngeal
SB/E 6 67 9%
S. phocae 17 67 25%
Phocine distemper virus
(PDV)
PDV serology? 7 38 18% 1:40 - 1:1280
CDV serology 0 27 0%
PCR 11 585 20%
Protozoal serology?
Toxoplasma gondlii 11 82 13% 1:40 - 1:40,960
Sarcocystis neurona 8 82 10% 1:40-1:1280
Neospora caninum 7 82 9% 1:40 - 1:160
Marine biotoxins
Domoic acid 19 72 26% 0.12 -65ng/g
Saxitoxin 1 56 20% 4.26 - 541 ng/g

SS, strep syndrome.

aSerum neutralization test titers > 32 were considered positive.

bTiters > 320 on the serological immunofluorescent antibody test (IFAT) were
considered supportive of infection by protozoal organisms.
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COD categories cobD Contributing?

Strep syndrome 63 44%
IE 44
ME 6
Septicemia 13
Neurologic 14 10% 13
Suppurative
PDV
Non-Suppurative
Protozoal
Other
Trauma 12 8% 10
Cardiovascular 10 7% 21
Nutrition 10 7% 33
Gl/Parasitic 9 6% 23
Parasitic

W N W= o
o

Gastritis / enteritis
Impactions

w N NN
iy

Volvulus / intussusception
Peritonitis 3
CBD 5% N/A
Septicemia (non-Strep) 3% 4
3% 1
Miscellaneous 3% 6
Oiling 2 0
Hepatobiliary 2 6
Fungal* 1 0
1% 4
1% 36

Neoplasia

o o o N

Marine biotoxin¥¥
Pulmonary
Urinary
Musculoskeletal

o O O NN

Reproductive 2
Total 144 168

CBD, could not be determined; IE, infectious endocarditis; ME, meningoencephali-
tis, PDV, phocine distemper virus.

T Carcasses could be assigned up to two contributing causes of death.
*Burek-Huntington et al., 2014.

¥ efebvre et al., 2016.

+++Two Toxoplasma, 1 Neospora/Sarcocystis.
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Age class

Location Aged adult Adult Sub adult Pup Fetus Unknown Total
Cause of death M F V) M F U M F U M F U F F U M F V)
Kachemak Bay

Strep syndrome 19 11 0 45 9 1 42 11 0 4 3 0 0 0 0 110 34 1
All other causes 47 16 6 72 33 16 33 21 7 62 57 8 0 1 12 222 128 51
All other locations

Strep syndrome 1 2 0 6 3 0 4 0 2 1 0 0 0 0 13 8 0
All other causes 16 17 11 34 19 19 26 5 24 13 6 1 1 11 101 58 52
Total 82 46 17 157 64 36 105 41 12 92 74 14 1 2 23 446 228 104

M, male; F, female; U, unknown.

TRecovery location was unavailable for two carcasses.

Total

546
145
401
232
21
211
778t
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Mortalities by age class

Cause of death Diagnoses (in order of prevalence within cause of death category) Pups Weaned pups Sub-adults Adults
Congenital Palatoschisis; facial deformity; stillbirth 0 0 0
Infectious Pneumonia; encephalitis; peritonitis; septicemia; etc. 12 5 5 18
Metabolic Ammonium urate urolithiasis; hydronephrosis 0 0 1
Neoplastic Spindle cell tumor 0 0 0 1
Nutritional Malnutrition 110 8 1 2
Parasitic Verminous pneumonia 0 1 0 0
Reproductive Dystocia; perinatal asphyxiation 2 0 0 3
Trauma (anthropogenic) Propeller strikes; gunshot | 7 2 2
Trauma (non-anthropogenic) Predation; intraspecific aggression; esophageal impaction 21 10 4 10
Undetermined 6 4 0 3
Totals 157 35 2 40
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Number of cases

Numbers and percentages of Strep syndrome cases by species over time
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Intercept

Herpes status

Blubber depth

Loge (ContaminantConcentration)

Coefficients

—6.812
3.774
—0.531
0.393

SE

1.850
0.558
0.370
0.146

z-value

—3.682
6.770
—1.436
2.648

Pr(> 2)

0.0002
<0.000001

0.151

0.007

Adjusted odds ratio

43.57
0.59
1.48

95% CI

14.61,129.96
0.29,1.21
1.11,1.97

Wald’s p-value

< 0.001
0.146
0.006
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Coefficients SE z-value Pr(> 2) Adjusted odds ratio 95% CI Wald’s p-value

Intercept —2.418 1.358 —1.781 0.075
Blubber depth —0.658 0.278 2.367 0.018 0.52 0.3,0.89 0.013
Loge (Contaminant Concentration) 0.2475 0.114 2.169 0.030 1.28 1.02, 1.6 0.029
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Cases (n) Controls (n) Odds ratio (95% p-value
confidence interval)

PV 11
Homozygous 52 62 1.32(0.80, 2.15) 0.28
Heterozygous 79 124
Herpesvirus
Positive 117 62 31.0(13.6, 70.6) < 0.0001
Negative 7 115
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Nr.

#10
#11
#12
#13
#14
#15
#16
#17
#18

AS = auditory system. Gl

Parasites presence
Lung AsS Liver GIT
Absent Mild Aosent Aosent
Mild Severe Absent Severe
Severe Severe Mild Aosent
Severe Severe Mid Moderate
Moderate Moderate Moderate Absent
Moderate Moderate Aosent Mid
Mild Mild Mild Aosent
Mild Mild Absent Mild
Moderate Mild Mild Absent
Severe Severe Absent Absent
Mild Absent Aosent Absent
Mild Not examined Mid Aosent
Mild Mid Aosent Aosent
Moderate Mid Aosent Aosent
Mild Absent Absent Absent
Moderate Severe Mild Absent
Moderate Moderate Aosent Mid
Absent Absent Aosent Aosent
gastrointestinal tract.
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Nr. Microbiology Aspergillus spp. PCR

Lung oNs. Organfresult Organresult Sequencing
it A tumigatus NG Liver, spleen/no growth N NG
AS swablA. fumigatus
#2 A fumigatus NG NG NG NG
3 A fumigatus NG Ne NG NG
# A fumigatus NC Puimonary LN/ho growth N NG
5 No growth NC Ne NG NC
6 No growth NC Ne Lung/negative NG
i No growth NC NG Lung/negative NG
8 NC No growth NC Cerebrum/positive NG
#9 A fumigatus NC Ne NG NG
#10 A fumigatus NG NC NG NC
#11 Ne No growth Ne Cerebruminegative NG
#2 Ne NG NC Lung/negative NG
#3 NC A tumigatus AS swablA. fumigatus NG NC
#14  Unspecific fungus NG Ne Lung/positive A fumigatus®
#15 NC A tumigatus AS swab/A. fumigatus N NG
#16 Mixed bacterial growth, NG Ne Lung/negative NG
not further typed
#17 Ne Mixed bacterial growth, not Ne Cerebruminegative NC
fusther typed
#18  Mixed bacterial growth, NC Bronchi/Aeromonas spp., A. fumigatus. N NG
not further typed

Bubber/Clostridum sporogenes, adcitional
‘mixed bacterial growth, not further typed.
Liver/Arcinetobacter johnsonni, additional
mixed becterial growth, not furher yped

CNS = central nervous system. AS = auditory system. NC = not conducted. *Unspecific microscopic and macroscopic characteristics. Identifed by sequence analysis
of nuclear ribosomal internal transcribed spacer region.
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#16

7
#18

Case ID

uTess

uTees

UT965

e

UT1024
UT1299
uT1301
UT1450
UT1467
uT1518
UT1520
UT1531
UT1580
UT1583
uT1601

UT1643

uT1703
UT1730

Stranding date
Dd/Mm/Yy

10/03/2013

24/03/2013
13/05/2013
24/05/2013
24/04/2012
11/01/2014
11/01/2014
24/01/2015
31/05/2015
06/04/2016
20/04/2016
07/07/2016
30/04/2017
07/06/2017
18/06/2017

15/12/2017

14/08/2018
23/01/2019

Stranding
details

Live stranded,
died naturally
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead
Found dead

Live stranded,
euthanized

Live stranded,
euthanized

Found dead
Found dead

Age class

Juvenile

Juvenile
Juvenile
Juvenile
Adult
Juvenile
Adult
Juvenile
Adult
Juvenie
Juver
Adult
Juvenie
Adult
Juvenie

Adult

Juvenile
Juver

Sex

Female

Male
Male
Male
Male
Male
Male
Male
Male
Female
Male
Male
Male
Male
Male

pcc

B N R T

Nce

R R

Weight in
kg

255

164
200
238
36.7
223
39.7
205
39
204
195
42
145
45
202

385

148
175

Total length
incm

116

945
110
14
135
14
139
103
14

107
17
139

144
17

139

107
104
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