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Preface to ”Marine Mammals in a Changing World”

Marine mammals (e.g., cetaceans (whales, dolphins, and porpoises), pinnipeds (seals, sea lions,

and walruses), sirenians (manatees and dugongs), sea otters, and polar bears) are fascinating animals

whose bodies, behaviors, and ecology reflect the ways in which their ancestors, long ago, left the

terrestrial habitats of typical mammals to revert to the marine habitat. As these marine mammals

evolved, and continue to evolve, every aspect of their biology has changed, especially their physical

form, anatomy, and biomechanics as well as their physiological and biomechanical processes,

including immunological and other crucial responses to environmental stressors. However,

their marine environment continues to change in ever more rapid and unexpected ways due to

anthropogenic (human) impact. The five published articles in this Oceans Special Issue all involve

studies of how marine mammals continue to adapt to their changing environment and how advances

in science better enable marine mammal researchers to learn about these changes in marine mammals

and their ecosystems. The research article by Cormac Booth and Len Thomas explores the potential

adverse health effects of low salinity (from coastal development or other anthropogenic impact) on

bottlenose dolphins in addition to the importance of expert knowledge in projecting varied time

response scenarios. The research article by Stephanie Norman and colleagues focuses on resistance to

antibiotics in harbor porpoises and harbor seals of the Salish Sea in the Pacific Ocean. This resistance,

often to multiple drugs, has been caused by environmental contamination from antibiotic and other

antimicrobial compounds used in human and veterinary medicine. The research article by Cindy

Elliser and colleagues examines many cases of harbor porpoise mortality via asphyxiation from

ingestion of large prey fish (American shad). Female porpoises appear to be at greatest risk because

they engage in risky foraging behavior in an attempt to maximize caloric ingestion to compensate

for energetic needs. The review article by Marie-Anne Blanchet and colleagues looks at changes

in harbor seal population status and biogeographic distribution due to multiple emerging threats

caused directly or indirectly by human activities. These include climate change, availability of prey

species and competition with other predators, shifts in disease-causing pathogens, increases in water

contaminants, and increased exposure to pollutants from freshwater runoff. Finally, the review article

by Alexander Werth considers the long view of cetacean evolutionary history from the perspective

of multiple modern research perspectives, offering hundreds of specific examples of evolutionary

topics affecting extant and extinct whales, dolphins, and porpoises while citing detailed research

studies outlining investigations for each topic. Together, these articles highlight varied marine

mammal species, regions, and research perspectives, but the common thread uniting these articles

is change—whether over the sweep of evolutionary time or in short-term accommodation to new

threats to the rapidly changing marine habitats where cetaceans, pinnipeds, and other marine

mammals are found. Like these marine habitats, marine mammals will continue to change and evolve

over time—so long as their populations continue to survive in our ever-changing world.

Alexander J. Werth

Editor
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Review

Cetaceans as Exemplars of Evolution and
Evolutionary Ecology: A Glossary

Alexander J. Werth

Department of Biology, Hampden-Sydney College, Hampden-Sydney, VA 23943, USA; awerth@hsc.edu

Received: 1 May 2020; Accepted: 21 May 2020; Published: 25 May 2020

Abstract: Extant cetaceans (whales, dolphins, and porpoises) and their extinct ancestors offer some of
the strongest and best-known examples of macroevolutionary transition as well as microevolutionary
adaptation. Unlike most reviews of cetacean evolution, which are intended to chronicle the timeline
of cetacean ancestry, document the current knowledge of cetacean adaptations, or simply validate the
brute fact of evolution, this review is instead intended to demonstrate how cetaceans fittingly illustrate
hundreds of specific, detailed terms and concepts within evolutionary biology and evolutionary
ecology. This review, arrayed in alphabetical glossary format, is not meant to offer an exhaustive
listing of case studies or scholarly sources, but aims to show the breadth and depth of cetacean
research studies supporting and investigating numerous evolutionary themes.

Keywords: Cetacea; whales; dolphins; porpoise; evolution; macroevolution; paleontology; genetics

1. Introduction

Perhaps no story within the field of evolutionary biology has attracted more popular attention
over the past half century as the evolution of whales. This is undoubtedly due to the steady stream of
striking, significant, and substantial fossil finds, and to the general appeal of whales and dolphins
to scientists and non-scientists alike. No general textbook of modern biology is complete without at
least a minor section or box feature outlining the reversion of early cetaceans to the watery habitat of
their pre-mammalian tetrapod ancestors, and the many consequent anatomical and ecological changes
that followed this major shift [1–5]. This is a story well and broadly told in print, online, and in
superb, instructive video documentaries. Where textbooks of the preceding century could reliably
be counted on to depict evolution with the history of horses from Eohippus to Equus, cetaceans are
now justifiably cited as prime exemplars of biological evolution. Given this ubiquity, Thewissen and
Bajpai [6] crowned cetaceans as the current “poster child for macroevolution”.

This paper is intended neither to reiterate the utility of cetaceans in validating the brute
fact of evolution—a point well made in numerous popular books [7–10], magazines [11–13],
and websites [14–18], and underscored by many excellent museum exhibits and other public
resources—nor to review the current knowledge of cetacean ancestry, a timeline chronicled by a
growing array of scholarly and popular works [19–33]. Instead, the aim is more narrowly targeted:
To show how cetaceans aptly demonstrate specific evolutionary topics. I outline numerous examples
of ways in which cetaceans fittingly illustrate detailed terms and concepts within evolutionary biology
and evolutionary ecology. These are presented in alphabetical glossary form. They can be used by
teachers or scholars searching for examples, or they can simply raise awareness about cetacean research.
Neither the examples nor the cited references are meant to offer an exhaustive listing of case studies
and illustrations. Rather, the aim is to provide readers, specialists, and non-specialists alike, with an
appreciation for the breadth and depth of cetacean research studies.

Given their relatively rapid return to the sea, and hence major change in environment, it is
instructive to examine all features of Cetacea within light of the terrestrial-to-aquatic transition.

Oceans 2020, 1, 56–76; doi:10.3390/oceans1020006 www.mdpi.com/journal/oceans1
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For example, the multi-chambered cetacean stomach is well known. Is this a legacy of cetacean ancestry
(specifically their close relation to—indeed, their classification within—Artiodactyla, many of which
have stomachs with multiple compartments), or does this instead represent a functional adaptation:
A mill for gastric breakdown of ingested food items in the absence of cusped teeth and mastication
typical of mammals?

Like the compartmentalized stomach, many aspects of cetacean bodies and life history offer
prime examples for explicating and elucidating evolution. The following list of examples runs the
gamut from anatomical, behavioral, genetic, and physiological traits, all intended to demonstrate the
ease and effectiveness with which Cetacea provides a deep, rich well of exemplars for teaching and
studying evolution.

2. Examples of Evolutionary Terms and Concepts

Adaptation: There are dozens of excellent articles and books in both the classic and contemporary
literature explaining numerous examples of cetacean adaptations. Chief among these are explanations
of skull telescoping [34], the origins of echolocation and related changes to the ear [35–38],
thermoregulation [39], different visual pigments in the eye [40], and different types of myoglobin and
other respiratory pigments that bind oxygen [41,42].

Adaptive radiation: Adaptive radiations have been important in cetacean evolutionary history,
both in the initial appearance of cetaceans from (presumed) raoellid ancestors as well as in other
periods, such as the origin of Odontoceti and Mysticeti (for example, with the evolution of filter
feeding) as well as smaller subgroups such as individual genera (e.g., Stenella dolphins) or families
(e.g., beaked whales, Ziphiidae), or superfamilies (e.g., Delphinoidea) [31,43–46].

Aging/lifespan: The discovery of an old stone point embedded in a bowhead whale, Balaena mysticetus,
launched a thriving subfield of cetacean studies focused on the remarkably long lifespan (100+ years)
of mysticetes, with obvious ramifications for cetacean evolution [47,48]. Such research includes
examination of the wax “glove finger” of the mysticete ear, isotopic studies of baleen, or racemization
of eyeball amino acids.

Albinism: Albinism has been observed in many cetacean species including sperm, humpback,
and killer whales and bottlenose dolphins [49]. This trait is normally governed by a simple genetic
mutation, and demonstrates the impact of body coloration and social organization on survival.

Allen’s rule: One of several so-called bioclimatic “rules”, Allen’s rule explains that organisms
living at higher latitudes (with cooler climates) tend to have smaller extremities and appendages and
thus have less relative surface area over which heat can be lost to the environment. This can be seen
with bowhead whale flukes and flippers.

Alloparenting: Alloparenting behavior has been documented in several cetacean species, such as
sperm whales that “babysit” juveniles while parents dive deep to forage, or bottlenose dolphin “aunts”
(which may or may not be genetically related to true mothers) which help to rear young animals [50–52].

Allopatry: Although it is difficult for some people to see how marine species can be fully isolated
geographically (i.e., in disparate and non-contiguous distributions) and thus open to allopatric
speciation, demographic studies of whale and dolphin populations support cetacean allopatry [53].

Altruism (intraspecific): Altruistic behavior, which benefits another individual at potential cost to
the animal performing the behavior, has been documented in many cetacean species, raising important
evolutionary questions about the social circumstances that underlie the possible roots of moral
behavior. Dolphins in particular have attracted attention for their apparent altruism to conspecifics,
suggesting they may be reciprocal altruists [54].

Altruism (interspecific): Many examples of possible or probable altruistic behavior have also
been documented in which a whale or dolphin comes to the aid of individuals of another species
(as in epimeletic or care-giving behavior, listed below). This includes many anecdotes from both
contemporary and ancient, classical times of whales or dolphins protecting smaller, vulnerable animals,
such as seals or human swimmers, from drowning or from predators such as sharks [55]. The extent
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to which such behaviors might be instinctive, and to which cetaceans performing such behaviors
recognize that the animals they are aiding are not members of their own species, is the object of
much speculation.

Anagenesis: The possibility of cetacean taxa evolving via connected “straight-line” evolution
(i.e., without cladogenesis) has been discussed [56].

Analogy/analogous features: Apart from examples of convergent evolution within Cetacea (see below),
there are many obvious examples of cetaceans sharing analogous features (i.e., bearing similar form
or function yet without a common evolutionary basis) with other taxa. Classic examples include the
general fusiform body shape and stabilizing dorsal and pectoral plus propulsive caudal fins in sharks,
ichthyosaurs, and dolphins [1–3].

Ancestral state reconstruction: Given their striking evolutionary history and increasingly well-known
fossil record, reconstruction of ancestral states of cetaceans have been involved in many projects,
often focused on body size (and in particular gigantism; see below) [57] but also involving changes in
feeding mode over time [58,59].

Apomorphy: Examples of novel, derived traits that distinguish taxa, such as Cetacea or Mysticeti,
include many detailed studies of ear bones [35–38,60,61], as well as analyses of dental and baleen
morphology [62], plus highly derived bones or other cranial features related to feeding.

Atavism: The “reappearance” of “lost” hindlimbs or rudimentary yet enlarged pelvic elements are
among the most notable and distinct examples of atavisms in any living animals [63].

Bergmann’s rule: Like Allen’s rule (see above), this bioclimatic “rule” holds that body size and
shape vary by latitude, in this case with larger animals being found at higher latitudes, such that they
have a relatively lower surface-to-volume ratio and correspondingly less heat loss from the body to
cold ambient waters. The stout bowhead whale—which is not only more rotund than whales of other
families but also of closely related right whales—is a prime example of this finding.

Biogeographical distribution: There are several good examples of cetacean distribution relating
to evolution, such as the antitropical distribution of corresponding northern and southern species
(such as right whale dolphins) [64], as well as the riverine and estuarine distribution of closely related
or convergent taxa (such as river dolphins) [65].

Biological magnification: Cetaceans offer prime examples of biomagnification due to accumulation
in tissues of neurotoxins from “red tides” as well as many types of anthropogenic pollutants including
methylmercury and organochlorines [66–69].

Biostratigraphy: As is typical throughout paleontology, the fossil layers (geologic strata) in which
cetacean fossils are found offer numerous clues to aid in dating the fossils as well as establish
paleoecological or climatological information, making biostratigraphy a common and essential element
of any fossil study [70].

Bone bed formation: Although some whale fossils, including whole skeletons, may be found isolated
from bones of other individuals, the bones are frequently found in mixed “bone beds” containing
fossils of multiple individuals, and sometimes multiple species. This is true of some of the oldest
known archaeocetes as well as more recent whales and dolphins in many rich fossil localities, such as
the Sharktooth Hill bonebed from the middle Miocene of California [71].

Capital breeding: As opposed to income breeders that use exogenous energy sources to “finance”
reproduction, capital breeders build up and maintain internal energy stores before reproducing, a state
that has been characterized for many mysticete species [72,73].

Carbon pump: The “fertilization” of primary production in epipelagic seas by the return of
carbon, nitrogen, and other nutrients to surface waters via whale feces, has been documented and
much discussed in recent years [74,75], with major implications not only for global nutrient cycles
but also the key role of pre- and post-whaling cetacean populations in modulating and regulating
oceanic ecosystems.
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Character displacement: Basic studies of resource partitioning in cetacean taxa include studies of
body size, skull telescoping and migration of external nares through evolution, and head shape and
dental loss in many odontocete species [76,77].

Chronospecies: The idea that a single species might evolve directly (without divergence) into a
morphologically distinct form, yielding a single species (or closely related sister species) connected
over time in the fossil record (see entry for anagenesis), has been discussed for mysticetes such as
minke whales [78].

Circumpolar: The bowhead whale is a good example of a single cetacean species with multiple
breeding stocks in circumpolar distribution (e.g., from the Arctic Ocean to North Atlantic or North
Pacific), which has clear implications for speciation, as the now-extinct population of Atlantic gray
whales attests [79].

Coevolution: The contemporary and linked evolution of cetaceans with ectoparasitic whale “lice”
provide a clear and strong example of host–parasite coevolution [80].

Coloration patterns: There have been several analyses of pigmentation and its relation to character
displacement and species recognition, as well as to confusing or startling prey (as by the bright white
flippers of humpback whales or asymmetrically colored jaws of fin whales); see countershading entry
below [81].

Competition: Competition plays a major role in ecology and evolution, whether intraspecific,
such as sperm competition between conspecific males [82], or interspecific, such as between whales
and penguins and other species for krill and other food [83].

Constraints: Evolutionary outcomes depend on raw materials but also intrinsic (genetic) and
extrinsic (environmental) constraints, which may explain why suspension feeding evolved in cetaceans
but not marine reptiles [84], although a plesiosaur has recently been described that possibly was a filter
feeder [85].

Convergence: There are many examples of convergent evolution within Cetacea but perhaps
none more striking than the tusked, walrus-convergent Odobenocetops of the Miocene and Pliocene,
whose skull, dentition, and presumed lifestyle appear to have closely mirrored that of the living walrus,
Odobenus [86,87]. Another fine example of convergence involves a beaked whale-like Pliocene dolphin
excavated from Antarctica [88].

Cooperation: Many cooperative behaviors, ranging from cooperative foraging to defense against
predators, have been documented in cetaceans [89]. Some of these involve complex and instinctive or
possibly learned traits. There also appears to be cooperative fishing with humans by some dolphins.

Countershading: A common coloration pattern in aquatic as well as terrestrial and aerial species,
especially large predators, leads to light coloration on the animal’s underside (so that it blends in with
light from above) and dark coloration on the dorsal surface (so that an animal is hard to detect when
viewed from above), and this countershading is prevalent in many cetacean species [81,90].

Culture: Several aspects of distinct cultural transmission of behaviors have been described in
odontocete and mysticete species [91,92].

Death and dying behavior: There have been numerous documented instances of dolphins or other
cetaceans carrying bodies of dead offspring, or of close attention paid to dead animals by various
related and unrelated individuals in many cetacean species [93].

Degeneracy/“devolution”: The loss of complex enamel structure (typical of nearly all non-cetacean
mammals) is likely linked to the loss of dental function (typical mammalian mastication) in odontocetes;
this loss of complexity appears to be an example of “devolution” [94,95]. Because such losses represent
potential decline of reversal of evolution, they are often referred to as degeneracy.

Demography: The possible role of post-menopausal females in cetacean populations has spurred
demographic studies focused on population breakdowns and genetics [96].

Disjunction distribution: The majority of whales, dolphins, and porpoises have disjointed
(noncontinuous) geographic distributions, also known as range fragmentation. This is significant for
demographic, genetic, and evolutionary reasons as well as ecological conditions [97,98].

4
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Disruptive selection: An example of disruptive natural selection in cetaceans, apart from the
obvious cases of ecological divergence based on foraging or biogeographic distribution, may involve a
natural “knockout” of a basic cytokine protein that acts as an immune signal [99].

Dwarfism: The pygmy blue whale and dwarf and pygmy sperm whales are examples of
subspecies and related species, respectively, that demonstrate evolutionary changes in body size
(see also gigantism).

Ecotypes: One of the best examples of evolutionary divergence and resource-based character
displacement involves the diversity of ecotypes among killer whales, long thought to represent a
single species (Orcinus orca) but which may represent distinct species or subspecies in addition to clear
ecotypes, such as stocks that feed mainly on salmon or other bony fish, those that prey largely on large
sharks, and those that feed mainly on other marine mammals, including small porpoises and seals as
well as huge whales [100,101].

Embryology: Although some morphologists studied cetacean embryos and fetuses hundreds
of years ago, there is now a much more systematic study of the development of cetacean species,
and particularly by using modern molecular and histological methods [102,103].

Encephalization and brain evolution: The story of cetacean brain evolution has attracted much
attention in recent years, especially with regard to comparisons with the evolution of large,
complex brains in hominins and other primates [104]. This promises to be fertile ground for
evolutionary studies.

Endangered/vulnerable species: Several cetacean species have, for various reasons (largely whaling,
ship strikes, fishing gear entanglement, and habitat destruction), been and in some cases continue to
be highly endangered, including the North Atlantic right whale and the vaquita (a porpoise endemic
to the Sea of Cortez which is nearly extinct).

Endemic: Like many organisms, cetaceans demonstrate endemicity, being confined to particular
regions. In Cetacea this most commonly occurs in riverine or coastal dolphins [105].

Epigenetics: Apart from various means used to age individual whales and dolphins,
such as accumulation of layers of dental tissues or clock-based degradation of molecules [106],
epigenetic explanations (i.e., beyond genes) have been proposed to explain how cetaceans may fight
cancer [107].

Epimeletic behavior: Care-giving behavior may include the altruistic behaviors described above
(such as saving people or other animals from drowning or protecting them from predators) or simply
devoting much care and attention to unrelated individuals [108,109].

Evolution of complexity: Just as the loss of odontocete enamel relates to loss of complex structure
and function, the evolution of echolocation and vocalizing structures and behaviors in various cetaceans
relates to the gain of complexity [33,36,95,110,111], as does the origin and evolution of baleen.

Evolutionarily stable strategy (ESS): Unlike an evolutionarily stable state, an ESS is a behavioral
strategy that is fixed or cannot be “invaded” by an alternative gene-based behavior. Various altruistic
and other cultural behaviors of dolphins or other cetaceans may qualify [54].

Evolutionary turnover: According to the turnover-pulse hypothesis, major environmental changes
often spur major turnover and adaptive radiation of taxa, as is presumed to have occurred during the
spread of Neoceti (crown cetaceans) due to Oligocene oceanographic changes [44,112].

Evolutionary-developmental biology (“evo-devo”): The role of regulatory genes leading to
morphological changes in dentition and hindlimbs has been the subject of several studies [30,113,114].

Evolvability: The capacity of cetaceans for adaptive evolution due to their molecular and
morphogenetic changes after leaving behind their terrestrial ancestry has attracted attention,
often involving osteological changes related to ears and hearing or other parts of the cranium [115].

Exaptation: Much speculation about exaptation (“preadaptation”) in cetaceans focuses on
the hearing capabilities of the first cetaceans, which were amphibious and had water-adapted
hearing that “exapted” them to evolve further into more fully aquatic habitats, and which led to
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diverse vocalizations (with corresponding brain and anatomical specialization) that ultimately led to
echolocatory abilities [116,117].

Extinction: There have, of course, been many cetacean taxa that went extinct and are now known
solely from fossil material, but there has also been a recent instance of a living species (the baiji or
Yangtze River dolphin, Lipotes vexillifer) which was recently declared extinct [118].

Finite element analysis (FEA): Bite strength in living and extinct cetacean taxa has been analyzed
by FEA [119].

Fission–fusion structure: Although more commonly studied in primates, this social structure
(in which individuals of a species temporarily join, then go separate ways) has also been documented
in various cetacean taxa [120].

Fitness: Among the many examples of evolutionary fitness in cetaceans, the role of the narwhal
tusk stands out as an interesting and good example [121,122].

Food fall: There have been many studies investigating the trophic and other ecological roles of
cetacean carcasses that decompose over many years on the seafloor (see entry on whalefall communities).
These involve observations, experiments, and even analyses of fossil material [123,124].

Fossil dating: Fossils have been used to date divergence ages of extant lineages [125], and multiple
methods have been employed to determine the age of cetacean fossils, ranging from traditional isotopic
analysis and other molecular methods to geologic formation analysis and use of index fossils [126,127].

Fossil lagerstätte: A lagerstätte is a fossil locality with high diversity, often with numerous complete
skeletons (such as the “valley of whales” bearing many basilosaurids and protocetids in Fayum,
Egypt), and excellent quality of preservation, such as the Pisco Basin of Peru, where conditions led to
preservation of baleen and even digestive tract contents [128,129].

Fossil reconstruction: Many aspects of cetacean form have been reconstructed in extinct taxa,
ranging from body size and shape to the curvature and proportions of the spine and their role in
locomotion [56,57,130,131].

Genetic drift—bottleneck: The effects of severe population size decrease, namely seemingly random
fluctuations in allele and genotype frequencies, have been studied in populations of mysticetes and
odontocetes [132,133].

Genetic drift—founder effect: Similar to bottlenecks, small groups can also have random genetic
effects when new populations are founded by a very few individuals; this has been studied in various
dolphin species [134,135].

Genomics: Several studies have looked at the evolution of the whole genome in particular cetacean
species plus higher-level taxa [136–138].

Gigantism: Multiple recent studies have looked at the evolution of extreme body size in Cetacea
with relation to various factors such as trophic ecology or biomechanics and morphology [139–141].
This includes not only the obvious mysticetes but also gigantic toothed whales [142].

Group selection: The concept of group selection (and levels of selection in general) is controversial
in evolutionary biology, but studies of whale and dolphin sociality relate directly or indirectly to this
topic [92,143].

Habitat loss: Sadly, there are many examples of the evolutionary effects of habitat loss affecting
diverse cetaceans in prehistoric and modern times—with the latter obviously involving human
impact [144].

Homology: Among the many obvious examples of homologous morphological structures in
cetaceans are varied bones [145] and teeth [146]; there are of course homologous chromosomes and
genes too.

Host–parasite interactions: There are many records of endo- and ectoparasites on and within
different cetaceans, but also interesting evolutionary stories of “switching” of hosts inferred by
DNA [147]. See entries below on parasitism and phoresis.

6



Oceans 2020, 1

Human impact: Humans have played and continue to play a large role in influencing the evolution
of cetaceans through such acts as whaling, driving climate change, and destroying habitats (see habitat
loss) [148].

Human impact-anthropophily: A fascinating story of dolphins adapting to, and working cooperatively
with, human fishing (in multiple locations around the world) reflects the roles of genes, instincts,
and learning in driving cetacean social and behavioral evolution [149,150].

Hybridization: There have been widely reported instances of interspecific hybrid “wholphins” in
captivity, but also numerous documented cases of hybrid dolphins and large whales (e.g., blue/fin whales)
in natural habitats, spurring speculation as to speciation and genetic divergence [151].

Infectious disease evolution: Changes over time in frequency or at least documentation of various
diseases in wild cetacean populations has focused not only on the diseases but also the role of human
impact (from pollution and poor sanitation, etc.) in altering the evolution of these diseases and the
way they infect whales and dolphins [152].

Irreducible complexity: Critics of evolution often argue that many traits are too complex to have
evolved. Traits such as the large brains and echolocatory abilities have been mentioned among
cetaceans. Darwin himself speculated, in the first edition of the Origin of Species, about the evolution
of baleen and complex filtering form, function, and behavior from swimming bears catching aquatic
insects that he presumed might someday evolve into whale-like creatures [153].

Iteroparity: Unlike semelparous organisms that reproduce just once before dying, iteroparous organisms
have multiple reproductive events over their lifespan; in cetaceans the timing of this often depends on
energy state and accumulation of nutrients [73].

Key innovation: There are many obvious examples of key innovations that ushered in major
changes in the ecology and evolution of cetaceans, including the origins of baleen, echolocation,
large brains, and structures associated with producing and receiving sound waves (such as the melon,
mandibular “pan bone,” and inner ear). The axial skeleton has also been offered as an example of a key
innovation important to cetacean evolution [154].

Keystone predators: Killer whales have been proposed as a classic example of a keystone predator
whose action helps to regulate the population dynamics and ecology of multiple species (from fish and
sea otters to seals, sea lions, and other odontocetes) in marine ecosystems [155].

Kin selection: Alloparenting and related caregiving behaviors by sperm whales and post-menopausal
“grandmother” killer whales has been posited as potentially being related to kin selection [96,156].

K strategy: Whales, dolphins, and porpoises are often presented as classic examples of the
K-selected life history strategy favoring large bodies with slow growth and maturity, long lifespan,
great devotion of resources to few offspring, and so on.

Life history: Analysis of the ways in which various life history factors (such as body size, lifespan,
age of maturity, number of offspring, and so on) relate to cetacean evolution has been conducted [157].

Living fossil: The pygmy right whale, Caperea, has been proposed as a remnant of an otherwise
ancient and extinct family of early mysticetes, the cetotheriids [158], although it appears that cetotheres
persisted into the Pleistocene [159]. The Ganges river dolphin, Platanista, is similarly a remnant of a
formerly diversified clade (Platanistoidea).

“Lumpers vs. splitters”: These colloquial terms refer to the preferences among systematists to
classify taxa into as few or as many species (or other taxonomic ranks) as possible. Depending on one’s
view, there may be 75–120 different extant cetacean species, with much of the disagreement involving
dolphins, beaked whales, and rorquals of the genus Balaenoptera.

Mating and social systems: The intricacies of mating systems among diverse whale and dolphin
species are often complex (befitting their social complexity) and interesting, as with the intense sperm
competition of right whales, and have attracted much scrutiny [160,161].

Metonym (taxonomic synonym): There have been several instances of systematists taking names of
extant or extinct cetacean taxa and reusing them to apply to a new taxon [162].
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Migration: The relation of long migrations undertaken by whales and dolphins for mating, feeding,
and other important activities related to survival and reproduction has been studied not only for
specific taxa but in general terms [163].

Mimicry: A frequently cited instance of likely mimicry in Cetacea involves the shark-like
appearance (with underslung jaws bearing sharp teeth, plus pigmented false gill slits) of dwarf
and pygmy sperm whales, Kogia, although there are also many mentions of possible vocal mimicry.

Modularity: The concept of modularity, in which a structural or functional system can be subdivided
into sets of autonomous yet interacting elements (which are altered and interrelated via “evo-devo”
changes), has received much recent attention within evolutionary biology. This includes examples
within Cetacea [164].

Molecular clock: Many estimates of the origins, divergences, and lifespans of various cetacean taxa
have been derived from molecular data by many researchers [136,165–167].

Morphological disparity/phenotypic diversity: Many cetaceans display remarkable disparity
(e.g., members of the beaked whale genus Mesoplodon), which has been used to study the evolution of
Cetacea [44].

Morphological vs. molecular data: The long-standing issue of agreement between anatomical
(often osteological) and molecular findings in resolving phylogenetic issues also includes several
thorough analyses of cetaceans [117,140,168,169].

Morphometrics: Detailed morphometric studies of nearly every conceivable aspect of cetacean
form have been carried out, ranging from overall body size and shape (as relates to locomotion or
thermoregulation) as well as teeth, skin, brains, and varied skull structures; several such studies relate
directly to phylogenetics and evolution [170].

Mosaic evolution: The extent to which cetacean form and function represents a blend of ancestral
and derived characters has been considered in multiple studies involving various organs such as the
brain [171]. The gradual loss of hindlimbs in archaeocetes and transition of the forelimb into the flipper
also involve mosaic evolution.

Mutation: Along with general exploration of mutations involved in the terrestrial-to-aquatic
transition of early cetaceans [1–3], many specific studies have examined specific gene mutations and
their consequences in cetaceans, most notably involving key events in cetacean evolution (such the
loss of body hair) and mutations related to olfaction, gustation, vision, and other senses [172–174].

Mutualism: Among the many described instances of mutualism in Cetacea are cases involving
whales and non-cetacean taxa (such as seabirds, where the interaction may involve cleaning of parasites
from whales as well as location of food sources), as well as discussions of mutualistic interactions
(for example, for feeding or defense against predators) involving different cetacean species including
interactions between dolphins and large whales [175,176].

Natural vs. artificial selection: The extent to which large-scale twentieth century industrial whaling
may have inadvertently altered whale behavior, size, ecology, distribution, and so on, affords an
excellent opportunity to compare the effects of human versus natural influences on evolution.

Neoteny and pedomorphosis: Among the many recent investigations focused on changes in
developmental timing (see “evo-devo”), and in particular the retention of juvenile features,
are comparative studies that closely examined the skulls of extant and extinct whales, dolphins,
and porpoises [177,178].

Neuroscience: Outside of Primates, Cetacea is one of the most actively studied groups within the
burgeoning field of evolutionary neuroscience, with many projects and publications looking at absolute
and relative brain size, the organization of neural networks and brain regions, and the relationship
between brain and behavior, including vocalization, sensation, and sociality.

Neutral theory: Many mutations within Cetacea are presumed to have had little to no effect on
fitness, yet may elucidate phylogenetics or demographics [179].
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Niche separation: The partitioning of food and other resources by contemporaneous humpback
and minke whales in Antarctic waters offers a prime example of niche separation and competitive
exclusion in Cetacea [180].

Nomenclature: The Latin binomials of many cetaceans—such as the beluga (Delphinapterus leucas,
or “white dolphin without a fin”), narwhal (Monodon monoceros, or “one tooth, one tusk”), and humpback
whale (Megaptera novaeangliae, or “big-winged New Englander”)—offer good lessons in the principles
and practice of naming taxa for experts and beginners alike, as do the common names of these species,
along with others (killer whale vs. orca, rorqual, etc.).

Nutrient distribution/trophic connections: In addition to several recent studies that have looked at
the role of whales in distributing nutrients throughout marine ecosystems, other investigations have
explored trophic interactions between cetaceans and other marine predators (e.g., sharks and penguins)
for food [83].

Opportunism: Whereas some cetaceans appear to be highly specialized, others, such as
the bottlenose dolphin, Tursiops spp., are successful ecological opportunists, with obvious
evolutionary ramifications.

Organ systems: All cetaceans offer prime examples of organs and organ systems highly modified
by evolution, such as kidneys that adapted to the switch from a terrestrial to marine environment (with
corresponding lack of fresh drinking water), or the lungs and diaphragm modified for greater tidal
volume and more efficient pulmonary ventilation, etc. Vascular (often retial) adaptations for diving
and thermoregulation are also excellent examples of fundamental evolutionary changes.

Orthogenesis: Studies of cetacean evolution and diversity have not provided evidence for the claim
of progressive, directed (i.e., non-random) evolution, although the concept has been discussed [181].

Osteological correlates: The study of bony landmarks and their significance in denoting major
functional changes important during cetacean evolution (such as palatal sulci relating to vasculature
for baleen, or muscle scars relating to origin/insertion attachment points) has proven invaluable in
cetacean paleontology and morphology.

Outgroup comparison: Numerous studies have affirmed the relationship of Cetacea within
Artiodactyla (or Cetartiodactyla), with hippopotamuses as the outgroup [182]; other studies have
examined outgroups within Cetacea, such as the placement of porpoises within Delphinoidea.

Pair bonding: The tucuxi (Sotalia spp.) is sometimes offered as an example of a cetacean with a
pair-bonded mating system [183].

Paleoecology: Among the many studies of cetacean paleoecology are fascinating stories of the likely
predation by the extinct giant shark Carcharocles megalodon on baleen whales of all sizes [184].

Parallel evolution: Comparisons between bats and odontocetes as a good example of parallel
evolution of echolocation are common [185].

Paraphyly: Paraphyletic groups have been noted in cetacean systematics, especially with older
classifications of river dolphins, and more recently with genetic analyses of delphinine dolphins
including Stenella and Tursiops [186].

Parasitism: Cetaceans are definitive hosts for numerous ecto- and endoparasites, including Anisakis
worms, which easily spread to humans who eat raw or undercooked fish.

Phenetic vs. cladistic systematics: Just as there have been comparisons of molecular and
morphological findings in resolving systematic and phylogenetic debates about cetacean taxonomy,
so too differing results of phenetics (systematics based on similarity of form) and cladistics have yielded
different conclusions, and debate [170].

Phoresis: Cetaceans are well known to “carry” (in a sort of commensal mutualism) many species of
ectoparasitic barnacles, worms, and whale lice, along with remoras [187]. This is related to parasitism
(see entry above).

Play behavior: Play, considered an important element and indicator of complex social interaction
and cognitive ability, has been documented within numerous wild and captive cetaceans [188].
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Pleiotropy: The reproductive tracts of some cetaceans may demonstrate pleiotropic genetic
interactions [189].

Plesiomorphy: Enamel patterns [190] within cetaceans have been cited as an example of ancestral
(plesiomorphic) traits persisting in modern taxa; to a lesser extent, ear bones, although highly modified
in Cetacea, also demonstrate some plesiomorphic features [60,61].

Polydactyly vs. polyphalangy: Whales largely retain the plesiomorphic condition of five digits in the
forelimb (flipper), although there are instances of digit reduction in cetaceans [191]. Cetaceans, like many
other aquatic tetrapods, also are unusual in having an abnormally large number of phalangeal bones
within each digit, such that flipper osteology offers a good example of mosaic evolution.

Polygyny: Polygynous mating systems, in which one male has access to a “harem” of several
reproductively receptive females, can be found in many cetacean species ranging from sperm to
humpback whales [192].

Polymorphism: There are many examples on (and many published papers on) diverse
morphological, behavioral, and molecular traits within Cetacea [193].

Polyphyly: The diverse dolphin genus Lagenorhynchus is sometimes offered as an example of a
potentially polyphyletic taxonomic grouping within Cetacea [132,193].

Rate of evolution: The extent to which evolution occurs via incremental gradualism or sudden
leaps plays a role in studies of neutral mutations, molecular clocks, and regulatory gene interactions
(see entries for all items in this list), and cetaceans have provided fodder for interpretations of both
slow and rapid evolutionary change, often dependent on environmental factors and the origin of key
innovations [194].

Red Queen hypothesis: A spiraling evolutionary “arms race” between cetacean immune systems
and pathogens, possibly including neurotoxins from paralytic shellfish poisoning, has been cited as an
example of Van Valen’s famous “Red Queen hypothesis,” in which taxa must “keep moving just to
stay in one place” [56,195].

Regulatory genes: Homeobox and other regulatory genes (like sonic hedgehog and Hox) have been
cited as important in major evolutionary transformations throughout the history of Cetacea involving
form and function, such as limb and dental loss and the origins of baleen and echolocation [137].

Relict populations: Diverse river dolphin taxa as well as some oceanic dolphins, notably the
rough-toothed dolphin (Steno), have been proposed as ancestral relict populations throughout their
distribution or in some locales [196].

Reproductive isolation: Reproductive isolation between cetacean populations and subpopulations
have been cited as important steps toward speciation or other genetic and cultural divergence [60,64,197].

Reproductive senescence: Like some higher primates, several cetacean species have been noted as
having frequent and important post-reproductive phases, including “grandmother” killer whales that
potentially pass along cultural knowledge [198,199].

Resource partitioning: There have been several published examples of resource partitioning within
Cetacea (e.g., of different Antarctic whale species partitioning prey or feeding habitat) as well as of
cetaceans partitioning resources with other marine species including sharks and seabirds [200].

Ring species: Although there is no definitive example of a cetacean ring species, the presence of
numerous subspecies, interspecific hybrids, and intergraded populations of widely dispersed species
(often with circumpolar distributions, as in killer whales) makes the prospect of the ring species concept
within Cetacea a distinct possibility.

Scaling (isometry vs. allometry): Dozens of publications demonstrate the roles of linear and
nonlinear scaling effects in the evolution of cetacean structures ranging from bones, limbs, organs,
tissues (such as skin thickness), and other features. These indicate that scaling has played a prominent
role in cetacean polymorphism and phenotypic disparity [201].

Selective sweep: Studies of genetic diversity within various cetacean taxa, including some
(like sperm whales) with less diversity than expected, demonstrate the likely role that strong selective
sweeps play in fixing alleles within a population [202].
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Sensory biology: Although studies of cetacean ears and hearing have long attracted research
interest, many recent studies have demonstrated that other sensory modalities (vision, olfaction, etc.)
are far more complicated and important in cetacean ecomorphology and evolution than generally
appreciated [172–174].

Sexual conflict: The likelihood of diverging male and female reproductive strategies
(and counterstrategies) in mating behavior and anatomy has led to a greater recognition of and
research interest in applications of sexual conflict theory within Cetacea [203].

Sexual dimorphism: Sexual dimorphism is common in many cetaceans. In mysticetes, females are
generally larger than males, but in odontocetes males are typically larger, often dramatically so
(e.g., sperm and killer whales).

Sexual selection: The large tusk of narwhals and prominent mandibular teeth of ziphiids (which in
many taxa erupt solely in males) are commonly cited examples of sexual selection in Cetacea. These teeth
are often considered to play a role in competition for females, either via display or direct male-to-male
fighting [56,204].

Speciation: Antitropical distributions have been cited as a means of enabling allopatric speciation
in Cetacea, although other rapid genetic changes or morphological and behavioral disparity (leading to
reproductive isolation) might in turn lead to sympatric or parapatric speciation [56,64].

Stabilizing selection: Several genes have been described as having been “purified” or fixed and
stabilized at high levels within cetacean populations [42].

Stable isotope analysis: For several decades stable isotopes isolated from various tissues
(bones, baleen, etc.) have been widely used to indicate many parameters including distinct populations,
ecological states (e.g., trophic levels), and physiological condition (e.g., stress, reproductive condition,
age, etc.) [205,206].

Subspecies: Genetically and morphologically distinct subspecies have been described for many
species of dolphins and whales, including, for example, humpback and fin whales [207].

Symbiosis: Among the many symbiotic interactions involving cetaceans, familiar examples include
multiple species of barnacles that depend exclusively on whales or dolphins for dispersal.

Sympatry: Many cetacean species have been described as sympatric, including river dolphins
sharing isolated habitats as well as oceanic whales and dolphins with neritic or pelagic habitats [208,209].

Taphonomy: The condition and potential taphonomic alteration of many fossil cetacean materials
has been well described [71,210–212].

Tool use: Researchers have described the use of natural sponges or similar materials by dolphins
searching for prey in benthic sediments, a behavior that appears to be culturally transmitted [213].

Top-down vs. bottom-up trophic cascades: Researchers have described examples of differing trophic
cascades involving whales, dolphins, and porpoises, where either the cetacean (as a large predator)
heavily influences the presence and abundance of primary producers and consumers, in a so-called
top-down cascade [214], as well as cases of bottom-up cascades where species lower in a trophic
pyramid influence the abundance of cetaceans and other large predators [83], such that both types of
trophic cascades apply to cetaceans [215,216].

Transitional fossils: Considering the remarkable evolutionary transitions that have occurred
throughout cetacean history, such as wholly living, locomoting, and hearing in water instead of air,
or capturing prey by filtering with baleen instead of grasping with teeth, there have been many
taxa described as classic transitional fossils, indicating forms intermediate between other known
forms [1–12].

Vestigial features: Cetaceans are among the best-known and frequently cited examples of organisms
displaying vestigial features. These include pelvic and limb bones, and hairs and hair follicles.

Vicariance: Extant river dolphins and extinct cetotheres are among the notable taxa whose
vicariance (geographic separation into discontinuously distributed groups) has been studied [217,218].

Whalefall community: As previously noted in the entry on food falls, cetacean carcasses often remain
on the seafloor as an important contributor to benthic trophic webs. These dead bodies, which may
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take years to be fully digested and decomposed, form the basis for distinctly unique benthic “whalefall”
communities [123,124].

3. Conclusions

Every group of organisms can be used to highlight specific facets of evolution and evolutionary
ecology, but extant and extinct whales, dolphins, and porpoises perhaps demonstrate the breadth
of evolutionary topics better than any other taxon. The items listed in this glossary are intended to
demonstrate the wide range of topics studied by cetacean scientists (they are not meant to provide a
complete, exhaustive listing), and this list will undoubtedly grow as new methods yield new insights
and discoveries. As surely as cetaceans continue to evolve, so too the fields of study involving them
continue to evolve as well.
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Abstract: Harbor porpoise (Phocoena phocoena) diets are predominantly comprised of small fish
species (<30 cm) and squid. However, predation on larger species (up to 63 cm) occurs, raising the
question of increased risk of asphyxiation associated with this behavior. Literature was reviewed
and stranding data from 1983 to 2020 from the U.S. West Coast (including California, Oregon and
Washington) were searched for cases of prey-related asphyxiation of harbor porpoises and analyzed
in relation to age, sex, reproductive status and prey species. Twenty-nine cases were documented.
Twenty-seven cases involved large prey; non-native American shad caused the asphyxiation in 87%
of the cases where the prey species was identified. The majority (92%) of harbor porpoises were
females, and at least 83.3% were pregnant or recently post-partum. Reproductively active females
may be more likely to attempt potentially risky behavior in order to compensate for their increased
energetic needs. Increasing numbers of non-native American shad may pose a unique danger in this
region for harbor porpoises not adapted to deal with the challenges of that prey. This may be a cause
for concern, as there is likely an interaction between location, age and reproductive status on the diet
composition and foraging strategies of harbor porpoises.

Keywords: harbor porpoise; Phocoena phocoena; American shad; salmon; asphyxiation; large prey;
foraging ecology; strandings

1. Introduction

Harbor porpoises (Phocoena phocoena) are found in nearshore waters along the U.S. West Coast from
north of Point Barrow, Alaska (AK), and south to Point Conception, California (CA) [1–3], with very few
sightings in offshore waters (beyond the 200 m isobath) [3]. It is important to note that along the U.S.
West Coast, the continental shelf is narrow (approximately 32 km) compared to locations in the Atlantic
(more than 120 km) [4]. Thus, harbor porpoises on the U.S. West Coast are a nearshore species, unlike
some harbor porpoises that are seen in offshore waters in the Atlantic (e.g., off Greenland [5]). Along
the U.S. West Coast, harbor porpoises are known to mainly prey on small fish species, such as Pacific
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herring (Clupea pallasi), walleye pollock (Theragra chalcogramma), Pacific hake (Merluccius productus)
northern anchovy (Engraulis mordax) and Pacific sandlance (Ammodytes hexapterus), that average less
than 30 cm in length [6–12], a similar finding to other populations worldwide [13–23].

Harbor porpoises have also been known to ingest large (in mass and/or length, e.g., up to
63 cm) prey items [16,17,21,22,24]. Along the U.S. West Coast, harbor porpoises were observed
catching large prey items (consumption was not observed) of native salmonid species, including coho
(Oncorhynchus kisutch) and pink (Oncorhynchus gorbuscha) salmon, and non-native American shad
(Alosa sapidissima) [25]. A recent study documented tags from juvenile Chinook salmon (Oncorhynchus
tshawytscha) in the forestomach of a harbor porpoise in southwestern Washington [26]. Previous to these
cases, there were rare instances of salmon in the stomachs of harbor porpoises in this region: a salmon
sp. in the stomach of a stranded harbor porpoise near the Columbia River [27] and another of a coho
salmon in the stomach of a by-caught harbor porpoise in the salmon set-net fishery in Washington
State [8]. Salmon have not been considered as part of the normal harbor porpoise diet in this region,
but [25] supports the idea presented by [26] that salmon may be a more important component of
harbor porpoise diet in the Pacific Northwest than previously thought. Occasionally, attempted
ingestion of seemingly atypical prey items and/or prey size that resulted in asphyxiation of the
harbor porpoise have been documented along the U.S. West Coast: 55.9 cm grey smooth-hound shark
(Mustelus californicus [28]), 44.5 cm Pacific herring [29], American shad (37.5 cm, [30] and 34.2 cm [31])
and a species of sculpin [32]. The historical asphyxiation records of female harbor porpoises [30,31]
and more recent observations of live female harbor porpoises [25] indicate that American shad may be
targeted by some individuals, and there may be a female sex bias to this potentially risky behavior.

Large prey (like salmon and American shad) can increase the risk of asphyxiation in odontocete
species due to adaptations to their airway and digestive tracts that removes the risk of water accidentally
entering the respiratory system during ingestion of prey [33]. While important, these adaptations also
make them more susceptible to esophageal obstruction that can lead to asphyxiation as the larynx,
or goosebeak, creates a restriction, limiting the size of items that can be swallowed without risk of
them becoming lodged around the larynx (which may become dislocated) [33]. Though not a common
occurrence, cause of death by asphyxiation on prey items has been documented in a limited number
of cetacean species (harbor porpoises [19,28,30–32,34–37], bottlenose dolphins (Tursiops sp.) [38–42],
long-finned pilot whales (Globicephala melas) [43], Guiana dolphins (Sotalia guianensis) [44], and beluga
whales (Delphinapterus leucas) [45]).

Much of what is known about harbor porpoises in the Pacific Northwest comes from stranded
animals [46], as harbor porpoise behavior is still poorly understood and often hard to investigate due
to their elusive nature. Stranding records are a good resource for investigating causes of death and
their frequency within a population and can provide insights into harbor porpoise foraging behavior.
American shad in the Pacific Ocean are mainly found on the continental shelf, with the highest catches
(based on data from research cruises, and commercial and recreational landings) between Oregon (OR)
and British Columbia (BC), Canada, and in San Francisco Bay [47]. To investigate the occurrence of
prey-related asphyxiation in harbor porpoises along the U.S. West Coast and the influence of American
shad, we reviewed the available stranding records from researchers and stranding organizations in CA,
OR and WA, along with historical published accounts; however, note that this was not an exhaustive
search of all historical records. To enhance our knowledge of harbor porpoise foraging behavior we
describe these cases, the fish species involved, and the relation to age, sex and reproductive status of
the harbor porpoises. We hypothesized that the majority of harbor porpoise asphyxiation cases would
involve non-native American shad, and that asphyxiation would occur more with reproductively
active females than other age/sex classes.

2. Materials and Methods

Necropsies and records of the stranded harbor porpoises were conducted/recorded by individual
researchers and stranding network organizations along the U.S. West Coast (Figure 1): Cascadia
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Research Collective (CRC), Portland State University (PSU), Oregon State University (OSU), Washington
Department of Fish and Wildlife (WDFW) the California Academy of Sciences (CAS), The Marine
Mammal Center (TMMC), California State Parks (CSP), and the Museum of Vertebrate Zoology
(MVZ). Although there may be some variation in specifics, the organizations generally adhered to
similar stranding and necropsy protocols. Data including the date, location, condition, age class,
sex, reproductive status, and evidence of human interaction were collected from all stranding events.
Necropsies were conducted on fresh animals using established methods [48]. A full suite of samples
from available organs, lymph nodes, lesions and injuries were collected for histology, and additional
tissues were frozen for ancillary diagnostics (genetics, contaminants, life history, biotoxins, fungal,
viral, bacterial screening). Visual identification of stomach contents was documented for some cases.
Internal exams with minimal sampling were conducted on animals that were decomposed and/or
heavily scavenged. Evidence for human interaction (vessel interaction, gunshot wounds, fishery
interaction wounds related to fishing gear or fishing gear attached to the animal, and other) was noted,
whether or not it was the cause of death.

Figure 1. Map of U.S. West Coast with locations (and fish species involved) of asphyxiation cases of
harbor porpoises in CA, OR and WA.

3. Results

We documented 24 cases between 1983 and 2020 (numerical case numbers 1–24) from stranding
records, in addition to 5 cases previously published (alphabetic case numbers A–E), totaling 29 cases
of fatal prey-related asphyxiation in harbor porpoises along the U.S. West Coast since 1937 (Figure 1,
Table 1). For the 28 cases where the month and day of stranding are known (all but case B), asphyxiated
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harbor porpoises were found in every month except November, and 13 (46.4%) of these occurred in
spring (March–May). The next most common season was summer (June–August) with eight (28.6%)
cases. The number of cases in other seasons were more evenly distributed: three (10.7%) in winter
(December–February), and four (14.3%) in fall (September–November). Five cases (10, 15–18) also
had evidence of fishery interaction and eight (4, 6, 8, 11, 15, 16, 19, 24) had pathological findings. The
contribution of these additional findings to the asphyxiation events are not known. Visual identification
of stomach contents for five cases were documented. Case 2 had a pilchard (Sardinops sagax) and squid
beaks (Loligo sp.), case 13 had squid beaks and fresh anchovy, case 18 had an intact American shad,
case 21 had fresh and partially digested anchovy and case 24 had partially digested anchovy.

Two types of asphyxiation were found: large fish lodged in the throat, where the goosebeak is
often dislocated (cases A–D, 1–20, 22–24), and smaller fish moving up to obstruct the nasal passage
(cases E, 21). Twenty-seven cases (93.1%) resulted from attempted ingestion of large prey items and
subsequent asphyxiation (cases A–D, 1–20, 22–24); 25 were confirmed as cause of death and 2 where it
was the likely cause of death, but the carcass was not collected (cases 5, 9, Table 1). Many of these
incidences occurred in the last four years (n = 9, 33%). In all cases the large fish was lodged in the
harbor porpoise’s throat, sometimes with the tail still visibly sticking out of the mouth (Figures 2, 3,
5 and 6). The fish was known to be oriented head first in all but two cases (92.6%, in cases D and
9 the orientation was not documented). In 18 (66.7%) cases the larynx or goosebeak was dislocated
(Figure 2), sometimes with the fish extending past the proximal end of the lungs. Dry drowning was
suspected in the four cases (13, 21, 22, 24) for which the condition of the lungs was noted. Observations
included very aerated lung tissue, white stable froth in main airways and trachea and no fluid, with the
exception of one case (22) that had a small amount of fluid at the base of one lung.

American shad was the species causing the asphyxiation in 87% (n = 20, cases B–C, 1–4, 6, 8, 10–15,
17–19, 22–24) of the large prey ingestion cases where the prey species was identified. The American
shad ranged in length from 33 to 49 cm (n = 18 cases where the whole fish was measured) and weighed
from 363 to 1269 g (n = 10 cases where the whole fish was weighed). The other identified large fish
species was a steelhead (Oncorhynchus mykiss; 70 cm, 3200 g, case 16), grey smooth-hound shark
(55.9 cm, case A), Pacific herring (44.5 cm, case D) and four unknown species (cases 5, 7, 9, 20). For
the cases involving large prey items and known sex of the harbor porpoise (n = 25), 23 were female
(92%, cases A–D, 1–4, 6, 8, 11–20, 22–24) and 2 were male (8%, cases 7, 10). Size of the female harbor
porpoises ranged from 101.6 to 181 cm, and males (both subadult) were 121.7 and 130 cm in size
(Table 1). Reproductive status was determined for 18 females that attempted to ingest the large prey
items: 11.1% (n = 2) were not pregnant (cases C, 14) and 66.7% (n = 12) were confirmed to be pregnant
(cases D, 4, 6, 8, 11–13, 15–16, 18–19, 24). Four other cases were likely recently pregnant: one with
endometrial hemosiderosis suggestive of recent prior pregnancy (case 3), one with a distended uterus
(case 17), one possibly post-partum (case 22) and one with a recent corpus luteum (case 23) (Table 1).
Combining the 12 pregnancies with three likely post-partum females raises the percentage of cases of
reproductively active females to 83.3% (n = 15), or 88.9% (n = 16) if the female with a recent corpus
luteum is included.
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The last two asphyxiation cases resulted from a small fish species blocking the nasal passage. One
case was the presumptive regurgitation, or pushed by force up the esophagus, of a northern anchovy
(Engraulis mordax; 7.6 cm, weight unknown, Figure 4), resulting from a shark attack from a probable
broadnose seven gill shark (Notorynchus cepedianus). Determination of the shark species involved was
based on the size and shape of bites, characteristics of the tooth marks on the skin, blubber and internal
organs and the geographic location of the incident (case 21). The second was a species of sculpin
(~13 cm, weight unknown) that became lodged in the nasal passage (case E).

Figure 2. Case 13: 20 March 2014, pregnant adult female harbor porpoise from Ocean Shores, WA.
American shad (35.5 cm) dislocated the goosebeak (arrow) from the blowhole area. Photo credit CRC.

 

Figure 3. Case 14: 9 May 2014, American shad (partially eaten by scavengers post-mortem, estimated
40 cm) that was found in an adult female harbor porpoise’s throat causing asphyxiation (Westport,
WA). Photo credit CRC.
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Figure 4. Case 21: October 3, 2018 adult female harbor porpoise from Ocean City, WA, asphyxiated on
northern anchovy (7.6 cm) lodged in blowhole, goosebeak (arrow) dislocated with bruising and edema
around the blowhole at the top of the head and bruising in the back of the throat. Photo credit CRC.

 

Figure 5. Case 22: 28 July 2019, possibly post-partum adult female harbor porpoise from Ocean Shores,
WA, with 49 cm American shad stuck in in the throat (partially eaten by scavengers post-mortem),
dislocating the goosebeak and stuck down the esophagus and past the heart. Photo credit CRC.
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Figure 6. Case 24: 25 April 2020, third trimester pregnant adult female harbor porpoise from Ocean
Shores, WA, with 49 cm American shad gravid female stuck in in the throat, dislocating the goosebeak.

4. Discussion

This study represents the largest set of records (29 total) published to date of prey-related
asphyxiation in harbor porpoises. Of the large fish that were identified, 87% were American shad,
showing a marked bias in the prey species responsible. These data support the idea that the events
observed by [25] of harbor porpoises catching American shad and salmonid species along the U.S. West
Coast were indeed foraging behavior, and that these species should be considered as potential prey
species of harbor porpoise in this region. Further, our results suggest an age/sex bias to this behavior
as 92% of harbor porpoises were female (all adult, except one), and that at least 83.3% of these females
were in some stage of reproductive activity (pregnant or recently pregnant/post-partum). This bias
towards females (and particularly pregnant females) is not reflected in overall stranding records for
this region. In CA and the outer coast of WA, a total of 405 harbor porpoises were examined between
2005 and April 2020: 49.1% male, 45.2% female and 5.7% unknown sex and in WA, 45.7% of the adult
females were pregnant (unpublished data). Although the cases of asphyxiation reported here represent
a small portion of the total number of examined harbor porpoises, due to variability in carcass and
environmental conditions, cetaceans that float or refloat and are cast ashore are likely a small subset of
the actual mortality [49,50] and additional instances may have occurred and have gone undetected.
Thus, our results may underrepresent this source of mortality.

Harbor porpoises are the only cetaceans in the region with documented American shad
asphyxiation, which may be the result of multiple factors. Since the introduction of American
shad to the Pacific in the Sacramento River in 1871 (and now are found from Baja California, Mexico
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to Siberia) [51], these fish have overlapped in range with harbor porpoises as both are mainly found
on the continental shelf, and consequently are more likely to interact with harbor porpoises than
with cetaceans found in deeper water. The harbor porpoise preference for nearshore habitat also
means that dead specimens of this species wash ashore more frequently, and in better post-mortem
examination condition than offshore odontocetes [50]. Finally, as the world’s second smallest cetacean,
harbor porpoises may be ill-equipped to ingest American shad which averages 50–61.7 cm and up to
5500 g [52] simply due to predator–prey body size ratios and/or the morphology of American shad
compared to other large prey items.

Remarkably, in nearly 40 years of diet studies, there is no evidence of American shad as prey for
harbor porpoises along the U.S. West Coast based on otolith remains [6–9,11], stable isotope ratios [10]
or PCR-based molecular techniques [12]. The rate at which otoliths erode varies by prey species [11]
and American shad otoliths are relatively small, so this species may be more easily missed, or not
recognized, in this type of diet study. Alternatively, the otoliths may not be present due to beheading
the fish prior to consumption. Beheading and not ingesting the head of the fish has been suggested for
harbor porpoises [13], and documented for rough-toothed dolphins (Steno bredanensis) [53], Amazon
river dolphins (Inia geoffrensis) [54] and bottlenose dolphins [55]. However, this behavior has not been
documented with American shad and the small spade-shaped teeth of harbor porpoises would make
it difficult to perform the ripping or tearing action necessary to behead a large fish. In every case
in the current study where the orientation of the fish was noted, the fish was head first down the
harbor porpoise’s throat. With the head hitting the gastric juices first, the head and the small otoliths
may degrade quickly and thus not be present, or identifiable, when examined (a more likely scenario
than beheading as suggested by [13]). Nevertheless, diet studies that do not rely on otolith remains
have not found American shad in the diet of harbor porpoises in CA [10,12]. Alternatively, the lack
of evidence of this prey species may be due to this being a more recent phenomenon, opportunistic
captures, and/or that there are only certain groups or subpopulations (like reproductively active adult
females in this study) that utilize this strategy (e.g., [55]).

In our study, 85.2% of the cases of asphyxiation on large prey items involved adult harbor
porpoises. Variation in diet between adult and juvenile harbor porpoises has been reported [21,24].
A positive correlation between the length of harbor porpoises and some of their prey [21], along with
the fact that adults are presumably more experienced foragers, make it more likely that adults would
target larger prey than juveniles. However, if size was the only determinant (even with harbor porpoise
females being marginally larger than males [56]), we would not see the striking bias towards females
(92%) that we documented. Other studies have shown a similar bias in sex and maturity influencing
variation in harbor porpoise diet. In Icelandic waters, adult females had more diverse diets than males
or subadult females, and two females (one pregnant) had ingested the largest prey items [21]. Other
cases of asphyxiation are bias towards females (in the North Sea for common sole, Solea solea and cod,
Gadus morhua (reproductive state not documented) [36]; in the Western Baltic, a lactating female likely
asphyxiated (full necropsy was not completed) on a 59 cm European eel [37]). Together, these data
suggest that adult female harbor porpoises may be more likely to target larger prey species and that
this may be even further biased by reproductive state.

Over 83% of females of known reproductive state were either pregnant or recently
pregnant/post-partum. With yearly or biyearly birth cycles [57,58], harbor porpoises spend much
of their adult lives both pregnant and lactating [59,60] and thus are likely to be in some stage of
reproductive activity at any given time of year. Bioenergetic models (incorporating basal metabolism,
thermoregulation and reproduction) comparing all adult reproductive states reveal that male harbor
porpoises have the lowest total energetic costs while females that were simultaneously lactating and
pregnant had the highest [61]. The energetic cost of lactation exceeds the costs of pregnancy [61]
and lactation and post-partum pregnancies require increased food intake [61,62]. In bioenergetic
models, pregnant and lactating females had the highest biomass intake per day needed (4.1 ± 1.6 kg,
feeding on energy rich species like northern anchovy and rockfish) to travel 68.45 ± 26.45 km/day [61].
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To obtain those 4.1 kg, a pregnant and lactating harbor porpoise would need to expend energy to
capture and consume approximately 456 northern anchovies (average 9 g each), or one American
shad (up to 5.5 kg). In contrast, a male (needing 1.7 ± 0.6 kg per day) would only have to capture and
consume approximately 189 northern anchovies, while an American shad could be as much as 3-fold
the amount of mass needed daily. Note that these estimates are based on mass alone, and do not take
into consideration the differences in energy density of the prey species, which may vary. Regardless, it
is clear that reproductively active females need to take in a greater mass of high quality fish than do
other age/sex classes.

Reproductively active female harbor porpoises may have altered foraging behaviors compared to
other sex/age classes in order to meet these increased energetic needs. They may increase foraging time,
consume more prey items, ingest different prey species not seen in other harbor porpoises, and/or select
prey of much larger than average length and mass [14,62–64]. Females with calves have been shown to
utilize habitats with reduced water movement [25,63] and have shown learned strategies to reduce
unproductive foraging time [62,63]. These behaviors may impact what prey (and quantity) they take,
along with how productive, in terms of energy balance, the foraging will be. This may be particularly
important for pregnant females because those in poor body condition may reduce their energetic
investment in the fetus, presumably to increase their own survivability [65]. Thus, pregnant females
(which constituted 66.7% of females of known reproductive status catching large fish in the current
study) may be more likely to attempt a potentially risky behavior (such as ingesting American shad) in
order to gain the nutritional payoff that will help them maintain their health, and the health of the
unborn calf. Many predators of different age, sex and reproductive classes will vary in their willingness
to attack dangerous prey [66]. Our results are thus not surprising, as the constraints inherent in the
lives of reproductively active female harbor porpoises make it more likely, if not necessary, for them to
attempt capturing larger prey than other age/sex classes.

However, the relative risk is unclear, as there is evidence that harbor porpoises can successfully
ingest larger prey items [8,16,17,21,22,24,25]. This has also been observed in asphyxiation events, as
species that caused the death of the harbor porpoises have been found partially digested in the stomach
(Table 1 cases 16 and 18; [36]), indicating that the species (and size) can sometimes be consumed without
issue. These examples indicate that harbor porpoises are likely able to successfully take these larger
prey, but may not be reflected in stranding data that tend to be biased toward compromised individuals,
or in behavioral studies of harbor porpoises due to the difficulties in observing consumption of fish [25].
This could be another reason why our results may underrepresent the prevalence of this behavior.

Attempted ingestion of American shad appears to be an increasing phenomenon, as there were
just four cases documented prior to 2005 and a subsequent increase after that, with 33% occurring
between 2016 and 2020. This correlates with the continued increase in American shad, which have
become the single largest spawning run of any local anadromous fish (over 4 million spawning adults
passing Bonneville Dam in the Columbia River from 2003 to 2006), often dwarfing those of the salmon
runs [51]. Increases in the population density of a particular species, or a steep decline in other,
regular prey populations, may influence the prey choice of harbor porpoises. These factors have been
suggested as reasons for asphyxiations in harbor porpoises [36] and long-finned pilot whales [43].
Alternatively, it could be related to increased inter- or intraspecific competition, as has been suggested
for bottlenose dolphins engaging in riskier foraging behavior [55,67]. However, this could be an
artifact of increased harbor porpoise presence, as it is difficult to tease apart true increases in a certain
event from increased interest and observations. For example, an unusual mortality event along the
Pacific Northwest in the period 2006–2007 was determined not to be an actual unusual mortality event,
but rather a result of an increasing harbor porpoise population, expansion of harbor porpoise range
and a more well-established stranding network [46]. The increasing frequency of the asphyxiation
events documented in this study may indicate either shifts in native prey availability and/or in prey
choice by a particular class of individuals (in this case reproductively active females), but more research
is needed to understand the driving force for these behaviors.
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5. Conclusions

Our review of stranding records and necropsy findings on the U.S. West Coast revealed that
American shad was responsible for the majority of harbor porpoise asphyxiations. This prey is an
introduced species in this region and may pose a unique danger for harbor porpoises not adapted to
deal with the challenges of this prey. The majority of cases involved pregnant or recently post-partum
adult female harbor porpoises and this may reflect an attempt to consume large prey during periods of
greater energetic need. The incidence of these events has increased, with 33% occurring between 2016
and 2020, and likely reflects increasing abundance of this introduced species. It is striking that American
shad has not been documented as harbor porpoise prey (and to our knowledge no asphyxiation events
have been published) in the Atlantic, where the fish is native. Updated large-sample diet studies are
needed for both coasts to help determine the prevalence of American shad (or other large prey items,
like salmon) in the harbor porpoise diet. We recommend that future research should focus on both
harbor porpoise and American shad morphology, energetics and behavior, along with comparisons of
native and non-native prey abundance/distribution patterns and marine mammal stranding records
from the U.S. West and East Coasts. This is critical to gain a better understanding of harbor porpoise
foraging ecology and will help to elucidate the reasons for this behavior and the relative risk it carries
for harbor porpoise populations.
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Abstract: The harbour seal (Phoca vitulina) is the world’s most widely distributed pinniped species
ranging from temperate to Arctic regions (30–78.5◦ N in the Atlantic, 28–61.2◦ N in the Pacific),
but no detailed overview of the species status exists. The aims of this review are to (i) provide
current information on the genetic structure, population status, and threats; (ii) review potential
consequences of a changing climate; and (iii) identify knowledge gaps to guide future research and
monitoring. Although the species is globally abundant, wide differences exist across the species’
broad range. As climate warms, populations at the edges of the species’ distributional range are likely
to be more affected. The primary climate-related drivers include: (i) changes in weather patterns,
which can affect thermoregulation; (ii) decrease in availability of haul-out substrates; (iii) large-scale
changes in prey availability and inter-specific competition; (iv) shifts in the range of pathogens; (v)
increase in temperature favouring the biotransformation of contaminants; and (vi) increased exposure
to pollutant from increased freshwater run-off. Multiple anthropogenic stressors may collectively
impact some populations. Coordinated monitoring efforts across and within regions is needed. This
would allow for a spatially explicit management approach including population-specific responses
to known stressors.

Keywords: harbour seal; Phoca vitulina; pinniped; distribution; population status; climate change;
edge effect; knowledge gaps

1. Introduction

The harbour seal or common seal (Phoca vitulina Linnaeus 1758) is the most widely
distributed pinniped in the northern hemisphere and ranges from temperate to Arctic
regions. Due to its extensive range, nearshore coastal distribution, site fidelity, and high
visibility, it is one of the most well-studied pinnipeds in the world [1,2]. Harbour seals
use an array of habitats including bays, rivers, lakes, estuaries, intertidal habitats, sea ice,
and icebergs in tidewater glacier fjords [3–8]. Harbour seals typically use solid substrates
for birthing, nursing their young, resting and moulting, and can undertake extensive
at-sea foraging trips lasting several days to weeks [9–11]. Harbour seals typically produce
one pup each year in the late spring to early autumn depending upon the region [12],
and mating occurs towards the end of the brief lactation period. Given that harbour
seals occupy habitats that are in close proximity to human populations, the species has
the potential to be exposed to a variety of anthropogenic activities including harvest,
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population reduction programs, coastal development, agricultural runoff and pollution,
and interactions with fisheries [13,14].

Similar to other marine mammal species, harbour seals are expected to undergo changes
in all or part of their range due to climate related changes which include ocean warming [15],
ocean acidification, changes in the precipitation, decreases in sea ice and sea level rise. Collec-
tively, these factors are altering the physical and biological environment occupied by marine
species [16,17], and in many cases challenging their capacity to adapt [18–20]. It has been
suggested that climate-related changes may be a predominant threat to pinnipeds, through
changes in ecological processes especially in polar regions [20–26].

The harbour seal has the widest distribution of any coastal pinniped, ranging continu-
ously from 28◦ to 78.5◦ of latitude north [2]. Given this broad geographic distribution the
species encounters an extensive gradient of environmental conditions from temperate to
Arctic regions. Thus, it presents a unique case study to understand the influence of chang-
ing environmental conditions on a single species. Here, we (i) review current information
on the harbour seal genetic structure, population status, and threats; (ii) assess potential
consequences of a changing climate; and (iii) identify knowledge gaps to guide future
research and monitoring.

2. Distribution and Genetic Structure

In this review, we use “population” as a unit where virtually no gene flow would be
expected within one generation and “stock” as a management unit. Hence one population
can be composed of one or several stocks [27].

Harbour seal were previously recognized as five subspecies based on differences
in morphological characteristics and geographic distribution. However, recent genetic
analysis suggests three primary subspecies [28,29]. There are currently three recognized
subspecies of harbour seal: the Atlantic harbour seal (P. v. vitulina, Linnaeus 1758), the
Pacific harbour seal (P. v. richardii, Gray 1864), and the Ungava harbour seal (P. v. mellonae,
Doutt 1942), which is endemic to a freshwater system in Canada [30] (Figure 1). Pacific
harbour seals occur along the North Pacific Rim ranging from southern Japan, the western
Aleutians and Bering Sea; Alaska; the Pacific coast of North America including British
Columbia, Washington, Oregon and California (USA) to Baja California (Mexico). Atlantic
harbour seals occur along the East Atlantic Ocean from Brittany (France) to the Barents
Sea (Norway) including the British Isles, Iceland, and Greenland. In the western Atlantic,
they range from New York (USA) to the Canadian Arctic. They are occasionally seen as
far south as South Carolina (USA). Currently, the Atlantic and Pacific harbour seals are
isolated from one another by the high Arctic coasts of Russia and Canada.

Pacific and Atlantic populations are sister clades with genetic differences within each
subspecies at the local scale [28,31]. These differences occur between neighbouring colonies
despite the absence of major geographical barriers [29,31–34] and are likely due to the
species’ relatively small scale movements at a maximum range of 300–500 km [35]. Genetic
differentiation among groups of P. vitulina has been detected on a scale of only a few
hundred kilometres in the northeast Pacific along their 16,000 km continuous distribu-
tion [29,31,36,37]. It appears that dispersal patterns of harbour seals are behaviourally
restricted, and follow specific geographic features that likely limit gene flow between
neighbouring regions [38]. This genetic variation is reflected in differences in phenology
and morphology observed within the North Pacific Region following an axis along the
Pacific coastlines and varying with geographic features including the continental shelf.
Recent studies suggest that harbour seals in Japan originate from more than two lineages
and secondary contacts between populations after long isolation [37,39]. In Alaska, har-
bour seals were previously managed as three stocks, but more recent evidence suggests
structuring at a finer scale and twelve stocks are now recognized [40]. In the Atlantic
Ocean, taxonomic schemes have recognized divisions between Greenland, North America
and Europe [31]. Based on neutral genetic markers twelve genetically distinct populations
across the north Atlantic Ocean are now identified [33]. The northernmost population
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on Svalbard in the Barents Sea is currently recognized as an independent, highly distinct
genetic unit along with the small population in southern Greenland [41]. Surprisingly, de-
spite low numbers and an apparent separation between the two populations in Greenland,
the population in southern Greenland exhibits a high level of genetic diversity. It is as high
as in the much larger population in Europe. This is also the case in the UK where stronger
connections exist between the populations in the southeast of England and those in Europe,
than between England and the neighbouring harbour seals from eastern Scotland [42].
Recently these two British populations have been further divided into four geographically
distinct clusters [43].

Figure 1. Distribution of harbour seals (Phoca vitulina). Colours correspond to each subspecies. The inset is a close-up on the
region where Phoca vitulina mellonae is distributed. Modified from the International Union for the Conservation of Nature
(IUCN) according to [2].

3. Status of the Main Populations and Current Threats

The worldwide population size of harbour seals is estimated between 610,000–640,000 in-
dividuals [44]. Although the global population trend is currently unknown, this species is
listed as “Least concern” by the International Union for the Conservation of Nature (IUCN)
red list [45]. However, given the broad geographic distribution, dramatic differences exist
between subspecies, regions or populations in terms of minimum population estimates and
population dynamics. Some populations are stable or increasing whereas others are expe-
riencing declines leading to conservation concerns [21,44–47]. In addition, there are a wide
variety of approaches that are used for monitoring, management, and conservation across the
range of harbour seals.

3.1. Western Pacific Coast

Population dynamics of P. v. richardii in the western North Pacific region are not well
documented due to an uneven distribution covering numerous remote islands [46,48]. In
coastal regions of Russia, harbour seals occur on the Kuril Islands in the Okhotsk Sea and
on the Commander Islands in the Bering Sea [49]. The Kuril Islands’ population is thought
to be around 3000 and seemed stable in the early 2000s [49]. The most recent count from
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the Commander Islands gives a total of 3344 individuals during the breeding season in July
2017 [50]. In the early 1990s a small population in the Kamchatka Peninsula was estimated
at around 200 individuals [51], but no recent estimate exists. The harbour seal is listed in
the Red Data Book of the Russian Federation and protected [50]. In Japan, harbour seals
occur on the Pacific side of the island of Hokkaido and have decreased precipitously from
the 1940s to only few hundred individuals in the 1970s [46]. Reasons for this decline are
not clear but may include commercial hunting, bycatch in salmon nets, and interactions
with coastal fisheries. In addition, the destruction of haul-out sites to improve substrates
for commercial kelp production has likely contributed to this population’s decline in the
past [37]. However, recent trends show a yearly population growth rate of 4% and more
than 1000 seals were recorded in the 2008 survey [37,46]. This is likely due to the cessation
of the commercial seal harvest and the species’ protection in Japan, although bycatch in
salmon nets remains a concern in this region [37,46].

3.2. Eastern Pacific Coast

Harbour seals in the eastern north Pacific spans a diverse array of habitats across
an extensive geographic range of over 8000 kilometres from the Aleutian Islands in west-
ern Alaska to Baja, California. Given this extensive range, the populations status varies
between regions.

3.2.1. Alaska

Harbour seals range from Dixon Entrance in southeast Alaska to the Aleutian Islands
and Bering Sea in southwestern Alaska. Although previously managed as three stocks,
twelve stocks of harbour seals are currently recognized based primarily on genetics, move-
ment data, and traditional ecological knowledge [40,52]. Harbour seals use a diverse range
of habitats including beaches, sand bars, rocky islets, a freshwater lake, and icebergs that
are calved from tidewater glaciers. Some of the largest aggregations of harbour seals in the
world occur seasonally in tidewater glaciers fjords in Alaska, where they use ice that em-
anates from tidewater glaciers as habitat for pupping, moulting, and resting [53]. Although
tidewater glaciers are naturally dynamic [54], the majority are retreating and thinning
with unknown impacts on the seals that use iceberg habitat. A small, presumably isolated
population of harbour seals (~400 seals) occurs in Iliamna Lake, a large freshwater lake that
is connected to Bristol Bay by the Kvichak River [55]. Seals appear to be resident in the lake
throughout the year and remain in the vicinity of cracks in the ice during winter [55,56];
however, the extent to which exchange occurs with seals in Bristol Bay is unknown [55].

Population status and their trajectories vary by region. Populations in the Bering
Sea and Aleutian Islands were considered stable in the 1960s and 1970s [57–59]; however,
surveys from the late 1990s documented precipitous declines [57,59,60]. Declines also
occurred in the Gulf of Alaska [60–63]; however, more recent data suggests that some
declines may have lessened [60,64]. In Glacier Bay, a tidewater glacier fjord and marine
protected area in southeastern Alaska, precipitous declines in the number of harbour seals
have occurred over the last 26 years [65–67]. Declines have also been documented in
seabirds and other pinniped species and suggest that large scale changes in ocean climate
and/or regime shifts [68,69] may have played a role [63,70–72]. Between 2014 and 2016,
anomalously warm waters occurred in the eastern Gulf of Alaska due to a combination
of a large warm water mass and a strong El Niño [73] which coincided with changes in
lower and mid-trophic levels [74]. This also coincided with lower abundance estimates
for harbour seals in Glacier Bay [68]. Collectively, given the extensive geographic range of
harbour seals across Alaska, it is likely that a combination of larger-scale and local factors,
such as variation in prey availability, predation, and/or habitat may have played a role in
population trajectories over the last few decades [66,67,70,74,75].
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3.2.2. British Columbia, Washington, Oregon, and California

Current population trends and abundance of harbour seals in British Columbia (B.C.)
are assessed based on aerial surveys conducted from 1966 to 2014. Total abundance of
harbour seals on the B.C. coast in 2008 was estimated to be 105,000 seals (95% CI: 90,900
to 118,900) [76]. Reconstruction of historical data indicates that the population was de-
pleted during a period of commercial harvesting from 1879 to 1914, and subsequently
maintained below natural levels by predator control programs until the early 1960s. The
population was further depleted in the 1960s but now appears to have fully recovered [76].
Seal populations from coastal Oregon through Southern California seem to be generally
increasing showing impressive recovery after discontinuation of historical state-financed
bounties [77–79]. However, these populations seem to have reached now an asymptotic
growth suggesting that they may be approaching carrying capacity [77,80]. Harbour seals
in Washington state are divided into coastal and inland water stocks [77,81]. Their number
approximates 30,000 individuals, although current data are not available. The primary
population-level stressors likely include shifts in productivity and prey availability, organic
pollutants, predation, and interaction with fisheries. In Oregon, harbour seals are estimated
to be 10,000 individuals, based on aerial surveys in 2003 [77] and seem stable. Along
the Oregon Coast, harbour seals occupy more than 90 haul-out locations including rocky
shorelines, beaches, bays, estuaries, and outlying rocks [77,78]. They extensively utilize
the continental shelf to forage, spending a great amount of time in highly productive areas
with offshore seamounts and rocky substrates [38]. Current stock assessments treat the
Oregon and Washington coastal stocks as one unit. However, seals in this region seem
further subdivided based on geophysical barriers [38] such as Cape Blanco, where there is
a narrowing of the continental shelf that separates the Central and Southern Oregon coasts.
The California stock is estimated at 31,000 seals and appears stable in recent years [81]. The
main limiting factors of population growth include changes in prey availability that are
influenced by larger-scale inter-annual oceanographic processes such as El-Niño. In addi-
tion, a lack of undisturbed or available habitats, bycatch in commercial fisheries, and/or
predation have been shown to negatively affect local harbour seal populations [82,83]. In
Mexico, along the Pacific coast, harbour seals are found on several islands and the region
represents the southern limit of the species’ distribution [82,83]. The estimated number
of seals is approximately 1000 individuals, but limited information regarding trends or
threats exists [5].

3.3. Western North Atlantic Coast

Western Atlantic harbour seals range along the northern coast of Canada and the
US from Baffin Island through North Carolina [84–86]. In Canada, three distinct units
are recognized and include populations in Hudson Bay, Gulf of St Lawrence, and Sable
Island [85,87]. A variety of survey methods have been used along the coast of Canada;
and minimum population estimates range between 8000 and 12,000 seals, excluding New-
foundland [87]. In the US, coast-wide aerial surveys are primarily available for coastal
Maine, with the last survey being conducted in 2012, providing a minimum population
estimate of 75,834 seals (CV = 0.15) [88]. At Sable Island, the population has decreased
dramatically since the early 1990s [89,90]. This decline appears to be due to a combination
of shark-inflicted mortality and inter-specific competition with grey seals (Halichoerus
grypus) [89,90]. The main threat to these populations is linked to interactions with fisheries
through bycatch and reduced food availability [85,86]. A significant number of animals is
caught each year in gillnets, bottom and mid-water trawls and small trap-nets, although it
is unclear whether this translates to population-scale impacts [91,92].

P.v. mellonae is an endemic subspecies of harbour seals and the only that occurs
throughout the year in freshwater. This population occurs along the Ungava peninsula in
northern Quebec and has been isolated from harbour seals in the neighbouring Hudson Bay
since the most recent glaciation, between 3000 and 8000 years ago. During winter, the seals
are confined in ice-free areas and travel on snow between neighbouring lakes. They are
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genetically distinct from harbour seals in Hudson Bay and they also have darker pelage and
a flatter skull. They typically breed earlier than individuals from the saltwater subspecies
in the same region. The population size is small, estimated between 50–600 animals [30]
which represents a threat to its viability. Additional threats to this population include
the development of hydroelectric dams that could decrease areas of open water during
winter and mercury contamination from fish [30]. Due to the limited adaptive capabilities
of this small and isolated population, climate-related disturbances are also of concern [30].
In 2018, this population was designated as Endangered in Canada due to cumulative
anthropogenic disturbances [92].

3.4. Greenland

Historically, harbour seals were widely distributed throughout Greenland although
not numerous. In recent years they became rare in most areas and in some cases extinct [3].
Currently, their status is “critically endangered” on the Greenlandic Red List and they are
protected from hunting throughout the year. Two primary populations exist; one located
on the west coast of Greenland and a second limited to the southeastern tip of the island.
The population along the west coast is closely related to the West Atlantic populations
whereas seals from the southern population are genetically closer to the Icelandic and
Svalbard populations [41]. Current population estimates are not available; however, there
is some historical information based on catch and skin statistics [47]. The number of seals
has declined rapidly in West Greenland since the 1950s, most likely due to unstainable
hunting pressure. On the other hand catches in the southern part of Greenland remained
stable between 1960–1980 and there were active breeding sites through the 1990s [3,93].
Harbour seals in Greenland were believed to number fewer than 1000 in the mid-2000s,
representing one-third, of the estimated population size in the 1950s [47]. The primary
threat to these populations is their small size and apparent separation, which makes them
particularly vulnerable to stochastic events.

3.5. Svalbard

The Svalbard harbour seal constitutes the northernmost population of this species. It
is genetically distinct from neighbouring populations and apparently isolated [4,94–96].
It is the only population to inhabit a true Arctic environment throughout the year [95,96].
Adults and juveniles are observed along the west coast of Spitsbergen throughout the year,
with the northernmost record being as far north as 80.5◦ N [10,97]. They are very rarely
observed past the southern tip of the island. Along the eastern coast of Svalbard, their dis-
tribution is limited by the occurrence and the thickness of sea ice [10,98–100]. Surveys were
conducted in 2009 and 2010 and estimated a total of 2000 seals [4]. Individuals from this
population tend to be shorter and more rotund compared to their southern counterparts
suggesting adaptations to a colder environment [99]. The Svalbard population exhibits a
high degree of sexual dimorphism compared to more southerly populations, with adult
males being significantly heavier and longer than adult females [4]. The longevity of
Svalbard harbour seals seems somewhat shorter than in other populations. The apparent
lack of individuals older than 16 years is surprising given limited the human-seal interac-
tions and the absence of acute source of mortality from epizootic outbreak. This skewed
demographic distribution, with few older individuals might be linked to pressure from ter-
restrial predators such as polar bears (Ursus maritimus), or marine predators, such as killer
whales (Orcinus orca) or Greenland sharks (Somnius microcephalus) [100]. Recent studies on
contaminants show that this population is exposed to a wide variety of pollutants; however,
measured levels suggest that these are not an immediate threat to their health [101]. The
main threat to this population is linked to its small size and low genetic diversity which
could reduce its resilience to stochastic events such as oil spill or disease outbreaks [41].
Presently, this population is red-listed in Norway and protected from exploitation.
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3.6. Iceland and Faroe Islands

The harbour seal is the most abundant pinniped in Iceland [102–104] and has likely
been exploited by humans since the settlement of the region, but nowadays, there is no com-
mercial harvesting. In an effort to subsidise the seal industry and to control the incidence
of roundworm (Pseudoterranova sp.) in commercial fish, a bounty program was introduced
between 1982 and 1989 resulting in high levels of adult mortality [104]. Until 2018, harbour
seal culling remained subsidised by the angling industry to protect salmonids from pre-
dation as this fishery is economically in Iceland [105–107]. Regular aerial surveys since
the early 1980s show that the population has decreased dramatically from approximately
33,000 individuals in 1980 to 12,000 in 2006 [107] and to about 7700 animals in 2016 [108].
The latest surveys in 2018 indicates that the population has now increased to about 9400 in-
dividuals [108]. However, this number remains 21% lower than the 2006 government
issued management objective for a minimum population size of 12,000 animals [108]. Rea-
sons for this decline are not well understood but may include over-harvesting, changes in
prey availability, bycatch, environmental changes, and anthropogenic disturbances [108].
In the Faroe Islands, harbour seals were common in sheltered fjords, and likely more com-
mon than grey seals until the mid-19th century, when the species was extirpated through
extensive harvesting [109]. Since then, harbour seals have been observed during bounty
hunts, from 1889 to 1891 and again from 1963 to 1967 when one and four seals were caught
respectively, in the southernmost part of the Southern Island [109]. Since then, only three
observations of seals have been made in this region in 2001, 2005 and 2019 [110].

3.7. Continental Europe

Harbour seals in continental Europe are distributed over a wide latitudinal range
from France (48◦ N) to northern Norway and the Murman peninsula (70◦ N) [111,112].
Through most of its historical distribution, the species has been harvested for fur or
meat [32,113]. In addition, seals were also considered as competitors by fisheries, and
long-term bounty programs depleted several populations until the mid-1970s [14,51,114].
Following the reduction in hunting pressure most populations in continental Europe started
to recover, although in an unequal way. This recovery has, however, been hampered by
two consecutive epidemics of Phocine distemper virus (PDV). These epidemics that swept
through most of the European populations causing the death of 230,000 and 30,000 seals in
1988 and 2002, respectively, which represented over half of the total population [9,115].

3.7.1. Northern Europe

Harbour seals occur along the northernmost coast of Europe from northern Norway to
the Eastern Murman coast in Russia where the easternmost breeding colony of P. v. vitulina
subspecies is found [116,117]. The latest population estimate in the late 1990s ranged from
400–500 seals [116]. The main threat to this remote population is human disturbances at
breeding sites, poaching, bycatch and shooting at salmon nets. Currently, the species is listed
in the Red List of the Murman area and hence banned from harvesting. In mainland Norway,
a system of quotas that was established after the culling period 1980–1987 regulates the
hunt [115]. Quotas were increased substantially from 2003. In 2010, a management plan for
harbour seals was implemented, with quotas aimed at maintaining the population at target
level and surveys occurring every five years. The estimated number of seals in mainland
Norway is approximately 7500 individuals during the 2011–2015 period. The number
of seals appears stable compared to previous periods (2003–2006 and 1996–1999) [118].
Harbour seals along the Norwegian coast are threatened mainly by fisheries through bycatch
and interactions with fish farms [114], although shooting at fish farms was prohibited in
November 2019 (executive order FOR-2019-11-28-1593).

In southern Scandinavia and southern Baltic, harbour seals are divided into four
populations, the Limfjord, the Kattegat, the Southern Baltic Sea and the Kalmarsund [119].
Heavy hunting pressure brought these populations of harbour seals to a historical low in
the 1920s [120]. In the late 2000s the estimated number of seals in Southern Scandinavia and
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Baltic was estimated between 26,350–33,450 individuals but has subsequently increased.
Significant number of seals died in mass mortality events in 1998 and 2002, due to PDV,
in 2007 due to an unknown cause, and in 2014 due to avian influenza [115,121–123].
Currently all populations in Southern Scandinavia are increasing and, except for the
Kalmarsund one, seem to have reached or be approaching carrying capacity [121,123]. The
Kalmarsund population a small, genetically isolated population has been increasing at 8%
per year over the period from 2003 to 2016 reaching 1000 seals in 2014 [124]. The main
pressures affecting seals in southern Scandinavia include bycatch, shooting, exposure to
contaminants, human-related disturbances at breeding sites, and interspecific competition
with grey seals [121,123,124]. However, given the recent increasing population trends it is
difficult to assess whether these sources of mortality have population-level effects. In the
Baltic region, infertility due to organohalogen pollution was identified as a problem for
harbour, ringed and grey seals in the 1970s but since that time these effects seem to have
decreased [123,125].

3.7.2. Southern Europe

In southern Europe, from the Netherlands through France, harbour seal populations
appear to be increasing despite their proximity to human activities and heavy exploitation
of the coastal areas that they inhabit. The population in the Wadden Sea is estimated to
be between 25,000 and 31,800 individuals and has shown a quick recovery after two PDV
epizootics [12,14,126]. The most recent total population estimate in 2019 was 40,800 in the
Danish, Dutch and German Wadden Sea [126]. Increasing exploitation of coastal areas
and shipping in the North Sea represent the primary threats to the Wadden/North Sea
population. In particular, offshore wind farms may have the potential to interfere with
foraging and migratory behaviour; although no impact studies have been conducted [127].
In France, where only three colonies exist, harbour seals have been completely protected
since 1995. The three colonies show increasing trends with a minimum population estimate
of 830 animals during the moult [128]. Observation of individuals from neighbouring
colonies indicate some exchange with populations from the southern part of the United
Kingdom (UK) and the Netherlands.

3.8. United Kingdom and Ireland

Approximately 40% of the European harbour seal population occurs in the UK with
the majority around the coast of Scotland [129–135]. The most recent estimate in 2016 was
43,450 (95% CI: 35,550–57,900) seals [129]. Colonies on the northwest and southeast coasts
appear to be stable or increasing [130,131]. Scottish colonies have experienced dramatic
declines, especially on the east coast (Orkneys and Shetland) where populations have de-
creased by 85% between 2000 and 2010 [133,134]. Reasons for these widespread declines are
yet unclear, but research efforts are currently focussed on competition with grey seals, pre-
dation from killer whales, and exposure to toxins from harmful algal blooms [133,134,136].
Recent studies reveal that harbour seals in declining colonies are significantly more exposed
to harmful algal toxins, such as domoic acid and saxitoxins, which may be a contributing
factor to the observed declines [136]. It is interesting to note that although the population
in the Wash, England, is increasing, the rate of increase is still lower than in the neighbour-
ing population in the Wadden Sea [130]. Harbour seals are relatively common in coastal
waters of the Republic of Ireland at the edge of the species’ range in Northwest Europe.
Although haul-out sites cover the entire coast, scarce information is available regarding
the population’s trajectory [137–140]. A survey conducted in the early 2000s yielded a
minimum population estimate of approximately 2,905 individuals [139], but no population
trend is currently available due to the lack of historical and current data. Anecdotal data
indicates increasing numbers of animals in southwest Ireland. Seal predation and damage
to fishing gear is currently not monitored, but fishers and aquaculture operators are still
licensed to shoot seals interacting with fishing equipment. An additional threat to this
population includes bycatch, especially in the vicinity of major colonies [141,142].
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4. Environmental Changes and Potential Consequences on Harbour Seals Populations

4.1. Increased Temperatures and Extreme Weather Events Affect Haul-Out Patterns

The average global land and ocean surface temperature for January–August 2019
was 0.94 ◦C (1.69 ◦F) above the 20th century average [143]. Ocean warming dominates
the increase in energy stored in the climate system [18]. Changes in weather patterns
have occurred over the last 50 years with an increased probability of extreme weather
events such as heat waves, storms and large amount of precipitations [144]. These changes
in the physical environment are expected to directly and indirectly influence marine
mammals, especially amphibious species such as pinnipeds that use land, aquatic and
ice environments. Harbour seal haul-out patterns are directly influenced by water and
air temperature because thermoregulation is energetically costly [145–147]. Thus, in cold
environments, harbour seals must continually thermoregulate to mitigate heat loss at
sea, on land and ice [101,145–147]. For example, in Svalbard, at the northern limit of
their distributional range, harbour seals typically spend more time at sea, during stormy
weather conditions, even if the temperature is high because of the wind chill effect [101].
Given that the frequency of storms is predicted to increase in the Svalbard archipelago, it is
expected that haul-out patterns could change and influence harbour seal energy budget.
At the southern limit of their distributional range, harbour seals face the opposite problem.
Hyperthermia is observed in juvenile seals at an ambient air temperature of 35 ◦C [147],
a temperature that is easily reached in Southern California, Mexico, and France. This is
especially critical for new-born pups that haul out for the majority of their time in the
first weeks after birth [147]. Adult animals are also subject to overheating which can be
a limiting factor in hauling out. Thus, a northward shift in distribution can be expected
if southern populations cannot cope with high temperatures at least during the breeding
and moulting periods. For northern populations, an increase of water and air temperatures
may actually decrease thermic stress during the winter months and be an advantage [101].

4.2. Changes in Physical Habitat Affect Distribution Patterns

Sea ice cover in Arctic and sub-Arctic regions has dramatically decreased in recent
decades, reaching historic minimums in 2007 and 2012 [18,148,149]. Throughout most of
their range, harbour seals are not typically associated with sea ice. They even tend to avoid
areas with thick ice where they cannot maintain breathing holes and are at risk of predation
by polar bears [10,150]. As such, decreasing sea ice may increase the available habitat for
harbour seals in seasonally ice-covered areas such as Svalbard, the western Hudson Bay,
the St Lawrence Estuary or Greenland [150–152], which in turn could result in a north-
wards range expansion. However, other features, such as bathymetry, may still limit their
expansion, as harbour seals are generally considered relatively shallow divers [100,153,154].
Harbour seals occasionally use ice floes and land-fast ice as a resting platform close to
foraging sites during the winter like on Svalbard. Whether the reduced availability of such
platforms would be detrimental for harbour seals is unknown [67,99,117]. In the Murman
region, it has been suggested that hauling out on ice may reduce the risk of predation
from land-based predators [117]. In south Greenland, low inflows of drift ice have resulted
in abnormally high catches of harbour seals because drift ice used to shelter the seals’
terrestrial haul-outs from the hunters [3,47].

In southeastern and southcentral Alaskan fjords, glacier ice and icebergs that emanate
from tidewater glaciers are important habitat for harbour seals. However, the majority of
tidewater glaciers are thinning and retreating [155,156]. It is not known whether the de-
crease of ice as a platform will affect harbour seals during critical life history events such as
pupping and moulting [157,158]. The use of glacier ice habitat may confer several benefits
including reducing the risk of predation, disease and pathogen transmission and providing
a stable platform for nursing young that is not subject to tidal inundation [158,159]. Thus,
reduction in the availability of glacier ice as habitat could potentially have population-level
consequences [160]. Additionally, in Arctic and subarctic regions harbour seal distribution
and niche often overlap with the ones of ringed seals and harp seals (Pagophilus Groenlandi-
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cus). This could lead to interspecific resource competition and changes in predator-prey
interactions, if harbour seal distributional range expands northwards and the species
becomes more abundant [158,159,161,162].

4.3. Large-Scale Oceanic Events and Changes in Community Structure Affect Foraging

Patterns of the North Atlantic Oscillation (NAO) and the El Niño-Southern Oscillation
(ENSO) have contributed to major variations in climate worldwide and directly or indirectly
influence animal populations [163,164]. Strong ENSO events and cyclic patterns of the
NAO have been linked to failed reproduction and decreased attendance at haul out sites in
several pinniped species through changes in prey abundance and distribution [80,87,163].
Population trends in harbour seals in Alaska generally follow those of sympatric Steller sea
lions (Eumetopias jubatus) and northern fur seals (Callorhinus ursinus), suggesting drivers
linked to large-scale regime shifts [69,164]. On the west coast of North America, in partic-
ular Oregon and Washington, a recurrent pattern of seasonal areas of upwelling-driven
hypoxia and anoxia on the continental shelf has caused die-offs of invertebrates and re-
distribution of many important preys including schooling fish and bottom fish. These
deoxygenation events are thought to have secondary effects on the foraging efficiency of
air breathing predators, such as harbour seals, as their prey experience physiological stress
and habitat compression [165,166].

Changes in community structure can affect predators foraging patterns and diet
composition. For example, large changes have been observed in the Barents Sea com-
munities [167–171] due to dramatic increase in the influx and temperature of Atlantic
water. This boreal water mass enters the Arctic Ocean and changes the characteristics
of the Barents Sea/Fram Strait region from Arctic to Atlantic [167–171]. The range of
Atlantic cod (Gadus morhua) has expanded northwards and they may even occupy areas
of the Arctic continental shelve threatening local species such as polar cod (Boreogadus
saida) [171]. Harbour seals on Svalbard have now shifted to feeding mainly on Atlantic
species such as the Atlantic cod and haddock (Melanogrammus aeglefinus) [172,173]. The
seals react to upwelling phenomenon that brings Atlantic water onto the West Spitsbergen
shelf and they likely target associated Atlantic fish species under these events [98]. Pre-
dicted increase influx of Atlantic water in this region in combination with decreased sea
ice are likely going to favour the growth and geographic expansion of the harbour seal
population. However, diet changes might come at a fitness cost in other regions such as in
Scotland [174]. Harbour seals were in poorer body condition during years of low herring
(Clupea harengus) abundance when switching to alternative preys such as gadoids and
showed signs of fish-induced anaemia [175]. In the past 40 years in the North Sea major
climate-induced regime shifts have caused changes in community structures with effects
rippling through the entire trophic chain up to top predators [176,177]. Such large-scale
regime shifts are predicted to increase in the future and will disrupt local conditions and
ecological relationships. Generalist top predators such as harbour seals have a flexible and
broad diet which allow them to switch between several trophic niches if they can cope with
the physical environment. Such species have the potential to establish in new areas, such
as the high Arctic [178], and often have a competitive advantage over true Arctic species,
such as ringed seals. Changes in community structure are not limited to prey but may also
involve predators. For example, killer whale sightings have been more frequent in the
Canadian Arctic, suggesting that the species is becoming more established in the region at
least seasonally [179,180]. Harbour seals are regularly consumed by killer whales and the
spatial overlap between these two species in the Arctic is likely to increase in the future.
Polar bears are also known to prey upon harbour seals in the Hudson Bay and Svalbard.
In these regions, the decrease in ringed seals abundance, the polar bear main prey, might
increase the predation on harbour seals (Kovacs and Lydersen pers. comm.).
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4.4. Shift in Pathogen Ranges May Affect Populations’ Trajectories

Warmer air and water also affect the susceptibility of harbour seals to infections by
pathogens [181,182]. The susceptibility of a population to pathogens depends on several fac-
tors. They include pathogens’ geographic range, altered host-parasite dynamics, changes
in life cycle, increased virulence, and unpredictable patterns of diseases [183–185]. A
warming environment means that minimum temperature thresholds that acted as limiting
factors for parasite and bacterial survival and growth are raised, leading to increased envi-
ronmental prevalence of free-living pathogens [185]. In particular, overwinter survival of
pathogens or parasites can dramatically increase their range expansion, density-dependent
transmission, reaching new host populations or even species [186–191]. Pathogens are
more likely to be transmitted to immunologically naïve host populations via a range of
mechanisms, including: invasive species; species and population overlap; shifts in prey
consumption; seasonal migrations; and shifting habitat availability [186,189,191]. In addi-
tion, climate-mediated physiological stresses and exposure to environmental pollutants
have been shown to compromise host immune function and thus increase the clinical
occurrence of opportunistic diseases [192]. Epizootic viral diseases causing mass mortality
in harbour seals have been mainly reported from Europe and the USA [115,193,194]. In
1988, 60% of the North Sea harbour seals died during an outbreak of PDV followed by a
subsequent outbreak in 2002 [115,193]. Above-average mean monthly air temperatures in
Europe and an increase in density of hauled-out seals have been linked to mass mortality
events [194]. During both outbreaks, the first cases were reported in the late spring when
harbour seals start hauling out in larger groups for the breeding period, which is likely to
enhance rates of transmission of density-dependent diseases [194]. In Arctic regions where
harbour seals haul-out on ice, the disappearance of this platform might force the seals to
haul-out on land in denser aggregations as observed in Pacific walrus. This will potentially
increase the risk of transmission of infectious diseases and parasites. In the particular case
of the PDV, grey seals have been suggested to be vectors infecting geographically distinct
harbour seal populations [115,194]. Although harbour seal populations north of 65◦ N have
not been affected by these recurrent epidemics, grey seals could also expand their distribu-
tional range northwards and therefore be in contact with immunologically naïve northern
populations of harbour seals such as in Greenland [195]. Such epidemic outbreaks could
potentially have a disastrous effect on small, genetically distinct populations with limited
immunological robustness that might not be able to withstand a great loss of individuals,
such as the Svalbard and Greenlandic populations [196]. Antibodies for PDV have been
detected in harp seals from Canada, Greenland and the Barents Sea meaning this species
might act as a reservoir for the virus. PDV antibodies have also been detected on the Pacific
side in Kuril harbour seals where the prevalence is high (up to 100% in some sites) and
the seals haul-out in dense groups [197]. Five species of seals (harbour, spotted (Phoca
largha), ringed, ribbon (Histriophoca fasciata) and bearded (Erignathus barbatus)) overlap in
this region, increasing risks of inter-specific transmission [197]. In addition, PDV has been
detected in sea otters (Enhydra lutris) [198], which likely creates a potential threat to harbour
seals and other pinnipeds that overlap with sea otters in the North Pacific [198]. Along the
north-eastern coast of the US, harbour seal mass mortality events have been attributed to
the Influenza A virus which occurred several times in the early 1980s. Thus far, this virus
has only been isolated from harbour seals from the east coast of the US but is thought to be
transmitted via pelagic birds which can cover large areas and could potentially infect other
populations of marine mammals [190]. Additionally, pinnipeds that inhabit nearshore
regions near human settlements and have a semi-aquatic lifestyle will likely be at increased
risk of pathogen exposure [186,187,199,200]. A variety of pinniped-related parasites have
begun to expand their range mainly northwards under the influence of environmental
parameters [200,201]. In one example of this, the obligate intercellular parasite Toxoplasma
gondii has appeared in the Arctic food chain and the transmission path and complete
lifecycle of this organism in the Arctic environment is still not clear [200]. Warmer seas
have resulted in influxes of temperate marine species that could serve as vector for this
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parasite in the Svalbard Archipelago, even in the absence of the terrestrial definitive host.
This might explain the high prevalence of the parasite in top predators in this region [200].
In the Kuril harbour seal, the increase of river runoff due to heavy precipitation has been
linked to the appearance of oocysts of the protozoal endoparasites T. gondii and Neospora
caninum in the marine ecosystem [199]. Warmer local sea temperatures have, in addition,
enhanced survival of the parasite [197]. Although these parasites are not directly associ-
ated with mortality in harbour seals, an increased parasite burden can compromise the
host’s immunological function resulting in increased susceptibility to other pathogens or
environmental stressors [201]. Mass mortality events in marine megafauna can lead to
dramatic changes in abundance of lower trophic level species and community structure,
playing an important role in shaping population dynamics and trajectories. Populations
recovering from mass mortality events have a very different structure compared to the
initial populations which renders difficult their management [14]. These abrupt changes
in population structure may mask additive or synergistic drivers, such as anthropologic
disturbances or climate-related changes.

4.5. Increased Anthropogenic Disturbances May Affect Pristine Populations

As Arctic sea ice declines, new trans-Arctic shipping routes are being established,
increasing vessel traffic. This will result in noise and chemical pollution [202,203]. For
harbour seals, disturbances have the greatest effect near haul-out sites and during the
reproductive season when they tend to spend more time ashore. In particular, the north-
ern populations in Svalbard or Greenland could be disproportionately impacted while
Southern populations might be more resilient to anthropogenic factors to which they are
already exposed.

Pollution loads are very different among harbour seal populations. Southern popu-
lations in close proximity to human settlements, typically carry heavier pollutant loads
compared to their northern counterparts. Heavy contaminant loads in marine mammals
are associated with compromised immune systems, hormonal disruptions and increased
parasite burden [204–206]. Although few major sources of pollution typically originate
in the Arctic, this region is nevertheless exposed to pollutants through atmospheric and
marine transport and freshwater runoff. Climate-related changes may affect these path-
ways and could therefore affect the exposure in Arctic regions. There is also compelling
evidence that increasing temperature could be deleterious to pollutant-exposed wildlife
through alterations in the biotransformation of contaminants [206]. Biological pollution is
also an emerging issue with an increased presence of terrestrial pathogens in the marine
system. This is due partly to an increase of anthropological use of coastal areas, but also to
the increase of watershed runoff after bouts of increasingly dramatic precipitation events.
For example, significant amounts of faecal coliform bacteria have been detected in harbour
seals living near human settlements [206]. Biotoxins released from marine phytoplankton
blooms have been recently found in harbour seals from Scotland [136] and linked to a
possible decline in local populations. These harmful algal blooms have globally increased
in distribution and intensity since the 1980s and new areas can be exposed such as the
Norwegian coast [207].

5. Management and Knowledge Gaps under Rapidly Increasing
Environmental Changes

5.1. Current Management Framework

Harbour seals are under a wide array of conservation status and management regimes
across their broad geographic range. The species is listed as “Least Concern” on the global
IUCN Red List, as it is very widely distributed and the total population size numbers in
the 600,000 [45,208,209]. The Eastern Pacific subspecies is either stable or increasing in
most of its range [210], while trends remain unknown for the Atlantic subspecies. Both
of these subspecies are listed as “Least Concern” in regional Red Lists [208,209]. Some
smaller, distinct populations are locally listed as “Endangered” (Canada endemic Ungava
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seal), “Critically Endangered” (Greenlandic and Icelandic populations), or “Vulnerable”
(Japan, Svalbard, Russian Federation, and Kalmarsund populations). Bounty systems were
historically in place in Canada, the United States, Norway, and Iceland. They aimed at
controlling local harbour seal populations in areas where fisheries and angling took place to
reduce competition with fisheries and, in one case, to reduce the incidence of roundworm
in commercial fish. Presently, there are no bounty systems remaining in place. However,
harbour seals may be shot anytime for protection of fishing operations [130] in Scotland
(under license), England and in Wales. The shooting of seals at fish farms was forbidden
in 2019 in Norway and in 2020 in Canada. The harvest of harbour seals is allowed, but
seasonally and/or is quota regulated, in England, Wales and Norway. In Iceland, harbour
seals may be hunted under a special licence for traditional use.

Currently, harbour seals are protected from hunting:

• Under the Marine Mammal Protection Act in the USA (enacted in 1972) throughout
its range, although subsistence hunting and traditional use are permitted for coastal
Alaskan natives.

• By the Marine Mammal Regulations under the Fisheries Act in the non-Arctic part of
Canada (since 1967 for the Pacific population and 1970 for the Atlantic population),
while in the Arctic, subsistence hunting is permitted for both the marine and fresh
water subspecies. The species is not managed in Nunavut.

• In Greenland (since 2010).
• In Iceland (since 2019).
• In Svalbard (since 1970s).
• Under the EU Habitats and Species Directive 1992 (Council Directive 92/43/EEC on

the Conservation of natural habitats and of wild fauna and flora). The species is listed
in Annex II (species requiring the designation of special areas of conservation, SAC,
or marine protected areas, MPAs) and V (species whose taking from the wild can
be restricted by European law). The monitoring of their population abundance and
distribution is requested under the Marine Strategy Framework Directive (MSFD).

• In the Russian Federation (since 1975).
• In Japan under the Wildlife Protection, Management and the Hunting Law (since 2003)

with some specific local population control plans.

The harbour seal is not listed in the appendices of the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES). It is cited in Appendix III
(Protected fauna species) of the Berne Convention. The Baltic and Wadden Sea populations
are listed on Appendix II of the Convention of Migratory Species (species that need or
would significantly benefit from international co-operation). The Baltic population is
coordinated by the HELCOM seal Expert Group.

5.2. Knowledge Gaps

As environmental conditions change, up-to-date baseline data is important to inform
conservation and management of harbour seals.

Genetic studies at local scale are still lacking in many regions. Further genetic sam-
pling will facilitate stocks assessment and understanding of population dynamics at a
regional scale. Some stocks, including several genetically distinct populations are still
managed as single units even if some very contrasting population trends are apparent.
More information on the degree of immigration and interbreeding between populations is
also needed in some areas, especially if one of the populations is small, for example, be-
tween the Limfjord population and the Wadden Sea population. In this context, movement
studies (biotelemetry) are useful for understanding the spatial distribution of individ-
uals across the annual cycle and for understanding overlap with potential threats (see
for example [11,38,98]).

Health and Disease Monitoring aiming at establishing baselines for health parameters
and disease status, identifying causes of death as well as isolation and characterization of
infectious agents are still lacking. However, some local initiatives exist [123,187]. Collecting
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data on health parameters, distribution, epidemiology and effects of pathogens is essential
to understand the impacts of pathogens range shift [184]. Since the relatively recent
discovery of the PDV in 1988, this virus has become the most ecologically significant
pathogen in harbour seals [193]. Some populations have not been tested for the prevalence
of the virus, rendering difficult the monitoring of a range expansions of this pathogen
in relation to movements between colonies of harbour seals and of other pinnipeds and
demographic impacts. The epidemics of the virus are still unclear in the northeast Atlantic
especially with respect to potential reservoir species such as harp and grey seals, which are
sympatric with harbour seals.

Bycatch is recognised as a source of mortality in many areas, e.g., [108,141,210]; how-
ever, estimates and observer programs are limited in most regions.

Cumulative effect of stressors represents a key knowledge gap, especially as effects
might not be simply additives but synergistic. Harbour seal populations are impacted at
different rates by a variety of stressors and exhibit contrasting trends even at small regional
scales. Comparing populations’ parameters relative to the dynamics of their stressors
would allow to better understand the range of potential responses. It would help informing
the degree of harbour seals biological and behavioural plasticity and in turn populations’
resilience and adaptive potential.

Survey efforts varies across the distributional range. In some areas, such as in Alaska,
surveys occur regularly, whereas in other regions monitoring efforts have not been con-
ducted recently. The remote nature of many of the population creates logistical challenges
for population monitoring. However, with expected environmental changes and increased
anthropogenic stressors, it is essential to have up-to-date population estimates and reliable
trends in abundance. This is especially important for the smallest populations with low
genetic diversity and populations at the edges of the species range. When possible, coordi-
nated and consistent monitoring methods between regions would be useful. They would
facilitate comparative studies and thus increase the value of data from local populations,
particularly for populations of conservation concern.

5.3. Adaptive Management of Harbour Seals Following a Precautionary Approach

Climate and environmental changes impose growing pressure on global biodiversity,
which requires that managers have access to up-to-date information on ecosystems to
make timely and informed decisions. Hence, consistent monitoring is an essential aspect of
informed management and conservation. In some regions, monitoring programs remain
largely uncoordinated, limiting the ability to monitor, understand and respond effectively
to trends. Marine mammals are prime sentinels of marine ecosystem changes because
they integrate and reflect ecological variation across large spatial and temporal scales.
Spatially explicit management recommendations are needed to support the resilience of
(sub)populations at all scales. For example, in Japan, the population is generally increasing,
but some previously depleted sites have not been recolonized [46]. This local specificity
increases the probability of local extinctions through stochastic events. Small populations,
particularly those at the edge of the distributional range, i.e., likely close to their adaptation
capabilities, are particularly vulnerable. Hence, future objectives must give a particular
attention to small entities and ensure that anthropogenic activities do not jeopardize their
future persistence. It is also crucial that target population level objectives are based on
biological criteria [118]. Adaptive management based on regular monitoring is needed
more than ever under the current rate of environmental changes.

6. Conclusions

This review summarizes wide disparities in populations and conservation status
of harbour seal populations across their broad geographic range. These disparities are
not surprising given the extensive geographic range that harbour seals occupy. Large
differences also exist with respect to the level of information available. Some populations
in the UK, southern Europe, southern Scandinavia, Western Canada and Alaska are well-
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monitored, while recent data are lacking for Eastern Canadian, Greenlandic, Icelandic,
Russian and Japanese harbour seals. The European populations are still recovering after
massive epizootic events that wiped out a large number of individuals rendering its
difficult the estimation of true population trends and predict their fate once at carrying
capacity. Climate-related change will likely play a significant role in observed and future
trends in population dynamics and will also likely be synergistic with direct human
disturbances such as bycatch, pollution and exploitation of coastal areas. Cumulative
stressors might be further detrimental to already vulnerable populations, and populations
at the edge of the range may have limited adaption capabilities. Climate predictions indicate
a unilateral warming of the atmosphere and oceans. This is already causing a northward
shift of the distributional range of numerous species likely including the harbour seal.
Harbour seals may expand northwards, and the southernmost populations may possibly
be lost permanently. Ultimately, to facilitate and further complete our understanding of
harbour seal populations trends, it will be necessary to have a more integrated approach
to ecological monitoring that also includes monitoring associated with bottom-up (e.g.,
oceanography and mid-trophic levels) and top-down (e.g., predation) processes that are
known to influence harbour seal populations across their broad geographic range.
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Abstract: The pervasive use of antibiotics in human medicine, veterinary medicine, and agriculture
can result in a significant increase in the spread and environmental persistence of antibiotic resistance
in marine ecosystems. This study describes the presence and distribution of antibiotic-resistant
bacteria in Salish Sea harbor seals (Phoca vitulina) and harbor porpoises (Phocoena phocoena) and
evaluates species, age class, and geographic differences in resistance patterns. Isolates from 95
dead-stranded animals (74 seals/21 porpoises) were tested for resistance to a suite of 15 antibiotics.
Of the 95 sampled, 85 (89%) (67 seals/18 porpoises) successfully yielded 144 isolates, with 37%
resistant to at least one antibiotic and 26% multi-drug resistant (24% and 39% of seal and porpoise
isolates, respectively). Overall, and by study region, porpoises were significantly more likely to
harbor resistant organisms compared to seals. Significant differences between age classes were noted
for the antibiotics amoxicillin, cephalexin, and cefovecin. Overall isolate resistance was significantly
greater in porpoises than seals for several individual antibiotics. Multiple antibiotic resistance
(MAR) indices greater than 0.2 were observed in 55% of multi-drug resistant isolates, suggesting seal
and porpoise exposure to anthropogenic pollution. The relatively high and disparate prevalence
of antibiotic resistance in these common, but ecologically dissimilar, marine mammals reflects a
potentially large environmental pool of antibiotic resistant organisms in the Salish Sea or inherently
different resistance gene patterns between the two species.

Keywords: antibiotic resistance; antimicrobial; multi-drug resistance; MAR index; harbor porpoise;
harbor seal; marine ecosystem; Salish Sea

1. Introduction

Normal bacterial flora of an animal can shape its growth, development, and behavior,
as well as mate selection [1]. However, host flora may change when antibiotic-resistant
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microbes are introduced into the organism [1]. Antibiotic resistance is a global concern [2]
and has been characterized as the “quintessential One Health issue” [3,4]. The ubiqui-
tous use of antibiotics in human and veterinary disease treatment and agriculture has
resulted in a significant increase in the spread and environmental persistence of antibiotic
resistance [5,6]. This includes the release of wastes that carry both antibiotics and antibiotic-
resistant bacteria into the coastal marine environment [7]. Antibiotic-resistant microbes and
genes within the aquatic environment have been documented in various marine species
from cephalopods to marine mammals and elasmobranchs, such as sharks [6,8–13].

Although antibiotic-resistant bacteria have been documented in multiple marine
species, most wild animals have never been directly exposed to antibiotics. When wastew-
ater discharge, carrying antibiotics and resistant bacteria into terrestrial waterways, finds
its way to marine coastlines, it may cause disease in marine organisms, contributing to
antibiotic resistance [14]. This, and other anthropogenic contributions, may elevate natural
background levels of antibiotic resistance genes in aquatic environments, encouraging their
transfer into pathogens or serving as a means for antibiotic resistance propagation [15].
When resistant bacteria are introduced to animals or their environment, the animals may
become sick, or resistance traits may be transferred to other bacterial species, or they
may become a reservoir that transfers the bacteria and resistance back to humans and
the environment [16].

Information on antibiotic resistance in marine species in Washington State’s inland ma-
rine waters, collectively referred to as the Salish Sea, is relatively limited. Preliminary work
reported resistance in young stranded harbor seals (Phoca vitulina) in rehabilitation [17],
harbor seal pups found dead during beach searches [18], and in local endangered south-
ern resident killer whales (SRKW) (Orcinus orca) breath and feces [19,20]. To determine
the types and degree of antibiotic resistance in local marine mammal populations and to
begin to better understand how resistance moves through wild animals and ecosystems,
further examination is needed in this region on a wider-breadth of species, age classes,
and locations throughout the Salish Sea. Additionally, investigating marine mammal
species that are sympatric with resident killer whales, especially within this urban marine
ecosystem, would also give insight into the ways in which antibiotic-resistant organisms
potentially threaten the health of this endangered population [19,20]. The objective of this
study was to evaluate the presence and distribution of antibiotic-resistant bacteria in Salish
Sea harbor seals and harbor porpoises (Phocoena phocoena), with specific goals to describe
the presence of antibiotic-resistant bacteria, determine differences in resistance between
and within the two species, and describe geographic patterns.

2. Materials and Methods

2.1. Study Population

A cross-sectional, opportunistic, sampling study was conducted from October 2018–
May 2020 to determine the prevalence (%) of antibiotic-resistant bacteria from samples of
fresh dead (Code 2) [21], stranded marine mammals in the inland waters of Washington
State (Salish Sea). Specifically, two local species were targeted for sampling: harbor seals
and harbor porpoises. These species were chosen for several reasons: they both occur
in the Salish Sea in the greatest numbers compared to other marine mammal species;
they are the most commonly stranded species within the Sea [22,23]; harbor seal and
porpoise populations inhabiting the Salish Sea generally tend to stay more localized
without traveling great distances, compared to their outer coast cohorts [24]; and these
two species would be the most likely to carry antibiotic-resistant bacteria originating
from terrestrial sources surrounding the Salish Sea, compared to more migratory or less
common marine mammal species within the Sea. Lastly, they provide an opportunity to
compare a completely aquatic species (porpoise) to one that is semi-aquatic (seals). Age
class determination (adult, subadult/juvenile, pup/calf) for harbor seals was based on size
and time of year [25] and on straight length for porpoises using ranges from known-age
animals examined in Washington State [26].
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2.2. Study Area

Two general sampling regions within Washington State’s portion of the Salish Sea
were investigated: the northern region encompassing the San Juan Island archipelago
and waters north to the Canadian border, south to the southern tip of Whidbey Island,
and west to the entrance of the Strait of Juan de Fuca; and the southern region, starting just
south of Whidbey Island and encompassing Hood Canal, the Seattle/Tacoma Metropolitan,
and continuing south to Olympia (Figure 1). The sampling regions represented areas
with variable anthropogenic activities and human population density. Tourists heavily
visit the northern portion during the summer months, but less so the rest of the year;
however, currents may transport untreated wastewaters down from the cities of Vancou-
ver and Victoria, British Columbia into this region [27]. The lower half of the northern
region contains two military bases (Naval Air Station Whidbey Island and Naval Station
Everett), heavily visited Whidbey and Camano Islands, as well as agricultural areas on
these islands and the mainland at corresponding latitudes. The southern sampling region
encompasses major areas of dense human population, Seattle and Tacoma, as well as many
passages, inlets, and islands, with varying degrees of industrial development, agriculture,
or population density.

Figure 1. Distribution of stranded harbor seals (orange dots) and harbor porpoises (purple dots)
sampled for antibiotic resistant organisms in the Salish Sea, Washington State, USA. Yellow horizontal
line delineates northern and southern portions of the study area.

2.3. Sample Collection

All animals were externally examined and, if feasible, a necropsy (or thorough internal
examination) was performed within 24 h of being recovered from the beach (stored at 4 ◦C
overnight if not done the same day). If a necropsy could not be performed during this
time frame, a swab was collected rectally to sample the large intestine, and the carcass was
frozen for examination at a later date or left at the stranding site. Samples for aerobic culture
and sensitivity were collected postmortem from the large intestine/feces of each animal
either by careful placement of a sterile swab rectally to prevent skin or fur contamination of
the swab, or during examination of the large intestine at necropsy. Additional swabs were
collected from any lesions noted on gross external and/or internal examination that were
suspicious for bacterial involvement such as swelling, discharge, or redness [17]. Sampling
of wounds or lesions was conducted using standard techniques to minimize environmental
contamination [28]. All swabs were held in Amies transport medium without charcoal
(BBL™ CultureSwab™ Plus Collection and Transport Swabs, Beckton Dickinson and Co.,
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Sparks, MD, USA). Samples were refrigerated and shipped overnight to a local veterinary
reference laboratory for processing (Phoenix Laboratory, Mukilteo, WA, USA).

2.4. Bacterial Isolation and Antimicrobial Sensitivity Testing

Targeted bacteria included those that are of interest in marine mammal health, and over-
lap with health of terrestrial animals, humans, and other marine animals such as fish. They
included Streptococcus spp. (alpha, beta, and gamma), Staphylococcus aureus, Vibrio spp.,
Aeromonas hydrophila, Proteus vulgaris, Klebsiella spp. (respiratory samples), and Clostridium
perfringens. Given the extensive microbiome of the gastrointestinal tract, select organ-
isms commonly considered enteric pathogens were targeted, and included Salmonella,
Clostridium spp., Campylobacter, and Escherichia coli.

For each bacterial isolate, the following data were collected: animal and tissue of
origin, stranding location coordinates of animal from which sample(s) were collected,
taxonomic identification of isolate by the public veterinary laboratory, and sensitivity
to each of the antibiotics tested. Standard methods were used to identify the bacteria,
including growth on appropriate selective and differential media, gross colony appearance,
morphology on gram stain, and biochemical reaction.

Conditions for aerobic bacterial culture were implemented, and bacterial isolates were
identified based on colony morphology, growth characteristics, gram stain, and biochemical
testing. For swabs of the large intestine (rectally or from descending colon at necropsy),
a battery of primary plating media was used for routine bacterial fecal culture. Routine
fecal culture setup was designed to optimize the recovery of Salmonella, Shigella, Campy-
lobacter, and E. coli; thus, fecal specimens received for culture were plated onto at least
four media: (i) MacConkey (MAC) agar, (ii) tryptic soy agar with 5% sheep blood, (iii) a
selective/differential medium designed for the recovery of Salmonella and Shigella, and (iv)
a medium designed for the recovery of Campylobacter [29]. In addition, blood agar plates
were used to aid with the recovery of Aeromonas spp., Plesiomonas spp., and Vibrio spp.,
while Hektoen enteric agar was used to isolate and differentiate members of the species
Salmonella and Shigella. Phenyl ethyl alcohol agar with 5% sheep blood was used to cultivate
gram positive bacteria. The inoculated media was placed in a 37 ◦C incubator overnight.
The following day, isolates were sub-cultured to isolate organisms. Identification of in-
dividual bacterial species was based on pH change indicators for substrate utilization,
production of metabolic byproducts, and hydrolysis of substrates.

Swabs from tissues other than feces were streaked onto tryptic soy agar with 5%
sheep blood, chocolate agar, Columbia CNA agar with 5% sheep blood, MacConkey agar,
and thioglycolate agar as indicated for bacterial isolation. The inoculated media was placed
in a 37 ◦C incubator overnight. The following day, isolates were subcultured to isolate out
the targeted pathogenic organisms, with the number of isolates retrieved from a plate vary-
ing depending on the type of bacteria. Individual profiles of antimicrobial susceptibility
testing and identification were developed using the same protocol, equipment, and antibi-
otic panel applied for the fecal cultures. Bacteria considered indicative of contamination,
or those that were considered nonpathogenic, were presumptively identified and did not
include susceptibility testing. A microbe was considered multi-drug resistant if an isolate
was not considered susceptible to at least two or more bactericidal or bacteriostatic agents
in at least two antimicrobial classes (adapted from Sweeney et al., 2018 [30]). E. coli isolates
obtained from this study were archived by adding glycerol to a final concentration of
10–20%, freezing the culture, and storing it in an ultra-low-temperature freezer at −80 ◦C.

Further identification of Gram-negative bacteria was conducted using an Analytical
Profile Index (API) 20E system (Biomérieux, Marcy-l’Étoile, France). Briefly, the bacterial
suspensions were inoculated on a strip of 20 dehydrated reagents. These reagents are
miniature versions of traditionally utilized biochemical assays for identifying bacterial
species. The strip panel was incubated from 24 to 48 h at 35 ◦C. A numerical value, the API
code, matched to the corresponding bacterial species in the API database, was assigned
to the results. Bacterial isolates were not further confirmed through molecular testing.

66



Oceans 2021, 2

Microaerophilic species such as Campylobacter were isolated using enriched media such as
Skirrow agar and were grown in generator envelopes delivering 6% oxygen, 10% carbon
dioxide, and 84% nitrogen for up to five days at 42 ◦C [29].

Individual profiles of antimicrobial susceptibility testing and identification were de-
veloped for each bacterial isolate of interest using an automated VITEK 2 instrument
(Biomérieux, Marcy-l’Étoile, France). The antibiotic panel is a standard suite used by a local
veterinary reference laboratory (Phoenix Laboratory, Mukilteo, WA, USA) and represents
many of the most commonly used antibiotic classes in veterinary (and human) medicine in
the United States. Antibiotics tested against isolates of clinical relevance included aminogly-
cosides (amikacin, gentamicin), carbapenims (imipenem), cephalosporins (cephalexin, ce-
fovecin, cefpodoxime, ceftiofur), fluoroquinolones (enrofloxacin, marbofloxacin), penicillins
(amoxicillin, amoxicillin/clavulanic acid), (sulfonamides) trimethoprim-sulfamethoxazole,
tetracyclines (doxycycline), chloramphenicol, and florfenicol. The same set of antibiotics
was used for a given species of bacteria, regardless of the location or timing of sampling,
with results expressed as sensitive, intermediate, or resistant. For this study, isolates deter-
mined to be intermediate were not included in calculating resistance. Bacteria considered
indicative of contamination or nonpathogenic were presumptively identified and were not
subject to susceptibility testing.

2.5. Analysis

Descriptive frequencies were calculated for each isolated bacterium from both collec-
tion regions (North and South Salish Sea) and for both species, including prevalence of
single and multi-drug antibiotic resistance and occurrence of antibiotic resistance within
taxonomic groups of bacterial isolates. Chi-square tests were used to compare resistance
to each class of antibiotics by bacterial isolate and to analyze resistance patterns between
the porpoises and seals and by age class. To avoid the chance of false discovery rate due to
multiple simultaneous comparisons of antibiotics, a separate chi-square test was run for
each drug. The proportions of resistance for each isolate and for all isolates pooled were
compared between the two sampling regions using logistic regression. Odds ratios (OR)
with their 95% confidence intervals (CI) were calculated to estimate risk of antibiotic resis-
tance between the two species, two regions, and three age classes. For cells with expected
counts of <5, Fisher’s exact test was used. To analyze differences in the level of antibiotic
resistance (defined as the mean number (count) of antibiotics to which a bacterial isolate
was resistant) between seals and porpoises, we applied a generalized linear model with a
negative binomial distribution to account for any over-dispersion of the data. Statistical
significance was considered at p-value < 0.05. Analyses were performed using STATA 15.0
(STATA, College Station, TX, USA).

The proportion of antibiotics to which a particular isolate was resistant was used
to generate a Multiple Antibiotic Resistance Index (MAR: range 0 to 1), which has been
used to reflect potential anthropogenic impacts and degree of antibiotic exposure for an
environmental isolate [31]. The index was calculated as the ratio of the number of resistant
antibiotics to which an isolate is resistant to the total number of antibiotics to which it
was tested. The resulting indices were further grouped based on whether their value
was 0, ≤0.2 (amount of antibiotic resistance typical of nonpoint sources of anthropogenic
pollution) and >0.2 (amount of antibiotic resistance considered characteristic of point-
source pollution) [31–33]. Due to the inherent multi-drug resistance of many Pseudomonas
spp. isolates, an additional calculation of MAR indices, without inclusion of this genus,
was conducted. Water sources with a MAR index > 0.4 are usually from human fecal origin
and those <0.4 from nonhuman fecal contamination [34,35]. Lastly, spatial patterns of multi-
drug resistance were determined by looking for clusters in the data using the program
SaTScan. A Bernoulli model for spatial clusters was used, limiting cluster radius to 5 km
and significant if p-value < 0.05 [36].
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3. Results

A total of 95 animals were sampled (74 harbor seals [40 female:34 male], 21 harbor
porpoises [11 female:10 male]), of which 85 (89%) animals (67 harbor seals/18 harbor
porpoises; 24 adults/17 juveniles or subadult/44 pups or calves) successfully yielded 151
bacterial isolates that demonstrated identifiable bacterial growth, representing 26 genera
and at least 31 confirmed individual species (Table S1). Eighty-six animals underwent
full necropsies, and the remaining were only examined externally at time of sampling.
Of the 95 sampled animals, 14 (10 seals, 4 porpoises) were frozen before any sampling
took place. Out of these 14 that were frozen before sampling, only one did not yield
any bacterial growth from the sampled tissue, in this case, the large intestine. In another
animal, an adult harbor seal, the large intestine was sampled pre-freezing, while its other
organs were sampled post-thaw at necropsy. For the remaining 13 that were necropsied
post-freezing, sampling of organ lesions resulted in bacterial growth. From the 151 isolates,
antibiotic resistance determination was performed on 144 (95%) (111 from seals/33 from
porpoises). Seven isolates were not tested due to lab limitations (e.g., inability to regrow
isolate) or testing was not applicable. Of the 144 isolates tested for resistance, 37% were
resistant to at least one antibiotic, 26% were multi-drug resistant, while 61% were sensitive
or intermediate to all antibiotics tested. Antibiotic resistant strains were isolated from both
species of marine mammals, with 35% of the 74 seals and 52% of the 21 porpoises tested
found to have a bacterial isolate resistant to at least one antibiotic (Figure 2). Multi-drug
resistance was observed in 24% and 39% of tested seals and porpoises, respectively.

Figure 2. Percentage of bacterial isolates from dead stranded harbor seals and porpoises with
antibiotic resistance based on the number of antibiotics to which the isolate was resistant.

Due to the predominance of samples originating from the large intestine, the most
frequently cultured bacterium from both marine mammal species was E. coli (54%) (Table 1).
The next most frequently cultured organisms were beta-hemolytic Streptococcus spp. (6%),
Pseudomonas aeruginosa (3%), Aeromonas hydrophila (3%), Edwardsiella tarda (3%), Shewanella al-
gae (3%), and Salmonella spp. (2%). The remaining genera were represented by single
isolates. The other most commonly sampled anatomical sites were lung parenchymal
lesions noted on gross examination at necropsy, followed by peritoneal fluid in harbor seals
presenting with peritonitis (Table 2). There was a significant difference between seals and
porpoises in the proportion of isolates that displayed resistance to at least one antibiotic
(p-value = 0.004), as well as amongst age classes for both species combined (specifically
juveniles compared to pups/calves, p-value = 0.025), but not between the two sampling
regions (p-value = 0.248). A significant difference remained between the porpoises and
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seals when accounting for sampling region (p-value = 0.006). Additional analyses targeting
only E. coli isolates (n = 112) and only intestinal isolates (n = 100) resulted in similar signifi-
cant differences. For isolates other than E. coli (n = 62), significant differences were noted
amongst age classes (p-value = 0.001) but not between species and regions, in proportion of
isolates with any resistance.

Table 1. Bacterial species identified from various tissues collected from fresh, dead-stranded harbor
seals (Phoca vitulina) and harbor porpoises (Phocoena phocoena) from the Salish Sea, Washington State,
USA. Where applicable, the first number in parentheses refers to the number of isolates resistant to at
least one antibiotic, followed by number of isolates resistant to more than one antibiotic. N/A = not
tested for resistance.

Organism Number of Isolates

Phoca vitulina Phocoena phocoena

Acinetobacter spp. 0 1 (1/0)
Actinomyces 1 (N/A) 0

Aeromonas hydrophila 2 (2/1) 3 (3/2)
Arcanobacterium haemolyticum 1 (N/A) 0

Arcanobacterium phocae 2 (2/0) 0
β-hemolytic Streptococcus 8 (8/8) 1 (1/1)

Buttiauxella agrestis 0 2 (0/0)
Campylobacter spp. 2 (N/A) 0

Escherichia coli 72 (8/4) 10 (1/1)
Edwardsiella hoshinae 1 (0/0) 0

Edwardsiella tarda 4 (0/0) 0
Elizabethkingia meningoseptica 1 (1/1) 0

Enterobacter spp. 1 (1/1) 0
Escherichia fergusonii 2 (2/2) 0

Gamma (γ) hemolytic Streptococcus 1 (0/0) 0
Gardnerella vaginalis 1 (1/0) 0

Granulicatella adiacens 1 (N/A) 0
Hafnia alvei 1 (1/1) 0

Moellerella wisconsensis 0 1 (N/A)
Pantoea agglomerans 1 (1/1) 0

Pasteurella group 1 (0/0) 0
Pasteurella multocida 1 (N/A) 0

Photobacterium damselae 0 1 (0/0)
Plesiomonas shigelloides 1 (1/0) 1 (1/0)

Proteus penneri 0 1 (1/1)
Proteus vulgaris 1 (1/1) 0

Providencia rettgeri 0 1 (1/1)
Pseudomonas aeruginosa 5 (5/5) 0
Pseudomonas fluorescens 0 2 (2/2)

Salmonella spp. 3 (3/3) 0
Serratia fonticola 1 (0/0) 0
Shewanella algae 2 (1/0) 2 (2/2)

Shewanella putrefaciens 0 1 (1/1)
Vibrio alginolyticus 0 2 (2/1)

Vibrio cholera 0 1 (0/0)
Vibrio fluvialis 0 1 (1/0)

Vibrio parahaemolyticus 0 2 (2/0)
Vibrio vulnificus 1 (1/1) 0

Total 117 33
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Table 2. Bacterial isolates by source and marine mammal species. Harbor seal = Phoca vitulina; harbor
porpoise = Phocoena phocoena. In the case where more than one bacterial species was identified,
the number of isolates was greater than the number of swabs taken. Where applicable, the first
number in parentheses refers to the number of isolates resistant to at least one antibiotic, followed by
number of isolates resistant to more than one antibiotic. N/A = not tested for resistance.

Source Number of Isolates

Phoca vitulina Phocoena phocoena

Abscess (brain) 1 (1/1) 0
Abscess (hind flipper) 2 (1/1) 0

Bronchiole 1 (N/A) 0
Colostrum 2 (1/1) 2 (2/2)

Kidney 1 (0/0) 2 (1/0)
Large intestine 81 (18/12) 22 (12/8)

Lung parenchyma 13 (7/7) 0
Lymph node (unspecified) 2 (2/2) 0
Lymph node (mediastinal) 0 2 (2/1)

Nares 1 (0/0) 0
Oral ulcers 1 (1/0) 0

Peritoneal fluid 9 (3/2) 0
Pleura 0 2 (1/1)

Scapular joint 1 (1/0) 0
Thoracic cavity 0 2 (1/1)

Tonsil 0 2 (1/0)
Uterus 2 (1/1) 0

Total 117 34

The most common species of organisms and patterns of antibiotic resistance obtained
from seals and porpoises were markedly dissimilar (Table 3). Combining seals and por-
poises together, gram-negative bacteria accounted for a majority (132/151, 87%) of the iso-
lates that were identified, given the intestines were the most sampled source and were most
susceptible to enrofloxacin (130/131 isolates, 99%) and marbofloxacin (129/131 isolates,
98%) and least susceptible to amoxicillin (30/130 isolates, 23%) and cephalexin (26/130 iso-
lates, 20%). Only one E. coli isolate exhibiting resistance to any antibiotic was recovered
from porpoises though all had swabs from the large intestine submitted. Out of the large
intestinal swabs submitted from harbor seals that grew E. coli colonies (n = 70), only nine
(13%) produced isolates that were resistant to at least one antibiotic. Of all the bacteria
tested for their antimicrobial susceptibility pattern, the Pseudomonas spp. were the most
resistant (range: 9–10/15 antibiotics). Pseudomonas aeruginosa was isolated from five harbor
seals (lung = 3; large intestine = 1; uterus = 1) and P. fluorescens from two harbor porpoises
(large intestine = 2) (Table 1). They were most susceptible to the aminoglycosides and
fluoroquinolones tested, and all but one isolate were also susceptible to doxycycline. One
isolate each of Pseudomonas fluorescens, Shewanella algae, and Proteus vulgaris were resistant
to imipenem, a member of the carbapenem class of antibiotics.
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Table 3. Antibiotic resistance patterns of the most commonly (≥2 isolates) identified bacteria in dead stranded harbor seals
(Phoca vitulina) and porpoises (Phocoena phocoena) from the Salish Sea, Washington, USA. Number at the bottom of each
column is the percent resistant out of the total. Gram stain = negative (N) or positive (P).

Bacteria
Gram
Stain

Number
Isolates

AM AC AX CP CF CV CR CH DX EN FL GE IM MA TMS

Phoca vitulina
Escherichia coli N 72 4 1 5 1 1 1 1 3
Beta-hemolytic
Streptococcus P 8 8 8

Pseudomonas
aeruginosa N 5 5 5 5 5 5 5 1 5 5

Salmonella spp. N 3 3 3 3
Aeromonas
hydrophila N 2 2 2 1

Shewanella algae N 2 1
Phocoena
phocoena
Aeromonas
hydrophila N 3 3 2 1

Pseudomonas
fluorescens N 2 2 2 2 2 2 2 2 2 1 1

Shewanella algae N 2 1 2 2 1
Vibrio

alginolyticus N 2 1 1 1

Vibrio para-
haemolyticus N 2 2

Total 103 3 3 20 17 7 7 9 8 9 1 16 4 2 9 9

AM = Amikacin, AC = Amoxicillin/clavulanic acid, AX = Amoxicillin, CP = Cephalexin, CF = Cefpodoxime, CV = Cefovecin, CR = Ceftiofur,
CH = Chloramphenicol, DX = Doxycycline, EN = Enrofloxacin, GE = Gentamicin, FL = Florfenicol, IM = Imipemem, MA = Marbofloxacin,
TMS = Trimethoprim/sulfa.

Beta-hemolytic Streptococcus spp. made up more than half (9/13, 56%) of the gram-
positive isolates tested for their antibiotic susceptibility. Other gram-positive organisms
isolated and tested were Arcanobacterium phocae (15%), Acinetobacter spp. (8%), and gamma-
hemolytic Streptococcus (8%). The beta-hemolytic Streptococcus spp. isolates were primarily
cultured from the lungs (4/9) and were susceptible to most of the antibiotics tested; how-
ever, they were all resistant to gentamicin, amikacin, and trimethoprim/sulfamethoxazole.
The Arcanobacterium isolates were resistant to trimethoprim/sulfamethoxazole and suscep-
tible to the remaining antibiotics.

There was a significant difference in resistance to at least one antibiotic between marine
mammal species (p-value = 0.004). Harbor porpoises were at significantly greater (more
than three times) risk of having an organism resistant to any antibiotic compared to seals
(OR = 3.25; 95% CI: 1.44–7.16). Likewise, a similarly significant difference between the two
species was noted when simultaneously accounting for region (p-value = 0.006), but not
by region alone, as noted earlier. Similar results were noted when intestinal isolates alone
were evaluated. Examining only E. coli isolates (n = 82), juvenile harbor porpoises were at
greatest risk of resistance compared to calves or adults (OR = 3.34; CI = 1.16–9.65). Marine
mammal species and region did not influence E. coli isolate resistance significantly. How-
ever, in porpoises, E. coli isolates were more resistant to the penicillin and cephalosporin
antibiotic classes than in seals. Significant differences between age classes, for seals and
porpoises combined, were noted for the antibiotics amoxicillin (p-value = 0.023), cephalexin
(p-value = 0.019), and cefovecin (p-value = 0.043), specifically for juveniles compared to
pups/calves. Pups/calves and juveniles were the source for a majority of the isolates
resistant to amoxicillin (19/30, 63%) and cephalexin (15/26, 58%), heavily represented by
Pseudomonas spp., Vibrio spp., and E. coli for both antibiotics. No significant differences
between the northern and southern study regions by individual antibiotic were observed.
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Significant differences in number of isolates (i.e., counts) resistant to antibiotics were not
observed between seals and porpoises, study region or age class, individually, nor when
all three variables were included in the negative binomial model.

The percentage of total isolates demonstrating resistance to each of the 15 tested
antibiotics is shown in Figure 3. Resistance of bacterial isolates to individual antibiotics
was significantly greater for porpoises compared to seals for amoxicillin/clavulanic acid
(p-value = 0.039; OR = 3.43, 95% CI: 1.06–11.07), amoxicillin (p-value = 0.003; OR = 3.78,
CI: 1.58–9.07), cephalexin (p-value = 0.027; OR = 2.83, CI: 1.13–7.10), and cefovecin
(p-value = 0.041; OR = 3.93, CI: 1.06–14.54). When analyzing only intestinal isolates, resis-
tance patterns were similar, with the exception there was also significantly greater resistance
to cefpodoxime in porpoises (p-value = 0.028). For non-E. coli isolates only, significant differ-
ences in resistance between species were noted for gentamicin (p-value = 0.039; OR = 9.33,
CI: 1.12–77.62) and for trimethoprim/sulfamethoxazole (p-value = 0.011; OR = 7.73,
CI: 1.58–37.72), and when adjusted for age class, with no documented resistance to ei-
ther of the two fluoroquinolones for any of these isolates. When adjusting for study region
(north versus south), significant differences between seals and porpoises were again ob-
served for the same four antibiotics. Greater than half (54%) of the 14 isolates that were
resistant to amoxicillin/clavulanic acid was attributed to Pseudomonas spp., with five in
seals and two in porpoises; approximately half of the isolates resistant to amoxicillin and
cephalexin were sampled from the large intestine of harbor seals and consisted of a va-
riety of organisms. Four isolates were resistant to imipenem, three of which originated
from porpoises.

Figure 3. Percentage of bacterial isolates from harbor seals (black) and harbor porpoises (white)
displaying resistance to individual antibiotics, grouped by class.

Of the 144 isolates tested for antibiotic sensitivity, 40 (28%) exhibited resistance to mul-
tiple antibiotics, with 10% having a multiple antibiotic resistance (MAR) index value > 0.2.
An additional calculation of the MAR index value, excluding Pseudomonas spp. isolates
(n = 7), demonstrated MAR in 23% of 137 isolates, with 20% having an MAR index > 0.2.
Of the species-specific isolates tested for antibiotic resistance, 24% (27/111) and 39% (13/33)
of seal and porpoise isolates, respectively, were multi-drug resistant (21%; 22/106 and 35%;
11/31, respectively, when Pseudomonas excluded). The MAR indices ranged from 0.06 in
harbor seal A. phocae and Gardnerella vaginalis isolates to 0.67 in a P. aeruginosa isolate from a
seal. The percentage of bacterial isolates within each MAR classification (0, ≤0.2, >2.0) are
illustrated by tissue for each marine mammal species (Figure 4). Only tissues represented
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by at least two isolates were included in the analysis of the MAR index, thus including
large intestine, lung parenchyma, peritoneal fluid, colostrum, kidney, lymph node, pleura,
thorax, tonsil, uterus, and abscess samples. Isolates with MAR indices > 0.2, as well as no
multi-drug resistance, were represented by tissues within the respiratory, reproductive,
and lower gastrointestinal systems (lung and pleura, colostrum and uterus, large intestine).

Figure 4. Proportion of bacterial isolates from harbor seals and porpoises with multipleantibiotic
resistance originating from individual tissue sources. Proportions are categorized based on their
Multiple Antibiotic Resistance Index (MAR): MAR = 0 (no resistance), MAR = 0 ≤ 0.2, or MAR > 0.2.
Numbers in parentheses represent number of bacterial isolates from each tissue source.

Though not significant at the alpha level of 0.05, two spatial clusters of multi-drug
resistant isolates were observed. One cluster (p-value = 0.081) was located in the central
portion of the Salish Sea on Whidbey Island consisting of three harbor seals, two with
P. aeruginosa and one with Serratia fonticola. The other cluster consisted of two harbor
porpoises found stranded near the far southern portion of the Salish Sea, from which
Shewanella spp. were isolated.

4. Discussion

The results of this study demonstrated differences in antibiotic resistance between
harbor seals and porpoises inhabiting an urban marine ecosystem in the inland waters
of Washington State, near coastlines associated with anthropogenic impacts. Antibiotic
resistance was demonstrated in animals stranded throughout the Salish Sea, suggestive
of a baseline level of resistance throughout the region. Prior to this study, bacteriologic
cultures and antimicrobial susceptibilities were performed on cases submitted as part of
necropsy-related sampling, but not consistently throughout the Salish Sea due to variations
in stranding response capabilities, logistics, or funding. The results reported here indicate
a relatively high level (37%) of antimicrobial resistance in bacteria isolated from stranded
marine mammals.

Significant differences were again seen between the two species when the geographic
sampling area (north vs. south) was taken into account. Additionally, there were differ-
ences in the patterns of antibiotic resistance, or the antibiotic classes to which bacteria
demonstrated resistance, between seals and porpoises. Both of these marine mammal
species live and forage in nearshore coastal environments, resulting in exposure to sites
highly impacted by humans (agricultural runoff, sewage treatment effluent, aquaculture)
and the land-to-sea transfer of pathogens [14,37–39]. However, harbor porpoises may
differ sufficiently from harbor seals in their habitat use resulting in a greater exposure
to anthropogenic pollution. Specifically, porpoises are obligate water dwellers whereas
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harbor seals spend a portion of their life hauled out of the water to rest and nurse their
young. Further work involving molecular techniques will be needed to work out specific
mechanisms of resistance between the species but is beyond the scope of this study.

More widespread antibiotic resistance has been reported in stranded marine mammals
compared to free-ranging populations, likely due to a bias toward more diseased animals
representing in stranded cases [40]. The extent of resistance observed here is consistent
with other studies of marine mammals in coastal oceans, noting a relatively high prevalence
and similar patterns of antibiotic resistance as presently observed [8,11,13,40]. For example,
Lockwood et al. [17] observed that only one antibiotic was observed capable of killing
or inhibiting growth of all the isolates tested from harbor seals in the northern Salish Sea,
while in bacterial isolates from vertebrates off the northeastern USA coast, 58% of isolates
were resistant to at least one antibiotic and 43% to more than one [40]. Isolates (n = 733)
originating from bottlenose dolphins (Tursiops truncatus) on the east coast of Florida, USA
over the periods 2003–2007 and 2010–2015 had an overall 88.2% prevalence of resistance to
at least one antibiotic [41].

Organisms such as Acinetobacter spp., A. hydrophila, Plesiomonas shigelloides, P. fluo-
rescens, and Serratia fonticola are opportunistic in nature and may cause secondary infections
in humans and immunocompromised marine mammals such as SRKWs [19]. E. coli was
the most common isolate from the intestinal tract (n = 69), followed by Vibrio spp. (n = 7),
consistent with the findings of Stewart et al. (2014) where Vibrio spp. (15%) and E. coli
(6%) were the two most commonly isolated fecal organisms in dolphins. In previous Salish
Sea harbor seal studies, E. coli was the most consistently isolated organism from sources
other than the intestine such as wounds, umbilici, ears, and nares of animals admitted to
rehabilitation [17]. Additionally, it was the second most frequently isolated microbe from
brain, liver, respiratory tracts, and kidney of free-ranging pups [18], behind Proteus spp.,
which represented only 2/150 (1.3%) isolates in the present study. Enterobacteriaceae are
not typically considered primary pathogens but may be secondary opportunistic invaders
of preexisting wounds [42]. They were the most frequently isolated gram-negative organ-
isms (56%) in rehabilitating harbor seals in the Salish Sea [17] and were found in 60% of
harbor seals live-stranded in California admitted to rehabilitation [8]. While frequently
isolated in free-ranging bottlenose dolphins along the east coast of Florida [11,13], Enter-
obacteriaceae were not the most commonly identified gram-negative bacteria of the present
study. They represented only 38% of gram-negative isolates. Ongoing studies are planned
to investigate the pathogenic impact of different types of E. coli through molecular studies
of isolates recovered in this study and to help discover the role of this genus in causing
morbidity and mortality in harbor seals, porpoises, and SRKWs. All three Salmonella
isolates were notably resistant to the aminoglycosides, amikacin and gentamicin, as well as
the cephalosporin, cephalexin. This latter drug is of note due to increasing prevalence of
multi-drug resistance in Salmonella, with special concern to related cephalosporins such as
ceftiofur and ceftriaxone [43]. Carbapenem class resistance, seen in isolates of P. fluorescens,
S. algae, and P. vulgaris, was accompanied by multi-drug resistance in each of the isolates.
Though not treated by carbapenems, marine mammals represent potential reservoirs of
multi-drug resistant bacterial strains potentially able to infect humans or other animals [44].
Resistance to carbapenems is an ongoing global public-health problem. This type of antimi-
crobial resistance, especially when mediated by gene transfer, is spreading rapidly causing
serious outbreaks and dramatically limiting treatment options in humans and domestic
animals [45,46].

In this study, beta-hemolytic Streptococcus was the most common gram-positive isolate
and was most frequently recovered from lung tissue (4/9, 44% of beta-hemolytic Strep-
tococcus isolates). In rehabilitated Salish Sea harbor seals, it was also the most common
gram-positive isolate, frequently found in wounds [17]. Additionally, this organism was
isolated from 16% of wounds in live-stranded California harbor seals [8], 21% (4/19 brain
and liver isolates) of dead stranded Salish Sea harbor seals [18], and 13 stranded and 3 net
caught harbor porpoises (primarily liver and kidney) from the Baltic and North Seas [47].
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This contrasts with a study of resistance in seals from the northwest United States Atlantic
coast in which Enterococcus spp. were the most common gram-positive isolate with 25%
(8/32) of isolates originating from the integumentary system [48].

Among groups of bacterial isolates commonly sampled, occurrence of any antibiotic
resistance ranged from 10% of isolates (E. coli) to 100% (Pseudomonas spp., beta-hemolytic
Streptococcus spp., Shewanella algae, Aeromonas hydrophila, and Vibrio parahaemolyticus)
(Table 1), comprising a range of resistance across varying taxonomic groups. It was sur-
prising to observe such low antibiotic resistance in E. coli compared to other taxonomic
groups, but this was also noted in a large study of antibiotic resistance in seabirds, ma-
rine mammals, and fish along the northeast USA [40]. Furthermore, E. coli isolated from
environmental aquatic samples, that included treated sewage water, rivers, and drinking
water, also demonstrated antibiotic resistance [49–51]. Other studies examining resistance
in E. coli reported higher incidences, ranging from 46% in Tanzanian drinking water [52] to
100% in India [53].

Antibiotic resistance has been reported in aquatic ecosystems contaminated with
heavy metals, especially zinc and cadmium, which are thought to contribute to selection
of antibiotic-resistant strains such as E. coli and P. aeruginosa [54]. Heavy metals in the en-
vironment may serve as co-selecting agents for antibiotic resistance in human pathogens
in reservoirs such as aquatic ecosystems. Heavy metals are not yet quantified in Salish
Sea harbor porpoises, but recent studies in regional harbor seals detected significant dif-
ferences in trace element concentrations among age classes, regions within the Salish Sea,
and years sampled [55], and elevated cadmium, copper, and zinc in non-pup seals from
the northern vs. southern Salish Sea [56]. Efforts are ongoing to characterize metals in
Salish Sea porpoises to inform future antibiotic resistance studies in porpoises.

The greatest proportion of resistant isolates were recovered from juvenile animals,
though they were the least represented in number. The absolute counts of resistant isolates
amongst the age classes were not significant and may reflect differences in bacterial species
within each age group. Most antibiotic resistance studies do not examine differences in
susceptibility patterns amongst age classes. Some studies have noted increased antibiotic
resistance by methicillin-resistant Staphylococcus aureus in older human populations [57]),
as well as differences in bacterial species and susceptibility patterns between foals and
adult horses [58]. Collecting appropriate proportions of varying age classes for valid
comparisons in wildlife studies presents challenges when relying on passive collection of
stranded animals. Although not well studied, differences in age class-related resistance
between harbor seals and porpoises may reflect differences in microbiome composition
such as the nascent fecal biome of pups and calves compared to older animals as has been
described in spotted hyenas (Crocutta crocutta) [59].

Harbor porpoises, which are more phylogenetically related to the endangered SRKWs,
presented with more widespread antibiotic resistance than harbor seals and may represent
sentinels for SRKW health. There is overlap in resistant bacteria between harbor porpoises
and SRKWs with resistant isolates of P. fluorescens and V. alginolyticus (from feces in
porpoise and breath in SRKW) [19]. Although only eight E. coli isolates were obtained
from harbor porpoise, they were all sensitive to all antibiotics. They may not have been
the same extraintestinal strains documented in SRKWs that were the same clonal lineages
(ST73 and ST127) that are often associated with human community-acquired urinary tract
disease [20]. Planned genotyping of the present study’s isolates will further define their
clonal lineages and relationship to SRKW and human isolates.

Multi-drug resistance is an increasingly common problem in human and veterinary
medicine and requires a One Health approach to address the multiple facets of health that
interplay in forming and promoting resistance [60,61]. For this to happen, we need a deeper,
or more complete “One Health” understanding of antimicrobial resistance in free-ranging
wildlife, especially regarding the land-sea transfer to marine mammals. Indices of multiple
antibiotic resistance (MAR) of ≥0.2 were observed in 25/54 (46%) of the resistant bacterial
isolates, suggesting seal or porpoise exposure to bacteria from significantly polluted sites.
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The influence of anthropogenic activities in aquatic environments, and on their
nearshore sediments and soils, may amplify the generation of new antibiotic resistance
genes and the spread of resistant bacteria and have serious ramifications on environmental
and public health [62,63]. This highlights the importance of the environment as a reservoir
of resistance genes and dispersal vectors. The resistance patterns observed in this study
suggest that some components of resistance are likely related to environmental origins and
may spread without the selective pressure of antibiotic use.

It is unclear how the high levels of antibiotic resistance observed in some of the animals
sampled relates to the larger coastal environment since environmental samples were not
evaluated or whether the resistance is acquired from other aquatic species. The lack of
spatial trends in resistance may reflect the level of sampling, spatial use by the animals
sampled, or the complex state of ecosystem connectivity and estuarine exchange flow
within the Salish Sea and its coastal shoreline. Connectivity is especially vital in coastal
systems where energy and biota are constantly moving and exchanging among ecosystem
components [64,65]. Systematic environmental sampling for antibiotic resistance in bacteria
throughout the Salish Sea would provide greater insight into determining if antibiotic
resistance patterns in marine wildlife are representative of their habitat. Additionally,
it might show if human alteration of habitat is fragmenting the region’s connectivity or
changing normal ecosystem processes that help limit transfer of antibiotic resistant bacteria.
For example, Lamb et al. [66] demonstrated that healthy seagrass meadows can reduce
the land-sea transfer of harmful bacteria. Seagrass meadows can naturally remove or
reduce pathogens in terrestrially-sourced wastewater by up to 50% and reduce coral reef
disease, yet in Washington’s half of the Salish Sea, localized small-scale eelgrass (Zostera
marina) declines have been significant [67].

The findings from this study are significant for marine mammal and human health.
Since marine mammals are apex predators, with their health reflective of their shared
marine ecosystem with humans, they serve as sentinels of ecosystem health [68]. This is
particularly key in a region such as the Salish Sea where much of the human population
lives along the coastline. The patterns of antibiotic resistance described in two Salish Sea
marine mammal populations may indicate a potential public health risk since disease
related to these bacteria may coincide with emerging infectious diseases in these mammals
resulting from environmental perturbations or increasing resistance in aquatic species in
general. Study results will help inform local human and veterinary health officials, as well
as raise public awareness of drug resistance in the marine environment.

Though zoonotic pathogens from marine mammals are not widely distributed in
human populations, aquatic mammals are known to carry pathogens that pose a risk to
human health [69,70]. Importantly, several bacteria were identified in this study that can
cause infections of public health significance and are considered reportable to the Centers
for Disease Control and Prevention (CDC) [71], including Vibrio cholerae, V. parahaemolyticus,
and V. vulnificus. Vibrio species are abundant and ubiquitous in the marine environment
and are a frequent cause of gastrointestinal illness in humans associated with seafood
consumption (V. parahaemolyticus) in the Pacific Northwest [72] and wound infections
resulting in high morbidity and mortality (V. vulnificus) [73]. An isolate of V. cholerae was
identified from the large intestine of a harbor porpoise calf found in the northern portion
of the study area near the San Juan Islands, but characterized as non-toxigenic O1, not
O139, the cause of reportable cholera [71]. A survey of estuarine waters of Washington,
Oregon, and California detected non-O1 strains of V. cholerae in Washington [74]. That
study posited that the low incidence of non-O1 Vibrio strains detected suggested a potential
for human, and thus marine mammal, infection; however, the low frequency of toxigenic
strains indicates a lower threat to animals in the Pacific Northwest compared to other
regions such as the Gulf of Mexico and Atlantic coast. Other potential sources of exposure
to zoonotic bacteria from marine mammals include occupational exposure [69,75], touching
live or dead animals on the beach, and consumption of marine mammals [76].
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A confounding factor of this study is that most of the samples were fecal swabs
obtained via rectal sampling or at necropsy due to ease of procurement, and as previously
described, most of the bacteria isolated from the fecal swabs were E. coli, which showed
relatively low incidence of antibiotic resistance compared to other tissues and other bacterial
groups. Thus, it is possible that the differences between the seals and porpoises and age
groups may have been due to the sample types collected; however, these were controlled
for in the analyses and thus do not exert an undue influence on the analytical results.
Sampling of previously frozen carcasses (14 in total) might have hindered the ability
to isolate bacteria (and thus resulting resistance patterns). Effort was made to minimize
sampling post-thaw, but was not always avoidable. The greatest impact on the analyses was
a reduction in the number and types of bacterial isolates that would have been obtained if
the post-thaw animals had been sampled prior to freezing. The methods used in this study
were limited to aerobic culture of organisms using commercial instruments and databases,
and a limited number of antibiotics, and was not intended to investigate the complete
microbiomes of either harbor seals or porpoises. Rather, it was designed to evaluate samples
of convenience for bacterial prevalence and sensitivities that are of SRKW and public
health relevance, although tested samples likely contained additional bacterial species that
were present but not speciated due to lack of growth from suboptimal storage or other
extrinsic factors, resulting in underreporting of prevalence. High-throughput genome
sequencing methods, and more recently DNA-based metagenomics, have revolutionized
the ability to quickly look at dominant bacteria and antibiotic resistance genes (resistomes)
to determine the relative contribution and importance of a bacterial species to an animal’s
microbial community [19,20,77,78]. Though resistomes were not examined in this study,
likely resulting in antibiotic resistance genes being missed, future studies should include
genome sequencing in addition to traditional culture methods.

5. Conclusions

In this study, we document widespread antibiotic resistance in bacterial isolates from
two species of marine mammals, with more marked multi-drug resistance in harbor por-
poises compared to harbor seals. The high incidence of single and multi-drug resistance
was consistent with other studies in marine species. Results of this study also confirm
previous work suggesting multi-drug resistance may be common in bacteria originating in
marine mammals. The novelty of this study is its focus on two species with overlapping
ranges but dissimilar ecological niches (completely aquatic versus semi-aquatic). We pro-
vided an initial simultaneous glimpse at resistance patterns in multiple regions and age
classes within an urbanized marine ecosystem that may serve as a reservoir for antibiotic
resistance. These two marine mammal species live in nearshore waters of the Salish Sea
and likely come into regular contact with humans and their associated activities. Thus,
the relatively high occurrence of antibiotic resistance may reflect a large environmental
reservoir of antibiotic resistant organisms occurring in this body of water, or inherent dif-
ferences in resistance patterns or susceptibility to resistance genes between the two species.
Due to the large geographic area of the Salish Sea and the variety of its anthropogenic
activities, further investigation of temporal and spatial resistance patterns, as well as en-
vironmental sampling, will better inform natural resource managers working to recover
endangered SRKWs as well as public health officials in the region. By engaging the human,
animal, and environmental health sectors together to monitor antibiotic resistance patterns
in marine species, efforts to address antibiotic resistance in a collaborative One Health
approach will benefit this urban ecosystem and its inhabitants.
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Abstract: There is increasing concern over anthropogenically driven changes in our oceans and seas,
from a variety of stressors. Such stressors include the increased risk of storms and precipitation,
offshore industries and increased coastal development which can affect the marine environment.
For some coastal cetacean species, there is an increased exposure to low salinity waters which have
been linked with a range of adverse health effects in bottlenose dolphins. Knowledge gaps persist
regarding how different time–salinity exposures affect the health and survival of animals. In such
data-poor instances, expert elicitation can be used to convert an expert’s qualitative knowledge into
subjective probability distributions. The management implications of this stressor and the subjective
nature of expert elicitation requires transparency; we have addressed this here, utilizing the Sheffield
Elicitation Framework. The results are a series of time response scenarios to estimate time to death
in bottlenose dolphins, for use when data are insufficient to estimate probabilistic summaries. This
study improves our understanding of how low salinity exposure effects dolphins, guiding priorities
for future research, while its outputs can be used to support coastal management on a global scale.

Keywords: freshwater; cetacean; Tursiops sp.; wildlife management; marine biology; salinity; human
disturbance; dose response

1. Introduction

Over recent decades, there has been increasing concern over anthropogenically driven
changes in our oceans and seas representing both single and multiple stressors for marine
species [1]. These stressors exist across a range of scales, ranging from the pressing concern
of climate change [2], marine heat waves [3,4], ocean acidification and deoxygenation [5], to
increased anthropogenic perturbations from noise [6,7], overfishing and bycatch [8]. Addi-
tionally, there is an increased risk of storms and precipitation with the changing climate [9],
resulting in increased freshwater events in the coastal marine environment [10,11]. This
represents a conservation and management issue with respect to the species inhabiting
such regions. The Gulf of Mexico, USA, is a region with significant fisheries, oil and gas
industry presence and one that experiences a storm season between July and November
each year [12]. In addition, this is the drainage location for the Mississippi River, which is
among the highest freshwater runoffs in the world [13].

Bottlenose dolphins (Tursiops truncatus) are one of the best-known and well-recognized
marine mammal species, found throughout temperate and tropical waters globally [14]. In
the Gulf of Mexico region, multiple stocks inhabit bay, sound and estuary (BSE), coastal
and offshore regions [14,15]. Distinct stocks are delineated for at least 31 BSE areas in the
northern Gulf of Mexico, with three additional coastal stocks [16]. Genetic analyses support
that BSE stocks are relatively discrete from one another [16,17]. BSE animals closest to shore
are exposed to yearly freshwater influx from the Mississippi, Rio Grande, Mobile River and
other rivers across the gulf. In addition, animals in some BSE stocks are potentially exposed
to other stressors, including noise and water pollution [18–23] and a number of unusual
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mortality events (UME) have been documented for some BSE stocks, with possible causes
(either alone or in combination) including morbillivirus, biotoxins, cold water temperatures,
exposure to oil and agricultural run-off [24,25]. In addition to a challenging salinity regime,
in isolated cases, individuals from some of these stocks have been displaced inshore by
storm surges (i.e., moved out-of-habitat), which is cause of concern among managers [26].

The salinity in which bottlenose dolphins are typically found ranges from 20–35 parts
per thousand (ppt), with a minimum of 20 ppt recommended for dolphins housed in
aquaria [27]. The animals within each stock show fidelity to the estuary or embayment
which they occupy, even in spite of perceived environmental challenges, which could
negatively impact health [28,29]. For example, some bottlenose dolphins found in Barataria
Bay in the northern Gulf of Mexico have been found to encounter salinities ranging between
1.6–32.0 ppt, spending between 1–12 consecutive days at salinities below 8 ppt [17,30,31].
However, globally, a number of studies have documented epidermal and biochemical
changes associated with prolonged low salinity exposure (in both free swimming and
stranded dolphins), including skin lesions, electrolyte imbalance, microbial infection and
death [32–38], in addition to a disrupted prey environment affecting foraging [39]. In
addition, data exist on behavioral and physiological responses in dolphins when water
salinity is varied in a controlled manner or through natural events (i.e., hurricanes, floods,
entrapments) [26,32,40] but die-offs have been associated with such instances [24,33,34].

Despite this knowledge base, information gaps exist regarding how different time–
salinity exposures affect bottlenose dolphin health and survival. One potential method to
fill this gap, while further research is undertaken, is through the use of expert elicitation.
Expert elicitation is a formal, structured process in which expert knowledge of an uncertain
quantity is captured in the form of a probability distribution [41]. This technique was first
developed in the 1950s and 1960s [42,43], but more recently has been widely used in a range
of scientific fields [44–48]. Perhaps the most high profile uses in the environmental sector
have been in the assessment of risks from climate change [49] and predictions of future
sea level rise [50]. In addition, expert elicitation approaches have been used previously
to construct dose–response functions [51,52]. In the field of marine mammals, a number
of elicitations have been conducted in recent years involving the authors and seeking to
improve the methods for marine mammal issues [53,54].

The objective of this study is to combine the professional judgements of a range of
experts. This method is appropriate to use where there is a relative lack of data but an
urgent need for conservation or management decisions [55,56]. This approach should build
upon the best available science [57]. Expert elicitation can be used to access substantive
knowledge on particular topics held by experts [55], particularly to translate information
obtained from multiple experts into quantitative statements that can be incorporated into a
model, minimize bias in the elicited information, and ensure that uncertainty is accurately
captured. Well-structured expert elicitations avoid many of the heuristics and biases that
arise when experts make qualitative judgements or where such judgements are provided
in an unstructured matter [57–59].

The objective of this study was to develop and parameterize a quantitative dose–
response function that integrates salinity and time as the specified “dose”. The intended
outcome was to improve our understanding of how low salinity exposure affects dolphins,
time to death (and contributing factors) and to advance the scientific foundation to support
coastal management on a global scale. In addition to the results given in the main body of
the paper, computer code to generate all figures and results are given in the Supplementary
Materials.

2. Materials and Methods

This section has three elements. We summarize the overall elicitation approach
undertaken, outline the design of this elicitation process (including the selection and
preparation of experts) and describe the execution of the elicitation, the tools applied, and
the statistical methods employed to generate dose–response functions.
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2.1. Elicitation Approach

We employed an expert elicitation approach to develop response functions for different
salinity time combinations, broadly following the Sheffield Elicitation Framework (SHELF)
approach [60,61] (detailed below). This involved use of the SHELF template, carrying
out introductory webinars and a formal elicitation workshop, the use of novel elicitation
tools, behavioral aggregation to reach consensus via the “rational impartial observer” (RIO)
approach. Crucially, this elicitation was facilitated by a trained, experienced facilitator,
with support from a statistical specialist—the two authors of this study. The facilitator
managed the discussion to ensure each expert engaged appropriately and the conversation
was not dominated by any of the experts(s) and that the elicitation was not dominated by
the common heuristics and biases that can arise, such as anchoring, availability bias and
overconfidence [44].

2.2. Designing the Elicitation

The selection of experts for participation in the elicitation was based on criteria that
each individual had substantial knowledge to allow provision of reliable judgements on the
effects of salinity exposure on bottlenose dolphins [62] (see Supplementary Information—
Table S1 for expert backgrounds). Best practice for the Sheffield framework suggests that
between four and eight experts are involved in an elicitation; when elicitations are larger
than this, excessive time is spent in the workshop without a corresponding increase in infor-
mation being contributed [41,44]. In selecting experts, we reviewed the available literature
and canvassed the research community to identify appropriate expert candidates. The final
expert panel selected, comprising seven individuals, ensured a comprehensive coverage
of expert judgement could be achieved across bottlenose dolphins and their ecology, and
spanning the fields of epidemiology, animal physiology and veterinary science [60,63].
This coverage is a critical element of a successful elicitation as it avoids the likelihood of
redundant information being presented, which may introduce bias [41,44].

Following the agreement of experts to participate, a webinar was hosted with the
invited experts to further introduce the objectives of the elicitation, the formal elicitation
process and discuss what should be included in the “evidence dossier”, to best support
their decision making Table S2.

Expert elicitation can be a mentally taxing process, even for scientists familiar with
probabilities and probability distributions. This is because it is a challenge to express
personal judgement as estimates with associated uncertainty. To aid and motivate the
experts in advance of the workshop, and to ultimately improve the quality of the elicitation
outputs [55,64], experts were asked to complete an online e-learning training course in
advance of attending the in-person workshop (found at http://www.smruconsulting.com/
products-tools/pcod/pcod-project-outputs/online-expert-elicitation-course, accessed on
18 November 2019). This trained the experts in subjective probabilities, distributions,
making reasoned probabilistic judgements and had a series of practice exercises with
bespoke feedback for the experts.

2.3. Performing the Elicitation
2.3.1. Elicitation Structure

The elicitation was conducted as an in-person workshop held at the National Ocean
and Atmospheric Administration facilities, Silver Springs, USA, on the 19–21 November
2019 (see Table S2). Experts were provided with a primer on basic probability concepts
including plausible limits (sometimes referred to as the 1st and 99th quantiles), median
and quartiles. The facilitator used this as an opportunity to highlight and explain some
of the biases and/or heuristics that can affect the quality of expert judgements—so that
experts were aware of this when providing their personal judgements.
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In addition to the participating experts, the elicitation was supported by scientific
observers who presented foundational briefings (functioning as an “evidence dossier”)
on the published literature on salinity effects, unexplained mortality events (UMEs) [24],
data from studies on dolphins in the US Navy Marine Mammal Program [32], a concep-
tual model of mechanistic pathways developed (Rowles, pers comm.) and unpublished
literature/datasets available (e.g., telemetry data in different salinity regimes, relevant
stranding records) to help inform judgements on quantities of interest. These observers
did not provide judgements and only provided additional context when called upon.

In conjunction with the experts, the scope of the elicitation (and definitions used) was
discussed and clarified. Experts were presented with a series of salinity exposure scenarios
and draft questions relating to the quantity of interest. These were iteratively developed to
ensure linguistic uncertainty was removed [65].

2.3.2. Low Salinity Exposure Scenarios

The elicitation was focused on three scenarios of low salinity exposure. The scenario-
setting was preceded by a “scoping exercise” to focus the elicitation on plausible scenarios
and pathways to impact. Realistic salinity change scenarios were developed, parameterized
using salinity measurements collated from “The US Geological Survey Gulf of Mexico
Dashboard” https://gom.usgs.gov/gwd (accessed on 18 November 2019). The following
scenarios were considered:

• Scenario 1A: An extended low salinity event. For example, a bay, sound and estuary
(BSE) environment (i.e., mean 15–25 ppt) is flooded with fresh or low salinity water
until salinity drops (at approx. 0.5 ppt/day—i.e., salinity decreasing over 20–40 days)
to below 5 ppt for an extended period. This is an environment in which animals
are exposed to other significant stressors (e.g., noise, low quality prey, exposure to
contaminants) and are more likely to be in a “compromised health state”.

• Scenario 1B: As in Scenario 1A but in an environment in which there are few other
stressors and animals in the population are broadly considered to be “healthy”.

• Scenario 2: “Acute salinity change event”: Bottlenose dolphins experience a change
in salinity from typical salinity environment (i.e., mean 15–25 ppt) down to an atypical
environment with salinity below 5 ppt for an extended period. This change in salinity
occurs within 0–5 days.

Scenario 2 was designed to be applicable for events where animals are displaced by
storm surges into atypical environments [26].

2.3.3. Expert Judgements

The elicitation was split into two components: the first focused on generating proba-
bility distributions of the length of exposure (dmax, in days) that would lead to mortality in
bottlenose dolphins under a given salinity scenario, and the second focused on obtaining
the parameters (μ and σ) required to determine the form (i.e., shape) of the dose–response
function.

For the first component of the elicitation, a probability distribution on dmax was elicited
separately for each scenario. Initially, the experts were asked to provide their individual
subjective judgements (in the form of a probability distribution, see below) to the question:
“For the scenario defined (above), what is the length (in days) of continuous exposure to salinity
below 5 ppt, that the average bottlenose dolphin in the population would need to experience to
result in death (within 12 months of the start of the event)?”. Experts discussed the potential
for salinity stratification and refugia to exist in the BSE environment but agreed it would
be best to elicit on the basis of continuous exposure. In addition, experts agreed to elicit
for the “average” animal, to help them provide realistic judgements of what could occur
in a typical population (minimizing the risk of implausible values being elicited). It was
discussed with experts that this could include averaging over any factors that could cause
variation in response, such as health, sex, age, etc. However, such averaging needs to take
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account of the expert’s belief about the effect of such factors and the proportion of animals
in each category (or distribution in each category for continuous variables).

Once the scenario and questions were finalized, experts provided their judgements
using variable interval methods [66], first selecting their plausible range, and then bisecting
this range with median and 25th and 75th quantiles. Experts used a web-based visual
interface developed using the R package shiny (https://smruconsulting.shinyapps.io/EE_
SingleParam, accessed on 18 November 2019) to anonymously and independently submit
their judgements to facilitator for fitting to a probability distribution.

Each individual expert’s judgements were fitted to probability distributions using
the expert elicitation software SHELF version 3 (O’Hagan & Oakley, Sheffield, UK) [60].
This software comprised an add-on package (SHELF 1.7.0) accessed from the statistical
software R 3.6.0 [67]. Within SHELF, the distribution best fitting the elicited quantiles was
selected using a least-squares algorithm; the candidate distributions were normal, t, shifted
gamma, lognormal, log-t, shifted scaled beta. The set of best-fitting distributions from
the experts was presented back to the group and each expert was invited to provide their
rationale for their judgements. To reach consensus, the group was asked to consider what
a RIO may believe taking into account the individual judgements and supporting rationale.
This behavioral aggregation approach helps to capture the views of multiple experts for
distributions, to all experts to share and debate their opinions [41,60,61]. These rationales
were discussed as a group to reach a consensus of what would be a rational impartial
observer of their combined knowledge (see [41,61] for details).

The second elicitation component was to estimate the form of the relationship between
survival and length of exposure to low salinity water (this form was assumed to be the
same for all scenarios). To achieve this, the experts were asked to provide judgements in
response to the following question: “What form does the relationship between survival and
length of exposure to low salinity take?”

To estimate the shape of the relationship between survival and the duration of low
salinity exposure, experts were provided with a tool to aid their decision making and
provide their judgements. The tool was developed as a web-based Shiny application
(https://lenthomas.shinyapps.io/ElicitShape2 (accessed on 2 December 2020)) and allow-
ed elicitation of the location (μ) and shape (σ) parameters described above. Experts also
rated their confidence in their elicited values on a scale of 1 (least confident) to 3 (most
confident). Unlike the previous question, no uncertainty was elicited from the experts on
their judgements to this question. We elicited a separate distribution from each expert,
and experts agreed that a rational impartial consensus distribution would be obtained by
sampling from their separate distributions.

2.4. Dose–Response Function

The resulting dose–response function is defined as follows. Let M(d) be a multiplier
that is applied to the baseline annual survival probability of a dolphin population as a
result of d days of exposure to low salinity. M(d) has a value of 1 (i.e., no effect on survival)
when d = 0 and a value of 0 (i.e., no survival) when d ≥ dmax. We define the following
dose–response function

M(d) = 1 − Φ100
0

(
d

dmax
× 100; μ, σ

)
(1)

where Φ100
0 (x; μ, σ) is a truncated normal cumulative distribution function with lower limit

0, upper limit 100, location parameter μ and shape parameter σ, evaluated at x (which is
the percentage of the maximum days of exposure). For reference,

Φ100
0 (x; μ, σ) =

⎧⎪⎪⎨
⎪⎪⎩

0 x < 0
Φ(x;μ,σ)

Φ(100;μ,σ)−Φ(0;μ,σ) 0 ≤ x ≤ 100

1 x > 100

(2)
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where Φ(x; μ, σ) is the untruncated normal cumulative distribution function with mean μ
and standard deviation σ, evaluated at x. Defined this way, the dose–response function is
guaranteed to be monotonic non-increasing between 0 and dmax days, with considerable
flexibility between showing a gradual decrease (when σ is large) over that range—or part of
it—through to showing a step function (when σ is small) at a particular day. This flexibility
is illustrated by the range of elicited shapes shown later in the paper, and the full code to
reproduce the dose–response function is available in the Supplemental Materials.

To generate dose–response relationships for each scenario, the probability distributions
elicited for the scenarios above were sampled from and combined with the shape function
elicited with probability proportional to expert’s confidence.

3. Results

The experts were asked to identify and consider the main pathways by which low
salinity exposure could impact upon the health and survival of bottlenose dolphins.

3.1. Probability Distributions
3.1.1. Extended Low Salinity Events

The first two Scenarios 1A,B, considered almost identical scenarios, with the difference
between the initial health status of animals in the differing environments Figure 1. The final
elicited distributions were similar for both scenarios, but with animals from an environment
with few other stressors likely to be more robust to exposure. Median values were 62 days
in animals exposed to other significant stressors and 77 days for animals in an environment
with few other stressors. A higher concentration of mass around the median in the poorer
environment distribution reflects a greater certainty of time to death, being shorter in a
multiple stressor environment than in an environment with few other stressors. In both
scenarios experts believed there was a small chance that short, continuous exposures
(e.g., 11–12 days) could result in death of the average bottlenose dolphin, but that shorter
disturbances were highly unlikely to be lethal. Experts also concluded that it was plausible
that the average animal could experience much longer continuous exposures and survive,
but that the other background stressors in the environment were important factors affecting
the time to death (e.g., 99th percentile of up to 160 and 198 days in 1A and 1B, respectively),
most clearly seen by examining the tails of the distributions Figure 1.
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1A) 

1B) 

2) 

Figure 1. Elicited probability distributions for scenarios 1A (extended low salinity event in “poor”
environment, 1B (extended low salinity event in “good” environment) and 2 (acute salinity change)
showing the length in days of exposure resulting in death of the average bottlenose dolphin.

3.1.2. Acute Salinity Change Events

Experts considered that time to death would be much lower in instances where
the change in salinity regime was much more acute, with a median time to death of
22 days of continuous exposure to salinity water below 5 ppt. Experts indicated that
it was extremely unlikely that the average bottlenose dolphin would survive such an
exposure beyond 49 days. The high concentration of mass around the median (inter-
quartile range: 14–30 days) reflects the greater certainty of experts of the outcomes of acute
salinity changes.
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3.1.3. Expert Rationale

For all scenarios, experts considered the energetic costs associated with reduced energy
intake (i.e., prey effects such as changes in density/abundance, schooling, prey type and
quality) and increased energetic expenditure (e.g., dolphin buoyancy, cost of transport
and reduced foraging efficiency). In addition, experts considered the age structure of
populations and how they differ between healthy and unhealthy populations. The experts
indicated their judgements were informed from their own research experience and the data
presented and discussed in the scoping phase of the workshop.

For acute salinity change scenarios, experts noted that, in addition to the broad
energetic challenges and population drivers, animals may struggle to locate prey resources.
They also noted that in such instances where animals are relocated (e.g., swept by storm
surges), they can be exposed to poor water quality [68,69] with limited prey availability [39],
isolated from conspecifics [70] and can experience physical trauma during movement—all
of which lower the duration of exposure that could be survived.

For all exposures, experts acknowledged there was the potential for animals to suffer
delayed lethal effects (e.g., animals might die in subsequent years due to an initial unrecov-
erable exposure), but this was outside the scope of the elicitation question (which focused
on effects within 12 months).

3.2. Dose–Response Function Shape

Expert judgements showed broad agreement over the shape by which continuous
exposure would affect animal health (ultimately resulting in death), as shown in Figure 2.
Experts agreed that animals can tolerate some exposure but that weaker animals, likely a
small proportion of the population, could succumb early (e.g., young and very old animals,
animals in poor health). Experts considered that the main pathway to mortality is via the
skin and this likely takes some time to manifest, with the skin barrier degrading gradually
as the exposure duration increases. However, once the skin barrier is compromised, a
positive feedback loop exists, such that animals’ condition progressively worsens, leading
to increased infections, decompensation of adrenal and renal systems in addition to other
chronic illnesses, and subsequent malnutrition. Experts judged that animals in the best
condition at the start of low salinity exposure would die last. Figure 3 shows the resulting
dose–response function from the combination of scenario-specific distributions with the
generalized dose function shape, while Figures S1 and S2 show realizations drawn from
these functions.

 

Figure 2. Elicited form of the dose–response function from each of the experts (black lines). Thickness
of the line is proportional to the certainty the expert attached to their elicited shape. The red line
indicates the weighted mean function, while the shaded polygon indicates approximate 50% central
weighted quantiles.
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1A) 

1B) 

2) 

Figure 3. Dose–response functions for Scenarios 1A (extended low salinity event in “poor” environ-
ment, 1B (extended low salinity event in “good” environment) and 2 (acute salinity change). Figure
shows the quantiles of the distribution generated by 10,000 realizations; the red solid line is the
median and the dashed lines are the 5th and 95th quantiles (i.e., forming a 90% interval).

4. Discussion

This study utilizes expert knowledge to address a key management and conserva-
tion gap regarding the impacts of a changing environment on a marine mammal species.
Specifically, an expert elicitation approach was employed to derive dose–response func-
tions [51,52] and crucially characterizes the associated uncertainty and likelihood of events
via probability. Such dose–response functions have applications in population modelling,
quantitative risk assessments, probabilistic decision making, and for use as prior distribu-
tions in Bayesian modelling.

The dose–response functions, based on the best available science and knowledge of
experts, provide an indication of how low salinity exposure may affect bottlenose dolphins.
These results indicate that, in general, animals may ensure some periods of exposure to
water below salinities of 5 ppt before health is impacted. This may be due to some tolerance
to low salinity exposure, or perhaps more likely due to the timelines over which pathways
to mortality to occur. Experts estimated these periods might be 20–30 days in the extended
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continuous exposure scenarios considered, but are considerably shorter (i.e., 6–8 days)
for scenarios with acute changes in salinity. In all scenarios, once the survival probability
began to decrease, experts indicated that they believed a relatively rapid decline in survival
would occur as low salinity exposure continued. An important contextual factor in these
assessments was the quality of the environment which animals inhabit and the presence of
other stressors. These could negatively impact the health of individuals before low salinity
exposure occurs, which has the potential to exacerbate health conditions.

The probability distributions and dose–response function generated in this study,
provide the first quantitative outputs, with potential applications in management and
conservation applications. For example, they could be used in an adaptive management
framework to monitor and mitigate against adverse impacts. More specifically, they could
be used in combination with data from the US Geological Survey (https://gom.usgs.gov/
gwd, accessed on 18 November 2019) precipitation and salinity monitoring stations (or
from other site-specific data collection initiatives) to predict the risk of adverse impacts on
specific bottlenose dolphin stocks. This study helps provide an improved understanding
of the tipping points in dolphin health and could inform when stranding monitoring might
be increased and when mitigation is required. In instances where river flow into the Gulf
of Mexico is regulated, the dose–response functions could be used to inform guidance
thresholds for the periods over which prolonged freshwater flow is permitted. Similarly,
given the predictable storm season, if dolphins are moved “out-of-habitat” [26], the acute
salinity change scenario outputs could be used to inform when management action is
needed.

Understanding the population level impacts of such exposures is very important. One
way to achieve this is through a population simulation study, where simulated population
trajectories under baseline scenarios are compared with those under scenarios, where a
given proportion of the population are subjected to an altered salinity regime—changes in
survival of the proportion exposed would be informed by the results given here. An exam-
ple of such a study, is that which was conducted on the bottlenose dolphin population in
Barataria Bay, Louisiana [20], where the impact scenarios were based on estimated changes
in survival and fecundity from the Deepwater Horizon oil spill. The same population
model could be used, for example, to examine possible future effects of changes in the
seasonal management of the Mississippi River outflows into the bay. For this, estimates
of the proportion of the population affected would be required. Similar studies could
be performed on other populations, if suitable alterations to the baseline demographic
parameters could be made.

We note that the results of this elicitation capture the experts’ subjective judgements
at the time of the workshop (and utilizing the data available at that time). The results of a
duplicate elicitation with different experts or with the same group of experts at another
time, could differ from those presented here. However, we do not expect them to differ
significantly and they are in line with the limited available data on duration of low salinity
exposures [34,35]. Astfalck et al. [61] argue in the absence of a comprehensive dataset to
validate an expert elicitation, that the success of the exercise can be assessed by whether
the experts are satisfied with the outcome and whether the outputs are useful. We contend
that this study meets both criteria. In particular, the range of management applications
described are indicative of success relating to the utility of these outputs. By utilizing
the SHELF protocol [60], reviewing, collating and disseminating the available datasets
and through the use of an experienced facilitator, the process of eliciting the elements to
construct dose–response functions was straightforward, albeit novel in marine mammal
science. The methodology presented here is transferable to the generation of any dose–
response functions, provided there are adequate data to support expert judgements.

In expert elicitation it is important that there is a clear scope for experts, to aid and
focus their judgements. In all scenarios, a key assumption was that animals cannot leave the
low salinity areas, and therefore, the dose–response functions are for continuous exposure
scenarios. Experts agreed that energetics (additional costs of inhabiting low salinity waters,
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whether or not exposed animals had access to suitable prey) and water quality (e.g., pres-
ence of biotoxins, pathogens, turbidity and contaminants) were considered when making
their judgements. It is important to note that experts agreed not to consider the effects of
temperature, stratification, or the effects of other stressors (e.g., the Deepwater Horizon
oil spill [20]). In addition, as continuous exposure was the focus, any potential benefits of
access to saline refugia in shallow (e.g., 1–2 m depth) and deeper BSE environments (e.g.,
12–14 m depth) were not considered—though experts noted that animals might be able to
access such features, but that this was poorly understood [71,72].

The study provides a means by which to temporarily fill a knowledge gap for a press-
ing conservation and management issue. However, a number of data gaps remain and
are best addressed with additional studies of cetaceans in proximity to BSE environments.
Future work is necessary to fully understand the pathways, effects, and thresholds regard-
ing the effects of low salinity on bottlenose dolphins and other cetaceans on a global scale.
Primarily, an improved understanding of the effect of aggregate exposures to repeated
low salinity events, how multiple exposures within and between years are managed in the
short and medium terms (e.g., freshwater pulses, short-term movements or whether there
is access to potential saline refugia), and the long-term impacts of single and repeated expo-
sures are all critical gaps. In addition, advancing the knowledge base on the physiological
effects of low salinity exposure [32] is critical. Key areas include the timescales for develop-
ment and/or recovery of conditions and pathways to mortality (including degeneration
of the skin layer, infections through skin or gastrointestinal tract, the potential for adrenal
exhaustion and renal failure). Finally, studies to improve knowledge of the bioenergetic
cost of living in a low salinity environment, including how the prey base changes and
how dolphin buoyancy, foraging efficiency and the costs of transport are affected. Such
advancements will also help improve our understanding of the impacts of this stressor, and
represent important elements to be considered along with other environmental stressors
and the cumulative effects of multiple stressors (e.g., underwater noise, water temperature)
on marine mammal populations [1].
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4/2/1/11/s1, Table S1: Expert elicitation workshop participants, relevant expertise and roles; Table
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and 1B. Figure shows the first 100 realizations from dose response in Figure 3, demonstrating the
range of shapes produced; Figure S2: Outputs of the dose response functions for scenario 2. Figure
shows the first 100 realizations from dose response in Figure 3, demonstrating the range of shapes
(note x-axis is different from Figure S1); and Extended Results (.pdf & .rmd).
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