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Abstract

:

Northern fur seals (Callorhinus ursinus, NFS) are a vulnerable species broadly distributed throughout the north Pacific. Although commercial hunting stopped in 1984, the population has continued to decline for unknown reasons. The goal of this scoping review was to synthesize and review 50 years of literature relevant to the health of NFS to inform the development of health surveillance recommendations. Search criteria were developed and applied to three databases, followed by title and abstract screening and full text review. Articles published between 1 January 1972 and 31 December 2021 were included. Articles were categorized by health determinant, and further as relating to ten subcategories of disease. Data were summarized descriptively. A total of 148 publications met the criteria for inclusion. Infectious disease reports were common, primarily relating to metazoan parasite presence. The presence of zoonotic pathogens such as Coxiella burnetii and Brucella spp. is of public health interest, although a failure to link disease research to individual animal or population health outcomes was consistent across the literature. A shift away from the single agent focus of disease programs toward more holistic, health-oriented perspectives will require broader interdisciplinary collaboration. These findings can inform stakeholders and help them to prioritize and strategize on future NFS health research efforts.
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1. Introduction


The northern fur seal (Callorhinus ursinus, further NFS) is an otariid (eared seal) that is broadly distributed throughout the north Pacific Ocean. NFSs are the largest of the fur seals who, similar to other members of the subfamily Arctocephalinae, exhibit significant sexual dimorphism; adult males can weigh up to 270 kg while adult females are typically ~50 kg [1]. They have relatively long lifespans, up to 18 and 27 years for males and females, respectively, and the generation length is estimated at ~14 years [2,3]. The species is highly pelagic, with animals typically only on land during the breeding (and parturition) season.



There are six different breeding populations, i.e., three in the United States and three in Russia: San Miguel Island, California; Bogoslof Island, eastern Bering Sea; Pribilof Islands, Alaska; Commander Islands; Kuril Islands; and Robben Island. The largest breeding population is on the Pribilof Islands, which supports about half the world’s NFS population [4]. After unregulated sealing ended in the 1950s, the population rose and was estimated at two million, but hunting of female NFS for their pelts from 1956 to 1968 significantly decreased the Pribilof Islands population [5]. Despite the cessation of commercial hunting in 1984, the population has continued to decline for reasons that are unknown, although a variety of contributory causes (e.g., entanglement in marine debris, disease and parasites, nutrition, toxins and pollutants, and predation) have all been proposed [1,2]. In 1988, the Pribilof Island population was listed as ‘depleted’ under The Marine Mammal Protection Act [6] and the species is currently ‘vulnerable’ according to the IUCN red list [1].



In general, studying the health of wildlife populations is challenged by the characteristics of the animals themselves as well as the environments in which they reside, therefore, making it difficult to access data or samples [7]. Such challenges are particularly apparent in the study of marine mammals where the complexities of investigations have great potential to introduce bias or limit the external validity of the study. For example, a review of infectious disease research in polar bears (Ursus maritimus) found that the most detailed health information was from captive animals housed in physical locations (e.g., zoos) and environments markedly different than their natural habitat, while information from wild populations was overwhelmingly disassociated from any clinical, pathological, or population health information [8]. Similarly, an extensive review of marine mammal disease literature from North America highlighted substantial publication biases and protracted lag times between disease events and information sharing [9]. How these biases have influenced NFS research, and how they may be addressed in the future, is less clear.



The definition and study of health in wildlife populations is a topic of increased attention. Health was once thought of as ‘the absence of disease’ but more modern concepts of health employ vulnerability, resilience, sustainability, and population stability [10]. In an effort to understand and apply a more dynamic concept of wildlife health, a determinants of health wildlife model has been proposed. These determinants of health include: needs for daily living, biologic endowment, physical and social environment, direct mortality pressures, and human expectations [11]. For a highly pelagic species such as the NFS, meaningfully assessing health, at least in part, by characteristics of their environment would be helpful given the logistical hurdles of observing or sampling the animals during all seasons and life stages.



Aggregation of historical and baseline health and disease information is an important step in the development of any wildlife surveillance program [7]. Scoping reviews are a particularly useful tool to assess the breadth and type of existing research on a topic, to identify knowledge gaps, to clarify concepts/definitions in the literature, and to investigate how research is conducted in a certain field [12]. The objective of this project was to synthesize and review literature relevant to the health of the NFS to inform the development of health surveillance recommendations.




2. Materials and Methods


An overview of search criteria, inclusions and exclusions in accordance with PRISMA [13], is presented in Figure 1. We searched three electronic databases (PubMed, Web of Science, and Zoological Record) using the search terms “northern fur seal” OR “Callorhinus ursinus” OR “northern fur seals”. Specific inclusion criteria included publications between 1 January 1972, (in accordance with [9]) and 31 December 2021, and printed in English. Records were limited to articles published in peer-reviewed journals, with ‘grey literature’ such as government reports, books, and conference proceedings excluded. We read titles and abstracts and excluded publications that did not focus on NFS health [11] or disease [9] and publications which concentrated on tools and techniques (e.g., tagging, modeling, and methodologies).



Following the exclusion of duplicates and articles that failed to meet the inclusion criteria, titles and abstracts of all remaining records were reviewed and categorized independently by three authors (V.C., J.V., and C.D.) according to how they related to NFS health or disease. Health categories were based on the determinants of wildlife health model proposed by Wittrock et al., 2019: needs for daily living (e.g., nutrition and habitat quality); abiotic environment (e.g., physical surroundings, weather, and water quality); social environment (e.g., community dynamics, intra- and interspecies interactions); biologic endowment (e.g., physiological or pathological aspects of wildlife health); direct mortality pressures (e.g., factors that directly threaten survival); and human expectations (e.g., service-like entities involved in wildlife or ecosystem management) [11]. An article was classified as relating to disease or not if it covered one of the infectious or non-infectious disease conditions as described by Simeone et al., 2015 [9]. When classifications differed between authors, consensus was reached through discussion and complete article review as necessary.



All disease publications were reviewed in full and further divided into 10 subcategories; 5 infectious (viruses, bacteria, fungi, metazoan parasites, and protozoa) and 5 non-infectious (neoplasia, toxins and contaminants, anthropogenic trauma, non-anthropogenic/unknown source trauma and ‘other’), similar to classifications by Simeone et al., 2015 [9]. Within each of the subcategories, articles were evaluated according to the type of disease information available (i.e., indirect tests, direct tests, clinical disease/pathology, or other detectable health impact), the management of the NFS under study (wild or captive) and the location where the work was done, similar to Fagre et al., 2015 [8]. When articles included discussion of multiple disease categories that spanned multiple subcategories, they were assessed within the broader disease review section in addition to acknowledgement in relevant subcategories.




3. Results


A total of 148 publications met the criteria for inclusion in this study (Figure 1), all of which could be thematically classified according to the determinants of health. In contrast, 98 publications were classified as ‘disease’.



3.1. Disease Classification


The majority of the disease publications (n = 98) were focused on either a single agent, or a group of related infectious or non-infectious agents that fit within the specific categories that follow. A smaller number (n = 5) spanned multiple disparate categories. Most notable was an extensive case series of post-mortem findings from opportunistically collected NFSs on St. Paul Island, Alaska, between 1986 and 2006, by Spraker and Lander [14]. NFSs were also included in a large case series describing categories of disease in California stranded marine mammals from 1984 to 1990 [15]. The remaining multi-category publications were largely infectious disease-oriented and are referenced in relevant subsections below.



3.1.1. Infectious Disease


Viruses


Nine (9.2%) of the disease articles focused on viral diseases. Viral disease was also described in the necropsy study and referenced in several other of the multi-pathogen publications [14,16,17]. The majority of these articles, all published prior to 2000, were on caliciviruses isolated from wild NFS, most commonly in California but also Alaska [17,18,19,20,21,22]. Infection was typically devoid of pathology, although vesicular cutaneous lesions have also been described [23]. Proliferative cutaneous lesions associated with pox virus have been characterized by histopathology and electron microscopy, but were seen very infrequently relative to the number of animals examined post mortem [14,24].



The remaining reports of viral pathogens were those detected in the reproductive system. A novel polyomavirus was sequenced from a NFS placenta collected on St. Paul Island after viral inclusions were seen histologically [25]. The single affected placenta had been opportunistically collected from a rookery and no information was available regarding fetal or maternal health. There was a single report of Otarine herpes virus 4 detected by polymerase chain reaction (PCR) from vaginal swabs of free ranging NFSs in Alaska devoid of any associated pathology or description of associated clinical disease [26].




Bacteria


Thirteen (13%) of the disease articles focused on a single bacteria and several of the multi-pathogen articles also included information on bacterial species. The most frequent bacteria within this group was Coxiella burnetii. In 2010, 75% of the 146 opportunistically collected NFS placentas from St. Paul Island, Alaska, were PCR positive for C. burnetii and a subset (3%) of placentas had histologically identified intracytoplasmic bacteria confirmed as C. burnetii with immunohistochemistry (IHC) [27]. A similar molecular prevalence (77%) was reported in placentas collected from the same rookery the following year [28]. Infected placentas had decreased apoptosis of placental trophoblasts suggesting a functional change in the tissue, although no information on the associated NFS pup was available to support this claim [29]. PCR conducted on multiple tissue types from 50 subadult male NFSs harvested during subsistence hunting were tested for C. burnetii bacterial DNA by real-time PCR; there were no positive samples [30]. Similarly, archived vaginal swabs from adult female NFSs were all negative [31]. A serosurvey using archived samples collected from animals in the same location revealed high levels of exposure that varied by age class but appeared to increase between 1994 and 2009/2011 (49–69%) [31].



Brucella spp. have also been identified in the NFS population on St. Paul Island. From the same collection of placentas tested for C. burnetii above, a single case of necrotizing placentitis with intracytoplasmic bacteria was seen and attributed to Brucella spp. by IHC and PCR [32]. A total of 119 placentas collected during the 2011 pupping season were screened by IS711 PCR with 6 (5%) testing positive; and serology using archived samples suggested a similarly low level of exposure in the population (BMAT 2.5% positive, 30% borderline) [32]. Another serosurvey of 107 archived samples collected in the same area, but tested by enzyme-linked immunoassay (ELISA), were all negative [33]. Fifty subsistence harvested subadult male NFSs were tested by PCR using eight tissue types, but only a single spleen sample was positive and no disease was reportedly observed [30].



Pathogen-specific investigations have elucidated information on the presence, and in some cases pathogenicity, of different bacteria. A variety of Salmonella spp. have been isolated from the rectums of apparently healthy NFS pups in California and the authors concluded that the organism could cause opportunistic infections but did not usually cause disease in healthy animals [34]. That said, there was a single case report of a NFS pup with meningoencephalitis and septicemia where S. enteriditis was cultured from the brain and spinal cord [35]. Serologic screening and post-mortem examinations conducted on Pribilof Island NFSs in the 1970s revealed a rare leptospiral infection characterized by interstital nephritis in an adult and multisystem (renal, hepatic and placental) infection in neonates [17,36]. Erysipelothrix rhusiopathiae was isolated from the oral cavity of 2/12 otherwise presumed healthy, free-ranging subadult male NFSs on St. Paul Island as part of a multispecies investigation into the prevalence of the bacteria in the oral cavity of marine mammals and bite wounds from marine mammals [37]. A cross-sectional survey of oral Pasteurellaceae isolates from captive NFSs and other species concluded that the bacteria are part of normal marine mammal flora [38].



Multiple tissues have been cultured from subsistance-harvested subadult male NFSs in Alaska and a variety of mixed bacteria were identified; however, there was no association with disease and the high apparent prevalence in some normally sterile locations, suggested a high likelihood of contamination [39]. The remaining publications describing bacterial disease were typically case reports or case series investigations. While routine bacterial cultures were not conducted as part of the Alaska NFS necropsy program, beta-hemolytic Escherichia coli was isolated from 11 pups with pneumona [14]. Similarly, a captive subadult male NFS died following a period of anorexia and vomiting and a hemolytic E. coli isolated from the intestine was determined to be the causative agent [40].




Fungi


Only a single article was identified on fungal disease where Candida albicans was isolated from asymptomatic NFS in an aquarium setting where phocid seals exhibited clinical signs associated with infection [41].




Metazoan Parasites


The subcategory with the largest number of infectious disease articles (27%) was metazoan parasites. This body of research was well summarized in 2021 as an extensive literature review in addition to describing the intestinal helminth communities from hundreds of additional NFSs [42]. While this work explored both spatial and temporal patterns of infection as well as prevalence and abundance, samples were collected from presumably healthy animals and, as with the overwhelming majority of the literature on the topic, there was little association with pathology or population health impacts. Hookworm (Uncinaria lucasi) is an exception. The topic of hookworms made up more than half of the metazoan parasite publications and has been well reviewed by Lyons et al. (2011).The pattern of disease is variable by region, with hookworms recognized as a major cause of death in NFS pups in California but uncommon in other sites [43]. Gastric lesions associated with anisakid nematodes were identified in 21% of the stomachs from subadult males harvested on St. Paul Island, Alaska, 2011–2013; down from 92% as reported from the 1960s [44].




Protozoan Parasites


Two reports of protozoal infection were reviewed. Significant pathology was attributed to disseminated Toxoplasma gondii (diagnosed by IHC) infection in an adult female NFS that was stranded in California [45]. A brief description of histologically diagnosed sarcocystis in the muscle of a wild seal found on St. Paul Island was reported in the 1970s, but no additional information on the animal, or impact on the population, was included [46].





3.1.2. Non-Infectious Disease


Neoplasia


Two case reports focused on neoplastic disease; both reports were on neonates found dead on the Pribilof Islands, one of which had a renal fibrosarcoma [47] and the other diagnosed with multicentric lymphoma in which viral particles were suspected, but not confirmed, by electron microscopy [48]. A variety of neoplastic processes have been described by Spraker and Lander including a fetal ganglioneuroblastoma, an adrenal cortical carcinoma, ovarian dysgerminoma, fibromas, and a squamous papilloma [14].




Toxins and Contaminants


Twenty-eight percent of the disease publications focused on toxins or contaminants. Overwhelmingly, these publications report contaminant levels in a variety of tissue or secretory products, but are devoid of any association with individual or population health or disease information (Table 1). There were two reports on algal toxins, most notably a case series of stranded, multiple age class NFSs in California that characterized the clinical and post-mortem disease in NFS with domoic acid poisoning, including central nervous system signs and pathology of the nervous and cardiac systems consistent with disease in other species [49]. Lower domoic acid and saxitoxin exposures in NFSs relative to other marine mammals were attributed to differences in foraging behavior [50].




Trauma: Anthropogenic


Of the six articles focused on trauma, all reported traumas attributable to anthropogenic causes. The majority described the frequency and severity of NFS enganglement in different parts of their geographic range collectively highlighting the hazards of fishing materials and marine debris [76,77,78,79]. The energetics of entanglement were estimated in a study on captive animals which highlighted the difficulty that entangled animals can have both swimming and resting [80]. Enganglement as both a cause of death and cause of observed chronic pathology was also described in the Alaskan necropsy case series [14]. A single article described the pathology associated with acute head trauma sustained during NFS harvest activities [81].




Trauma Non-Anthropogenic/Unknown Source


As noted above, all of the disease articles that focused on trauma were classified as anthropogenic; however, non-anthropogenic or unknown trauma was a very common finding in the necropsy study in Alaska [14]. Trauma in adults was largely the result of fighting, while, in pups, crushing injuries and bite wounds were both commonly observed.




Other


Seven of the disease papers were classified as ‘other’ by default as they failed to align with the above criteria, but were broader than the congenital/metabolic category used by [9]. Two of these presumably uncommon disease conditions in captive animals were written up as case reports. These included an animal with gastric dilatation with volvulus and a gastric intramural hematoma with hemoperitoneum, both of unknown origin [82,83]. The remaining articles focused on the ocular or oral cavity. Cross-sectional surveys of opportunistically collected eyes from both wild and captive NFSs, contributed general information on gross and histologic changes in NFS eyes, but lacked associated information on individual or population health impacts [84,85,86]. Similarly, two articles described dental disease and temporomandibular joint pathology in museum collection NFS skulls, but nothing was reported about the relationship between observed lesions and other causes of morbidity or mortality [86,87].



An important condition of NFSs that was highlighted in the necropsy case series from Alaska and California, was emaciation [14,15]. Emaciation was not only the most common cause of death in NFS pups on St. Paul Island, but it has reportedly increased over time [14]. A variety of additional conditions such as congenital anomalies, predominantly musculoskeletal, were described in the longtudinal necropsy study in Alaska [14].






3.2. Health Classification


All of the 148 health and disease publications fit within one of the six determinants of health categories, although interestingly only 15 (10%) contained the words ‘health’ or ‘healthy’ in the title or abstract. The overwhelming majority (50%) of the articles were classified as biologic endowment. These were predominantly (89%) the infectious and non-infectious disease articles described above, with the remaining nine studies focused on fetal and pup growth and birth weight as related to survival or mortality, as well as several articles on reproductive indices. Thirty percent of the articles were classified as abiotic environment. These were largely about exposure to toxins or contaminants in the environment (n = 27, as included above) or anthropogenic trauma such as entanglements described above (n = 5). The remaining papers classified as abiotic environment were not included in any of the disease categories but described important topics such as the way adverse weather conditions and extreme water temperatures impact seal survival and dispersal.



All the remaining determinants of health categories were represented, but considerably less frequently. Needs for daily living (10%) included articles on how foraging behavior, food web dynamics, prey composition, and selection all affect NFS energetics and overall success. For example, an article by Short et al. (2021) tied prey availability to NFS pup survival by showing that commercial pollock fishing in close proximity to the Pribilof Islands thinned out schools of fish that were normally readily available to lactating female NFSs, which may have perpetuated low pup survival rates [88]. None of these articles was represented in the disease classification system.



Social environment (4%) also had no overlap with the disease classification system. These articles were largely investigations into inter- and intraspecific competition for prey, natal sites, and territoriality. None of these articles were represented in the disease category. Of particular interest were articles that linked this competition to population trends, such as a study by Kuhn et al. (2014) that showed increased densities of NFS may have negative effects on population growth, due to the increased energy output required to obtain prey [89]. Articles classified as direct mortality pressures largely addressed impacts from hunting and harvesting of NFSs with emphasis on how the sex of harvested seals could impact population growth. A single study in this category describing pathology associated with blunt head trauma in harvested seals [54], was also classified as traumatic, non-infectious disease. Only a single article that discussed the relationship between NFS management and population carrying capacity [90] was included in human expectations. Three articles spanned more than one category and were subsequently classified as ‘multiple’.





4. Discussion



“Absence of evidence is not evidence of absence.”



- Carl Sagan





The presence and absence of information from these 50 years of peer-reviewed NFS literature can both help to inform research and management programs specific to the species. Traditionally, such programs are disease focused and based on conditions that have been observed in the past, and there is a good foundation of NFS disease literature available to build upon. A particularly noteworthy contribution is the 20-year case series conducted on St. Paul Island, Alaska, by Spraker and Lander [14]. This work involved post-mortem examination of more than 3000 NFSs, creating a dataset that could be explored for trends, and could facilitate the collection of biologic samples, generate several hypothesis, and generally serve as a foundation for several other projects included in this review (e.g., [25,28,29,43,44]). Post-mortem examination has been cited as ‘the single most critical step in diagnosis for general wild animal disease surveillance’ [91]. There are several reasons for this including circumvention of hazards related to capture and handling of live animals, necropsy as a source of information on variations in ‘normal’ within a species, identification of several concurrent disease or physiologic changes, and as a sample source for more targeted disease investigations [92,93,94]. The long-term necropsy program on St. Paul Island is a unique opportunity that could serve as a foundation to which other NFS health and disease studies should be linked.



If necropsy data is to be used for these purposes however, it is important to understand both strengths and limitations of the work. The study of pinniped pathology is well known to be biased by issues of access; overrepresenting animals housed in captive facilities, species and age groups that strand more commonly, or populations that are easier to observe and sample [95]. Unique access to NFSs highlights this pathology bias. Necropsy work that has been conducted on St. Paul Island has been made possible by way of a ‘catwalk system’, i.e., raised walkways above some NFS rookeries from which researchers can safely observe a subset of NFS (those on the rookery) and collect deceased animals using hooked poles. Limitations to sample collection include size of the deceased animal (light enough to be picked up) and proximity to the catwalks. Animals included in the Spraker and Lander paper were overwhelmingly (90%) pups [14] which were largely representative of the number of pups in that location at that time and the lower survival probability of young animals, however, causes of death and disease are variable by life stage which limits the external validity of pup necropsy findings. Strategically aligning (e.g., examination, record keeping, sample collection, testing, and archiving) the necropsy program with other collection opportunities, such as young adult males harvested for consumption, could partially help to address this problem. Additionally, as the catwalk system serves as a sampling transect for the necropsy program, it will be important to ensure it is appropriately located relative to the rookery. Aerial photos clearly demonstrate changes in the distribution of NFSs on rookeries as the population declines, resulting in fewer animals adjacent to the catwalks [96,97]. Analysis of necropsy findings in conjunction with appropriate population (‘denominator’) information will help to keep findings in context.



The complete post-mortem examination process is typically overseen by pathologist(s) and informed by patient history, signalment, clinical disease, and gross necropsy findings. The nature and severity of changes seen within an organ system then drive the selection of additional diagnostic tests to confirm or exclude etiologic agents with the potential to cause the observed disease. However, because some etiologic agents of concern may not cause grossly identifiable pathology in any or all animals, routine screening of tissues for pathogens, toxins, or contaminants may be warranted. Despite numerous publications on the topic, as highlighted in this review, infectious disease was rarely (3%) implicated as a cause of pup mortality in the St. Paul Island necropsy study [14]. Unfortunately, systematic screening of tissues for pathogens, toxins, or contaminants, does not appear to have been conducted. Standardized protocols used to screen for infectious and non-infectious agents can ensure that the post-mortem examination is sensitive enough to identify any etiologic agents of concern.



As with biases associated with accessing animals for necropsy, our review highlighted biases associated with different sample types. The majority of the infectious disease articles reviewed in this study focused on intestinal parasites, however, with the exception of well described pathological and epidemiological investigations into hookworm infections [43], this work is largely devoid of associated health or disease information, making it challenging to tie much of the historical parasitological research into future monitoring programs. As noted in other reviews of Alaskan wildlife, the overrepresentation of parasites in disease research is likely, at least in part, to be a function of collection bias as fecal samples are relatively easy to collect [8].



Similarly, there were many publications on diseases of the NFS placenta (e.g., [25,27,29,32]). Publications on C. burnetii are undoubtably overrepresented in the literature because of the novelty of this pathogen in the species and geographic location, as well as its potential risk to humans. However, as with the collection of pups and material for parasitological investigations, sample availability undoubtably adds additional bias as the opportunity to systematically collect wild animal placentas is extremely uncommon, and therefore novel. While several of the pathogens within the NFS placentas have been demonstrated to cause disease in other species, including humans, use of this sample without any information on the associated maternal and pup outcomes makes it impossible to link these findings to the overall health of the population. Awareness of sample biases will be important to consider in future research efforts.



Failure to link disease research to individual or population outcomes was consistent across the NFS literature overall. This gap supports arguments for a paradigm shift away from the siloed, single agent focus of wildlife disease programs to the more holistic, health-oriented perspective that encompasses the broader social and environmental factors that are needed in resilient animal populations [10,98]. Doing this requires strong collaboration between those with broader (e.g., population, ecosystem) perspectives and experience, and also recognition that disciplines not classically thought of as ‘health’ domains are, in fact, most central to this work. Such disciplines may include, but are not limited to, wildlife (including fisheries) biologists and ecologists, oceanographers, climate scientists, immunologists, and toxicologists. Through these collaborations, we would be better positioned to transition the narrative away from looking at sick animals and screening for what is wrong (disease focus) to looking at healthy populations and identifying characteristics that help them be well (health focus).



As part of this review we included, and then subclassified, articles based on relevance to the six determinants of wildlife health proposed by Wittrock et al., 2019 [11]. The rank order of frequency of these in the NFS literature review (biologic endowment, abiotic environment, and needs for daily living being the top three) were similar to those of barren ground caribou (Rangifer tarandus groenlandicus) and Pacific salmon (Oncorhyncus spp.) [11]. It should be noted that our search methods (only including the common and scientific names for NFSs) differed from those of Wittrock et al. and the resulting list of publications is unlikely to fully represent the scope of research into factors influencing NFS health. For example, there is undoubtably a vast body of literature on abundance and distribution of NFS prey species that is relevant to NFS nutrition (‘needs for daily living’), but these publications are unlikely to have NFSs as a key word, and therefore, would not have been identified in our literature search. By restricting full-text review to articles with the common and/or scientific names for the NFS in the title or abstract we undoubtably excluded some relevant disease articles as well. That said, it is notable that our review included peer-reviewed publications spanning all six of the health determinants, suggesting that this framework may be appropriate for use in a NFS health program in the future. Interestingly, only 15 (all ‘biologic endowment’ or ‘abiotic environment’) of the 148 reports in the final review contained the words ‘health’ or ‘healthy’ in the title or abstract, the majority (n = 12) of which were also classified as disease publications. This highlights the fact that although the work is relevant to factors influencing the health of NFSs, numerous researchers and authors may not communicate it that way. Similarly, of the 148 reports included in our review, 50 publications were determined to be important to NFS health but were not classified as ‘disease’ articles and half of the health determinant categories such as (‘needs for daily living’, ‘social environment’, and ‘human expectations‘) contained no articles that were also captured in the ‘disease’ category. Collectively, this indicates how much important information could be missed using only a disease centric approach. Work is needed to engage with individuals and groups working in these more diverse branches of science that contribute to NFS population ‘health’, covering topics that include, but are not limited to, ecosystem dynamics, food availability, nutrition, genetic diversity, and stress.



To address concerns regarding bias and limitations of the historical work, and ways to better focus on health outcomes, it would be prudent to convene a group of NFS-invested individuals to develop a strategy for assessing health and disease of NFSs in the future. As resources (e.g., samples, time, and funding) are finite, it will be necessary to prioritize indices and conditions upon which to focus. Prioritization models developed and used successfully in public health livestock and wildlife domains (e.g., [99,100,101,102,103]) could help to inform similar efforts for the NFS. The general process involves compiling a list of conditions for prioritization, selecting appropriate measurement criteria, defining the range and weighting of levels for each criterion, aggregating scores for each condition, and ranking conditions by their total score for the final ordering [104]. While specific criteria may vary by species and location, those used in animal health typically include:




	
General characteristics of the condition in question (e.g., susceptible hosts, reservoirs, speed of spread, virulence, pathogenicity, and immune response);



	
Animal health impacts (e.g., morbidity, mortality, reproductive consequences, and welfare considerations);



	
Public health impacts (e.g., transmissibility to humans, severity of human disease, opportunities for human protection, food safety and security, bio/agroterrorism potential, spread amongst humans, and economic consequences);



	
Regulatory impacts (e.g., local, federal, or international trade consequences);



	
Mitigation (e.g., diagnosis, prevention, and treatment).








Our review has highlighted a body of literature that could aid in the prioritization process, particularly for diseases of the NFS. For example, several pathogens identified in this scoping review are zoonotic and some can have significant public health impacts. Individuals handling marine mammals, including researchers, have unique exposure opportunities to a variety of organisms they may not normally encounter [105,106]. Some of the zoonotic pathogens reported in NFSs, such as calicivirus or parapoxvirus, typically elicit only mild skin lesions, while others such as C. burnetii and Brucella spp., have the potential to cause more severe systemic disease [105,107]. Emphasis should be placed on conditions that are overrepresented in cohorts with increased opportunities for, or evidence of, exposure such as C. burnetii where the seroprevalence of Alaskan Native residents of the Pribilof Islands was almost four times the U.S. average [108]. Efforts should also be made to systematically survey for pathogens that may not have not been a topic of significant NFS research in the past, but are zoonotic, common in sympatric species, and have demonstrated ability to infect NFSs, such as Toxoplasma or Leptospira [45,95,109]. Engagement with public health personnel as part of the prioritization effort is scientifically justified and socially relevant, but may also be logistically and financially strategic as human and public health agencies can often access resources (e.g., laboratory expertise and funding sources) not typically utilized by wildlife professionals.



Similar to the benefits of collaborating with public health professionals, involving those who study conditions in sympatric species aids in the development of the initial disease list for use in the prioritization process. This is particularly important for novel animal health threats where little species-specific information is available; therfore, learning from others can help inform the development of a surveillance or testing program as necessary. Spatially clustered health risks (e.g., elevated mercury in Steller sea lions from the western part of their range [110]) could inform targeted data or sample collection. This collaborative effort may benefit multiple species. For example, infectious diseases such as leptospirosis or toxoplasmosis occur infrequently in NFSs [36,45], but can cause devastating disease in other marine species such as California sea lions and monk seals [111,112]. As the ecology of these pathogens is complex, synthesis of information from different species, geographic regions, and different environmental conditions may elucidate new information.



Finally, this prioritization process needs to be inclusive of all stakeholders and perspectives. Wild animals are a public resource. In addition to engaging scientists who may not already consider themselves a health professional as previously described, the NFS health prioritization should include members of the public. Involving the public, even those with little background on the topic, in zoonotic disease prioritization has been shown to yield meaningful results [113]. Northern fur seals are an important subsistence resource for indigenous people throughout their range, most notably Aleuts [114]. The benefit of incorporating local and traditional knowledge (LTK) is well recognized [115,116,117] and NFS population declines are a sign of changes within the Bering Sea ecosystem that is well recognized by the local community [118]. Frameworks to aid in the systematic and transparent approach to include LTK in wildlife assessments already exist [119]. Inclusivity of local hunters, fisherman, and indigenous populations with their unique LTK would make for a more holistic NFS health program.



Working as a team of NFS health and disease experts to prioritize and strategize on future research efforts would help to address several limitations present in this study. Our review included only English literature which undoubtably restricted the number of articles included. NFSs range throughout the North Pacific and research is conducted in many countries other than the United States. By convening an international team of NFS researchers and managers, publications identified in this review can be expanded to include results and perspectives from others that may not be captured here. Similarly, the smallest of our NFS health determinant categories was human expectations which was also likely a bias because of our exclusion of ‘grey literature’ in this review. According to [11], this category should include factors such as management policy, education programs, habitat funding and economics, and traditional knowledge. NFSs are federally managed, and therefore, inclusion of reports from governing bodies would markedly expand the available information on this topic. Similarly, the peer-reviewed scientific literature is not a channel though which LTK is typically shared, re-emphasizing the need to integrate this information using other established methods [119]. Collaboration would also facilitate the synthesis of ‘negative’ results which could be extremely important information for the prioritization process. The peer-reviewed literature is biased to focus on novel diseases and less likely to publish ‘negative’ findings [9]. Local people and managing agencies play a role in approving sample collection and animal handling; their records undoubtably contain considerably more information than is represented in the peer-reviewed literature.




5. Conclusions


This review of 50 years of scientific literature highlights the fact that NFS health is more than the presence or absence of innumerable disease-causing agents. Addressing the complexity of what makes an individual or population healthy requires a system approach to look at the many interacting factors (e.g., determinants of health and cumulative effects) from many different perspectives. Results of this work will be helpful in the next phase of an inclusive prioritization process that includes strategic planning and establishing mid- and long-range goals for consistent and targeted assessment and monitoring of NFS health.
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Figure 1. Schematic representation of the scoping literature process including original searches through to classification of articles by determinants of health, as well as subcategories of disease. 
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Table 1. A summary of the identified literature on contaminants in NFS.
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	Contaminant
	US
	Japan





	Heavy metals (e.g., mercury, cadmium, arsenic, silver, vanadium)
	[51,52,53,54,55,56,57]
	[52,57,58,59,60]



	Microplastics
	[61]
	



	Persistent organic pollutants (e.g., PCB, DDT, PBDEs)
	[62,63,64,65,66,67,68,69,70]
	[71,72,73,74]



	Radiocesium
	[75]
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