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A B S T R A C T


The Southern Resident killer whale population (Orcinus orca) was listed as endangered in 2005 and shows little

sign of recovery. Exposure to contaminants and risk of an oil spill are identified threats. Previous studies on

contaminants have largely focused on legacy pollutants. Here we measure polycyclic aromatic hydrocarbons

(PAHs) in whale fecal (scat) samples. PAHs are a diverse group of hazardous compounds (e.g., carcinogenic,

mutagenic), and are a component of crude and refined oil as well as motor exhaust. The central finding from this

study indicates low concentrations of the measured PAHs (< 10 ppb, wet weight), as expected; however, PAHs

were as high as 104 ppb prior to implementation ofguidelines mandating increased distance between vessels and

whales. While causality is unclear, the potential PAH exposure from vessels warrants continued monitoring.

Historical precedent similarly emphasizes the importance of having pre-oil spill exposure data available as

baseline to guide remediation goals.


1. Introduction


Marine traffic ofoil tankers and other vessels to ports in Washington

State and British Columbia, as well as oil transportation by rail and

pipeline, increases the vulnerability of inland marine waters to a cat-
astrophic event such as a spill or grounding. Current shipping lanes

transect areas designated as critical habitat for wildlife listed as en-
dangered and threatened under the U.S. Endangered Species Act, in-
cluding the Southern Resident killer whales (SRKWs) (Ecology, 2015).

This area of inland waters is partially separated from the open Pacific

Ocean, with few places for the oil to disperse. Historic events (e.g.,

“Exxon Valdez” oil spill in Alaska and “Deepwater Horizon” oil spill in

the Gulf of Mexico) have demonstrated that oil spills in the marine

environment can have population-level consequences for aquatic spe-
cies. Specifically, exposure to oil in marine mammals has been asso-
ciated with adrenal dysfunction and increased lung disease (Schwacke


et al., 2013; Venn-Watson et al., 2015), cardiac, pulmonary, adrenal

and gastric lesions (Stimmelmayr et al., 2018), reduced reproductive

success (Kellar et al., 2017), immune system impairment (De Guise

et al., 2017), and population decline (Matkin et al., 2008). A common

component ofoil is polycyclic aromatic hydrocarbons (PAHs), a diverse

group ofcompounds known to be both carcinogenic and mutagenic that

rank in the top 10 hazardous substances by the United States Agency for

Toxic Substances and Disease Registry (ATSDR, 2018). Marine mammal

exposure to PAHs and other compounds following a spill can initially

occur through inhalation as volatile components of the oil slick eva-
porate, followed by contact and ingestion in the water column, and

persistence in the marine environment once in sediment (Rosenberger

et al., 2017).


Combustion of fuel from boat motors is another source ofPAHs, and

an additional risk for the Southern Resident killer whales because of

shipping and recreational boat traffic, ferries, fishing vessels, etc.
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commonly found in the inland waters. Marine mammals are inherently

vulnerable to poor air quality due to their extended time spent at the

water's surface, and their deep breaths. A previous estimate demon-
strated safe pollutant (PAH) levels of vessel exhaust exposure in

Southern Resident killer whales are exceeded under certain conditions

(Lachmuth et al., 2011). Concerns related to vessel traffic as a risk

factor for Southern Resident killer whales is not a new concept (NMFS,

2008); however much of the focus to date has been on foraging beha-
vior (Lusseau et al., 2009) and the effects of vessel noise (Holt et al.,

2009).


Previous studies on the health risks of exposure to toxic con-
taminants on the killer whale population have focused on legacy per-
sistent organic pollutants (Krahn et al., 2007; Lundin et al., 2016; Ross

et al., 2000), with few studies that have evaluated exposure to other

environmental contaminants (Lachmuth et al., 2011; Rayne et al., 2004;

Rosenberger et al., 2017). The objective of this study was to measure

PAH concentrations in fecal (scat) samples from this endangered killer

whale population. Floating killer whale fecal samples were collected

and analyzed using gas chromatography–mass spectrometry. Results

from this study indicate low current levels of PAH exposure in the

whales. Prior to the change in guidelines that increased the protective

distance of boats from this population, the PAH exposure may have

been higher.


2. Methods


2.1 . Sample collection


A total of 263 SRKW fecal samples were collected May through

October from 2010 to 2013; of these, 70 samples were > 2 g, which was

the minimum mass for the chemical analysis used in this study. All

samples were collected within 30 linear miles of Mosquito Bay, San

Juan Island, Washington, USA (Fig. 1). Samples were located by


detection dogs trained to locate SRKW fecal floating on the water sur-
face (Ayres et al., 2012; Lundin et al., 2016; Wasser et al., 2004).

Samples were scooped off the surface of the water using a 1 L poly-
propylene beaker, collected in a 50 mL polypropylene tube, im-
mediately centrifuged using a small field centrifuge, and all sea-water

was decanted. The remaining pellet was kept on ice, frozen the day of

collection, and then transferred to a −20 °C freezer until processed in

the lab. Collections occurred from mid-May through mid-October, the

time period when the SRKWs appear with regularity in the waters

around the San Juan Islands and Puget Sound of Washington state,

collectively referred to as the Salish Sea (Fig. 1).


2.2. Life history data


Age, sex, family lineage, and reproductive status of whales geno-
typed in this study (described below) were determined using annual

population census data collected through photo-identification since

1976 by the Center for Whale Research (CWR, 2018). Age-sex class was

defined as juveniles (either sex, < 10 years), adult males (≥ 10 years),

reproductive-age females (≥ 10 to < 40 years) (CWR, 2018; Robeck

et al., 2004), and post-reproductive females (40+ years).


2.3. Laboratory methods


Samples were thawed, homogenized, and sub-sampled for high

throughput genotyping to determine individual identification (Ford

et al., 2011) and for toxicant analysis. Individual identification was

linked with the population census data to determine pod and age-sex

class (CWR, 2018). Seventy samples were analyzed for PAHs and, as

reported previously, persistent organic pollutants (POPs) (Lundin et al.,

2016). These samples were extracted, purified, and analyzed for PAH

concentrations using the procedures of Sloan et al. (2014). In brief,

samples were extracted with dichloromethane using an accelerated


Fig. 1. Map of Southern Resident killer whale habitat

within the Salish Sea, showing locations of petroleum

refineries together with areas ofpipeline, marine, and rail

transport of oil. The star ( ) marks Mosquito Bay, San

Juan Island, Washington, USA; all fecal samples were

collected within 30 linear miles of this point. Service

layer credits: Esri, HERE, DeLorme, MapmyIndia, ©

OpenStreetMap contributors, and the GIS user commu-
nity; Data source for map layers: https://www.eia.gov/

mapslayer_info-m.php, http://www.wsdot.wa.gov/

mapsdata/geodatacatalog/.
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solvent extractor. The extracts were then purified using a gravity flow

cleanup column containing alumina/silica to remove highly polar

compounds, followed by a second cleanup step to remove lipids and

other biogenic compounds using size exclusion high-performance liquid

chromatography. The sample extracts were then analyzed using gas

chromatography–mass spectrometry (GC/MS). In total, 25 PAHs were

analyzed (naphthalene, NPH; 1-methylnaphthalene, MN1; 2-methyl-
naphthalene, MN2; 2,6-dimethylnaphthalene, DMN; 2,3,5-trimethyl

naphthalene, TMN; acenaphthylene, ACY; acenaphthene, ACE;

fluorene, FLU; dibenzothiophene, DBT; phenanthrene, PHN; anthra-
cene, ANT; 1-methylphenanthrene, MP1; fluoranthene, FLA; pyrene,

PYR; retene (methyl isopropyl phenanthrene); benz[a]anthracene,

BAA; chrysene + triphenylene (co-elution), CHR; benzo[b]fluor-
anthene, BBF; benzo[j]fluoranthene + benzo[k]fluoranthene (co-elu-
tion), BKF; benzo[e]pyrene, BEP; benzo[a]pyrene, BAP; perylene, PER;

indeno[1,2,3-cd]pyrene, IDP; dibenz[a,h]anthracene + dibenz[a,c]an-
thracene (co-elution), DBA; and benzo[ghi]perylene, BZP. All PAH

concentrations are reported as ng/g, wet weight.


2.4. Statistical methods


Genetic identification was known for 56 of the 70 samples. Analysis

of variance was performed for year (2010, 2011, 2012, and 2013), pod

(J, K, L, unknown), Julian day of sample collection (continuous), and

age-sex class (juvenile, adult male, adult female, post-reproductive fe-
male, and unknown), with whale identity included as a random effect to

account for repeat sampling from an individual whale. This analysis

was performed for summation of all PAHs measured (sum PAHs), as

well as the summation of low molecular weight (LMWAHs; NPH, MN1,

MN2, DMN, TMN, ACY, ACE, FLU, DBT, PHN, ANT, MP1, retene) and

high molecular weight (HMWAHs; FLA, PYR, BAA, CHR, BBF, BKF,

BAP, BEP, PER, IDP, DBA, BZP) compounds. All levels below the lower

limit of quantification were reported as zero. When levels in field

samples were less than three times those measured in the analysis-set


method blank, they were reported as zero. All analyses were conducted

in R (version 3.2.2, R Development Core Team, 2015). The level of

significance used for all statistical tests was p < 0.05.


3. Results


The PAHs were measured in 70 fecal samples. Genetic identity was

determined for 56 samples, representing 34 unique whales (Table 1).

Nineteen samples were collected in 2010, 20 in 2011, 13 in 2012, and

18 in 2013. Samples represented all three SRKW pods; 37% of samples

were from members ofJ pod (26/70), 20% from K pod, and 23% from L

pod (Table 1). Seven percent of samples represented juvenile whales

(5/70), while 33% were from reproductive-age females, 17% from post-
reproductive females, and 23% from adult males.


The concentrations of sum PAHs in all fecal samples were below

10 ppb wet weight (Fig. 2; Table 2) except in four outliers collected in

2010 (discussed below). The sum PAHs for these outliers ranged from

11 to 104 ppb wet weight. In 2010, at least 25% of the samples had

concentrations of MN2, DMN, ACE, FLU, and PHN that were above the

lower level of quantitation, and more than three times those measured

in the analysis-set method blank (Supplemental Table 1). In 2011, this

list of compounds was MN2, ACY, ACE, FLU, PHN, ANT, MP1, FLA,

PYR, CHR, and, in 2012 and 2013, this list only included NPH, MN1,

and MN2. All other measured PAHs for each year were above the lower

limit of detection or more than three times those measured in the

analysis-set method blank in< 25% of the samples.


There was no significant effect ofyear, pod, or age-sex class for sum

PAHs, sum LMWAHs, or sum HMWAHs. Similarly, there was no sig-
nificant effect for Julian day of sample collection for sum PAHs, sum

LMWAHs, or sum HMWAHs. However, a review of the data for each

year revealed four 2010 samples with distinctively high signals com-
pared to the rest of the samples (Fig. 2). Sample 72 (collected on June

13 from adult male J26) demonstrated a unique low-molecular weight

signal. Samples 1, 18, and 19 (respectively collected June 13 from adult

male J26, July 7 from adult female K16, and July 7 from post-re-
productive female L7) demonstrated a distinct high-molecular weight

signal.


4. Discussion


The Southern Resident killer whales are currently experiencing

negligible exposure to the PAHs measured; with a few exceptions, all

samples were below 10 ppb wet weight for sum PAHs. These con-
centrations reflect a profile ofrecent exposure because bioaccumulation

of PAHs occurs less readily than for POPs due to their chemical prop-
erties (Nfon et al., 2008) and the ability of vertebrates to rapidly me-
tabolize PAHs to more polar compounds that can be readily eliminated

(Varanasi et al., 1993; Meador et al., 1995; Ylitalo et al., 2017). This

PAH baseline data, in conjunction with other health and population

metrics on the Southern Resident killer whale population (CWR, 2018;

Fearnbach et al., 2011; Wasser et al., 2017), will be invaluable to guide

remediation goals and damage assessment evaluations in the event of

an oil spill. In particular, the collection and measurement of PAHs in

SRKW fecal samples following an oil spill, relative to the baseline

measures reported here, would provide vital information on recent

exposure indicating the extent of the spill and the effectiveness of the


Table 1


Descriptive data of fecal samples; 70 samples from 34 unique whales, with

number of samples by collection year, collection month, pod, and age-sex class.


Year 2010 2011 2012 2013


Total samples measured 19 20 13 18

Number of unique whales 14 15 10 11

Month June 3 2 3 7


July 3 5 2 2

August 7 7 4 4

September 6 6 4 4

October 0 0 0 1


Pod J 6 6 7 7


Unknowna


Age-sex class Juvenile 1 2 1 1

Adult female 7 6 6 4

Adult male 2 5 3 6

Post-reproductive female 7 2 1 2

Unknowna


a Identity unknown; individual identification from genotype analysis not

available for all whales.


Table 2


Quartiles demonstrating levels of PAHs measured in fecal samples (ng/g, wet weight); in total, 25 PAHs were analyzed in 70 samples.


Min 25% 50% 75% Max


Sum PAHs 0.00 1.06 1.79 3.73 103.59

Sum LMWAHs 0.00 0.88 1.68 3.27 45.33

Sum HMWAHs 0.00 0.00 0.00 0.27 84.60


NOTE: sum PAHs: summation ofall 25 PAHs measured; sum LMWAHs: NPH, MN1, MN2, DMN, TMN, ACY, ACE, FLU, DBT, PHN, ANT, MP1, retene; sum HMWAHs:

FLA, PYR, BAA, CHR, BBF, BKF, BAP, BEP, PER, IDP, DBA, BZP.
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clean-up efforts. Further validation of these methods, along with the

inclusion of alkylated and hydroxylated PAH compounds, would in-
crease confidence in the source and environmental pathway of the PAH

measurements. The historical precedent of oil spill impacts on marine

ecosystems has emphasized the importance and utility of having pre-
spill census and exposure data on different species, particularly wild

cetaceans. Pre-spill data was not available for the Exxon Valdez spill,

making it challenging to evaluate individual- and population-level im-
pacts on resident killer whale population recovery (Matkin et al., 2008).


The vulnerabilities of this killer whale population to an oil spill is

forecast to increase. Proposed expansion of oil pipelines (e.g., Kinder

Morgan Trans Mountain Pipeline System carrying oil from Alberta) and

the movement of oil by rail, which started bringing oil to the state of

Washington from North Dakota in 2012 (with ~10% from Alberta and

Saskatchewan), will increase the amount of oil transported within this

region. Estimates across the last few years amount to > 2 billion gallons

of oil transported quarterly in the state of Washington (Ecology, 2017,

2018); half of the oil transported by marine vessel, with a quarter by a

rail and a quarter by pipeline transport systems (Ecology, 2015, 2017,

2018). However, the shift from historically predominant tank ship

transportation of oil (90%) does not necessarily decrease the risks to

aquatic ecosystems, as these pipelines terminate at marine ports, and


the railways run along major waterways such as the Columbia River

and Puget Sound (Fig. 1). Mitigation of potential oil spill risks through

prevention and waterway management will be critical moving forward.


An unexpected finding from this study was four samples, all col-
lected in 2010, that had levels of PAHs above 10 ppb (ranging from 11

to 104 ng/g, wet weight). Sample 72 was laden with low molecular-
weight PAHs, a signature of crude or refined oil (versus combustion)

source. This single 2010 sample may be due to leaked gas or oil on the

surface of the water contaminating the sample. The remaining three

2010 outliers contained high molecular-weight PAHs, which is a sig-
nature of PAHs produced through combustion. The Be Whale Wise

guidelines (www.bewhalewise.org), federal regulations under the

Marine Mammal Protection Act and Endangered Species Act, increased

the legal distance that boats must maintain from whales from 100 to

200 yards (yds) after 2010. The extent these three whales were exposed

to boat exhaust during 2010 when vessels were allowed to be in closer

proximity to the whales is unknown. However, empirical evidence has

shown combustion engine emissions at 31% of source at 100 m (109 yd)

distance, and at background levels by 200 m (219 yd) distance

(Lachmuth et al., 2011). Following the implementation ofthe mandated

200 yd. distance between marine vessels and whales in 2011, our next

three years of fecal collection showed no samples with PAHs above


Fig. 2. Boxplots of 25 PAHs (ng/g, wet weight)

measured in SRKW fecal samples, by year. Notations

for 2010 denote sample number of 4 outliers, sam-
ples 1, 18, 19, and 72.

NOTE: naphthalene, NPH; 1-methylnaphthalene,

MN1; 2-methylnaphthalene, MN2; 2,6-di-
methylnaphthalene, DMN; 2,3,5-trimethyl naphtha-
lene, TMN; acenaphthylene, ACY; acenaphthalene,

ACE; fluorene, FLU; dibenzothiophene, DBT; phe-
nanthrene, PHN; anthracene, ANT; 1-methylphe-
nanthrene, MP1; retene (methyl isopropyl phenan-
threne); fluoranthene, FLA; pyrene, PYR; benz[a]

anthracene, BAA; chrysene + triphenylene (co-elu-
tion), CHR; benzo[b]fluoranthene, BBF; benzo[j]

fluoranthene + benzo[k]fluoranthene (co-elution),

BKF; benzo[a]pyrene, BAP; benzo[e]pyrene, BEP;

perylene, PER; indeno[1,2,3-cd]pyrene, IDP; dibenz

[a,h]anthracene + dibenz[a,c]anthracene (co-elu-
tion), DBA; and benzo[ghi]perylene, BZP.
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10 ppb. This suggests that whales may have experienced a decrease in

exposure to combustion engine emissions following the updated vessel

regulations. Marine vessels around the whales continue to increase in

size and number. Even with regulations protecting the distance between

the vessels and the whales, the potential PAH exposure from vessels

warrants PAH sampling in future years.


It is possible that the high molecular weight PAH levels in the three

2010 sample were deposited atmospherically on the fecal sample

floating on the surface of the water. Alternatively, the increased PAHs

in 2010 may simply have resulted from contamination during field

sampling. We do not expect the latter to be the case as caution was

taken to maintain a clean sampling station both onboard the research

vessel, as well as in the laboratory. However, PAH compounds are

pervasive and field contamination cannot be ruled out. PAH con-
tamination could also have been from our own research vessel; al-
though, that being the case, we would also have expected signals of

elevated PAHs in later year samples since our sampling methodologies

did not change across the 4-year study.


Killer whales are highly vulnerable to adverse risk from oil spills due

to their small population size, slow rate of reproduction, and dietary

specialization (NMFS, 2008; Rosenberger et al., 2017). Baseline PAH

exposure data from this study will provide a reference point for re-
mediation goals in the potential event ofan oil spill in the inland waters

of Washington state (USA) and British Columbia (Canada). However,

more preventative action through preparation and management is re-
commended to diminish the risk of an oil spill in the Salish Sea, and

particularly within the designated critical habitat for the Southern

Resident killer whales (Fig. 1).


Supplementary data to this article can be found online at https://

doi.org/10.1016/j.marpolbul.2018.09.015.
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