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Abstract Marine mammals are inherently vulnerable to oil

spills. We developed a conceptual framework to evaluate

the impacts of potential oil exposure on marine mammals


and applied it to 21 species inhabiting coastal British

Columbia (BC), Canada. Oil spill vulnerability was deter-
mined by examining both the likelihood of species-specific


(individual) oil exposure and the consequent likelihood of

population-level effects. Oil exposure pathways, ecology,

and physiological characteristics were first used to assign

species—specific vulnerability rankings. Baleen whales

were found to be highly vulnerable due to blowhole

breathing, surface filter feeding, and invertebrate prey. Sea

otters (Enhydra lutris) were ranked as highly vulnerable

due to their time spent at the ocean surface, dense pelage,

and benthic feeding techniques. Species-specific vulnera-
bilities were considered to estimate the likelihood of pop-
ulation-level effects occurring after oil exposure. Killer

whale (Orcinus orca) populations were deemed at highest

risk due to small population sizes, complex social structure,

long lives, slow reproductive turnover, and dietary spe-
cialization. Finally, we related the species–specific and

population-level vulnerabilities. In BC, vulnerability was

deemed highest for Northern and Southern Resident killer


whales and sea otters, followed by Bigg’s killer whales and

Steller sea lions (Eumetopias jubatus). Our findings chal-
lenge the typical ‘‘indicator species’’ approach routinely


used and underscore the need to examine marine mammals

at a species and population level for risk-based oil spill

predictions. This conceptual framework can be combined


with spill probabilities and volumes to develop more robust

risk assessments and may be applied elsewhere to identify

vulnerability themes for marine mammals.


Accidents resulting from fossil fuel extraction and trans-
portation have caused spills in the marine environment.

Although many spills are small and/or unreported (con-
tributing to chronic oiling in industrial areas), large

reported oil spills have impacted marine mammals. These

accidents range from large and highly publicized events,

such as the Exxon Valdez oil spill (1989) and the Deep-

water Horizon oil spill (2010), to much smaller regionally

localized events, such as the 2007 Robson Bight diesel fuel

spill at a killer whale sanctuary in Johnstone Strait, British

Columbia (BC), Canada.


Long-term impacts associated with the Exxon Valdez oil

spill were observed in two killer whale populations in

Alaska resulting in population depression in one, and the

loss of all potentially reproducing individuals, leaving the

group functionally extinct, in the other (Matkin et al.


2008, 2012). In addition, several thousand sea otters and

several hundred harbour seals (Phoca vitulina) died in the

immediate aftermath of the accident. Chronic oiling from

submerged oil in shoreline sediments have been associated

with long-term impacts to sea otters (Ballachey et al.

1994, 2013).


After the Deepwater Horizon oil spill, significant

adverse effects were observed in northern Gulf of Mexico
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bottlenose dolphins (Tursiops truncatus) and other ceta-
ceans, with mortalities estimated to be in the thousands

(Venn-Watson et al. 2015; Schwacke et al. 2014; Carmi-
chael et al. 2012; Williams et al. 2011). Natural Resource

Damage Assessment Trustees on the Deepwater Horizon


oil spill examined more than 30 populations of whales and

dolphins within the oil spill footprint area for damages. The

trustees concluded that nearly all marine mammal popu-
lations that overlapped with the oil spill footprint had

demonstrable, quantifiable impacts. In total, 21 of the most

severely impacted whale and dolphin populations experi-
enced long-term population level consequences from the

Deepwater Horizon oil spill, with most species requiring

decades to recover (DWH NRDAT 2016).


Small, localized spills can also expose marine mammals

to the adverse effects of oil spills. For example, the 2007

sinking of the LeRoy Trucking barge released approxi-
mately 10,000 litres of diesel fuel in a killer whale sanc-
tuary in Robson Bight, BC. Estimates suggest that as many

as 25% of the northern resident killer whale population

passed through the oil and would have inhaled toxic vapors


for a period of hours to days (Williams et al. 2009).

Before the Exxon Valdez oil spill, the few case reports


and investigations where marine mammal mortality was


attributed to petroleum spills rarely had conclusive evi-
dence (Geraci and St. Aubin 1990). During the Exxon


Valdez, known individuals (i.e., killer whales) are pre-
sumed to have died as a result of exposure; however, the

lack of carcass recovery or their decomposed state has

limited causal information and rendered weight ofevidence

arguments vulnerable to attack (for example Fraker 2013).

Even today, oil spills generally impact populations with

limited population information and the victims disappear

unnoticed (most carcasses sink, Williams et al. 2011).

Following the Deepwater Horizon oil spill, considerable

effort was made to determine the cause of reproductive

failure, adverse health effects, and mortality observed in

cetaceans in the northern Gulf of Mexico. The resulting

attribution of lethal and sublethal effects to oil exposure

from the Deepwater Horizon oil spill has increased the

body of forensic evidence linking cause and effect (Venn-
Watson et al. 2015; DWH NRDAT 2016).


Furthermore, oil spills often occur in habitats where

ecosystem components, processes, and structures are pre-
viously compromised by human activities. As such, when

mortality or other evidence is available, preexisting stres-
sors can confound ascribing the role of oil, dismissing spill

concerns. A final constraint on evidence linking exposure

and response, especially in cetaceans, are the logistical and

ethical constraints associated with experimental testing of

petroleum effects. While a small number of controlled

exposure studies using captive marine mammals were

conducted before the 1990s, information on the effects of


petroleum on marine mammals has come principally from

spills themselves. Table 1 in the Supplementary Materials

summarizes oil spill studies that have linked oil exposure to

individual or population consequences.


The ability to assess and categorize species’ oil spill

vulnerability is a critical part of being able to evaluate risks

from fossil fuel exports and informing spill response

planning. Oil spill modeling attempts to predict the fate and

behavior of spilled oil, and oil spill risk is determined by

examining the likelihood (i.e., probability) of spills

occurring multiplied by the consequence of those incidents

(French-McCay 2004; French-McCkay et al. 2009; Reich

et al. 2014). Some small-scale models have been developed

to assess oil spill risk to specific marine mammal popula-
tions. These models combine oil spill trajectories and fate


with species biological information (Reed et al. 1989;

Jayko et al. 1990), such as time spent at the surface, species

aggregation, physiology, and feeding specificity (Reich


et al. 2014). Few risk models quantitatively address bio-
logical consequences of oil spills in aquatic environments

(French-McCkay et al. 2009).


In the absence of species-specific physiological thresh-
olds for oil exposure, we offer a conceptual framework to

provide a general approach to identifying and ranking the


vulnerability of marine mammals to oil spills. The foun-
dation for this risk-based framework lies on the premise

that species-specific biology and ecology positions certain

marine mammals to be more vulnerable to the adverse

effects of oil exposure than others. This ‘‘consequence’’

component can be combined with a separate probability for

spill occurrence to provide a more complete assessment of

oil spill ‘‘risk’’ in the conventional sense. Site and incident-
specific factors, such as the type of oil product spilled, spill

size, meteorological and oceanographic conditions, and the

nature of the adjacent shoreline, will all be factors in

exposure pathways and will ultimately determine the

impacts to any given group of marine mammals.


Methods


Conventional biological categorization places marine

mammals into two groups: fully aquatic (cetaceans) and

semi-aquatic (pinnipeds and sea otters). A third group of


semi-aquatic maritime mammals that live and feed in

coastal environments include species, such as bears,

wolves, and river otters. While still at risk from oil expo-
sure in the event of a spill, this third group is outside the

scope of this paper.


Our approach to scoring marine mammal sensitivity

based on vulnerability themes is consistent with approa-
ches taken by others (Reich et al. 2014) but considers more

in-depth details that are specific to marine mammal species
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in question. We first consider the biological and ecological

traits that allow us to rank the likelihood and severity of oil

exposure consequences at a species level. We then consider

this with population demographics and life-history traits to

score the likelihood of population-level consequences.

Combined, these measures provide an overall likelihood of

species that will suffer immediate and long-term effects of

an episodic oil spill.


Estimating the Likelihood of Oil Exposure


Oil products transported by ship can range from ultra-light

oil condensates to heavy crude oils and bitumen products.

Most oils will form surface slicks when spilled into the

marine environment, where volatile components immedi-
ately begin to evaporate at a rate that is dependent upon

both the oil’s specific chemistry and environmental con-
ditions (Lee et al. 2015). During this period, marine

mammals are at acute risk of oil exposure through oil

inhalation, contact, and ingestion (directly or via contam-
inated prey) during their normal surface behaviors of

breathing, resting, socializing, feeding, and travelling

(Harris et al. 2011). While some marine mammals may

possess the ability to detect oil, avoidance of surface slicks,

contaminated waters, or oiled shorelines is not typical

(Sorensen et al. 1984; Smultea and Wursig 1995; Engel-

hardt 1983; Matkin et al. 2008; Geraci and St. Aubin 1990;

Siniff et al. 1982).


In many cases, spilled oil will move from the surface

into the water column, affecting marine mammals through

contact or ingestion. In near-shore areas, oil stranded on

shorelines can foul marine mammals on haul-out sites, on

rookeries, and in foraging areas (Neff 1990). Oil also can

sink, depending on oil-water densities, weathering pro-
cesses, environmental conditions, and/or sediment aggre-
gation. Once in sediments, oil can become a persistent

source of hydrocarbon toxicity to the marine environment

(Lee et al. 2015; Harris et al. 2011).


These pathways of exposure can cause acute or chronic

exposures leading to sublethal or lethal effects (Bodkin

et al. 2002, 2012; Peterson et al. 2003; Monson et al. 2011;

Ballachey et al. 2013; Venn-Watson et al. 2015). We

considered known behavioral and physiological character-
istics with the following five exposure pathways to esti-
mate the likelihood of a given marine mammal being

exposed to oil in the event of an oil spill (Table 1).


Exposure Pathways


Contact Due to their time spent at or near the water’s

surface, marine mammals are inherently vulnerable to


spilled oil, water-in-oil emulsions, and tar balls as they

breath, swim, feed, and/or rest (Neff 1990). Prolonged

contact with oil can lead to long-term coating that may

interfere with swimming ability in seals, filtering capacity

in baleen whales, and thermoregulation in furred mam-
mals (Engelhardt 1983). Oiling has been linked to

hypothermia, reduced feeding, cessation of breathing

ability, inhalation of toxic vapors, behavioral changes,

absorption and irritation to skin and mucous membranes,

decreased mobility, and mortality (Geraci and St. Aubin

1990; Peterson 2001).


While spilled oil partitions between air, surface, and

subsurface components of marine habitat, the risk of

exposure typically increases with time spent at the surface

or hauled out on affected shorelines (Peterson 2001).

Thus, the time a species typically spends at the surface

was used to estimate contact likelihood, with the feeding

ecology of each marine mammal used as a proxy for time

spent on the surface. Prey type and feeding behavior


informed the time spent at the surface. Marine mammals

feeding on prey that live near the surface were given a

higher likelihood of encountering surface oil than those

that feed on deeper prey. Species spending time hauled-
out on shore also were assigned a higher likelihood of oil

contact.


Adhesion While the duration of oil exposure is important,

so is the strength of its adhesion to the animal. Generally,

the degree of skin damage and the amount of absorption

into the body can be attributed to the nature and duration of

hydrocarbon adhesion (Geraci and St. Aubin 1990).

Adhesion ultimately depends on three factors: the texture

of the exposed surface, the frequency and duration of

exposure, and the characteristics of the oil (Engelhardt

1983). Exposure duration and oil properties are somewhat

incident-dependent, so we characterised adhesion differ-
ences in fur and skin texture of different marine mammals,

and scored according to their texture.


Because many furred marine mammals rely on the

integrity of their pelage for thermoregulation, oiling can

cause a loss of insulating capacity and can lead to death


from hypothermia, smothering, drowning, and starvation

due to an increased metabolic response (Peterson et al.

2003; Costa and Kooyman 1981). As such, species with

fur are at very high risk of oil adhesion and were

placed in the highest risk category. In terms of skin

texture, rough skin surfaces of certain cetaceans, such

as grey whales with barnacles and right whales with

callosities, have been associated with increased risk of

oil adhesion and were thus given a higher likelihood of

prolonged adhesion than smooth skin (Engelhardt

1983).
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Inhalation After an oil spill, the highest concentrations of

volatile monoaromatic hydrocarbons are typically found at

the air-water interface (Colegrove et al. 2013). This inter-
face is where marine mammals encountering fresh oil are

likely to inhale volatile and toxic hydrocarbons evaporating

from the surface slick (Matkin et al. 2008; Neff 1990).

Inhalation and aspiration of oil and its primary and sec-
ondary aerosol products can cause effects, including

inflammation and lesions in respiratory membranes. These

can lead to lung disease and bacterial pneumonia, adrenal

disease, absorption of hydrocarbons into the bloodstream,

neurological damage, and liver disorders (Venn-Watson

et al. 2015; Geraci and St. Aubin 1990) and ultimately can

cause organ failure, reproductive failure, and mortality

(Venn-Watson et al. 2015). If fumes themselves are not

directly lethal, they can result in a narcosis response

causing drowning (Matkin et al. 2008).


All exposed marine mammals have a high likelihood of

inhaling toxic fumes from an oil spill due to the need to

breath, rest, socialize, and travel at the ocean’s surface. We

ranked this likelihood by examining time spent at the

surface as well as the breathing physiology of each species.

As obligatory surface breathers, cetaceans begin to exhale

before surfacing and thus are committed to inhaling before

toxic vapours can be detected (Matkin et al. 2008). Killer


whales, for example, have been identified as being at an

increased risk from airborne pollutants due to this method

of breathing (Lachmuth et al. 2011). Oil vapour and

particulates could therefore be inhaled through normal

breathing patterns. As such, species with a blowhole were

scored as having a higher likelihood of oil exposure.


Direct Ingestion Most marine mammals do not ingest

large quantities of seawater, which limits their ingestion of

large quantities of oil (McLaren 1990; Neff 1990). How-
ever, some physiological and lifestyle characteristics can

predispose individuals to oil ingestion. The consequences

of ingested oil range from acute and delayed mortality to

sublethal progressive organ damage through the destruction

of cells and formation of lesions (Geraci and St. Aubin

1990; Matkin et al. 2008; Bodkin et al. 2012). We identi-
fied three biological features that could lead to an increased

likelihood of direct ingestion of spilled oil: (1) Filter

feeding species could trap oil in their baleen plates, which

would lead to ingestion of residual amounts of oil (En-

gelhardt 1983); (2) Benthic feeders can ingest sunken oil

while feeding in areas of contaminated sediment. Follow-
ing the Exxon Valdez oil spill, repeated exposure of sea


otters to oil through their benthic foraging behaviour has

been identified as the cause for protracted recovery and


Table 1 Physiological and behavioral criteria ofmarine mammal species used to determine likelihood of individual exposure to oil through five

known exposure pathways. Risk was categorized as low, medium, and high based on the criteria examined for each exposure pathway


Exposure pathway Criteria examined Score


Low (1) Medium (2) High (3)


Contact Time spent at surface 
approximated using feeding 
ecology 

Other factors if known i.e. 
dive time/depth 

Time spent hauled out on 
shore


A score of LOW was not assigned, as all 
marine mammals must breathe air at the 
surface 

Feed on benthic 
prey 

Long/deep dive 
duration 

Surface feeders


Feed on epi- or

mesopelagic species


Known behaviours at

surface and/or on

shore


Adhesion Skin texture Smooth Rough patches 

Short fur


Presence of true fur


Inhalation Time spent breathing at the 
air/water interface 

Breathing physiology 

Grooming behaviour 

A score of LOW was not assigned, as all 
marine mammals must breathe air at the 
surface


No blowhole 

OR 

Spends time 
away from 
surface


Blowhole


Spends extended time

at surface


Grooming behaviour


Direct Ingestion Feeding mechanism 

Other behaviours known to 
increase contact with oil 

Teeth Baleen plates 

OR 

Benthic 
Feeding 

Baleen plates


AND


Benthic Feeding


Grooming


Ingestion through 
contaminated 
prey


Physiological ability of prey 
to metabolize oil products 

Fish and other vertebrates Fish and 
invertebrates


Invertebrates
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chronic mortality (Bodkin et al. 2002, 2012); and (3) Fur-
bearing mammals, notably sea otters, can ingest large

quantities of oil during grooming and are therefore at a

much higher risk for oil-related injury (Peterson 2001).


Indirect Ingestion Marine mammals also can ingest oil

products through the consumption of prey that accumulate

PAHs (Geraci and St. Aubin 1990). Indirect ingestion ofoil

can occur through consumption of invertebrates—am-
phipods, crab larvae, mysiids, crustaceans, bivalves, and

cephalopods—that do not readily metabolize PAHs, and

can accumulate the PAHs contained in oil (Peterson 2001;

Nakata et al. 2003; Wursig 1990; Geraci and St. Aubin

1990). Hydrocarbons that bioaccumulate in these inverte-
brates can be passed on to their predators (Harris et al.

2011; Peterson 2001; Wursig 1990). In vertebrates,

detoxification enzymes (from the cytochrome 450 group)

enable fish to degrade and eliminate PAHs to a greater

extent, thereby reducing risk of exposure in their predators

(Neff 1990; Baussant et al. 2001). We estimated the like-
lihood of oil exposure through this indirect pathway by


reviewing the known diets of marine mammals and

assigning a higher risk to those with diets that include prey

species that do not readily metabolize PAHs.


Determining Oil Exposure Risk Scores


for Individual Species


Table 1 summarizes the five exposure pathways, the physio-
logical and behavioural characteristics examined, and the

criteria used to rank each characteristic as low, medium, or

high riskofexposure. A scorewas assigned to each risk level:

low = 1; medium = 2; and high = 3. For each marine

mammal species assessed, these scores were summed to

provide the likelihood of individual exposure to oil for each

marinemammal species relative to the other species assessed.


Estimating the Likelihood of Population-Level


Effects from Oil Exposure


The impacts associated with oil exposure can range from

short-term localized injury of individuals to long-term

population changes (Peterson et al. 2003; Matkin et al.

2012; DWH NRDAT 2016). To identify the likelihood of

population-level effects given an oil spill, we examined

eight species-specific biological, ecological, and demo-
graphic characteristics (population, distribution, group size,

habitat, reproduction, life history, diversity of diet, and

prey susceptibility to decline) that could potentially

increase the chance of population-level consequences from

exposure to an episodic oil spill. The best available infor-
mation for each characteristic was identified and ranked

according to its ability to increase or decrease the


likelihood of population level effects. The following cri-
teria were used to characterise each species examined.


Population Population size, provincial or federal con-

servation status, and/or trend was used, as available, as an

indication of the overall robustness of the population and

the significance of the potential loss of individuals. The

likelihood of population-level effects occuring was ranked

higher in small populations, in those with at-risk status

(i.e., existing conservation concerns) and in those with

declining population trends.


Distribution When considering species distribution, those


with year-round residency were ranked as having a high

likelihood of encountering an oil spill in the study area.


Group Size Marine mammals can be found as solitary

individuals, pairs, pods, colonies, or in groups numbering

in the hundreds. Groups can be based on family units, sex-
segregated, breeding or nonbreeding, or large aggregates of

mixed sexes and age classes. The potential for an oil spill

to affect individuals or aggregates was ranked according to


average group size. Those with large average group sizes

were ranked as having a higher likelihood of population-
level effects as more individuals would be affected. In

species where groups travel, feed, and/or socialize together,

it only takes one poorly timed event to have catastrophic

population consequences (Williams et al. 2009).


Habitat The presence of habitat important to the long-
term viability of a marine mammal species was used as

criteria for determining the likelihood of population-level

effects. Areas that are legally identified as ‘‘critical’’ and

areas documented to which high site fidelity has been

shown were designated as having high potential for pop-
ulation-level effects.


Reproduction Many species have known habitats that are

essential for life processes, such as breeding and calving. A

higher ranking was assigned to those species who under-
take these essential activities within study area waters.


Life History Long-lived species with low reproductive

rates were ranked as having an increased likelihood of

experiencing population-level effects due to long recovery

times from population pertebations.


Diversity of Diet Species with more diverse diets were

assumed to have a lower likelihood of population effects

from decreased prey abundance than those with a selec-

tive diet. Thus, species with restricted diets were ranked

as having higher likelihood of effects from an oil spill

scenario.


Prey Susceptible to Decline Marine mammals can con-
sume prey (invertebrates, fish, or other mammals) that is

itself vulnerable to declines from oil exposure. Given a
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spill scenario, a population could become food limited by

declines in prey availability. Marine mammal species that

rely on spill-vulnerable prey were scored as having a

higher likelihood of population-level effects.


Determining Oil Spill Risk Scores at the Population


Level


Table 2 summarizes the biological, ecological, and demo-
graphic features ofmarine mammal species and the criteria

for ranking each as low, medium, or high likelihood of

population level effects. To calculate the likelihood of

population-level effects, a score was applied to each risk

level: low = 1; medium = 2; and high = 3. The scores

were summed to give the ranking for likelihood of popu-
lation-level effects for each species relative to the other

species assessed.


Identifying Species at Greatest Risk from an Oil


Spill


By relating the individual scores with population level

scores through the application of this framework, we can

identify marine mammal species that are at an overall

increased risk of consequence from oil exposure and its

related effects.


As a real-world application of our conceptual frame-
work, we examined the biological, physiological, and

ecological characteristics of 21 BC marine mammal spe-
cies and applied our oil spill vulnerability framework to

identify species that are at high risk of adverse effects from

a hypothetical episodic oil spill.


As a case study, we demonstrated how our framework

could be applied to determine oil spill risk (i.e., conse-
quence x probability) to Southern Resident killer whales.

We digitized and georeferenced a hypothetical modelled

oil spill from stochastic simulations that were created using

SPILLCALC and H3D software (EBA 2013) 15 days

following a 15,000 m3 release of diluted bitumen at Ara-
chne Reef in northern Haro Strait, BC. We then mapped


the overlap with the designated critical habitat for South-
ern Resident killer whales in both Canada and the United

States (DFO 2011a; NMFS 2008). The overlap area

between Critical Habitat and the probability of oil presence

was determined using an intersect function to give an

overlap area (km2) for each probability category. The

percent of the critical habitat was then calculated by taking

the area in each category and dividing by the total area of

critical habitat (Table 6). We then took these modelled

spill probabilities and overlaid them with the critical

habitat of Southern Resident killer whales.


Results and Discussion


Marine Mammals of Coastal British Columbia,


Canada


Characterizing spill vulnerability of marine mammals

requires context. In BC, most marine mammals were

exploited extensively in the nineteenth and twentieth cen-
turies (Bigg 1985; Olesiuk et al. 1990; Gregr et al. 2000;

Nichol et al. 2002, 2009a). With the cessation of these

activities through domestic legislation (1970) and interna-
tional treaty (1982), many populations are returning to their

historic feeding grounds, migration routes, and ranges

(Olesiuk 1999; Nichol et al. 2009b; Williams and Thomas

2007; Best et al. 2015). Nevertheless, some species remain

at critically low numbers, reflecting their long lifespans and


low reproductive turnover. Consequently, high mortality

can be biologically perturbing and recovery from signifi-
cant population reductions can take decades, if not longer.

Blue whales, sei whales, and fin whales have still not

recovered despite 50 years since whaling ceased in BC

waters, and there is little evidence of recovery for North

Pacific right whales.


The long-term consequences of perturbations are

reflected in the high number of BC marine mammals listed

under Canada’s Species at Risk Act (SARA) and/or the

Committee on the Status ofEndangered Wildlife in Canada

(COSEWIC). Of more than 20 species of marine mammals

that can be found in BC waters, 14 are listed as Endan-

gered, Threatened, or of Special Concern. These at risk

species, and their identification (or not) as vulnerable to oil

spills in recovery plans, are listed in Table 3. BC maritime

mammals at potential risk from oil spills are listed in


Supplementary Materials (Table 2).


Likelihood of Individual Exposure


All marine mammals have an inherent likelihood of

exposure to spilled oil because of their existence at the air-
surface interface. Despite many shared features, marine

mammals also exhibit some remarkable biological and

ecological dissimilarities that have the potential to predis-
pose certain species to increased oil vulnerability. An

assessment of the likelihood of oil-spill exposure for BC

marine mammals species is shown in Table 4. An under-
standing of both the shared features and the species-
specific features that dictate the relative vulnerability of

marine mammals served as the basis for the framework

development here.


As a group, BC marine mammals were found to be at

moderate risk to individual oil exposure given a spill
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scenario in BC waters. Based on their need to interact with

the air/surface interface, and in some cases with the land/

water interface, they are inherently vulnerable to coastal oil

spills.


Baleen whales were found to exhibit many behavioural

and physiological characteristics that increase their likeli-
hood of exposure to spilled oil. These include exposure to

oil at the surface where they are often present, oil adhesion

to rough skin surfaces, inhalation from obligatory surface


breathing, oil ingestion directly through surface feeding

activities, fouling of baleen plates, and indirectly through

consuming invertebrate prey. Baleen whales as a group

have not typically been associated with oil spill mortality,

but carcass sinkage following an oil spill may have con-
founded this observation in previous incidents (Williams

et al. 2011).


Harbour porpoise were scored as having a higher risk

than other similar species due to their increased likelihood

of ingesting oil via contaminated squid (a large portion of

their diet). This illustrates how one behaviour or preference

can increase a species’ likelihood of oil exposure. It also

reveals the shortcomings ofgrouping similar species in risk

assessments, as this can potentially overlook species-
specific traits that increase vulnerability (Fig. 1).


As expected, sea otters were ranked as having a high

likelihood of oil exposure in every category. Their extre-
mely dense pelage (100,000 hairs/cm2), their intense

grooming behaviors (2–4 h/day), their benthic foraging

methods, and their consumption of benthic prey place them

at high vulnerability to oil exposure. Acute losses in pre-
vious oil spills reinforce their high sensitivity (Ballachey

et al. 1994).


Likelihood of Population-Level Effects from Oil


Exposure


The majority of marine mammals examined were found to

have a high likelihood of suffering population-level effects

in the event of an oil spill. The review of species-specific

likelihood of population-level effects for BC marine

mammals is shown in Table 5.


Of the 21 BC marine mammals examined, only the

sperm whale, Northern elephant seal, and California sea

lion were found to have a moderate risk of suffering pop-
ulation level effects from an oil spill (Fig. 2). Both the

sperm whale and Northern elephant seal have relatively

large populations, only spend a small amount of time in BC

waters, and are typically sighted alone or in small groups.


Table 2 Species-specific biological, ecological, and demographic 
features of marine mammal species that could increase the likelihood 
ofpopulation-level consequences in the event of an oil spill. Risk was


categorized as low, medium, and high based on the criteria examined

for each characteristic


Characteristic Criteria examined Score


Low (1) Medium (2) High (3)


Population Size of the population that inhabits 
the study area, population trends 

Large, stable population Presence of small 
subpopulations 

Small and/or declining

populations


Distribution Spatial and temporal use of habitat 
in study area 

Only present in study 
area for a small 
portion of the year


Observed in study area for 
half of the year 

Observed in study area at

all times throughout year


Group size Average size of aggregations Small group size Small segregated groups (age 
class or sex)


Large groups


Habitat Habitat designated as critical for 
population survival or high site 
fidelity observed 

No critical habitat or site 
fidelity within study 
area 

Areas identified that may be 
critical for the survival of 
the population 

Critical habitat or high site

fidelity has been defined

in study area


Reproduction Habitat that is essential to life 
processes 

Calving and breeding 
take place outside 
study area 

Study area historically 
important to calving or 
breeding 

Calving or breeding known

to occur within the study

area


Life history Reproductive rates and age at 
sexual maturity 

Low age at sexual 
maturity 

High reproductive rate 

High age at sexual maturity 

OR 

Low reproductive rate 

High age at sexual maturity


AND


Low reproductive rate


Diversity of 
diet 

Species is a generalist or obligate to 
one prey type 

Opportunistic feeders 
that consume a wide 
variety of prey 

Diets limited to a certain 
class or trophic level 

Highly specialized diets

limited to one or a few

prey species


Prey 
susceptibility 
to decline 

The ability of prey species to 
maintain population numbers in 
the case of an oil spill 

Feed on prey that are not 
susceptible to decline 

Feed both on prey that are 
susceptible and resistant to 
decline


Feed on prey susceptible to

decline
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Table 3 Marine mammal species in British Columbia waters, their 
status under the Species at Risk Act (SARA) and the Committee on 
the Status of Endangered Wildlife in Canada (COSEWIC), and their


vulnerability to oil spills as defined in Federal Government Recovery

and Management Plans


Species Designation Oil risk outlined in recovery/management plan


Harbour porpoise 

Phocena phocena 

Special concern (COSEWIC 2003a); 
Special concern (SARA) 

Toxic spill rated as high level of concern to survival,

prey availability and reproductive rate;

management plan (Fisheries and Oceans Canada

(DFO) 2009)


Dall’s porpoise 

Phocoenoides dalli


Not at risk n/a


Pacific white-sided dolphin 

Lagenorhynchus obliquidens


Not at risk n/a


Northern Resident killer whale 

Orcinus orca 

Threatened (COSEWIC 2008, SARA) Recovery strategy indicates oil spill a low risk but

potentially catastrophic (DFO 2011a)


Southern Resident killer whale 

Orcinus orca 

Endangered (COSEWIC 2008, SARA) Recovery strategy indicates oil spill a low risk but

potentially catastrophic (DFO 2011a)


Transient (Bigg’s) killer whale 

Orcinus orca 

Threatened (COSEWIC 2008, SARA) Toxic spill rated as high level of concern (DFO

2007)


Offshore killer whale Orcinus orca Threatened (COSEWIC 2008, SARA) Unknown


Minke whale 

Balaenoptera acutorostrata


Not at risk n/a


Humpback whale 

Megaptera novaeangliae 

Special concern (COSEWIC 2011); 
Threatened (SARA) 

Toxic spills seen as threat with moderate level of

concern in recovery strategy (DFO 2013)


Grey whale 

Eschrichtius robustus 

Special concern (COSEWIC 2004a, 
SARA) 

Toxic spill seen as low-medium threat for

population and high level threat in management

plan (DFO 2010a)


Sei whale 

Balaenoptera borealis 

Endangered (COSEWIC 2013, SARA) Oil spill not designated a ‘‘risk of note’’ in recovery

plan (Gregr et al. 2006)


Fin whale 

Balaenoptera physalus 

Threatened (COSEWIC 2005, SARA) Oil spills deemed a ‘‘poorly understood

threat’’(Gregr et al. 2006)


Blue whale 

Balaenoptera musculus 

Endangered (COSEWIC 2012, SARA) Oil spill not deemed a risk in recovery plan (Gregr

et al. 2006)


North Pacific Right whale 

Eubalena glacialis 

Endangered (COSEWIC 2004b, SARA) Risk of contact with oil spill in shipping zones as

well as prey a threat to recovery (DFO 2011b)


Sperm whale 

Physeter macrocephalus


Not at risk n/a


Harbour seal 

Phoca vitulina 

Not at risk Status report identifies oil spills as threat to the

species (Baird 2001)


Northern fur seal 

Callorhinus ursinus 

Threatened (COSEWIC 2010); NO 
SARA STATUS 

Oil spill a threat to migrating and feeding fur seals

(COSEWIC 2010)


Steller sea lion 

Eumetopias jubatus 

Special concern (COSEWIC 2003b, 
SARA) 

Toxic spills rated as low-medium level of concern in

management plan (DFO 2010b)


California sea lion 

Zalophus californianus


Not at risk n/a


Northern elephant seal 

Mirounga angustirostris


Not at risk n/a


Sea otter 

Enhydra lutris 

Special concern (COSEWIC 2007, 
SARA) 

Oil spill rated as high level of concern in

management plan (DFO 2014a)
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Table 4 Likelihood of oil exposure for common BC marine mammals were based on their biological and ecological characteristics. Five oil

exposure pathways were examined and the likelihood of oil exposure was scored as low, medium, or high, as defined in Table 2


Species Contact Adhesion Inhalation Direct ingestion ingestion through

contaminated prey


Harbour 

porpoise 

HIGH 

epi/meso pelagic prey1 

LOW 

smooth skin2 

HIGH 

Extended time 
near surface; 
blowhole3 

LOW 

do not ingest large 
quantities of 
seawater4


HIGH


market squid most important

prey5


Dall’s 

porpoise 

MED 

deeper feeding, long dive 
duration6 

LOW 

smooth skin2 

HIGH 

known surface 
behaviours7 

blowhole3 

LOW 

do not ingest large 
quantities of

seawater4


LOW


mainly small schooling fish6


Pacific 

White-Sided 
dolphin 

HIGH 

surface feeding, short dive 
duration8 

LOW 

smooth skin2 

HIGH 

Extended time 
near surface; 
blowhole3 

LOW 

do not ingest large 
quantities of 
seawater4


MED


Small schooling fish and

squid8


Northern 
Resident 
killer whale 

HIGH 

majority of time spent at 
surface9 

LOW 

smooth skin2 

HIGH 

Extended time 
near surface; 
blowhole3 

LOW 

do not ingest large 
quantities of 
seawater4 

MED


Chinook salmon, chum10,

small percentage of

cephalopods11


Southern 
Resident 
killer whale 

HIGH 

majority of time spent at 
surface9 

LOW 

smooth skin2 

HIGH 

Extended time 
near surface; 
blowhole3 

LOW 

do not ingest large 
quantities of 
seawater4 

MED


Chinook salmon12, small

percentage of

cephalopods11


Transient 
(Bigg’s) 
killer whale 

HIGH 

captures prey at surface and 
coastline13 

LOW 

smooth skin2 

HIGH 

Extended time 
near surface; 
blowhole3 

LOW 

do not ingest large 
quantities of

seawater4


MED


marine mammals10,14,15


Offshore 

killer whale 

HIGH 

majority of time spent at 
surface9 

LOW 

smooth skin2 

HIGH 

Extended time 
near surface; 
blowhole3 

LOW 

do not ingest large 
quantities of 
seawater4 

LOW


Largely unknown, diverse

range of fish16,17,18,

sharks19


Minke whale HIGH 

surface feeding 
behaviours20 

LOW 

smooth skin2 

HIGH 

Extended time 
near surface;

blowhole3


MED 

Baleen plates3 
LOW


Small schooling fish21


Humpback 

whale 

HIGH 

Surface feeding 
techniques22 

MED 

Tubercles 
present22 

HIGH 

Extended time 
near surface;

blowhole3


MED 

Baleen plates3 
HIGH


Euphausiids23


Grey whale MED 

Benthic feeder24 
MED 

Rough skin with 
barnacles25 

MED 

Blowhole3 

HIGH 

Baleen plates, 
bottom feeding3 

HIGH


Planktonic mysiids, benthic

invertebrates24


Sei whale HIGH 

Surface feeding 
behaviours26 

MED 

Infestations of 
ectoparasitic 
copepods27 

HIGH 

Extended time 
near surface; 
blowhole3


MED 

Baleen plates3 
HIGH


Calanoid copepods,

euphasiids, schooling fish28


Fin whale HIGH 

Majority of time spent at 
surface29 

LOW smooth skin2 HIGH 

Extended time 
near surface; 
blowhole3


MED 

Baleen plates3 
HIGH


Zooplankton, euphasiids,

copepods28


Blue whale HIGH 

Feed at surface, gulps large 
quantities of water30,20 

LOW smooth skin2 HIGH 

Extended time 
near surface;

blowhole3


MED 

Baleen plates3 
HIGH


Euphasiids31
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They are at a low risk ofhaving large numbers exposed to a

single spill.


California sea lions also were ranked as moderate in

stark contrast to Steller sea lions, whose population was

ranked as having the highest risk of suffering adverse oil

spill effects. This ranking for Steller sea lions was due to

their smaller population size, their presence in large


groups, and reliance on a small number of rookeries along

the BC coast for vital life processes. BC’s Steller sea lion

population is federally designated as Special Concern by


SARA, but heightened concern exists for its vulnerability

to become threatened due to a combination of biological

characteristics and identified threats (Fisheries 2010b).


Ranked in the highest risk category are Resident and

Biggs (transient) killer whales. They scored ‘‘high’’ in all

categories due to their long lives, limited reproductive

turnover, very small population sizes, complex social


structure, identified critical habitat, and high dietary spe-
cialisation. The vulnerability of killer whales to popula-
tion-level effects from oil spills was documented in


Table 4 continued


Species Contact Adhesion Inhalation Direct ingestion ingestion through

contaminated prey


North Pacific 

right whale 

HIGH 

Surface feeding32 

MED 

Callosites32 
HIGH 

Extended time 
near surface;

blowhole3


MED 

Baleen plates3 
HIGH


Copepods, euphasiids33,34


Sperm whale MED 

Feed in deep water35 
LOW smooth skin2 MED 

Deep, long dives36 

blowhole3 

LOW 

do not ingest large 
quantities of 
seawater4


HIGH


Primarily squid and large

fish28


Harbour seal HIGH 

Feed at surface and haul 
out37 

MED 

Oil and detritus 
adhesion 
common38 

MED 

Spend some time 
at or near 
surface37 

LOW 

Risk of direct 
ingestion

negligible37


LOW


Small fish39


Northern fur 

seal 

MED 

Feed on deep prey species41 

do not haul out in BC41 

HIGH 

Oil adheres to fur38 
MED 

Spend some time 
at or near 
surface37 

LOW 

Risk of direct 
ingestion 
negligible37


MED


Small fish, squid,

crustaceans40


Steller sea 

lion 

HIGH 

Feed at surface and haul 
out37 

MED 

Oil and detritus 
adhesion 
common38 

MED 

Spend some time 
at or near 
surface37 

LOW 

Risk of direct 
ingestion 
negligible37


MED


Over 50 species of fish and

invertebrates42


California 

sea lion 

HIGH 

Feed at surface and haul 
out37 

MED 

Oil and detritus 
adhesion 
common38 

MED 

Spend some time 
at or near 
surface37 

LOW 

Risk of direct 
ingestion 
negligible37


MED


Small schooling fish and

cephalopods43


Northern 

elephant Seal 

MED 

Forage constantly during 
time in BC44, deep water 
prey45 

MED 

Oil and detritus 
adhesion 
common38 

MED 

Spend some time 
at or near 
surface37


MED 

Bottom foraging46 

MED


Deepwater fish, sharks, and

cephalopods45


Sea otter HIGH 

Present in shallow waters 
and on shore habitats47


HIGH 

Oil adheres to fur48 
HIGH 

Grooming fur38 
HIGH 

Grooming fur38, 

bottom foraging46


HIGH


Benthic invertebrates49,50


1 Fisheries and Oceans Canada (DFO) (2009), 2 Engelhardt (1983), 3 Wursig (1990), 4 Neff (1990), 5 COSEWIC (2003a), 6 Walker et al.

(1998), 7 Jefferson (1987), 8 Heise (1997a), 9 Ford et al. (2000), 10 Ford et al. (1998), 11 Fisheries (2011a), 12 Hanson et al. (2010), 13 Fisheries

(2007), 14 Baird and Dill (1995), 15 Ford et al. (2005), 16 Heise et al. (2003), 17 Jones (2006), 18 Krahn et al. (2007), 19 Ford et al. (2011), 20 Kot

et al. (2014), 21 Dorsey et al. (1990), 22 Fisheries and Oceans Canada (2013), 23 Ford et al. (2009), 24 Dunham and Duffus (2001), 25 Fisheries

(2010a), 26 Nemoto and Kawamura (1977), 27 Gregr et al. (2006), 28 Flinn et al. (2002), 29 Douglas et al. (2008), 30 Sears and Calambokidis

(2002), 31 Calambokidis et al. (2002), 32 Fisheries (2011b), 33 Nichol et al. (2002), 34 NMFS (2006), 35 Watkins et al. (2002), 36 Gaskill (2010),

37 McLaren (1990), 38 Geraci and St. Aubin (1990), 39 Fisheries and Oceans Canada (2010a, b), 40 COSEWIC (2010), 41 Fisheries and Oceans

Canada (2012), 42 COSEWIC (2003b), 43 Lowry et al. (1991), 44 Brillinger and Stewart (1998), 45 Condit and LeBoeuf (1984), 46 Peterson et al.

(2003), 47 Fisheries and Oceans Canada (2014a), 48 Costa and Kooyman (1981), 49 Estes et al. (2003), 50 COSEWIC (2007)
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Alaska’s Exxon Valdez spill. Alaska’s AB Resident killer

whale population remained depressed for more than

20 years following the loss of 13 individuals (33% of the

population), and the AT1 Transient group lost 9 individuals


(41% of the population), including its remaining repro-
ductive females (Matkin et al. 2008).


Species at Greatest Threat from an Oil Spill


By combining the likelihood of individual exposure with

the likelihood of population-level effects, we found the

majority of BC marine mammals were at high risk to oil

spill impacts (Fig. 3). Only sperm whales and Northern

elephant seals, for reasons discussed, were ranked as

moderate. At especially high risk are Northern and

Southern Resident killer whales and sea otters, followed

closely by Bigg’s (transient) killer whales, and Steller sea

lions. Both killer whales and sea otters experienced high

mortality following the Exxon Valdez oil spill (Matkin

et al. 2008; Ballachey et al. 2013).


Our framework suggests that many of the species and

populations deemed to be at the greatest risk for oil spill

exposure and impact are also those with a high conserva-
tion concern as identified by their legal listing under

Canada’s Species at Risk Act. These include Northern and

Southern Resident killer whales, Bigg’s (Transient) killer

whales, Steller sea lions, and sea otters. The qualitative risk

rankings generated through our framework therefore may

inform recovery planning for at-risk species or help to


identify at-risk species or populations by identifying oil


exposure as a major threat.

This risk-based conceptual framework aligns with other


qualitative or semiquantitative risk assessments undertaken


in Alaska and Canada’s east coast (French-McCay 2004;

Reich et al. 2014; Lawson and Lesage 2013). However, our

framework allows a more in-depth evaluation to identify

at-risk species by considering both individual exposure and

population variables. The framework was applied in British

Columbia but could be equally useful to other areas of the

world. Through the application of this framework, species,

and/or populations whose ecological and physiological

characteristics predispose them to greater injury from an

episodic oil spill can be identified. This information can be

integrated with oil spill models that predict the likelihood

and extent of an oil spill in a given area and create a more

robust prediction on a species-specific level. In practical

application for this framework, species identified as being

at higher risk of adverse effects would warrant more

detailed examination or modeling exercises and receive

prioritized actions during spill response planning and

operations.


Applying the Risk Framework with Modelled Spill


Probabilities: A Southern Resident Killer Whale


Example


Through the application of our framework, we determined

Southern Resident killer whales to be highly vulnerable to


Fig. 1 Likelihood of individual exposure to oil for marine mammals

in BC was ranked using four categories: low, moderate, high, and

highest, binned using equal intervals from the minimum possible

cumulative score to the maximum possible cumulative score

(min/max score (5/15), bins low (5–7), moderate (8–10), high

(11–13) and highest (14–15). Purple: dolphins, porpoises: HP harbour

porpoise, DP Dall’s porpoise, PWS Pacific white-sided dolphin;

Green: killer whales: NRKW Northern Resident killer whale, SRKW


Southern Resident killer whale, TKW transient killer whale, OKW


offshore killer whale; blue: baleen whales: MW minke whale, HW


humpback whale, GW grey whale, SW sei whale, FW fin whale, BW


blue whale, NPRWNorth Pacific right whale; light blue: SPW: sperm

whale; red: pinnipeds: HS harbour seal, NFS Northern fur seal, SSL


Steller sea lion, CSL California sea lion, NES Northern elephant seal;

Orange: SO sea otter
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Fig. 2 Likelihood of population-level effects is depicted here in the

event of an oil spill for marine mammals in BC ranked. Four

categories are scored as low, moderate, high, and highest using equal

intervals from the minimum possible cumulative score to the

maximum possible cumulative score as follows: (min/max score (8/

24), with bins for low (8–11), moderate (12–15), high (16–20) and

highest (21–24). Purple: dolphins, porpoises: HP harbour porpoise,

DP Dall’s porpoise, PWS Pacific white-sided dolphin; green: killer


whales: NRKW Northern Resident killer whale, SRKW Southern

Resident killer whale, TKW transient killer whale, OKW offshore

killer whale; blue: baleen whales: MW minke whale, HW humpback

whale, GW grey whale, SW sei whale, FW fin whale, BW blue whale,

NPRW North Pacific right whale; light blue: SPW sperm whale; red:

pinnipeds: HS harbour seal, NFS Northern fur seal, SSL Steller sea

lion, CSL California sea lion, NES Northern elephant seal; orange: SO


sea otter


Fig. 3 Overall risk of marine mammal species to oil spills in British

Columbia waters is depicted using species cumulative rankings for

likelihood of individual exposure to oil (x-axis) and likelihood of

population-level effects (y-axis) from an oil spill. This figure is

broken into four categories. The green shaded area represents the

lowest combined risk, followed by yellow (moderate), then amber


(high), and then red is highest. HP harbour porpoise, DP Dall’s


porpoise, PWS Pacific white-sided dolphin, NRKWNorthern Resident

killer whale, SRKW Southern Resident killer whale, TKW transient

killer whale, OKW offshore killer whale, MW minke whale, HW


humpback whale, GW grey whale, SW sei whale, FW fin whale, BW


blue whale, NPRW North Pacific right whale, SPW sperm whale, HS


harbour seal, NFS Northern fur seal, SSL Steller sea lion, CSL


California sea lion, NES Northern elephant seal, SO sea otter
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oil spills (Table 6; Figs. 2, 3). A recently modelled,

hypothetical episodic oil spill in southern BC (EBA 2013)

illustrates the magnitude of risk when combined with the

likelihood of adverse effects from exposure as predicted in

our framework (Fig. 4). The modeled probability for oil

presence (EBA 2013), combined with our calculation for

the potential overlap of this spill within critical habitat,

shows that between 22 and 80% of designated Southern

Resident killer whale Critical Habitat would be affected by

a spill at this location. This illustrates a real-world example

where high-risk identification could inform decisions

regarding the approval or rejection of new development.


The application of our framework should allow natural

resource managers to assess more effectively and poten-
tially mitigate the impacts to identified high-risk species/


populations. Modeling of biological effects of oil spills is

generally required in major project applications in Canada.

Current methodology in these applications utilizes ‘‘indi-
cator’’ species to represent groups of animals (TERA 2013;

Stantec 2010), a standard method for simplifying biological

risk assessments. Marine mammals often are examined as a

group when assessing oil spill risk, but our findings indi-
cate variable outcomes based on the different biological

and ecological vulnerabilities of species. Previous oil spill

models have ranked sea otters as high risk, while putting

cetaceans, as a group, in a lower-risk category (French-
McCay 2004). Our results suggest that certain cetaceans

and certain populations of cetaceans (such as the Northern

Resident, Southern Resident, and Bigg’s killer whales) are

highly vulnerable to oil spills. Our framework may help to


Table 6 The overlap between a

15,000 m3 modelled oil spill

that originated near Turn Point

in Northern Haro Strait (BC and

WA) and legally designated

Critical Habitat in Canada and

the United States for the

transboundary Southern

Resident killer whales.

See Methods for details


Probability of oil presence

(source: EBA 2013)


Overlap between modelled

spill and SRKW critical habitat (km2)


Percent of SRKW critical

habitat affected (%)


0.1 7107 80


0.10 6652 75


0.20 5985 67


0.40 4831 54


0.60 3785 43


0.80 2687 30


0.90 2205 25


0.95 1962 22


Fig. 4 Black to grey shading


indicates the probability of oil

presence 15 days following a

15,000 m3 fall release of diluted

bitumen at Arachne Reef in

northern Haro Strait, BC. The

modelled probabilities of oil

presence (EBA 2013) are

overlaid with the Critical

Habitat of Southern Resident

killer whales in Canada and the

United States
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guide the choice of indicator species in such assessments

and may be used to inform on the relative strengths and

weaknesses of the indicator species used in a given study

area.


Uncertainty around the effects of oil on different marine

mammals, or to their prey, hampers a full understanding of

oil spill risks. Additional research on individual species

characteristics and real-time distribution would help to

increase the resolution of this framework to detect relative

vulnerabilities at the species and population levels. In

summary, this framework should be informative to con-
servationists and natural resource managers, and with area-
specific data, could be scalable and transferable to other

regions.


Acknowledgements The authors gratefully acknowledge the finan-
cial support of the National Contaminants Advisory Group of the

Department of Fisheries, Oceans and the Canadian Coast Guard.


Compliance with Ethical Standards


Conflict of interest The authors declare that they have no conflict of

interest.


References


Baird RW (2001) Status of harbour seals, Phoca vitulina, in Canada.

Can Field Nat 115:663–675


Baird RW, Dill LM (1995) Occurrence and behaviour of transient

killer whales: seasonal and pod-specific variability, foraging

behaviour, and prey handling. Can J Zool 73:1300–1311


Baird RW, Dill LM (1996) Ecological and social determinants of

group size in transient killer whales. Behav Ecol 7:408–416


Baird RW, Guenther TJ (1995) Account of harbour porpoise

(Phocoena phocoena) strandings and bycatches along the coast

of British Columbia. Rep Int Whal Comm Spec Issue

16:159–168


Baird RW, Hanson MB (1997) Status of the Northern fur seal,

Callorhin usursinus, in Canada. Can Field Nat 111:263–269


Ballachey BE, Bodkin JL, DeGange AR (1994) An overview of sea

otter studies. In: Loughlin TR (ed) Marine mammals and the

Exxon Valdez. Academic Press, San Diego


Ballachey BE, Bodkin JL, Monson DH (2013) Quantifying long-term

risks to sea otters from the 1989 ‘Exxon Valdez’ oil spill: reply to

Harwell & Gentile (2013). Mar Ecol Prog Ser 488:297–301


Barlow J (2010) Cetacean abundance in the California Current from a

2008 ship-based, line-transect survey. NOAA Technical

Memorandum, NMFS, NOAA TM-NMFS-SWFSC-456


Barlow J, Taylor BL (2005) Estimates of sperm whale abundance in

the Northeastern temperate Pacific from a combined acoustic and

visual survey. Mar Mamm Sci 21(3):429–445


Barlow J, Calambokidis J, Falcone EA, Baker CS, Burdin AM,

Clapham PJ, Ford JKB et al (2011) Humpback whale abundance

in the North Pacific estimated by photographic capture–recapture

with bias correction from simulation studies. Mar Mamm Sci

27:793–818


Barrett-Lennard LG (2000) Population structure and mating patterns

of killer whales as revealed by DNA analysis. Ph.D. thesis,

University of British Columbia, Vancouver, BC


Barrett-Lennard LG, Ellis GM (2001) Population structure and

genetic variability in Northeastern Pacific killer whales: towards

an assessment of population viability. Canadian Science Advi-
sory Secretariat. Research document 2001/065


Baussant T, Steiner S, Jonsson G, Skadsheim A, Borseth JF (2001)

Bioaccumulation of polycyclic aromatic compounds: 1. Biocon-
centration in two marine species and in semipermeable mem-
brane devices during chronic exposure to dispersed crude oil.

Environ Toxicol 20:1175–1184


Best PB, Canham PAS, Macleod N (1984) Patterns of reproduction in

sperm whales Physeter macrocephalus. Rep Int Whal Comm

Spec Issue 6:51–79


Best BD, Fox CH, Williams R, Halpin PN, Paquet PC (2015) Updated

marine mammal distribution and abundance estimates in British

Columbia. J Cetacean Res Manage 15:9–26


Bigg, MA (1985) Status of the Steller sea lion (Eumetopias jubatus)

and California sea lion (Zalophus californianus) in British

Columbia. Can Spec Publ Fish Aquat Sci 77:20


Bigg MA (1990) Migration of Northern fur seals (Callorhinus


ursinus) off Western North America. Canadian Technical Report

of Fisheries and Aquatic Sciences No. 1764, Department of

Fisheries and Oceans Biological Sciences Branch, Pacific

Biological Station, Nanaimo, British Columbia


Bodkin JL, Ballachey BE, Dean TA, Fukuyama AK, Jewett SC,

McDonald L, Monson DH, O’Clair CE, VanBlaricom GR (2002)

Sea otter population status and the process of recovery from the

1989 ‘Exxon Valdez’ oil spill. Mar Ecol Prog Ser 241:237–253


Bodkin JL, Ballachey BE, Coletti HA, Esslinger CG, Kloecker KA,

Rice SD, Reed JA, Monson DH (2012) Long-term effects of the

‘Exxon Valdez’ oil spill: sea otter foraging in the intertidal as a

pathway of exposure to lingering oil. Mar Ecol Prog Ser

447:273–287


Brillinger DR, Stewart BS (1998) Elephant seal movements: model-
ing migration. Can J Stat 26:431–443


Brownell RL Jr, Clapham PJ, Miyashita T, Kasuya T (2001)

Conservation status of North Pacific right whales. J Cetacean

Res Manag (Spec Issue) 2:269–286


Calambokidis J, Steiger GH, Straley JM, Herman LM, Cerchio S,

Salden DR, Urban RJ, Jacobsen JK, Ziegesar OV, Balcomb KC,

Gabriele CM, Dahlheim ME, Uchida S, Ellis G, Miyamura Y,

Ladron de Guevara P, Yamaguchi M, Sato F, Mizroch SA,

Schlender L, Rasmussen K, Barlow J, Quinn TJ II (2001)

Movements and population structure of humpback whales in the

North Pacific. Mar Mamm Sci 17(4):769–794


Calambokidis J, Darling JD, Deecke V, Gearin P, Gosho M, Megill

W, Tombach CM, Goley D, Toropova C, Gisborne B (2002)

Abundance, range and movements of a feeding aggregation of

grey whales (Eschrichtius robustus) from California to south-
eastern Alaska in 1998. J Cetacean Res Manag 4(3):267–276


Calambokidis J, Barlow J, Ford JKB, Chandler TE, Douglas AB

(2009) Insights into the population structure of blue whales in

the Eastern North Pacific from recent sightings and photographic

identification. Mar Mamm Sci 25:816–832


Carmichael RH, Graham WM, Aven A, Worthy G, Howden S (2012)

Were multiple stressors a ‘perfect storm’ for northern Gulf of

Mexico bottlenose dolphins (Tursiops truncatus) in 2011? PLoS

ONE 7(7):e41155. doi:10.1371/journal.pone.0041155


Chivers SJ, Dizon AE, Gearin PJ, Robertson KM (2002) Small-scale

population structure of eastern North Pacific harbour porpoises

(Phocoena phocoena) indicated by molecular analysis. J Ce-
tacean Res Manag 4(2):111–122


Clapham PJ, Good C, Quinn SE, Reeves RR, Scarff JE, Brownell RL

Jr (2004) Distribution of North Pacific right whales (Eubalaena


japonica) as shown by 19th and 20th century whaling catch and

sighting records. J Cetacen Res Manag 6(1):1–6


Arch Environ Contam Toxicol (2017) 73:131–153 149


123


AR025940

http://dx.doi.org/10.1371/journal.pone.0041155


Colegrove KM, Venn-Watson S, Litz J, Kinsel M, Garrison L, Terio

K, Mori C, Rosenstein A, Carmichael R, Fougeres E, Mase-
Guthrie B, Ewing R, Shannon D, Shippee S, Smith S, Staggs L,

Stratton E, Tumlin M, Rowles T (2013) Marine mammals, oil,

and the GulfofMexico: perspectives on the 2010–2013 Northern

Gulf of Mexico cetacean unusual mortality event. In: Proceed-
ings from the 2013 meeting of the American college of

veterinary pathologists, Montreal, Canada.


Condit R, LeBoeuf BJ (1984) Feeding habits and feeding grounds of

the Northern elephant seal. J Mammal 65(2):281–290


COSEWIC (2003a) COSEWIC assessment and update status report

on the harbour porpoise Phocoena phocoena (Pacific Ocean

population) in Canada. Committee on the Status of Endangered

Wildlife in Canada, Ottawa, p 22


COSEWIC (2003b) COSEWIC assessment and update status report

on the Steller sea lion Eumetopias jubatus in Canada. Committee

on the Status of EndangeredWildlife in Canada, Ottawa


COSEWIC (2004a) COSEWIC assessment and update status report

on the grey whale (Eastern North Pacific population) Eschrich-

tius robustus in Canada. Committee on the Status ofEndangered

Wildlife in Canada, Ottawa


COSEWIC (2004b) COSEWIC assessment and update status report

on the North Pacific right whale Eubalaena japonica in Canada.

Committee on the Status of Endangered Wildlife in Canada,

Ottawa


COSEWIC (2005) COSWEIC assessment and update status report on

the fin whale Balaenoptera physalus, in Canada. Committee on

the Status of Endangered Wildlife in Canada, Ottawa


COSEWIC (2006) COSEWIC annual report. Committee on the Status

of Endangered Wildlife in Canada, Ottawa


COSEWIC (2007) COSEWIC assessment and updated status report

on the sea otter Enhydra lutris in Canada. Committee on the

Status of Endangered Wildlife in Canada, Ottawa


COSEWIC (2008) COSEWIC assessment and update status report on

the Killer Whale Orcinus Orca, Southern Resident population,

Northern Resident population, West Coast Transient population,

Offshore population, and Northwest Atlantic/Eastern Arctic

population, in Canada. Committee on the Status of Endangered

Wildlife in Canada, Ottawa


COSEWIC (2010) COSEWIC assessment and status report on the

Northern fur seal Callorhinus ursinus in Canada. Committee on

the Status of Endangered Wildlife in Canada, Ottawa


COSEWIC (2011) COSEWIC assessment and status report on the

Humpback whale Megaptera novaeangliae in Canada. Commit-
tee on the Status of Endangered Wildlife in Canada, Ottawa


COSEWIC (2012) COSEWIC status appraisal summary on the blue

whale Balaenoptera musculus, Pacific population, in Canada.

Committee on the Status of Endangered Wildlife in Canada,

Ottawa


COSEWIC (2013) COSEWIC status appraisal summary on the sei

whale Balaenoptera borealis, Pacific population, in Canada.

Committee on the Status of Endangered Wildlife in Canada,

Ottawa


Costa DP, Kooyman GL (1981) Oxygen consumption, thermoregu-
lation, and the effect of fur oiling and washing on the sea otter,

Enhydra lutris. Can J Zool 60:2761–2767


Deepwater Horizon Natural Resource Damage Assessment Trustees

(DWH NRDAT) (2016) Injury to natural resources: marine

mammals in Deepwater Horizon oil spill: final programmatic

damage assessment and restoration plan and final programmatic

environmental impact statement, chapter 4. Accessed at http://

www.gulfspillrestoration.noaa.gov/restoration-planning/gulf-plan


DFO (2008) Population assessment: Steller sea lion (Eumetopias


jubatus). Fisheries and Oceans Canada. Canadian Science

Advisory Secretariat, Science Advisory Report 2008/047


DFO (2010) Population assessment Pacific harbour seal (Phoca


vitulina richardsi). Fisheries and Oceans Canada. Canadian

Science Advisory Secretariat, Science Advisory Report

2009/011


DFO (2012) Recovery potential assessment for the northern fur seal

(Callorhinus ursinus) in Canadian waters. Fisheries and Oceans

Canada. Canadian Science Advisory Secretariat, Science Advi-
sory Report 2012/057


Dorsey EM (1981) Exclusive adjoining ranges in individually

identified minke whales (Balaenoptera acutorostrata) in Wash-
ington state. Can J Zool 61:174–181


Dorsey EM, Stern SJ, Hoelzel AR, Jacobsen J (1990) Minke whales

(Balaenoptera acutorostrata) from the West Coast of North

America: individual recognition and small-scale site fidelity. Rep

Int Whal Comm Spec 12:357–368


Douglas AB, Calambokidis J, Raverty S, Jeffries SJ, Lambourn DM,

Norman SA (2008) Incidence of ship strikes of large whales in

Washington State. J Mar Biol Assoc UK 88(6):1121–1132


Dunham JS, Duffus DA (2001) Foraging patterns of grey whales in

central Clayoquot Sound, British Columbia, Canada. Mar Ecol

Prog Ser 310:223–290


EBA Tetra Tech Company (2013) Modelling the fate and behavior of

marine oil spills for the TransMountain Expansion Project.

Volume 8C technical report prepared for TransMountain Pipeli-
nes ULC, Calgary, Alberta


Engelhardt FR (1983) Petroleum effects on marine mammals. Aquat

Toxicol 4:199–217


Estes JA, Riedman ML, Staedler MM, Tinker MT, Lyons BE (2003)

Individual variation in prey selection by sea otters: patterns,

causes and implications. J Anim Ecol 72:144–155


Fisheries and Oceans Canada (2007) Recovery strategy for the

transient killer whale (Orcinus orca) in Canada. Species at Risk

Act recovery strategy series. Fisheries and Oceans Canada,

Vancouver


Fisheries and Oceans Canada (2009) Management plan for the Pacific

Harbour porpoise (Phocoena phocoena) in Canada. Species at

Risk Act recovery strategy series. Fisheries and Oceans Canada,

Ottawa


Fisheries and Oceans Canada (2010a) Management plan for the

Eastern Pacific grey whale (Eschrichtius robustus) in Canada

[Final]. Species at Risk Act management plan series. Fisheries

and Oceans Canada, Ottawa


Fisheries and Oceans Canada (2010b) Management plan for the

Steller sea lion (Eumetopias jubatus) in Canada [Final]. Species

at Risk Act management plan series. Fisheries and Oceans

Canada, Ottawa


Fisheries and Oceans Canada (2011a) Recovery strategy for the

Northern and Southern resident killer whales, (Orcinus orca) in

Canada. Species at Risk Act recovery strategy series. Fisheries

and Oceans Canada, Ottawa


Fisheries and Oceans Canada (2011b) Recovery strategy for the North

Pacific right whale (Eubalaena japonica) in Pacific Canadian

waters [Final]. Species at Risk Act recovery strategy series.

Fisheries and Oceans Canada, Ottawa


Fisheries and Oceans Canada (2013) Recovery strategy for the North

Pacific humpback whale (Megaptera novaeangliae) in Canada.

Species at Risk Act recovery strategy series. Fisheries and

Oceans Canada, Ottawa


Fisheries and Oceans Canada (2014a) Management plan for the sea

otter (Enhydra lutris) in Canada. Species at Risk Act manage-
ment plan series. Fisheries and Oceans Canada, Ottawa


Fisheries and Oceans Canada (2014b) Action plan for the Northern

and Southern resident killer whales (Orcinus orca) in Canada

[Draft]. Species at Risk Act action plan series. Fisheries and

Oceans Canada, Ottawa


150 Arch Environ Contam Toxicol (2017) 73:131–153


123


AR025941

http://www.gulfspillrestoration.noaa.gov/restoration-planning/gulf-plan
http://www.gulfspillrestoration.noaa.gov/restoration-planning/gulf-plan
http://
http://www.gulfspillrestoration.noaa.gov/restoration-planning/gulf-plan


Flinn RD, Trites AW, Gregr EJ, Perry RI (2002) Diets of fin, sei, and

sperm whales in British Columbia: an analysis of commercial

whaling records, 1963–1967. Mar Mamm Sci 18(3):663–679


Ford JKB, Ellis GM, Barrett-Lennard LG, Morton AB, Palm RS,

Balcomb KC (1998) Dietary specialization in two sympatric

populations of killer whales (Orcinus orca) in British Columbia

and adjacent waters. Can J Zool 76:1456–1471


Ford JKB, Ellis GM, Balcomb KC (2000) Killer whales: the natural

history and genealogy of Orcinus orca in British Columbia and

Washington, 2nd edn. UBC Press, Vancouver


Ford JKB, Ellis GM, Matkin DR, Balcomb KC, Briggs D, Morton AB

(2005) Killer whale attacks on minke whales: prey capture and

antipredator tactics. Mar Mamm Sci 21:603–618


Ford JKB, Rambeau AL, Abernethy RM, Boogaards MD, Nichol LM,

Spaven LD (2009) An assessment of the potential for recovery of

humpback whales off the Pacific coast of Canada. Department

Fisheries and Oceans. Canadian Science Advisory Secretariat.

Research document 2009/015


Ford JKB, Abernethy RM, Phillips AV, Calambokidis J, Ellis GM,

Nichol LM (2010) Distribution and relative abundance of

cetaceans in western Canadian waters from ship surveys,

2002–2008. Canadian Technical Report of Fisheries and Aquatic

Sciences 2913


Ford JKB, Ellis GM, Matkin CO, Wetklo MH, Barrett-Lennard LG,

Withler RE (2011) Shark predation and tooth wear in a

population of northeastern Pacific killer whales. Aquat Biol

11:213–224


Ford JKB, Stredulinsky EH, Towers JR, Ellis GM (2013) Information

in support of the identification of critical habitat for transient

killer whales (Orcinus orca) off the West Coast ofCanada. DFO

Canadian Science Advisory Secretariat. Research document

2012/155


Forney KA (2007) Preliminary estimates of cetacean abundance along

the U.S. West Coast and within four National Marine Sanctu-
aries. NOAA Technical Memorandum NOAA-NMFS-SWFSC-
TM-406


Fraker MA (2013) Killer whale (Orcinus orca) deaths in Prince

William Sound, Alaska, 1985–1990. Hum Ecol Risk Assess

19:28–52


Frasier TR, Koroscil SM, White BN, Darling JD (2011) Assessment

of population substructure in relation to summer feeding ground

use in the eastern North Pacific grey whale. Endanger Species

Res 14:39–48


French-McCay DP (2004) Oil spill impact modeling: development

and validation. Env Toxicol Chem 23:2441–2456


French-McCkay D, Beegle-Krause CJ, Etkin DS (2009) Oil spill risk

assessment—relative impact indices by oil type and location. In:

Proceedings of the 32nd AMOP technical seminar on environ-
mental contamination and response. Emergencies Science Divi-
sion, Environment Canada, Ottawa, ON, Canada, pp 655–681


Gaskill M (2010) What will get sick from the slick? Nature

466(1):14–15


Geraci JR, St. Aubin DJ (1990) Sea mammals and oil: confronting the

risks. Academic Press, San Diego


Gregr EJ, Coyle KO (2009) The biogeography of the North Pacific

right whale (Eubalaena japonica). Prog Oceanogr 80:188–198


Gregr EJ, Trites AW (2001) Predictions of critical habitat for five

whale species in the waters of coastal British Columbia. Can J

Fish Aquat Sci 58:1265–1285


Gregr EJ, Nichol L, Ford JKB, Ellis G, Trites A (2000) Migration and

population structure of Northeastern Pacific whales off coastal

British Columbia: an analysis of commercial whaling records

from 1908–1967. Mar Mamm Sci 16:699–727


Gregr EJ, Calambokidis J, Convey L, Ford JKB, Perry RI, Spaven L,

Zacharias M (2006) Recovery strategy for blue, fin, and sei

whales (Balaenoptera musculus, B. physalus, and B. borealis) in


Pacific Canadian waters. Species at Risk Act recovery strategy

series. Fisheries and Oceans Canada, Vancouver


Hanson MB, Baird RW, Ford JKB, Hempelmann-Halos J, Van

Doornik DM, Candy JR, Emmons CK, Schorr GS, Gisborne B,

Ayres KL, Wasser SK, Balcomb KC, Balcomb-Bartok K, Sneva

JG, Ford MJ (2010) Species and stock identification of prey

consumed by endangered southern resident killer whales in their

summer range. Endanger Species Res 11:69–82


Harris KA, Nichol LM, Ross PS (2011) Hydrocarbon concentrations

and patterns in free-ranging sea otters (Enhydra lutris) from

British Columbia, Canada. Env Toxicol Chem 30:2184–2193


Hauser DDW, Logsdon MG, Holmes EE, VanBlaricom GR, Osborne

RW (2007) Summer distribution patterns of Southern resident

killer whales Orcinus orca: core areas and spatial segregation of

social groups. Mar Ecol Prog Ser 351:301–310


Heise K (1997a) Diet and feeding behavior of Pacific white-sided

dolphins (Lagenorhynchus obliquidens) as revealed through the

collection of prey fragments and stomach content analyses. Rep

Int Whal Comm 47(2):807–815


Heise K (1997b) Life history and population parameters of Pacific

white-sided dolphins (Lagenorhynchus obliquidens). Rep Int

Whal Comm 47(2):817–825


Heise K, Barrett-Lennard LG, Saulitis E, Matkin C, Bain D (2003)

Examining the evidence for killer whale predation on Steller sea

lions in British Columbia and Alaska. Aquat Mamm 29:325–334


Hernandez-Camacho CJ, Aurioles-Gamboa D, Gerber LR (2008)

Age-specific birth rates of California sea lions (Zalophus


californianus) in the Gulf of California, Mexico. Mar Mamm

Sci 24(3):664–676


Incardona JP, Vines CA, Anulacion BF, Baldwin DH, Day HL,

French BL, Labenia JS, Linbo TL, Myers MS, Olson OP, Sloan

CA, Sol S, Griffin FJ, Menard K, Morgan SG, West JE, Collier

TK, Yitalo GM, Cherr GN, Scholtz NL (2012) Unexpectedly

high mortality in Pacific herring embryos exposed to the 2007

Cosco Busan oil spill in San Francisco Bay. Proc Natl Acad Sci

109(2):ES1–ES8


Jameson RJ, Johnson AM (1993) Reproductive characteristics of

female sea otters. Mar Mamm Sci 9(2):156–167


Jayko K, Reed M, Bowles A (1990) Simulations of interactions

between migrating whales and potential oil spills. Environ Pollut

63:97–127


Jefferson TA (1987) A study of the behaviour of Dall’s porpoise

(Phocoenoides dalli) in the Johnstone Strait, British Columbia.

Can J Zool 65:736–744


Jefferson TA (1989) Calving seasonality of Dall’s porpoise in the

Eastern North Pacific. Mar Mamm Sci 5(2):196–200


Jefferson TA (1990) Status of Dall’s porpoise, Phocoenoides dalli,

Canada. Can Field Nat 104(1):112–116


Jones ML (1990) The reproductive cycle in grey whales based on

photographic resightings of females on the breeding grounds

from 1977–82. Rep Int Whal Comm Spec Issue 12:177–182


Jones I (2006) A northeast Pacific offshore killer whale Orcinus orca


feeding on a Pacific halibut (Hippoglossus stenolepsis). Mar

Mamm Sci 22:198–200


Kasuya T (1991) Density dependent growth in north Pacific sperm

whales. Mar Mamm Sci 7:230–257


Knowlton AR, Kraus SD, Kenney RD (1994) Reproduction in North

Atlantic right whales (Eubalaena glacialis). Can J Zool

72:1297–1305


Kot BW, Sears R, Zbinden D, Borda E, Gordon MS (2014) Rorqual

whale (Balaenopteridae) surface lunge-feeding behaviours:

standard classification, repertoire diversity, and evolutionary

analyses. Mar Mamm Sci. doi:10.1111/mms.12115


Krahn MM, Herman DP, Matkin CO, Durban JW, Barrett-Lennard L,

Burrows DG, Dahlheim ME, Black N, LeDuc RG, Wade PR

(2007) Use of chemical tracers in assessing the diet and foraging


Arch Environ Contam Toxicol (2017) 73:131–153 151


123


AR025942

http://dx.doi.org/10.1111/mms.12115


regions of eastern North Pacific killer whales. Mar Environ Res

63:91–114


Lachmuth CL, Barrett-Lennard LG, Steyn DQ, Milsom WK (2011)

Estimation of southern resident killer whale exposure to exhaust

emissions from whale-watching vessels and potential adverse

health effects and toxicity thresholds. Mar Pollut Bull

62:792–805


Lawson JW, Lesage V (2013) A draft framework to quantify and

cumulate risks of impacts from large development projects for

marine mammal populations: a case study using shipping

associated with the Mary River Iron Mine project. DFO

Canadian Science Advisory Secretariat. Research document

2012/154


Lee K, Boufadel M, Chen B, Foght J, Hodson P, Swanson S, Venosa

A (2015) Expert panel report on the behaviour and environmen-
tal impacts of crude oil released into aqueous environments.

R Soc Can, Ottawa. ISBN 978-1-928140-02-3


Lowry MS, Stewart BS, Heath CB, Yochem PK, Francis JM (1991)

Seasonal and annual variability in the diet ofCalifornia sea lions

Zalophus californianus at San Nicholas Island, California,

1981–1986. Fish Bull 89:331–336


Mate BR (1978) California sea lion. In: Haley D (ed) Marine

mammals of eastern North Pacific and arctic waters. Pacific

Search Press, Seattle, pp 172–177


Matkin CO, Saulitis EL, Ellis GM, Olesiuk P, Rice SD (2008)

Ongoing population-level impacts on killer whales Orcinus orca


following the ‘Exxon Valdez’ oil spill in Prince William Sound,

Alaska. Mar Ecol Prog Ser 356:269–281


Matkin CO, Durban JW, Saulitis EL, Andrews RD, Straley JM,

Matkin DR, Ellis GE (2012) Contrasting abundance and

residency patterns of two sympatric populations of transient

killer whales (Orcinus orca) in the northern Gulf ofAlaska. Fish

Bull 110:143–155


McCay DF, Rowe JJ, Whittier N, Sankaranarayanan S, Etkin DS

(2004) Estimation of potential impacts and natural resource

damages of oil. J Hazard Mater 107:11–25


McLaren IA (1990) Pinnipeds and oil: ecological perspectives. In:

Geraci JR, St. Aubin DJ (eds) Sea mammals and oil: confronting

the risks. Academic Press, San Diego


Merrick RL, Loughlin TR (1997) Foraging behaviour of adult female

and young-of-year Steller sea lions in Alaskan waters. Can J

Zool 75:776–786


Miller PJO, Johnson MP, Tyack PL (2004) Sperm whale behaviour

indicates the use of echolocation click buzzes ‘creaks’ in prey

capture. Proc R Soc Lond B 271:2239–2863


Monson DH, Doak DF, Ballachey BE, Bodkin JL (2011) Could

residual oil from the Exxon Valdez spill create a long-term

population ‘‘sink’’ for sea otters in Alaska? Ecol Appl

21:2917–2932


Morton A (2000) Occurrence, photo-identification and prey of Pacific

white-sided dolphins (Lagenorhyncus obliquidens) in the

Broughton Archipelago, Canada 1984–1998. Mar Mamm Sci

16:80–93


Muhling BA, Roffer MA, Lamkin JT, Ingram GW, Upton MA,

Gawlikowski G, Muhler-Karger F, Habtes S, Richards WJ

(2012) Overlap between Atlantic Bluefin tuna spawning grounds

and observed DeepwaterHorizon surface oil in the northern Gulf

of Mexico. Mar Pollut Bull 64:679–687


Nakata H, Sakai Y, Miyawaki T, Takemura A (2003) Bioaccumu-
lation and toxic potencies of polychlorinated biphenyls and

polycyclic aromatic hydrocarbons in tidal flat and coastal

ecosystems of the Ariake Sea, Japan. Environ Sci Technol

37:3513–3521


National Marine Fisheries Service (NMFS) (2006) Review of the

status of right whales in the North Atlantic and North Pacific


oceans. Status review report prepared by NOAA. National

Marine Fisheries Service


National Marine Fisheries Service (NMFS) (2008) Recovery plan for

southern resident killer whales (Orcinus orca). National Marine

Fisheries Service, Northwest Region, Seattle


Neff JM (1990) Composition and fate of petroleum and spill-treating

agents in the marine environment. In: Geraci JR, St. Aubin DJ

(eds) Sea mammals and oil: confronting the risks. Academic

Press, San Diego


Nemoto T, Kawamura A (1977) Characteristics of food habits and

distribution of baleen whales with special reference to the

abundance of North Pacific sei and Bryde’s whales. Rep Int

Whal Comm Spec Issue 1:80–87


Nichol LM, Shackleton DM (1996) Seasonal movements and foraging

behaviour of northern resident killer whales (Orcinus orca) in

relation to the inshore distribution of salmon (Oncorhynchus


spp.) in British Columbia. Can J Zool 74:983–991

Nichol LM, Gregr EJ, Flinn R, Ford JKB, Gurney R, Michaluk L,


Peacock A (2002) British Columbia commercial whaling catch

data 1908–1967: a detailed description of the BC historical

whaling database. Canadian Technical Report of Fisheries and

Aquatic Sciences, 2371


Nichol LM, Boogaards MD, Abernethy R (2009a) Recent trends in

the abundance and distribution of sea otters (Enhydra lutris) in

British Columbia. DFO Canadian Science Advisory Secretariat.

Research document 2009/016


Nichol LM, Abernethy R, Flostrand L, Lee TS, Ford JKB (2009b)

Information relevant to the identification of critical habitats of

North Pacific Humpback Whales (Megaptera novaeangliae) in

British Columbia. DFO Canadian Science Advisory Secretariat.

Research document 2009/116


Nikitik CCS, Robinson AW (2003) Patterns in benthic populations in

the Milford Haven waterway following the ‘Sea Empress’ oil

spill with special reference to amphipods. Mar Pollut Bull

46:1125–1141


NOAA (2011) Stock assessment of California sea lion (Zalophus


californianus) US stock. http://www.nmfs.noaa.gov/pr/pdfs/sars/

po2011slca.pdf


Ohsumi S, Masaki Y (1975) Biological parameters of the Antarctic

minke whale at the virginal population level. J Fish Res Board

Can 32:995–1004


Olesiuk PF (1999) An assessment of the status ofharbour seals in BC.

Canadian Stock Assessment Secretariat Research Document

99/33, Ottawa


Olesiuk PF, Biggs MA, Ellis GM (1990) Life history and population

dynamics of resident killer whales (Orcinus orca) in the coastal

waters of British Columbia and Washington State. Rep Int Whal

Comm Spec Issue 12:209–243


Peterson CH (2001) The ‘‘Exxon Valdez’’ oil spill in Alaska: acute,

indirect and chronic effects on the ecosystem. Adv Mar Biol

39:1–103


Peterson CH, Rice SD, Short JW, Esler D, Bodkin JL, Ballachey BE,

Irons DB (2003) Long-term ecosystem response to the Exxon


Valdez oil spill. Science 302:2082–2086

Punt AE, Wade PR (2012) Population status of the eastern North


Pacific stock of grey whales in 2009. J Cetacean Res Manag

12(1):15–28


Raum-Suryan KL, Harvey JT (1998) Distribution, abundance, and

habitat use of harbour porpoise, (Phocoena phocoena) off the

northern San Juan Islands, Washington. Fish Bull 96:808–822


Raum-Suryan KL, Pitcher KW, Calkins DG, Sease JL, Loughlin TR

(2002) Dispersal, rookery fidelity, and metapopulation structure

of steller sea lions (Eumetopias jubatus) in an increasing and

decreasing population in Alaska. Mar Mamm Sci 18:746–764


152 Arch Environ Contam Toxicol (2017) 73:131–153


123


AR025943

http://www.nmfs.noaa.gov/pr/pdfs/sars/po2011slca.pdf
http://www.nmfs.noaa.gov/pr/pdfs/sars/po2011slca.pdf
http://www.nmfs.noaa.gov/pr/pdfs/sars/


Reed M, French DP, Calambokidis J, Cubbage JC (1989) Simulation

modeling of the effects of oil spills on population dynamics of

northern fur seals. Ecol Model 49:49–71


Reich DA, Balouskus R, French McCay D (2014) Assessment of

marine oil spill risk and environmental vulnerability for the state

of Alaska. Prepared by RPS ASA Environmental Research

Consulting, Research Planning, Inc., and the Louis Berger

Group, Inc. for the National Oceanic and Atmospheric Admin-
istration. NOAA Contract Number: WC133F-11-CQ-0002


Reiter J, LeBeouf BJ (1991) Life history consequences of variation in

age at primiparity in northern elephant seals. Behav Ecol

Sociobiol 28:153–160


Rugh DJ, Hobbs RC, Lerczak JA, Breiwick JM (2005) Estimates of

abundance of the eastern North Pacific stock of grey whales

(Eschrichtius robustus) 1997–2002. J Cetacean Res Manag

7(1):1–12


Schwacke LH, Smith CR, Townsend FI, Wells RS, Hart LB, Balmer

BC, Collier TK, De Guise S, Fry MM, Guillette LJ Jr, Lamb SV,

Lane SM, McFee WE, Place NJ, Tumlin MC, Ylitalo GM,

Zolman ES, Rowles TK (2014) Health of common bottlenose

dolphins (Tursiops truncatus) in Barataria Bay, Louisiana,

following the Deepwater Horizon oil spill. Environ Sci Technol

48:93–103


Sears R, Calambokidis J (2002) Update COSEWIC status report on

the blue whale Balaenoptera musculus in Canada, in COSEWIC

assessment and update status report on the blue whale

Balaenoptera musculus in Canada. Committee on the Status of

Endangered Wildlife in Canada, Ottawa, pp 1–32


Siniff DB, Williams TD, Johnson AM, Garshelis DL (1982)

Experiments on the response of sea otters, Enhydra lutris, to

oil contamination. Biol Conserv 23:261–272


Smultea MA, Wursig B (1995) Behavioural reactions of bottlenose

dolphins to the Mega Borg oil spill, Gulf ofMexico 1990. Aquat

Mamm 21(3):171–181


Sorensen PW, Medved RJ, Hyman MAM, Winn HE (1984) Distri-
bution and abundance of cetaceans in the vicinity of human

activities along the continental shelf of the Northwest Atlantic.

Mar Environ Res 12:69–81


Stacey PJ, Baird RW (1991) Status of the Pacific white-sided dolphin

in Canada. Can Field Nat 105(2):219–232


Stantec Consulting Ltd (2010) Environmental and socio-economic

assessment (ESA)—marine transportation, vol 8B. Prepared for

the Enbridge Northern Gateway Project


Stewart BS, DeLong RL (1995) Double Migrations of the Northern

Elephant Seal, Mirounga angustirostris. J Mamm 76:196–205


Suchanek TH (1993) Oil impacts on marine invertebrate populations

and communities. Am Zool 33:510–523


TERA Environmental Consultants (2013) Environmental and socio-
economic assessment for the Trans Mountain Pipeline ULC


Trans Mountain expansion project. Volume 5A: ESA—biophys-
ical. Prepared for Trans Mountain Pipeline ULC, Calgary, AB


Venn-Watson S, Colegrove KM, Litz J, Kinsel M, Terio K, Saliki J,

Fire S, Carmichael R, Chevis C, Hatchett W, Pitchford J, Tumlin

M, Field C, Smith S, Ewing R, Fauquier D, Lovewell G,

Whitehead H, Rotstein D, McFee W, Fougeres E, Rowles T

(2015) Adrenal gland and lung lesions in Gulf of Mexico

common bottlenose dolphins (Tursiops truncatus) found dead

following the Deepwater Horizon oil spill. PLoS ONE. doi:10.

1371/journal.pone.0126538


Wade P, Kennedy A, LeDuc R, Barlow J, Carretta J, Sheldon K,

Perryman W, Pitman R, Robertson K, Rone B, Salinas JC,

Zerbini A, Brownell RL Jr, Clapham PJ (2011) The world’s

smallest whale population? Biol Lett 7:83–85


Walker CJ (2011) Assessing the effects of pollutant exposure on

sharks: a biomarker approach. University of Northern Florida

theses and dissertation paper 141


Walker WA, Hanson MB, Baird RW, Guenther TJ (1998) Food habits

of the harbour porpoise, Phocoena phocoena, and Dall’s

porpoise, Phocoenoides dalli, in the inland waters of British

Columbia and Washington. Marine Mammal Protection Act and

Endangered Species Act Implementation Program 1997. AFSC

Processed Report 98-10. National Marine Fisheries Service,

Seattle, WA, pp 63–75


Watkins WA, Daher MA, DiMarzio NA, Samuels A, Wartzok D,

Fristrup KM, Howey PW, Maiefski RR (2002) Sperm whale

dives tracked by radio tag telemetry. Mar Mamm Sci

18(1):55–68


Weber DS, Stewart BS, Garza JC, Lehman N (2000) An empirical

genetic assessment of the severity of the northern elephant seal

population bottleneck. Curr Biol 10:1287–1290


Williams R, Lusseau D (2006) A killer whale social network is

vulnerable to targeted removals. Biol Lett 2:497–500


Williams R, Thomas L (2007) Distribution and abundance of marine

mammals in the coastal waters of British Columbia. J Cetacean

Res Manag 9:15–28


Williams R, Lusseau D, Hammond PS (2009) The role of social

aggregations and protected areas in killer whale conservation:

the mixed blessing of critical habitat. Biol Conserv 142:709–719


Williams R, Gero S, Bejder L, Calambokidis J, Kraus SD, Lusseau D,

Read AJ, Robbins J (2011) Underestimating the damage:

interpreting cetacean carcass recoveries in the context of the

Deepwater Horizon/BP incident. Conserv Lett 4:228–233


Wursig B (1990) Cetaceans and oil: ecological perspectives. In:

Geraci JR, St Aubin DJ (eds) Sea mammals and oil: confronting

the risks. Academic Press, San Diego


Arch Environ Contam Toxicol (2017) 73:131–153 153


123


AR025944

http://dx.doi.org/10.1371/journal.pone.0126538
http://dx.doi.org/10.1371/journal.pone.0126538

	Oil Spills and Marine Mammals in British Columbia, Canada: Development and Application of a Risk-Based Conceptual Framework
	Abstract
	Methods
	Estimating the Likelihood of Oil Exposure
	Exposure Pathways

	Determining Oil Exposure Risk Scores for Individual Species
	Estimating the Likelihood of Population-Level Effects from Oil Exposure
	Determining Oil Spill Risk Scores at the Population Level
	Identifying Species at Greatest Risk from an Oil Spill

	Results and Discussion
	Marine Mammals of Coastal British Columbia, Canada
	Likelihood of Individual Exposure
	Likelihood of Population-Level Effects from Oil Exposure
	Species at Greatest Threat from an Oil Spill
	Applying the Risk Framework with Modelled Spill Probabilities: A Southern Resident Killer Whale Example

	Acknowledgements
	References


