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The harbor seal (Phoca vitulina richardii) population in the Salish Sea has been at
equilibrium since the mid-1990s. This stable population of marine mammals resides
relatively close to shore near a large human population and offers a novel opportunity
to evaluate whether disease acts in a density-dependent manner to limit population
growth. We conducted a retrospective analysis of harbor seal stranding and necropsy
findings in the San Juan Islands sub-population to assess age-related stranding trends
and causes of mortality. Between January 01, 2002 and December 31, 2018, we
detected 882 harbor seals that stranded and died in San Juan County and conducted
necropsies on 244 of these animals to determine primary and contributing causes
of death. Age-related seasonal patterns of stranded animals were evident, with pups
found in the summer, weaned pups primarily recovered during fall, and adults and
sub-adults recovered in summer and fall. Pups were the most vulnerable to mortality
(64% of strandings). Pups predominantly died of nutritional causes (emaciation) (70%),
whereas sub-adults and adults presented primarily with clinical signs and gross
lesions of infectious disease (42%) and with non-anthropogenic trauma (27%). Primary
causes of weaned pup mortality were distributed equally among nutritional, infectious,
non-anthropogenic trauma, and anthropogenic trauma categories. Nutritional causes
of mortality in pups were likely related to limitations in mid- and late-gestational
maternal nutrition, post-partum mismothering, or maternal separation possibly related
to human disturbance. Infectious causes were contributing factors in 33% of pups
dying of nutritional causes (primarily emaciation–malnutrition syndrome), suggesting
an interaction between poor nutritional condition and enhanced susceptibility to
infectious diseases. Additional primary causes of harbor seal mortality were related to
congenital disorders, predation, human interaction, and infections, including zoonotic
and multidrug-resistant pathogens. Bottom-up nutritional limitations for pups, in part
possibly related to human disturbance, as well as top-down predatory influences (likely
under-represented through strandings) and infectious disease, are important regulators
of population growth in this stable, recovered marine mammal population.

Keywords: carrying capacity, equilibrium population, harbor seal, marine mammals, pathology, Salish Sea, San
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INTRODUCTION

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

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

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

This stable population of marine mammals that resides
relatively close to shore and near large human populations offers
a novel opportunity to evaluate mortality in a population at

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

MATERIALS AND METHODS

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

Carcass Collection and Necropsy
The SJC Marine Mammal Stranding Network is authorized
by the United States National Oceanic and Atmospheric
Administration, National Marine Fisheries Service to respond to
stranded marine mammals in SJC (Permit #18786). Members
of the public and field biologists typically report strandings,
and network personnel recover carcasses. We analyzed harbor
seal stranding and necropsy data from January 01, 2002 to
December 31, 2018. Stranding response, necropsy effort, and
necropsy procedures were consistent over the study period.
Cases used in this study included dead stranded animals or
animals that stranded live, were admitted to rehabilitation, and
then died or were euthanized (n = 882). Data collected for all
recovered carcasses included the date, time, and coordinates
of the stranding, age class, sex, weight, axillary girth, straight
body length, body condition, postmortem condition, and
evidence of human interaction (Geraci and Lounsbury, 2005).
Complete necropsies were performed for all seals found in
suitable postmortem condition (carcass code 2 or 3; Geraci
and Lounsbury, 2005) to determine cause of death and to
document health and natural history findings. Briefly, external
examinations were performed on fresh, chilled or frozen and
thawed carcasses. While sample collection varied based on lesions
noted grossly, a standard set of tissues were systematically
collected and preserved in 10% neutral buffered formalin
for microscopic examination. If present, these included, but
were not limited to: adrenal gland, bladder, brain (cerebellum,

1www.census.gov
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cerebrum, and brain stem), diaphragm, eye, heart, large and
small intestine, kidney, liver, lung, lymph nodes, skeletal muscle,
skin, spleen, testicle, thymus, thyroid, tongue, trachea, umbilicus,
and uterus. Samples also were placed fresh in sterile packs
and frozen for ancillary testing. Aerobic bacteriology was
routinely performed and virology if histopathology warranted.
As previously described (Ashley et al., 2020), liver was collected
from a subset of animals and tested for trace elements. Feces
were collected for biotoxins screening as previously described
(Lefebvre et al., 2016), macroscopic metazoan parasites were
identified to genus or species, and age for some sub-adult and
adult seals was determined by cementum analysis of canine teeth.
Histopathology and laboratory testing were conducted at the
British Columbia Ministry of Agriculture, Animal Health Center
(Abbotsford, BC, Canada). Because all harbor seals were dead
prior to inclusion in this study, an Institutional Animal Care and
Use Committee protocol was not required by the UC Davis Office
of Research for this work.

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

Two authors (JG and SR) collaboratively assigned cause
of death for each animal using initial stranding reports, gross
photographs of lesions, necropsy notes, histopathology, and
ancillary diagnostic results. For each animal, we determined the
most likely proximate (inciting) cause of death, defined as the
disease, disorder, or injury that initiated the animal’s decline and
subsequent death. Classifications for proximate cause of death
included: congenital; infectious (e.g., bacteria, fungi, and viruses);
metabolic; neoplastic; nutritional; parasitic (e.g., metazoan

and protozoan); reproductive; non-anthropogenic trauma;
anthropogenic trauma; or unknown (Table 1). These categories
were adapted from the DAMNIT-V classification system used
in veterinary medicine (Lorenz, 2009; Huggins et al., 2015).
The same classification scheme was used to identify most
likely contributing (secondary and tertiary) causes of death
when observed. If an animal was humanely euthanized or
died incidentally during rehabilitation, cause of death was
assigned based on the pre-existing condition that necessitated
euthanasia or rehabilitation. Where possible, we provided
additional details on the specific etiology or cause of disease (or
death) for each case.

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

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

Multiple correspondence analysis (MCA) is a form of
multivariate exploratory data analysis used to reveal underlying
patterns in datasets encompassing several categorical variables
(Greenacre and Blasius, 2006). For MCA, we used only stranding
cases categorized into one of the four most common causes
of death (infectious, nutritional, anthropogenic trauma, and
non-anthropogenic trauma), representing 89% of necropsied

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

Mortalities by age class

Cause of death Diagnoses (in order of prevalence within cause of death category) Pups Weaned pups Sub-adults Adults

Congenital Palatoschisis; facial deformity; stillbirth 4 0 0 0

Infectious Pneumonia; encephalitis; peritonitis; septicemia; etc. 12 5 5 18

Metabolic Ammonium urate urolithiasis; hydronephrosis 1 0 0 1

Neoplastic Spindle cell tumor 0 0 0 1

Nutritional Malnutrition 110 8 1 2

Parasitic Verminous pneumonia 0 1 0 0

Reproductive Dystocia; perinatal asphyxiation 2 0 0 3

Trauma (anthropogenic) Propeller strikes; gunshot 1 7 2 2

Trauma (non-anthropogenic) Predation; intraspecific aggression; esophageal impaction 21 10 4 10

Undetermined 6 4 0 3

Totals 157 35 12 40
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harbor seals (144 of 157 pups, 30 of 35 weaned pups, 12 of
12 sub-adults, and 32 of 40 adults). Once categorical variables
were transformed into continuous principal components through
MCA, hierarchical clustering was performed using the Ward’s
criterion to group individuals with shared characteristics.
A minimum of three clusters was selected based on partitioning
of a hierarchical tree. Statistical analyses and graphics were
computed using three R packages: (1) FactoMineR (Lê et al.,
2008), (2) factoextra (Kassambara and Mundt, 2017), and (3)
ggplot2 (Wickham, 2016).

RESULTS

The SJC harbor seal sub-population grew exponentially between
1970 and the mid-1990s (Figure 1) (Jeffries et al., 2003).
Aerial surveys were not conducted again until 2019, when
5,202 harbor seals were reported in SJC (Figure 1) (S. Jeffries,
unpublished data).

Between January 01, 2002 and December 31, 2018, we
found 847 dead-stranded harbor seals in SJC. An additional 35
stranded and died or were humanely euthanized in rehabilitation.
Annually, dead strandings (“strandings” or “stranded” hereafter)
ranged from 27 to 93 cases per year with an average of 51.8
(SD = 16.8), and complete necropsies were performed on an
average of 28.8% (SD = 6.9%) of stranded seals (Figure 2).
Cases of stranded seals and those that were necropsied were well
distributed throughout the county (Figure 3).

Seasonal patterns were evident for stranded seals by age class:
pups were found in the summer, weaned pups were mainly found
during fall, and adults and sub-adults were mainly found in
summer and fall (Figure 4).

For all stranded harbor seals (necropsied animals included),
the sex ratio (males per 100 females) for stranded harbor seals

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

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

The most frequently observed causes of mortality were
infectious, nutritional, anthropogenic trauma, and non-
anthropogenic trauma, which differed by age class and accounted
for 89% of necropsies (Table 1 and Figure 5). Pups primarily
died of nutritional causes (70%), whereas sub-adults and adults
mainly died of infectious causes (42%) and non-anthropogenic
trauma (27%). Weaned pup mortality was distributed equally
among the four predominant causes of death. Cause of death
could not be determined for thirteen cases (6 pups, 4 weaned
pups, and 3 adults).

The two-dimension MCA solution expressed 33.8% of the
total variation contained in the dataset, which was significantly
greater than the variation obtained by the 0.95 quantile of
random distributions (24.5%). The first and second dimensions
used were eigenvalue, 0.54 and 0.39, and inertia, 19.6 and 14.2%.
The variables correlated most strongly with each dimension
are shown in Supplementary Table 1. Hierarchical clustering
analysis on principal components of the MCA revealed that most
harbor seal mortalities could be grouped into three clusters based
on shared age class, season of stranding, and cause of death.
Stranded seals belonging to cluster 1 were pups (p < 0.001,
v = 14.6) that died in summer (p < 0.001, v = 10.8) of nutritional

FIGURE 1 | Logistic growth curve of the harbor seal population in the San Juan Islands (i.e., San Juan County) generated using population counts from aerial
surveys conducted between 1970 and 2019 (Jeffries et al., 2003; S. Jeffries, unpublished data).
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FIGURE 2 | Annual count of dead stranded harbor seals (including live seals that died or were euthanized in rehabilitation) by year (mean = 51.8 ± SD = 16.8) and
annual number of harbor seal necropsies performed (mean = 14.3 ± SD = 3.74) in San Juan County between 2002 and 2018. Line graph is the ratio of harbor seals
necropsied per year to the total number of harbor seals dead-stranded per year (mean = 28.8% ± SD = 6.9%).

causes (p < 0.001, v = 9.69). Cluster 2 was characterized by
weaned pups (p < 0.001, v = 10.8) that died of anthropogenic
trauma (p < 0.001, v = 6.6) in the fall (p < 0.001, v = 6.69). In
cluster 3, adults (p < 0.001, v = 10.7) and sub-adults (p < 0.001,
v = 3.76) that died of infectious causes (p < 0.001, v = 6.83)
and non-anthropogenic trauma (p = 0.04, v = 2.04) in spring
(p < 0.001, v = 6.03) and fall (p = 0.004, v = 2.86) were most
strongly represented.

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

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

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

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

Toxins were not identified as a primary cause of death for
any harbor seal necropsied in this study. However, one adult
female had a liver cadmium (Cd) concentration of 22.6 µg/g
wet weight, which exceeds the putative lower limit for renal
dysfunction in marine mammals (20 µg/g wet weight; Law,
1996) and is over four times greater than the mean liver Cd
concentration observed in adult harbor seals in SJC (Ashley
et al., 2020). This seal died of septicemia caused by Streptococcus
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FIGURE 3 | Known stranding locations of dead harbor seals that were necropsied (closed circles, 85% represented) or were not necropsied (open circles, 79%
represented) in San Juan County between 2002 and 2018.

FIGURE 4 | Percentage of stranded harbor seals (n = 882) in San Juan County per age class by season between 2002 and 2018.
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FIGURE 5 | Major cause of death categories by age class, which accounted
for 89% of all deaths in necropsied harbor seals (144 of 157 pups, 30 of 35
weaned pups, 12 of 12 sub-adults, and 32 of 40 adults). Sub-adults are
combined with adults due to the small sample size.

phocae. Because possible immunosuppression from elevated liver
Cd concentrations cannot be discounted, toxins were identified
as a contributing cause of death.

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

Mucormycosis, an emerging fungal disease in marine
mammals of the Pacific Northwest (Huggins et al., 2018), was
identified in one sub-adult harbor seal in 2009 and one adult in
2019 (the latter was not included in the dataset for this study).
During a 2007 Cryptococcus gattii epizootic in Dall’s porpoises

(Phocoenoides dalli) and harbor porpoises (Phocoena phocoena),
a sub-adult harbor seal was diagnosed with multisystemic
C. gattii infection. The clinical presentation and pathologic
findings of this animal were consistent with those described by
Rosenberg et al. (2016).

DISCUSSION

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

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

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

While malnutrition mainly drives pup mortality in SJC,
infectious diseases also contribute to pup loss. Of the 110 pups
that died of nutritional causes, 34% (n = 37) had contributing
secondary infectious causes, suggesting an interaction between
poor nutritional condition and enhanced susceptibility to
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FIGURE 6 | Hierarchical clustering performed on the resulting principal
components of a multiple correspondence analysis. Clusters 1–3 represent
groups of harbor seals sharing high frequency for categories within the
variables: age class, cause of death, and season of stranding. Inertia values
for each dimension are labeled on axes.

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

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

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

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

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

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

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

Harbor seals are important components of the Salish Sea
ecosystem, occupying a variety of habitats and serving as high
trophic level predators. The decades-long stability of the SJC
harbor seal population suggests that growth is limited by some
combination of prey availability and mammal-eating killer whale
predation. However, the corollary that the harbor seal population
limits growth of one or more of the sixty or so species of
fish and invertebrates they consume has not been demonstrated
(Lance et al., 2012). The current factors keeping the harbor seal
population at equilibrium could change rapidly and dramatically
with the introduction of a pathogen capable of causing a large-
scale epizootic.
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