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Mucorales infections are increasing in frequency and are a One Health

pathogen of concern. In humans and domestic animals, risk factors include

being immunocompromised, elevated circulating serum iron, contaminated

open wounds, or metabolic diseases such as ketoacidosis or uncontrolled

diabetes. Mucormycosis was first identified in 2012 in Pacific Northwest marine

mammals, predominantly in harbor porpoises. We performed an assessment to

determine the overall qualitative risk, or risk score, of mucormycosis in harbor

porpoises. Risk factors for this disease are unknown in aquatic mammals. In a

separate risk factor analysis, potential risk factors such as pollutants, trace

metals (e.g., iron), and co-infection with other pathogens (e.g., viruses and

Brucella spp.) were examined in mucormycosis cases and noncases using a

matched case-control study design, to determine the presence and strength of

association of these factors with mucormycosis. Disease severity (gross and

histopathology) and exposure scores were multiplied together to obtain the

overall risk scores of 9 -16 which corresponded to moderate and severe,

respectively. In the risk factor analysis, the factors most strongly associated with

a mucormycosis case, relative to a control, were elevated liver iron, decreased

blubber thickness, and the decreased ratio of the sum of PCB congeners/sum

of PBDE congeners. The results of this study suggest that mucormycosis may

pose an inordinately high risk to harbor porpoises (and potentially sympatric

species in the Salish Sea such as southern resident killer whales) based on the
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detected prevalence and the severity of lesions observed at necropsy.

However, the risk may be greater on an individual basis compared to the

overall population, and is likely related to other factors such as increased POP

and heavy metal burdens.
KEYWORDS

harbor porpoise, fungi, killer whale, marine mammal, mucormycosis, One Health,
qualitative risk assessment, Salish Sea
1 Introduction

Fungi of the order Mucorales are ubiquitous filamentous

saprobionts and opportunistic organisms found in all climatic

zones, containing approximately 50 genera and 300 species

(Migaki and Jones, 1983; Petrikkos et al., 2012). These fungi

are a One Health concern due to their ability to infect humans,

other animals, plants, and persist in the environment in decaying

organic matter such as leaves, soil, rotting wood and other

vegetation, and dung (Migaki and Jones, 1983; American

Society for Microbiology (ASM), 2019; Hassan and Voigt,

2019). Historical ly , mucormycosis has been cal led

phycomycosis, and more recently zygomycosis, and is a

disease caused by any species of the order Mucorales. Despite

the pervasiveness of these fungi, the disease itself represents only

8-13% of all fungal infections in humans. Although Mucorales

only represent a small portion of fungal infections, the mortality

rate associated with them is striking (Roden et al., 2005) and

increasing (Spellberg et al., 2005; Petrikkos et al., 2012). Infection

in animals and humans is caused by inhalation of

sporangiospores, direct inoculation into the skin, or ingestion,

and is not considered zoonotic, nor does it transmit between

individuals. In susceptible individuals the agent is aggressive and

typically disseminates quickly throughout the body, invading

blood vessel walls, resulting in thrombosis, infarcts (necrosis),

and granulomatous inflammation.

Because mucormycosis is so aggressive, it is difficult to treat

and often fatal (mortality >40%) (Roden et al., 2005). Though it

occurs rarely in healthy individuals, mucormycosis is largely

considered an opportunistic rather than primary pathogen in

humans and animals. Infections may result from localized

traumatic damage to the skin or generalized immune system

suppression from chronic pre-existing disease or elevated

contaminant levels (Ross, 2002; Desforges et al., 2016), such as

humans with unregulated diabetes, HIV/AIDS, intravenous drug

use, malnutrition, pregnancy, traumatic injuries and increased

circulating levels of heavy metals such as iron or uptake of zinc,

and/or coinfection with other infectious pathogens (Roden et al.,

2005; Gomes et al., 2011; Petrikkos et al., 2012; Binder et al.,
02
2014; Mouton et al., 2015; Wilson, 2015; Weiss and Carver,

2018). In humans, iron overload is a risk factor for

mucormycosis (Petrikkos et al., 2012). A recent study in

stranded false killer whales (Pseudorca crassidens) detected a

strong link between opportunistic cutaneous fungal invaders and

elevated levels of aluminum, selenium and zinc (Mouton et al.,

2015). Although little is known about metal and trace element

concentrations in marine mammals of the Pacific Northwest, a

few studies have examined metals in harbor seals where regional

differences in metal levels have been documented (Calambokidis

et al., 1984; Calambokidis et al., 1991; Akmajian et al., 2014).

Essential elements (e.g., zinc, copper, selenium) occur naturally

in the environment and many have important biological

functions, but excesses or deficiencies can have adverse health

effects. Non-essential elements such as lead, cadmium and

mercury can be toxic, depending on concentration and form,

with evidence suggesting a possible link between long-term

exposure to heavy metals such as mercury and infectious

disease in harbor porpoises (Bennett et al., 2001; Wintle et al.,

2011), immuno- and genotoxic effects in cetaceans (Kershaw

and Hall, 2019), and more numerous lesions in dolphins with

elevated cadmium and selenium levels (Monteiro et al., 2020).

Underlying viral infections were also investigated considering

herpesvirus was detected in harbor seals with mucormycosis and

could be associated with the presence of the disease as well as a

killer whale (Orcinus orca) under human care (Abdo et al.,

2012b; Huggins et al., 2020).

In marine mammals, mucormycosis is reported less

commonly than in humans, and is most frequently identified

as those in human care, with a few isolated cases among wild,

stranded individuals. It is unclear how marine mammals are

exposed to Mucorales spp., but is suspected to be similar to

humans with exposure to detritus containing the organism

carried by winds or dispersal into the marine environment

through flooding. The disease has been documented in

delphinids, large whales, and pinnipeds (Kaplan et al., 1960;

Best and McCully, 1979; Wünschmann et al., 1999; Robeck and

Dalton, 2002; Naota et al., 2009; Morris et al., 2010; Barnett et al.,

2011; Abdo et al., 2012a; Abdo et al., 2012b; Sosa et al., 2013;
frontiersin.org

https://doi.org/10.3389/fmars.2022.962857
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Norman et al. 10.3389/fmars.2022.962857
Isidoro-Ayza et al., 2014; Huckabone et al., 2015; Nakagun et al.,

2018; Huggins et al., 2020).

Over the past 20 years, increasing numbers of harbor

porpoise (Phocoena phocoena) have been documented in the

northern Salish Sea (Washington State, USA), with expansion

southward into Puget Sound proper (Evenson et al., 2016;

Jefferson et al., 2016). Though significantly impacted by

negative environmental factors such as pollution and

entanglement in fishing gear, harbor porpoises are not

currently considered a threatened or endangered species, and

are relatively abundant throughout the Salish Sea and along the

outer Pacific Northwest coast (Evenson et al., 2016; Jefferson

et al., 2016; Carretta et al., 2017; Morin et al., 2021). Harbor

porpoises are a sentinel species in other regions of the world

such as the Baltic Sea (ASCOBANS, 2010) and Canada

(COSEWIC, 2016). Investigations into the disease and health

conditions of harbor porpoises are revealing diseases that are

unusual, increasing, or not previously recorded in the region

(Huggins et al., 2015). For example, mucormycosis cases were

noted for the first time in 2012 in a harbor porpoise (Huggins

et al., 2020). Between 2012 and 2019, 21 cases of mucormycosis

were detected in marine mammals, 19 confirmed and 2 suspect;

in 12 adults, 6 subadults, and 3 pups, including 15 harbor

porpoises, 5 harbor seals (Phoca vitulina) and an endangered

southern resident killer whale (SRKW), the latter following

deployment of a LIMPET satellite tag into the dorsal fin

(Department of Fisheries and Oceans Canada (DFO), 2016;

National Marine Fisheries Service, 2016a; National Oceanic

and Atmospheric Administration, 2016b; Huggins et al., 2020).

Both sexes and all seasons were represented (Huggins et al.,

2020). Cases increased over time and peaked in 2016 (n = 6), the

year that coincided with the first documentation of the fungus in

species other than harbor porpoise. Most of the cases in this

study occurred in inland waters of Washington State and British

Columbia, Canada (Figure 1).

Harbor porpoises in the Salish Sea are ideal indicator species

for monitoring marine ecosystem health, including emerging

pathogens such as Mucorales (Moore, 2008; Bossart, 2011). This

is especially relevant for the endangered SRKWs within the

Salish Sea, whose small population size, and thus vulnerability to

disease, was identified as one of the important concerns for this

population’s survival (NMFS, 2008; NMFS West Coast Region,

2016). SRKWs are a Vital Signs indicator for the Puget Sound

Partnership to monitor the health of the Puget Sound ecosystem

(Kershner et al., 2011). Given the prolonged timeframe, to

acquire a sufficient sample size of tissues from killer whales for

disease or contaminant analysis, along with the logistical

challenges of studying their health, a more practical, efficient

method is to monitor alternative surrogate species, such as

harbor porpoises, that are easier to monitor and sample (Knap

et al., 2002; Rabinowitz et al., 2005). Porpoises are sympatric

with SRKWs, display inshore distribution, urban ecosystem

residency, proximity to human populated areas, and greater
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2016). Harbor porpoises and SRKWs eat high on the marine

food web and display relatively strong regional site fidelity

(Carretta et al., 2017). Thus, harbor porpoises are ideally

suited to study for emerging pathogens that could affect SRKWs.

The relationship between environmental and demographic

variables in harbor porpoise and the occurrence of

mucormycos i s i s cu r r en t l y not we l l unders tood .

Understanding how these variables influence development of

this fungal disease in porpoise is key to identifying ways to

attenuate the number of new cases that develop each year and to

help mitigate exposure or development of the disease in

endangered species that inhabit the same waters as porpoise,

such as SRKWs. Our preliminary data identify an unusually

large number of mucormycosis cases in harbor porpoises

compared to other species (Huggins et al., 2020). Among the

porpoise cases, animals have been emaciated, lactating (n = 2),

affected with concurrent disease or heavy parasitism, pregnant

(n = 1), or free of any obvious underlying disease.

Based on the varied presentation of cases, the contributors to

mucormycosis appear to be multifactorial and likely similar to

those in humans; therefore, we set out to investigate whether any

of the following potential risk factors are associated with

infection caused by mucormycosis: elevated pollutants and

trace metals (e.g., iron), co-infection with other pathogens

(e.g., virus, bacteria), emaciation, or pregnancy and lactation,

as well as environmental variables such as heavy precipitation in

the Salish Sea region (Nnadi and Carter, 2021). Environmental

disruptions due to climate change, such as more severe flooding

and other natural disasters, can readily aerosolize and disperse

fungal spores, which are small, throughout the environment.

This is particularly true when the spores encounter favorable

climatic conditions such as lower rainfall and higher

temperatures (Richardson, 2009).

Qualitative risk assessments serve as initial steps in assessing

the risk of a specific hazard such as acquiring a pathogen (Jakob-

Hoff et al., 2014). Risk assessments help contribute to risk

management by breaking down threats into categories that are

identifiable, and define the impact of each risk or risk factor

(Graves, 2000). Quantitative risk assessments provide more

objective information and accurate data than qualitative risk

assessments because the former are based on data that are

measurable and often more realistic than the latter and are,

thus, often preferred. However, quantitative risk assessments are

often impractical or impossible to perform due to a lack of

measurable data on which to obtain a valid, numerical health

risk assessment (Graves, 2000; Leighton, 2002). Because there is

a lack of accurate numerical information on mucormycosis in

marine mammals, much less harbor porpoise, to perform a

quantitative assessment, a qualitative risk assessment can be

performed instead. It is easily performed, quick to implement,

and practical due to the lack of statistical/numerical dependence

(Leighton, 2002). Thus, our aims for this project were two-fold:
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to evaluate risk factors that might be associated with

mucormycosis in harbor porpoise, with the intent of

improving our ability to identify marine mammals at risk for

the disease; and second, perform a qualitative risk assessment for

mucormycosis in harbor porpoises within the Salish Sea.
2 Methods

2.1 Risk factor analysis

2.1.1 Study population and case/
control selection

Study subjects were identified from the records of the

National Oceanic and Atmospheric Administration (NOAA

Fisheries), West Coast Region marine mammal stranding

network, over the study period (2012-2019). Marine mammal

stranding response groups collect dead beach cast animals,

conduct examinations, and in many cases, complete necropsies

and tissue sampling. The focus of this study was on harbor

porpoise given the relatively high number of annual strandings

and the overrepresentation of mucormycosis in this species

(Huggins et al., 2020). Records of stranded harbor porpoises

within the Salish Sea were thus extracted, from which cases and

controls were selected. A confirmed case was defined as a harbor

porpoise that stranded within the Salish Sea, presented with

suspected findings at necropsy (e.g., marked swollen lymph

nodes and/or presence of masses within organs), the pathogen

detected at histopathological examination, with confirmation by

culture and/or molecular sequencing. Controls were defined as a
Frontiers in Marine Science 04
harbor porpoise that stranded within inland Washington State

waters, and was negative for any histopathological or diagnostic

findings as described for cases. In addition, the cause of death in

controls must have been unrelated to fungal disease to avoid

selection bias. Analyses were completed for potential risk factors

using samples collected from fresh, dead-stranded harbor

porpoise mucormycosis cases and controls within the Salish Sea.

Analyses of the following potential risk factors for

mucormycosis were completed in cases of mucormycosis (n =

10) and controls (n = 20), (n = 30 total for study): persistent

organic pollutants (POPs), and trace metals concentrations, and

pathogen (viral and bacterial) screening. For all study samples,

one-gram sections of blubber were collected from fresh stranded

carcasses and frozen until analyzed for POPs and lipid content at

NOAA’s Northwest Fisheries Science Center (Seattle, WA). The

POPs included the sums of chlordanes (CHLD), dichloro-

diphenyl-trichloroethane (DDT), hexachlorocyclohexanes

(HCH), 46 polychlorinated biphenyl (PCB) congeners (as 40

chromatographic peaks), a subset of the PCB congeners (105,

118, 156) for which toxic equivalency factors were available to

us, and 15 polybrominated diphenyl ether congeners (PBDEs).

In addition, the following POP ratios were evaluated as potential

risk factors: the sum of the 46 PCB congeners as a ratio to each of

the sums of CHLDs, DDTs, HCHs, and PBDEs, respectively.

Blocks of frozen liver samples from all cases and controls were

submitted to ALS Environmental (Kelso, WA) and the

California Animal Health and Food Safety Laboratory at

University of California (Davis, CA) for the following trace

metals/elements that serve important roles in the survival and

the pathogenesis of invasive fungal disease (Gerwien et al., 2018):
frontiersin.org
FIGURE 1

Mucormycosis cases (red dots) and controls (blue dots) in harbor porpoise. The yellow triangle is the location of the buoy that recorded mean
yearly sea surface temperature. The purple triangle is the location where mean yearly precipitation was recorded.
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aluminum (Al), arsenic (As), copper (Cu), cadmium (Cd), iron

(Fe), nickel (Ni), silver (Ag), lead (Pb), mercury (Hg), selenium

(Se), and zinc (Zn).

To determine the presence of co-morbidity with infectious/

noninfectious diseases, detailed necropsies were conducted on the

fresh harbor porpoise carcasses following standard techniques

(Geraci and Lounsbury, 2005). Histological examination was

completed on all cases and controls at Northwest Zoopath

(Monroe, WA), and Animal Health Center (Abbotsford, BC).

Histochemical (Grocott methenamine silver, acid fast, and Gram)

and immunohistochemical stains were used as needed and

previously described in harbor porpoise mucormycosis cases

(Huggins et al., 2020). Frozen tissues were submitted to the One

Heath Institute Laboratory at the University of California (Davis,

CA) for screening for morbilli- and herpesviruses by reverse

transcriptase and standard polymerase chain reaction (PCR),

respectively, based on established methods (Van Devanter et al.,

1996; Tong et al., 2008). PCR for Brucella was conducted by the

Veterinary Diagnostic Laboratory at the University of Illinois

(Urbana, IL).
2.1.2 Specification of levels of potential
risk factors

Descriptive data with no numeric value or order (nominal

risk factor) included sex; age class (subadult or adult); and

season of stranding - winter (December-February), spring

(March-May), summer (June-August) , and autumn

(September-November). The binary data were recorded as yes

versus no, unless otherwise indicated (e.g., sex) and included

comorbid lesions present; and age class. Continuous variables

included lateral blubber depth at maximum girth (cm); the POPs

as listed under section 2.2; location, in decimal degrees latitude,

of the stranding north or south relative to the approximate

lateral midpoint of the Salish Sea (latitude 48°N; roughly at

Everett, WA); and environmentally acquired metals that are

deemed of importance to homeostatic regulation in pathogenic

fungi, for which a sufficiently large body of literature exists, such

as iron, zinc, and copper (Gerwien et al., 2018). Decimal degrees

relative to latitude 48°N was selected as a variable because past

evidence along the outer Washington coast suggested ratios of

select contaminants, such as PCB and DDT in harbor porpoises,

are associated with latitude (location), indicating this species’

movements may be restricted in some areas, helping to identify

the geographic region from which the porpoise originated

(Calambokidis and Barlow, 1991), as has been done in SRKWs

(Krahn et al., 2007). Mean yearly sea surface temperature data

for the Salish Sea were obtained for a buoy moored in the eastern

Strait of Juan de Fuca (48.332° N, -123.179° W) (yellow triangle,

Figure 1) for 2012-2019 and were reported as °C (National

Oceanic and Atmospheric Administration, 2020a). Mean annual

precipitation (cm), for the year preceding each mucormycosis

case was reported, was obtained from a precipitation monitoring
Frontiers in Marine Science 05
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(purple triangle, Figure 1) (National Oceanic and Atmospheric

Administration, 2020b). The outcome (dependent) variable for

the condition regression model was case/control status.

2.1.3 Molecular identification
Molecular genotyping was performed in eight of the 10 cases

and four of the control porpoises (retrospectively) at NOAA

Fisheries’ Northwest Fisheries Science Center (Seattle, WA) to

confirm (or rule out) the fungal family and/or species, and has

been recently described in more detailed elsewhere (Huggins

et al., 2020). Not all cases and controls were molecularly tested

due to confirmation by other methods (e.g., histopathology).

Targeted tissue samples from suspected case animals, that

included those stored in RNAlater®, in paraffin blocks, or

frozen in Whirl-Pak bags, were analyzed using polymerase

chain reaction and sequencing.

2.1.4 Statistical analyses
To determine the presence and strength of association of the

independent potentia l r isk factors with confirmed

mucormycosis, a matched case-control study was implemented

using conditional logistic regression with two controls matched

by age class to each case (Pearce, 2016). Matching was used to

reduce confounding by the independent variables and to gain

greater statistical efficiency and precision (Rose and van der

Laan, 2009; Pearce, 2016). Conditional univariate logistic

regression was performed to identify those independent

variables associated with the dependent outcome variable

(disease status) to determine if the variable would be included

in the initial full model. Risk factors with P < 0.20 on univariate

analysis were eligible for inclusion as were any potential 2-way

interaction terms that were deemed biologically plausible (e.g.,

interaction between sex and levels of total CHLD, DDT, HCH,

PBDE, and PCB, as well as degrees latitude from mid-Salish Sea

and POPs). A threshold of P < 0.20 was chosen to prevent

exclusion of a potentially marginally significant risk factor that

may only become significant when in the presence of other risk

factors during the multivariable analysis (Dohoo et al., 2003).

Collinearity between related variables, such as POPs and POPs

with degrees latitude of stranding relative to mid-Salish Sea, was

examined via the Pearson correlation coefficient (r). When

variables were strongly correlated (i.e., r > 0.70), the one with

the greatest odds ratio (OR) on univariate analysis was kept for

modeling purposes and the other(s) were excluded.

We used a manual, stepwise approach to model building.

Independent variables at P < 0.20 were kept, and the effect of

adding or subtracting each variable was examined for evidence

of confounding, represented by a change in other covariate

coefficients by more than 20%. Akaike information criterion

(AIC) values were used to select the final model out of all

candidate models (Akaike, 1974). The Hosmer-Lemeshow test
frontiersin.org
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assessed final model goodness-of-fit. Results of conditional

logistic regression analysis were reported as ORs and 95% CIs.

The OR represents the relative change in odds for mucormycosis

associated with the presence of a given factor(s) or, for

continuous variables, for each (single) unit change in that

factor (e.g., precipitation). Odds ratios are used to quantify the

magnitude of association between a potential risk factor and the

outcome (disease). Therefore, when an OR = 1, there is no

association; an OR > 1 indicates the risk factor is associated with

an increased in odds of the outcome and the reverse for OR < 1.

A secondary regression analysis, using multiple linear

regression (MLR), was used to evaluate the association of

levels of various contaminants with independent risk factors

(sex, length, age class, blubber thickness, mucormycosis status,

degrees latitude distance relative to 48°N, season, and lipid

percent). The dependent outcome variables were lipid-

normalized sums of concentrations for each POP class (PBDE,

CHLD, DDT, HCH, PCB). We explored a number of

contaminant ratios, including the ratios of summed PCBs to

those of PBDE, CHLD, DDT, and HCH. The resulting beta

coefficients were standardized to evaluate which of the

independent variables have a greater effect on the dependent

variable since the independent variables are given in different

units of measurement. The beta coefficients are essentially

considered a general measure of effect size, or magnitude of

the effect of one variable on another.
2.2 Qualitative risk assessment

Due to limited data on mucormycosis in harbor porpoise, a

qualitative, versus quantitative, risk assessment approach was

selected to determine the probability of risk to harbor porpoises

of acquiring mucormycosis. We utilized a qualitative risk

assessment based on the World Organisation for Animal Health

(OIE) and Food and Agriculture Organization-World Health

Organisation (FAO-WHO) (Food and Agriculture Organization

of the United Nations/World Health Organization, 2011)

assessment frameworks, incorporating available data from

published and unpublished sources. This type of assessment

consists of identifying the probability of a risk event (i.e.,

transmission of the disease agent), and the impact the risk will

have if said event does occur (i.e., recipient of disease agent becomes

infected). A framework for this approach has already been

developed and used by multiple agencies for assessing animal

diseases (Palmer et al., 2005; Heller et al., 2010; Food and

Agriculture Organization of the United Nations/World Health

Organization, 2011; Sharma et al., 2018). The two principal

components of a qualitative risk assessment framework (Figure 2)

include: (1) hazard identification (blue box) and (2) risk assessment

(green box). The latter further consists of hazard characterization

(pink boxes), exposure assessment (gold boxes), and risk
Frontiers in Marine Science 06
characterization (purple boxes). All risks have both probability

and impact. Once the hazard is identified, in this case

mucormycosis in harbor porpoise, the overall risk can be assessed

as a function of: a) the probability that a porpoise will be exposed to

the fungi (exposure assessment); and b) the magnitude of the

consequences of such a hazard (hazard characterization). The

resulting probabilities (exposure and consequence) are then

combined to give an overall qualitative estimation of risk using a

matrix approach (risk characterization).

Because relatively little information on fungal organisms in

marine mammals exists, compared to terrestrial animal species

or humans, data used to assess the risk were collected from

published and unpublished sources. Information on health

effects from, and exposure levels to, mucormycosis were

extrapolated from the marine mammal literature where

available, and otherwise from terrestrial species such as

domestic animals and humans. Key words including ‘marine

mammals’, ‘porpoise’, ‘dolphins’, ‘cetacean’, ‘seal’, ‘sea lion’,

‘pinniped’, ‘fungi’, ‘mucormycosis’, ‘zygomycosis’, ‘terrestrial’,

‘transmission’, and others were searched using PubMed and

Web of Science in November 2019. Each publication was

screened for its relevance to transmission, lesions, mortality,

and clinical manifestation of mucormycosis. Health effects and

exposure levels from other marine mammals and humans were

extracted from the publications for guidance in developing the

current risk assessment framework.

The categories of disease severity and probabilities of

exposure were qualitatively assessed using a descriptive scale

adapted from Zepeda-Sein (2002), according to four different

levels of risk. The qualitative levels were determined subjectively

according to the following definitions: negligible (the probability

of occurrence of the event is sufficiently low to be ignored, or to

be considered only in exceptional circumstances; low (the

occurrence of an event is a possibility in a minority of cases);

moderate (the occurrence of the event is a possibility in the

majority of cases); and high (the occurrence of the event is

probable), and were assigned disease severity scores of one, two,

three, and four, respectively. The categories of exposure to

Mucorales were expressed as prevalences (%) on the following

scale: negligible; low; moderate; and high, likewise assigned to

one through four, respectively. Lastly, the risk categories for

disease severity and exposure risk were subsequently combined

with each other to get a total combined qualitative estimation of

risk of mucormycosis specific to harbor porpoise. The

assignment of each total estimated risk value was also

subjective and completed by the first author (SAN) only. The

assignment of scores were derived from “clinical”manifestations

of mucormycosis, of which the closest we could obtain were

gross and histopathologic lesions and information from the few

published clinical cases in marine mammals under human care.

Baseline levels of iron and other heavy metals are unknown in

this species, so could not be used as part of the hazard
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characterization. Hence, we ran the separate potential risk factor

evaluation (regression) to identify possible factors to focus on in

the future that could be used in future assessments.
3 Results

Cases (and controls) were represented by five males, five

females (10 males, 10 females) and eight adults, two subadults

(14 adults, six subadults), respectively (Supplementary Table 1).

Mucormycosis was determined to be the primary cause of

mortality in eight of the ten cases in which it was detected,

and a secondary contributory to mortality in two of the ten.

Many of these animals had other illnesses and/or poor body

condition. Three adult females were lactating, but not pregnant,

whereas another was pregnant, but not lactating. Multisystemic

parasitism was common, and one porpoise was co-infected with

encephalitis due to Toxoplasma gondii. One infected harbor

porpoise was collected after researchers witnessed it being

attacked and partially consumed by transient killer whales; the

attack itself was the cause of mortality, but we were unable to

determine the extent of the fungal infection from the remains.
3.1 Risk factor analysis

3.1.1 Matched case-control study
Assessment for collinearity left the following potential risk

factors available for univariate analyses: sex, iron (Fe), copper

(Cu), zinc (Zn), season, mean annual precipitation the year

preceding the stranding, mean annual sea surface temperature
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the year of the stranding, year of stranding, body condition,

maximum blubber thickness at necropsy (maxblub), sum of

DDTs (sumDDT), sum of the PCB congeners 105, 118, 156

(sumCB105118156), the ratio of sum PCB/sumHCH (ratioPCB/

HCH), the ratio of the sum PCB/sum PBDE (ratioPCBPBDE),

presence of co-morbidities, the degrees of latitude north or south

relative to mid-Salish Sea (latitude 48°N), straight length, and

lipid percent in the blubber. Following univariate analyses, the

full conditional logistic model contained the independent

variables Fe, Cu, Zn, blubthick, and ratioPCBPBDE (Table 1).

No interaction terms were deemed influential during model

development. The best model fit based on AIC was the model

with the variables Fe, blubber thickness, and the ratio of the sum

of PCB/sum PBDE.

The ORs serve as an approximation of “relative risk”. For

example, an increase in Fe by a unit increases by two percentage

points the probability that a harbor porpoise had mucormycosis

(Table 2). Though a small percentage increase in probability, the

small sample size and other unknown covariates may dampen

the strength of the association between Fe levels and

mucormycosis. The variable blubber thickness was marginally

significant and may represent a biological surrogate for depletion

of stored contaminants from the blubber as it is utilized that are

released into the blood stream, along with the possibility of

metabolism of these contaminants into compounds with higher

toxicity, such as hyrdroxy-PCBs and -PBDEs.

3.1.2 Evaluation of contaminants (multiple
linear regression)

Ten models of MLR were created that evaluated the

relationship between the various types of POPs and the
FIGURE 2

Structural framework for a qualitative risk assessment of mucormycosis in harbor porpoises, demonstrating the three major steps of the assessment:
hazard identification (blue), risk assessment (green), and risk characterization (purple). Adapted from Food and Agriculture Organization of the United
Nations/World Health Organization (2011) and Sharma et al. (2018).
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independent variables: sex, length, age class, season, blubber

thickness, mucormycosis status, year of stranding, latitude north

or south relative to mid-Salish Sea (latitude 48°N), and lipid

percent of the blubber sample (Supplementary Table 2). The

association between POP type and the independent variables

was significant multiple times for sex, age class, and blubber

thickness. Although we explored a number of contaminant sums

and ratios the only one that showed any significant association

with mucormycosis was for the sum of the PCB congeners 105,

118, 156 (P < 0.001). When the POP was a ratio of two

contaminants, sex was still often significant, but the latitude

relative to mid-Salish Sea was significant for three of the

four ratios.
3.2 Qualitative risk assessment

The results from the assessment follow the flow diagram

depicted in Figure 2 with each section below referring to the

corresponding section in the diagram.

3.2.1 Hazard identification
The resulting risk analysis framework (Figure 2) was based

only on cases of mucormycosis in harbor porpoise, due to the

paucity of data in other affected species, such as harbor seals and

killer whales. In the present assessment, the hazard is identified

as mucormycosis (Figure 2, blue boxes).
3.2.1.1 Types

Fungal speciation was determined in five cases and has been

described previously (Huggins et al., 2020). The results of PCR
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sequencing of frozen tissues detected three cases of Rhizomucor

pusillus and one of Lichtheimia corymbifera. Culture of tissues

from one porpoise resulted in scant growth of the species

Cunninghamella bertholletiae, which was identified by

phenotypic characterization, and DNA sequencing.

3.2.1.2 Transmission modes, sources, and seasonality

Although the major mode of transmission in many fungi is

aerosolization of their sporangiophores, the mode(s) of

transmission and seasonality for harbor porpoises remains

undetermined. The modes were assumed to include inhalation

of airborne spores, ingestion, or disruption of the cutaneous skin

or mucosal barrier.

3.2.2 Risk assessment
The risk assessment (Figure 2 – green box) component of the

assessment framework was composed of three parts: 1) hazard

characterization; 2) exposure assessment; and 3) risk

characterization, the results of which follow this order.

3.2.2.1 Hazard characterization

Characterizing the hazard (Figure 2 – pink boxes) resulted a

summary of the known effects of mucormycosis in marine

mammals based on published reports, to determine the

pathogenicity and risk factors for mucormycosis disease

severity. The most common gross lesions noted in the present

porpoise cases were associated with respiratory disease and

associated lymph nodes, and if disseminated, included masses

in other organs such as brain, kidney, and spleen among other

organs. Histologically, vascular disease was noted in the present

harbor porpoise cases. These lesions were similar to those noted
TABLE 2 Maximum-likelihood estimates and odds ratio (OR) from fitting final conditional logistic regression model for a case-control study,
matched on age class, to evaluate variation in mucormycosis status (case or control) associated with iron (Fe), blubber thickness (cm) at necropsy
(blubthick), and the ratio of the sum PCB/sum PBDE (ratioPCBPBDE) in harbor porpoise (Phocoena phocoena) in the Salish Sea.

Variable Estimate OR SE Z value P-value

Fe 0.017 1.020 0.009 2.07 0.038

blubthick -3.792 0.023 0.045 -1.89 0.052

ratioPCBPBDE -0.900 0.406 0.225 -1.62 0.104
front
Fe, iron; blubthick, lateral thickness of blubber at maximum girth; ratioPCBPBDE, ratio of sum PCB/sum PBDE.
Significant predictor coefficients (P < 0.05) are shown in boldface type. SE, standard error.
TABLE 1 Evaluation of conditional logistic regression models of mucormycosis case status (case or control).

Model predictors for mucormycosis status Model Residual d.f. Log-likelihood AIC LR LR d.f. P-value

Fe + Cu + Zn + blubthick + ratio PCBPBDE Full 5 -6.170 24.340 – – –

Fe + Zn + blubthick + ratio PCBPBDE A 4 -6.499 22.997 0.66 1 0.417

Fe + Cu + blubthick + ratio PCBPBDE B 4 -6.231 22.462 0.12 1 0.727

Fe + blubthick + ratio PCBPBDE C 3 -6.566 21.133 0.79 2 0.672
Fe, iron; Cu, copper; Zn, zinc; blubthick, lateral thickness of blubber at maximum girth; ratioPCBPBDE, ratio of sum PCB/sum PBDE.
Reduced models were compared to the full model using likelihood ratio (LR) tests (LR; c2-squared distributed) and Akaike Information Criterion (AIC) after sequentially dropping
covariates and assessing significance (P <0.05). Final model in bold; d.f., degrees of freedom.
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in the marine mammal literature. However, there were relatively

few reports of mucormycosis in marine mammals, many of

which occurred in stranded animals such as the present cases,

which are often affected with multiple contributors to mortality.

This resulted in potentially confounding results of disease

interpretation and uncertainties as to the contribution of

Mucorales species to specific lesions.

3.2.2.1.1 Clinical manifestations

Clinical signs of infection vary depending on affected organs

and the severity of infection. Given the inability to clinically

observe free-ranging harbor porpoises affected with

mucormycosis antemortem, we report lesions noted on

necropsy and histological examinations. Of the ten

mucormycosis cases in our study, three were in poor and 5 in

fair body condition, respectively (Supplementary Table 1). In

addition, the cases presented with fungal lesions in the brain (8/

10), lymph nodes of various locations (5/10), and the lungs (7/

10), and if observed alive, would have likely manifested clinical

signs related to these organ pathologies. All 30 study animals

tested negative for Brucella spp. and herpes-/morbilliviruses.

The two most common co-morbidities detected in the study

animals (n = 10 cases/20 controls) were parasitism, most

frequently liver flukes and/or lungworms, as a contributory

cause of death (n = 5/13) and infectious disease due to

bacteria or viruses other than Brucella or herpes-/

morbilliviruses (n = 1/7) (Supplementary Table 1). Protozoal

organisms were contributory causes of death in one case

(morphologic features most consistent with Toxoplasma

gondii) and one control (unspecified protozoa).

Microscopically, lesions may vary depending on location

and chronicity. Acute lesions are associated with necrosis of

small vessel walls, thrombosis, and fungal elements within the

thrombi, vessel walls and adjacent tissue, with associated

hemorrhage, tissue necrosis and neutrophilic or eosinophilic

inflammation. Inflammation becomes pyogranulomatous with

lesion chronicity (see Isidoro-Ayza et al., 2014; Huggins et al.,

2020). In the case that was co-infected with suspected T. gondii,

at least three separate infectious disease processes were present,

including pulmonary nematodiasis, a mycotic abscess in the

brain, and meningoencephalitis associated with the protozoa.

Another case presented with at least two separate infectious

processes. Most of the pulmonary lesions were attributed to

nematodiasis, but a large pulmonary abscess and the

intraabdominal abscess were due to zygomycosis. Freeze

artifact was substantial in this specimen and, in some areas,

impeded microscopic interpretation. Though it was difficult to

definitively determine the porpoise’s nutritional status due to

freeze artifact, the animal may have been in suboptimal

nutritional status likely due to the underlying infectious

processes. Many of the microscopic lesions in the cases

confirmed mucormycosis and the grossly observed parasitism.
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3.2.2.1.2 Risk factors for disease severity

In marine mammals, risk factors for mucormycosis may

include underlying illness such as co-infection with viruses,

malnutrition, elevated chemical contaminant loads, pregnancy,

traumatic injuries, and excess iron. In harbor porpoises, detailed

information is lacking on current POP loads and elemental

metal accumulation, as well as the relation of these factors to the

occurrence of mucormycosis in this species. Immunosuppressive

or tissue damaging viral infections such as herpes- and

morbillivirus can predispose a marine mammal to other

pathogens such as fungi (Barrett et al., 1993; Arbelo et al.,

2010; Van Bressem et al., 2014). Neither of these viruses was

detected in the harbor porpoise cases of the present study. Given

that normal ranges of metal and trace elements are unknown in

most marine mammal species, including those of the Pacific

Northwest, regional differences have been noted in a few studies

in harbor seals (Calambokidis et al., 1984; Calambokidis et al.,

1991; Akmajian et al., 2014), and may be the case with

harbor porpoises.

3.2.2.2 Exposure assessment

This portion of the qualitative risk assessment (Figure 2 –

gold boxes) evaluated the likelihood that the susceptible porpoise

(s) would come into contact with the hazard (e.g., Mucorales

fungi) that could potentially facilitate transmission; in other

words, estimate the likelihood of susceptible animals being

exposed to the fungi. The following sections list the relevant

biological, ecological and geographical factors and the

associated assumptions.

3.2.2.2.1 Exposure risk factors

None of the published case reports of mucormycosis

included in this assessment directly studied risk factors for

exposure to Mucorales in harbor porpoise. Therefore, we

extrapolated from risk factors identified in other marine

mammal species, other porpoise infectious diseases, and

humans, and assumed they likely represented risk factors in

harbor porpoise. Without numerical values to quantify exposure

risk, the results of exposure risk are presented in terms of

qualitative values. For example, the general likelihood of

exposure for Mucorales as with most fungal agents was

considered moderate to high due to the ubiquitous presence of

these pathogens in the environment. Fungi in general are not

considered to be transmitted between individuals, so close

physical interaction with other marine mammal species in the

Salish Sea would not be a risk factor for exposure. Chronic

exposure to heavy metals such as mercury, selenium, and zinc

may predispose to immunosuppression and thus be associated

with increased susceptibility to infectious disease, so the risk may

be considered at least moderate. The POP levels measured in this

study’s porpoises are not unexpected for the Salish Sea at the

trophic level that porpoises feed. However, depending on their
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site fidelity and prey migratory patterns, porpoises may be

spending more time or feeding on prey in more urbanized

areas in the southern part of Puget Sound. Therefore, these

individuals will be exposed to higher levels of POPs, on average

compared to those spending more time in northern Puget

Sound. Exposure may only require a single respiration or

ingestion of the organism in an immunosuppressed or

otherwise stressed animal; therefore, mitigating exposure will

be very challenging.

3.2.2.2.2 Sources of exposure

Routes of exposure for Mucorales in harbor porpoise and

other marine mammals is not completely known, but the fungi

could be introduced into the marine ecosystem from terrestrial

sources (Richardson, 2009). With the predominant mode of

acquisition of these fungal infections presumed to be inhalation,

this route was assumed to be the case for the present cases.

However, we could not rule out the possibility the fungi

alternatively entered through trauma to the skin or mucosal

barrier from injuries such as interspecific interactions or

predatory trauma. Although it is also possible a marine

mammal could become infected by ingestion of prey

containing sporangiospores, ingestion is more likely to occur

from direct incidental swallowing of marine water containing

sporangiospores during acquisition or ingestion of prey, and

could have occurred in our case animals.

A monthly survey of ~80 sites throughout Puget Sound over

a seven-month period (April through October) of pelagic

seawater at a six-meter depth detected only ten positives out

of 547 samples using a dual detection quantitative PCR

specifically for Rhizomucor and Lichtheimia (Salehi et al.,

2016; LDR, unpublished data). Positive sites were distributed

across the geographic extent of Puget Sound, and the majority

occurred in May and August. Although these fungal genera may

have low frequency in the pelagic water column of harbor

porpoise habitat, surface water may have higher levels of

airborne spores deposited as fallout. As previously

hypothesized for porpoises, disturbance of soil or detritus by

environmental or climatic events, may introduce spores into the

marine environment by winds or water runoff from terrestrial

sources (Huggins et al., 2020).

3.2.2.2.3 Evidence of exposure

Few studies have documented exposure or clinical disease in

live, free-ranging marine mammals. Cunninghamella

bertholletiae was cultured from the blowhole and stomach of a

presumed healthy, wild bottlenose dolphin (Tursiops truncatus)

sampled during a microbial culture survey in the waters off

Charleston, South Carolina (USA) (Morris et al., 2010). Two

cases of nasal mucormycosis were documented in harbor seal

pups presenting to rehabilitation, with concurrent herpesvirus

infection, in Vancouver, British Columbia (Canada) (Huggins

et al., 2020).
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3.2.2.3 Risk characterization

The next three subsections collectively formed the risk

characterization (Figure 2 – purple boxes). The first two

subsections, severity of exposure to the agent Mucorales and

severity of mucormycosis, which were approximated, were

combined to calculate an overall estimate of risk associated

with mucormycosis, which essentially estimates the

consequences of the hazard (i.e., mucormycosis) occurring in

Salish Sea harbor porpoise.

3.2.2.3.1 Risk categories for exposure (exposure assessment)

Though the incidence of mucormycosis is increasing

worldwide, its prevalence and incidence are difficult to

estimate since it is not a reportable disease, is currently

considered rare, and the risk varies widely in different

populations of humans and animals (Gomes et al., 2011). We

assumed similar low incidences as observed in humans.

Seroprevalence data on exposure of marine mammals to

Mucorales are poorly defined. For this study, we extracted

prevalence data from those reported in other marine mammal

species, and used those values in the assessment as part of

characterizing the overall risk of mucormycosis. Values ranged

from < 0.025% in California (Huckabone et al., 2015) and 0.23%

in the Baltic Sea (Wünschmann et al., 1999) to 1.16% in the

Salish Sea (Huggins et al., 2020). Thus, the categories of exposure

to Mucorales were expressed as prevalences (%) on the following

scale: negligible (0-0.1%); low (0.2-0.5%); moderate (0.6-0.9%);

and high (> 0.9%) (Table 3). Based on these published

prevalences, we assumed a moderate to high incidence, and

thus prevalence, in harbor porpoises, and considered exposure

risk to be moderate (prevalence 0.6-0.9%; Score 3) or high

(prevalence > 0.9%; Score 4).
3.2.2.3.2 Risk categories for disease severity
(hazard characterization)

Categorizing mucormycosis disease severity, based on the

presence of gross and microscopic lesions, resulted in four

categories: negligible (1), low (2), moderate (3), or high (4)

(Table 3). Though clinical signs have not been documented in

harbor porpoises, they have been observed in a few captive

animals, so these categories assumed similar clinical signs would

also be present in porpoises if ante-mortem observation was

possible. Associated disease, without overt clinical disease, has

been occasionally reported in Salish Sea harbor porpoises

(Huggins et al., 2015). The severity of lesions observed in

Salish Sea cases is such that it is assumed clinical signs were

present, but not observed in the field; therefore, a risk category of

(4) is assigned.

3.2.2.3.3 Overall risk characterization (combination of
disease severity and risk of exposure scores)

Overall risk characterization scores were calculated by

multiplying the disease risk scores by the exposure scores
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(from Table 3). The resulting overall risk scores could range

from 1 to 16, with 16 being the worst possible outcome (Table 4

and Figure 3). Insufficient data are available to determine any

finer scale risk scores. For Salish Sea harbor porpoise, a final risk

score of 6-8 (Table 4), or low-moderate risk, was calculated

because of the range of presentations of disease severity in this

species. For SRKWs, calculated a final risk score of eight

(Table 4), or moderate risk. However, based on information

from mucormycosis in humans and other animals, if these two

species have elevated iron levels and/or POP levels, and are

immunocompromised by other disease processes, are likely at

higher risk for developing moderate to severe disease from

mucormycosis. There are data gaps that give this risk

assessment a relatively high level of uncertainty such as poor

knowledge of mucormycosis prevalence in Salish Sea cetaceans.
4 Discussion

We conducted a qualitative assessment of the risk of

acquisition of mucormycosis in harbor porpoises between

2012-2019 in the Salish Sea. Results of the risk factor analysis

indicated that elevated levels of iron in the tissues (and possibly

blood), decreasing blubber thickness and decreasing ratio of total

PCBs/PBDEs may be associated with mucormycosis and might

serve as factors to include in future qualitative risk assessments

for this disease. Based on ‘clinical’ (i.e., gross and histopathologic
Frontiers in Marine Science 11
lesions) signs, and likely prevalences of exposure to the fungal

agents, harbor porpoise, and thus killer whales, are currently at

low to moderate risk for mucormycosis. The study provided an

opportunity to obtain estimates of the potential overall risk of

mucormycosis in harbor porpoises, and more importantly, to

attribute qualitative risk rankings to the various components of

the assessment such as disease severity and exposure risk. Our

findings indicated that Salish Sea harbor porpoise may currently

be at increased risk; however, there are a very limited amount of

published data available so perceived risk may change in the

future as more data are gathered on the ecology of this disease in

harbor porpoise and their urban environment. However, seals

and killer whales may be as susceptible to fungal disease as

harbor porpoises and should not be ignored when assessing

mucormycosis risk in the future. The study identifies data gaps

that require attention and prioritization to increase the

likelihood of future quantitative risk assessments.

Assessing the risks of mucormycosis in marine mammals is

important from a health and conservation perspective. Given

their coastal inland water home range and prey preferences,

harbor porpoises in the Pacific Northwest are a good model to

investigate pollutants and potential links to primary or

opportunistic diseases, including mucormycosis. The

emergence of Mucorales as a source of marine mammal

mortality is of particular concern for nearby endangered

cetacean populations, such as southern resident killer whales.

We identified risk factors (Fe overload and potentially
TABLE 3 Risk categories for disease severity and exposure probability.

Risk category Disease severity Disease
severity score

Prevalence
(%)

Exposure
(prevalence)

score

Overall risk
category

Negligible No pathology or clinical signs 1 None 0-0.1 1 1-3

Low Mild pathology (histological, no visible gross) but no clinical signs, and
mild/no comorbidity

2 Mild 0.2-0.5 2 4-6

Moderate Moderate pathology (visibly gross) with accompanying clinical signs and
co-morbidity

3 Moderate
0.6-0.9

3 7-9

High Severe pathology (visibly gross) and clinical signs and co-morbidity 4 High > 0.9 4 10-16
TABLE 4 Overall risk characterization score for harbor porpoise in the Salish Sea and southern resident killer whales, for comparison.

Hazard characterization Exposure
assessment

Risk
characterization

Population Presumed clinical manifestation (based on necropsy and histological findings) Disease
severity
score *

Prevalence
(%)

Exposure
(prevalence)
score #

Overall risk category
◊

Salish sea
harbor
porpoises

Moderate to severe - visibly gross signs of masses on internal organs such as lungs
with presumed accompanying clinical signs (weight loss, respiratory difficulty), and
comorbidity

3-4 Low (0.2-
0.5%)

2 6-8

Southern
resident killer
whales

Moderate to severe - visibly gross signs of masses on internal organs such as lungs
with presumed accompanying clinical signs (weight loss, respiratory difficulty), and
comorbidity

4 Low (0.2-
0.5%)

2 8
Disease severity and exposure scores are from Table 3. The symbols * and # indicate the values multiplied together to obtain the value denoted by ◊.
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contaminants) that should be more thoroughly investigated for

future monitoring. Baseline porpoise and environmental

prevalence data will be helpful to detect changes in the

presence of this fungal organism in the Salish Sea ecosystem

linked to anthropogenic or environmental forces. The presence

of fungal species in marine waters does not appear to be high

(∼1,100 fungal species retrieved exclusively from the marine

environment), with a relatively small percentage of described

species associated with marine environments (Amend et al.,

2019). Conspicuously little is known about the diversity and

ecological functions of fungi in marine ecosystems, compared to

their bacterial counterparts. If the pressure from fungi is not

large, susceptibility to potentially pathogenic fungi in the host

may be greater compared to bacteria because the host is not

exposed to the former as often as the latter, and thus may be

naïve to infections from fungi. Interactions among fungi and

other marine biota likely have considerable implications

extending beyond the individual host or local community (e.g.,

influencing the ocean geochemistry) (Amend et al., 2019).

Comprehensive health profiles demonstrate that the

vulnerability of these animals to infectious diseases such as

mucormycosis may be influenced by susceptibility to

pathogens and the ability to cope with the infection (Hall

et al., 2006; Egan and Gardiner, 2016; Hodges and Tomcej,

2016; Raverty et al., 2017). Pollutant loads in higher trophic level

feeders such as harbor porpoise can reflect environmental

burdens. Harbor porpoises and other regional marine

mammals have accumulated POPs, such as PCBs and PBDEs

(Calambokidis and Barlow, 1991; Ross et al., 2013). Though key

viruses such as herpes- and morbillivirus were not detected in

any of the study animals, two harbor seals were reported with

nasal mucormycosis were co-infected with phocid herpesvirus

(Huggins et al., 2020). A killer whale was co-infected with

disseminated mucormycosis and a herpesvirus, distinct to

phocine herpesvirus (Abdo et al., 2012b). Co-infection with

bacterial microbes has been documented in animals affected
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with mucormycosis and may play a role in susceptibility to or

disease severity (Wünschmann et al., 1999; Robeck and Dalton,

2002; Abdo et al., 2012a; Isidoro-Ayza et al., 2014; Huggins et al.,

2020). In cases of disseminated mucormycosis lesions may also

be seen in other organs such as the kidney (Sosa et al., 2013;

Huggins et al., 2020), skeletal or cardiac muscle (Best and

McCully, 1979; Wünschmann et al., 1999; Robeck and Dalton,

2002; Naota et al., 2009; Barnett et al., 2011; Abdo et al., 2012b;

Huggins et al., 2020), central nervous system (brain)

(Wünschmann et al., 1999; Robeck and Dalton, 2002; Barnett

et al., 2014; Isidoro-Ayza et al., 2014; Huggins et al., 2020), and

skin (Robeck and Dalton, 2002; Huggins et al., 2020).

The risk assessment identified several knowledge gaps which

should be addressed and are similar to those identified for

Toxoplasma gondii infection in Arctic beluga whales

(Delphinapterus leucas) in Canada (Sharma et al., 2018). The

gaps include major transmission routes of the various Mucorales

species to marine mammals, risk factors that promote infection

and establishment of the fungi in the animal, the role of

terrestrial species, including humans, in contributing to the

environmental distribution of the fungi, and variation in

Mucorales genotypes within harbor porpoises compared to

other marine mammal species including southern resident

killer whales (Huggins et al., 2020). Mucorales spores are

easily aerosolized and dispersed by the air and insects, and are

taken up by the human or animal via inhalation, ingestion, or

through disruption of the cutaneous skin or mucosal barrier,

with the number of airborne spores dependent on the presence

of climatic conditions that favor their dispersal and growth

(Richardson, 2009). Mucormycosis agents are typically found

in soil and dust, composting vegetation, on rotting fruit, during

heavy excavation and construction, and in air conditioning

filters. The increased temperatures present in composting

organic substrates are selective for thermophilic species, such

as some species of Absidia, Mucor, Rhizopus, and Rhizomucor.

Other potential sources of Mucorales spores include dog skin,
FIGURE 3

Risk matrix for combining the results of the disease severity scores (from Table 3) and the exposure scores (from Table 3), resulting in overall risk
characterizations scores for mucormycosis in harbor porpoise. Green, yellow and red, respectively, represent negligible to low (combined
together), moderate, and high risk.
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bird feathers (e.g., poultry), rodent feces and natural disasters

such as storms (Cabañes et al., 1996; Saidi et al., 2000; Lim, 2005;

Stejskal et al., 2005; Richardson, 2009). Spatiotemporal

investigations of the role of anthropogenic disturbance of soil

and land use changes around the Salish Sea region are also

needed to understand the ecology of these fungi. Monitoring

mycobiomes along the coastline can help determine if clinically

relevant fungal species are present and understand their

community and environmental dynamics (Nilsson et al., 2019;

Wunderlich, 2020). Though environmental sampling specific to

fungi has not been conducted in the Puget Sound region, studies

in other geographic regions revealed the following mucor genera:

Mucor, Rhizopus, Lichtheimia, and Cunninghamella as being

some of the most commonly isolated (Calvo et al., 1980;

Mousavi, 2018). As currently observed and projected global

temperatures are expected to rise, and shifts in precipitation

patterns and extreme climatic events increase in frequency

globally (IPCC, 2014) possible shifts in fungal risk for wildlife,

including marine mammals may increase.

Mucormycosis has not previously been regarded as having a

seasonal occurrence. For some molds in multiple United States

geographical locations, atmospheric concentrations of spores

were highest in the summer and autumn, while lowest in

winter and spring (Shelton et al., 2002). In addition, results

from other studies that specifically targeted mucormycosis

suggest the organisms, and thus cases, follow the same general

seasonal pattern (Talmi et al., 2002; Al-Ajam et al., 2006;

Sivagnanam et al., 2017). Furthermore, a study of dog skin

biota revealed a peak spore prevalence of Rhizopus and Mucor

species in the summer and autumn, respectively (Cabañes et al.,

1996). The predominant mode of acquisition of these fungal

infections is presumed to be via the respiratory tract (Gomes

et al., 2011). A few air sampling studies have detected Mucorales

species, but little testing for Mucorales in marine ecosystem

waters has been done (Raverty et al., 2017). Environmental air

samples, obtained outdoors throughout an aquarium with cases

of Aspergillus fumigatus in their collection of beluga whales were

positive for Mucor spp. (Young et al., 1999). The ubiquitous

nature and small size of Mucorales sporangiospores allows them

to remain airborne for prolonged periods, which can increase the

exposure risk. Though exposure to Mucorales sporangiospores is

considered likely from the air during inhalation at the sea surface

microlayer (Raverty et al., 2017), the fungi can also enter through

trauma to the skin or mucosal barrier from injuries such as

interspecific interactions, predatory trauma, or injections

(Vainrub et al., 1988; Lim, 2005; Nakagun et al., 2018;

Huggins et al., 2020). Ingestion of Mucorales fungi in the

infected tissues of prey items can be another possible mode of

exposure for carnivorous marine mammals. Gastritis associated

with a nematode infection in the first stomach compartment of a

harbor porpoise was suspected to be the origin of entry for

systemic mucormycosis due to a Rhizopus spp. (Wünschmann

et al., 1999). Cases of mucormycosis have been reported in
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immunosuppressed humans who ingested food or medicine

contaminated with sporangiospores (Oliver et al., 1996).

Clinical signs attributed to mucormycosis have been

reported in marine mammals (Robeck and Dalton, 2002;

Naota et al., 2009; Barnett et al., 2011; Abdo et al., 2012a;

Abdo et al., 2012b; Sosa et al., 2013; Barnett et al., 2014;

Nakagun et al., 2018); however, clinical mucormycosis has not

been reported in harbor porpoise. This is due to the fact that few

harbor porpoise are kept in captivity or are rehabilitated as

lesions associated with the fungi have been observed in dead

stranded animals within the Salish Sea. It is likely that species of

Mucorales would be detected in live, free-ranging Salish Sea

harbor porpoise if their respiratory and gastrointestinal systems

were sampled (Morris et al., 2010), and based on the

presentation of live-stranded harbor seal pups with

mucormycosis in a rehabilitation setting (Huggins et al., 2020).

Grossly, mucormycosis lesions appear similar to other types of

systemic fungal infections and consisted of variably sized often

cavitating masses with a pulmonary predilection as noted in case

reports of other affected marine mammal species (Kaplan et al.,

1960; Best and McCully, 1979; Wünschmann et al., 1999; Barnett

et al., 2011; Abdo et al., 2012a; Huggins et al., 2020). Clinical

signs observed in marine mammals in managed care are

nonspecific and include inappetence (Robeck and Dalton,

2002; Naota et al., 2009; Abdo et al., 2012a; Abdo et al., 2012b;

Barnett et al., 2014), respiratory difficulties (Abdo et al., 2012a;

Nakagun et al., 2018), renal failure (Sosa et al., 2013),

dermatological (Robeck and Dalton, 2002; Barnett et al., 2011)

and neurological abnormalities that include seizures, abnormal

motor function, nystagmus, or dull mentation (Barnett et al.,

2011; Nakagun et al., 2018). These neurological presentations

may render harbor porpoise, and other marine mammals,

susceptible to predation, stranding, or trauma from vessel or

propeller strikes. Furthermore, inter- or intraspecific trauma to

cutaneous or mucosal barriers to animals, such as commonly

encountered in the daily lives of marine mammals, could serve as

a portal for entry of Mucorales species, of which several have a

propensity for cutaneous or subcutaneous tissues as well as from

inhalation of the organism at the sea surface microlayer (Robeck

and Dalton, 2002; Barnett et al., 2011; Gomes et al., 2011;

Raverty et al., 2017; Huggins et al., 2020). Such dermal

infections by mucormycosis can be a risk to marine mammal

species in the Salish Sea, especially those under pressure from

other sources of mortality and reproductive stressors such as the

SRKW (Raverty et al., 2017).

Animals in captive aquatic facilities may be at increased risk

because fungi are known to contaminate wet environments even

after disinfection, the animals live in close contact with each

other and share husbandry staff, food preparation areas, and

ambient air (Young et al., 1999; Barnett et al., 2011). In humans,

patients with hematological malignancies, immunosuppression,

diabetes, and chronic corticosteroid therapy are at risk for

disseminated infection caused by mucormycosis. However,
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some Mucorales species can infect immunocompetent

individuals, usually after traumatic injuries or injections are

administered (Robeck and Dalton, 2002; Nakagun et al., 2018).

Routes of exposure for Mucorales in harbor porpoise and other

marine mammals is not completely known, but the fungi could

be introduced into the marine ecosystem from terrestrial sources

(Richardson, 2009).

The diagnosis of mucormycosis is difficult in free-ranging

animals and is typically detected in moderate to severe infections

identified at necropsy. Blow sampling is a potential way to detect

pathogens in free-ranging cetaceans; however, smaller cetaceans

such as porpoises might be more challenging to sample

compared to larger species such as killer whales (Raverty et al.,

2017). Blow sampling by drones offers a potential route to

sample respiratory tracts for fungal organisms. This type of

sampling helps with epidemiological studies to further

investigate risk factors for mucormycosis. However, it is

logistically and financially challenging to screen wild species

for the purpose of obtaining high quality samples, so dead

stranded animals will continue to be the prime source of

tissues to study mucormycosis. Application of tools such as

next-generation sequencing hold potential to provide more

rapid and lower cost detection capabilities for more

widespread environmental and tissue fungal screening around

the Salish Sea (Zoll et al., 2016).

This matching case-control study results highlight the highly

likely role that elevated liver Fe may contribute to or modulate

mucormycosis in harbor porpoise as it does in human serum

(Ibrahim et al., 2012; Kousser et al., 2019). In humans and

animals that are considered healthy, limiting serum iron

availability is a universal host defense mechanism against

many microbes, but particularly fungi such as Mucorales

because these fungi grow poorly in normal serum unless iron

from exogenous sources are added (Artiss et al., 1982; Boelaert

et al., 1993; Ibrahim et al., 2012). Though individually, Cu and

Zn were significantly associated with mucormycosis status, this

was not retained when other independent variables were

considered in the modeling. The loss of significance of these

metals may be due to confounding by other factors not

considered in this study or from the small study sample size,

despite matching two controls to one case to help with study

efficiency. Given the strong association of mucormycosis with Fe

(Tables 1, 2), it would be worthwhile to further investigate the

effect of other metals on mucormycosis. The interpretation of

iron levels relative to mucormycosis should be interpreted

conservatively, as iron is sequestered following emaciation (a

potentially immunosuppressive condition), and is also

sequestered in various tissues during chronic infections, to

limit iron metabolism by the infectious agent. Therefore, trace

mineral levels and fungal infection may be associated through

more than one process. Although increasing blubber thickness

measured at maximum girth was significantly associated with

the odds of being a mucormycosis case, this finding was likely
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confounded by other factors such as comorbidities, POP levels,

or other undetermined factors. The ratio of PCB/PBDE as a risk

factor for mucormycosis, although not significant in the final

model, is more difficult to interpret because it is unknown

whether a smaller or larger ratio of these POPs would be

clinically or biological relevant to the animal.

In humans, mucormycosis is most commonly detected in

individuals with compromised immune systems from organ

transplants, chemotherapy, or chronic diseases such as

unregulated diabetes (El-Herte et al., 2012; Petrikkos et al.,

2012). While few of these conditions are ever observed in free-

ranging cetaceans, potentially compromised immunity in

stranded marine mammals has been most commonly related

to elevated POP levels, presence of infectious or chronic diseases

and starvation/emaciation/limited prey availability, so there may

be some precedent for being predisposed to mucormycosis. The

final conditional logistic regression model and the multiple

linear regression models (MLR) suggest that contaminants

may play a role in the pathogenesis of mucormycosis.

However, caution must be exercised when interpreting the

modeling results due to the small sample size and the fact that

association does not equate to causation. There may be other

confounding factors such as individual variability in

contaminant loads, the animal ’s innate immunity,

physiological make-up, and other biological determinants that

can influence the association between contaminant load and

mucormycosis status. The MLRs in which the ratio of two classes

of POPs was the dependent output variable, and was

significantly associated with distance away from the latitude

(48°N) at mid-Salish Sea, suggest potential regional patterns (or

gradients) of POPs present in harbor porpoises within the Sea

(north versus south of the Sea’s midpoint at 48° N). If this is the

case, then latitude may simply be a proxy measure of the

likelihood of exposure to POPs, particularly if these animals

have a strong site fidelity to a relatively small range (Elliser et al.,

2018; Elliser and Hall, 2021). A geographic association between

POPs and latitude may also be influenced by urbanization and

use patterns in the Salish Sea and should be further investigated

(Ross et al., 2013), as mucormycosis has been associated with soil

disturbances during anthropogenic land use alterations (Miller

and Lodge, 2007; Richardson, 2009).

This qualitative risk assessment and risk factor analysis are a

strong start to identifying the underlying environmental and

anthropogenic perturbations that increase the risk of developing

this aggressive disease in a marine sentinel species like harbor

porpoise. Underlying contributors to infection are likely

prevalent and geographically widespread in the marine

ecosystem, suggesting locally resident endangered populations

such as southern resident killer whales could also be at

significant risk. Because Mucorales pose a health risk within

animal, human, and environments, studying this group of

pathogens benefits from a One Health approach in which

contributions stem from all three health sectors.
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5 Conclusion

Though Mucorales are considered relatively uncommon,

their recent emergence as a recognized pathogen in select

marine mammal populations signals the need to identify

environmental and host features in susceptible animals that

predispose them to infection. Qualitative risk assessments are

tools that help summarize the best available information and

identify knowledge gaps for a pathogen, and aid in highlighting

future areas of research. Even with high uncertainty, risk

assessments can help health agencies, conservation groups, and

natural resource managers develop strategies to help prevent or

mitigate pathogen occurrence. Qualitative risk assessments can

be updated as needed to aid in efforts to conserve highly

endangered species such as southern residents, as well as

inform those in the environmental and public health sectors

within the One Health framework. The results of this study

suggest that mucormycosis may pose an inordinately high risk to

harbor porpoises (and potentially sympatric species such as

southern resident killer whales) based on the detected

prevalence and the severity of lesions observed at necropsy.

However, the risk may be greater on an individual basis

compared to the population as a whole, and may be related to

other factors such as POP and trace metal burdens. Further

investigations should include periodic updating of the risk

assessment input data and more detailed studies of metal and

contaminant trends and occurrence in apparently

healthy animals.
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