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ABSTRACT

Pacific Northwest Harlequin Duck (Histrionicus histrionicus) Habitat Suitability
and the Vulnerability of Identified Salish Sea Habitats to Oil Spills and their Legacy Effects

Matthew Hamer

Harlequin ducks (Histrionicus histrionicus) are a sea duck species exhibiting life-history
traits that increase their vulnerability to external perturbations and restrict their ability to
recover from population reductions — they have inherently low productivity, high metabolic
requirements, and are highly philopatric. Harlequin duck populations in Prince William
Sound, Alaska encountered a substantial perturbation in 1989 when the oil tanker, Exxon
Valdez, spilled 10.8 million gallons of crude oil after running aground on a reef. As a result,
approximately one-quarter of the local harlequin duck population died from direct oiling
immediately after the spill. Surviving individuals philopatric to contaminated habitats were
recurrently exposed to residual pollutants, leading to locally depressed survival rates and
continued population declines during the following decade. Overall, more harlequin duck
losses were caused by persistent exposure to contaminants than the initial oiling event.
Harlequin ducks in British Columbia and Washington are also susceptible to oil spills,
particularly in the Salish Sea where current tanker traffic is high and projected to increase. In
an effort to identify coastal locales that may harbor harlequin ducks, | developed species
distribution models (SDMs) depicting potential diurnal and nocturnal harlequin duck use
patterns during the nonbreeding period. SDMs were developed using Maxent modeling and
occurrence locations collected via satellite telemetry. Satellite telemetry data was supplied by
researchers in Alberta, British Columbia, Montana, Washington, and Wyoming. | then
utilized an Oil Residence Index (ORI) to identify highly suitable Salish Sea shoreline habitats
that could potentially have prolonged oil residence. If oiled, harlequin ducks philopatric to
these habitats would likely be subject to continued pollutant exposure. SDMs depicting
habitat use patterns were successfully developed and post-model assessment indicated that
90% of identified Salish Sea nearshore harlequin duck habitats may be subject to prolonged
oil residence.
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INTRODUCTION

On most mornings, Bligh Reef—Iike other reefs in Prince William Sound, Alaska—
served its function as a critical feature of the coastal, nearshore environment. The reef’s
bathymetric uplifting allowed benthic invertebrates to cling to the reef and feed in the coastal
waters. Fish, mammals, and birds all frequented the reef to forage on the invertebrates and
other organisms that proliferated there. However, when the sun rose on the morning of March
24" 1989, it illuminated a scene horrifically unlike the panorama of coastal habitat that had
brightened for millennia prior. Sometime shortly after midnight, the Exxon Valdez, a vessel
measuring over 300 meters long, collided with the reef, spilling 10.8 million gallons of crude
oil, causing profound acute and prolonged harm to Prince William Sound and the Gulf of
Alaska (Wolfe et al., 1994).

In the weeks that followed, spilled oil dispersed across 30,000 km? of marine waters,
a range harboring about a million marine birds (Piatt et al., 1990). Much of the oil descended
upon especially productive intertidal, nearshore, and shoreline habitats essential for
numerous and diverse taxa. Between one hundred thousand and three hundred thousand
marine birds were killed by the immediate effects of oil exposure (Piatt et al., 1990). Loons,
grebes, alcids, and sea ducks accounted for most marine bird fatalities in the weeks and
months following the spill due to their time spent resting on the water surface and dive
foraging (Piatt et al., 1990).

By late April, a month after the spill, the immediate marine bird die-off due to oil
exposure had largely concluded; by that point, most of the oil had emulsified into a mousse-

like substance less likely to cause acute physical damage to birds (Piatt et al., 1990).



Although the abrupt die-off had subsided, the effects of the spill continued to harm the
marine bird inhabitants of the coastal waters for years.

Life-history characteristics of the affected species influenced how populations
responded in subsequent years. Philopatric species—those exhibiting high fidelity to specific
sites—were especially slow to recover. Large proportions of inhabitants philopatric to
specific oil affected sites were immediately killed after the spill from acute oil exposure
(Esler et al., 2002; lverson & Esler, 2010). Philopatric individuals that survived the initial
oiling event continued to use sites even though habitat quality was greatly diminished. These
philopatric individuals were persistently subjected to the legacy impacts of oil pollution,
which in turn depressed survival rates, delaying population recovery (Esler et al., 2000, 2002;
Iverson & Esler, 2010).

Harlequin ducks (Histrionicus histrionicus) are a sea duck species exhibiting life-
history traits that increase their vulnerability to environmental perturbations and restrict their
ability to recover from population reductions—they are long-lived, slow to reproduce, and
highly philopatric (Cooke et al., 2000; Goudie et al., 1994; Robertson et al., 2000a; Smith et
al., 2001). Additionally, harlequin ducks must forage more frequently than most sea ducks
during winter, due to high metabolic requirements stemming from their small body size
(Goudie & Ankney, 1986). The high metabolic requirements of harlequin ducks place them
near a survival threshold, especially during winter when metabolic needs increase and
foraging opportunities become limited by photoperiod. Perturbations that diminish foraging
success and overwinter body condition may severely decrease overwinter survival rates as

individuals cross the metabolically established survival threshold.



Approximately one-quarter of the harlequin ducks wintering in oil affected regions of
Prince William Sound died immediately as a direct result of oiling from the Exxon Valdez
spill (Esler et al., 2000, 2002; Iverson & Esler, 2010). In the decade that followed, the
Sound’s harlequin duck population continued to decline from long-term exposure to
persistent oil pollution and the species’ limited ability to recover. More individuals were
killed due to chronic exposure and legacy effects of the oil spill than during the initial oiling
event (Esler et al., 2000, 2002; Iverson & Esler, 2010; Rosenberg et al., 2005). At its lowest
point, female abundance in oiled areas was 55% lower than before the spill (Iverson & Esler,
2010). Harlequin duck populations in oil-affected regions declined until hydrocarbon
exposure subsided and survival rates returned to pre-spill levels (Iverson & Esler, 2010;
Rosenberg et al., 2005).

Pacific Northwest harlequin duck populations utilizing and philopatric to the coastal
waters of British Columbia and Washington State also face substantial and potentially
increasing risks from oil spills. Today, approximately 530 oil tankers navigate the waters of
the Salish Sea every year, importing crude oil (mostly from Valdez, AK) and exporting
petroleum products from local refineries (Washington Department of Ecology, 2019). Qil
tanker traffic could increase drastically soon. British Columbia’s proposed Trans Mountain
Pipeline is expected to increase oil tanker traffic navigating the waters between Vancouver
and the Pacific Ocean from 5 to 34 vessels per month (Govt of Canada & National Energy
Board, 2016). This increase in tanker traffic signals a major increase in risk to the region’s
marine life and could have substantial consequences for local harlequin duck populations.

Harlequin duck philopatry necessitates affinity to specific high-quality sites with

individuals recurrently occupying particular habitat features and shoreline sections



(Robertson et al., 2000a). In an effort to identify British Columbia, Washington State, and
northern Oregon coastal locales likely to support harlequin ducks, I developed species
distribution models (SDMs). These models identify areas potentially inhabited during the
nonbreeding season at diurnal and nocturnal times and were developed using maximum
entropy (Maxent) modeling (Phillips et al., 2006, 2017) and male harlequin duck occurrence
locations collected from satellite telemetry. The satellite telemetry data were supplied by
researchers in Alberta, British Columbia, Montana, Washington, and Wyoming. | then
utilized an established Oil Residence Index (ORI) to identify suitable Salish Sea shoreline
habitats with the potential to have prolonged oil residence (Berry et al., n.d.; Howes et al.,
n.d.). I begin this thesis with a review of literature relevant to harlequin duck natural history
and population risks; oil transport in Washington and British Columbia coastal waters; and
Maxent species distribution modeling. I then detail my methodology for developing the
SDMs and present model results. This thesis concludes with a discussion identifying
particular high-quality habitats that may be especially susceptible to oil spills and their

legacy effects under current and planned future oil transport scenarios.



LITERATURE REVIEW

Harlequin Ducks

Harlequin ducks (Histrionicus histrionicus) exhibit philopatry to sensitive habitats
during nonbreeding and breeding periods (Bruner, 1997; Robertson et al., 2000b). From mid-
summer to early spring, during their nonbreeding period, harlequin ducks utilize gravel and
rock coastlines and nearshore habitats during the day and move farther offshore at night to
roost. During the nonbreeding period, Pacific Coast harlequin ducks range from Northern
California to the Aleutian archipelago; during the spring breeding season, both sexes migrate
inland where they breed and fledge young on fast-flowing, montane streams (Robertson &
Goudie, 1999). Pacific harlequin ducks utilize streams from the south throughout Oregon’s
Cascades, extending north throughout Alaska and the Yukon Territory, and inland to the

Northern Rocky Mountains (Robertson & Goudie, 1999).

Harleguin Duck Natural History during the Breeding Period

Harlequin ducks depart coastal habitats during the early spring to migrate inland to
montane streams where they spend the breeding period (Cassirer & Groves, 1994; Robertson
et al., 2000b). Some populations of harlequin ducks that use streams near the coast—such as
those in Prince William Sound, Alaska—continue to use stream estuaries during the breeding
period even though they nest at higher elevations along stream corridors (Crowley, 1993).
Upon arrival to breeding stream habitats, pairs copulate, and females search for and select
nest locations. Males are only present during this early period for ca. 67 weeks, returning to
the coast soon after females begin incubation, typically by June, although incubation

initiation varies by region (Bruner, 1997). Females may initiate nests and begin laying eggs



as early as mid-April (Bruner, 1997). A single egg is laid daily or every second day until
final clutch formation; final clutches typically consist of five or six eggs (Bengtson, 1972;
Bruner, 1997; Crowley, 1993). Incubation is initiated once all the eggs have been laid and
lasts for 27-29 days (Bengtson, 1972). After hatching, females and their young remain in
stream habitats until the young fledge. Females and young typically depart stream habitats
together for the coast during late August and September (Bruner, 1997; Cassirer & Groves,
1994).

Females exhibit philopatry to specific streams and even to particular nesting locations
(Bruner, 1997; Cassirer & Groves, 1994; Crowley, 1993). Unpaired young females move
more in stream habitats than older, paired females, likely because they are searching for
suitable stream and nesting habitats and have not yet established breeding site philopatry
(Bruner, 1997). Young females, exhibiting elevated movement and without established site
philopatry, are agents of female dispersal into new breeding streams (Bruner, 1997).

Females typically nest upstream from reaches that are used by pairs. In the Cascade
Mountains of Oregon, pairs occupied 3™ to 5" order streams while nesting occurred on 1%t to
5t order streams (Bruner, 1997). Near Prince William Sound, Alaska, nests are positioned
above salmon-bearing stream reaches, near treeline, however, pairs are typically found in
lower salmon-bearing stream reaches (Crowley, 1993). Confluences of low-order tributaries
and streams are often used by both sexes (Crowley, 1993).

The size of utilized streams may vary by region with availability. In Oregon’s
Cascade Mountains, Bruner (1997) found that harlequin ducks inhabited stream reaches
ranging from 10 to 80 meters in width, averaging 28 meters; however, in Idaho, Cassirer and

Groves (1994) found that most harlequin ducks used streams less than 10 meters in width.



Selected stream reaches are typically in mature forest and have ample loafing
locations (i.e., places to rest) in the form of instream rocks, wood debris, and islets formed by
braided channels (Bruner, 1997; Cassirer & Groves, 1994; Wallen, 1987). Stream reaches
with vegetated streambanks are preferred over reaches with unvegetated banks, and rapids,
riffles, and runs are preferred over waterfalls and pools by adult birds (Cassirer & Groves,
1994; Goudie & Gilliland, 2008; Wallen, 1987). Broods may use reaches similar to adult
pairs or may prefer slower reaches (Cassirer & Groves, 1994; Goudie & Gilliland, 2008);
typically, streamflows are lower when broods are present in the summer than when pairs are
present. Reach substrate is also a key attribute for harlequin duck utilization; reaches with
cobble, boulder, and bedrock substrate are preferred over reaches with sand, gravel, and silt
substrates (Bruner, 1997; Cassirer & Groves, 1994; Crowley, 1993; Wright et al., 2000).
Areas with increased human disturbance, such as stream reaches adjacent to roads, trails, and
logged areas are often avoided (Cassirer & Groves, 1994).

Nests are typically situated on instream islands, in the stream floodplain, or on
immediately adjacent streamside slopes and canyon walls (Bruner, 1997; Cassirer & Groves,
1994). Southwest facing slopes with ample sun may be preferred over other aspects and sites
free of snow early in the year are often used over sites that remain snow-covered later
(Crowley, 1993). Nests may be shallow scrapes on the ground, located on elevated woody
debris, perched on canyon walls, or within tree cavities (Bruner, 1997; Cassirer et al., 1993;
Cassirer & Groves, 1994; Crowley, 1993). Nests are typically placed under the forest canopy
in areas with dense horizontal and vertical vegetative cover (Bengtson, 1972; Bruner, 1997;

Crowley, 1993).



Aquatic invertebrate larvae are the primary food source for harlequin ducks while
they are in stream habitats (Gardarsson & Einarsson, 2008; Wright et al., 2000). Invertebrate
larvae types commonly consumed include caddisfly (Trichoptera), mayflies
(Ephemeroptera), stoneflies (Plecoptera), and black flies (Diptera; Gardarsson & Einarsson,
2008; MacCallum et al., 2016; Wright et al., 2000). Populations nesting in coastal streams
may continue to feed in estuarine areas on invertebrates, juvenile salmonids, and roe
(Crowley, 1993). Females nesting away from coastal areas rely solely on freshwater-derived
nutrients for egg formation (Bond et al., 2007). Harlequin duck production appears to be
limited by food availability in some (Gardarsson & Einarsson, 2008), but not all (Wright et

al., 2000) freshwater systems.

Harleguin Duck Natural History during the Nonbreeding Period

Males depart breeding streams and return to coastal habitats after females begin
incubating, typically arriving in coastal areas during June and July (Robertson et al., 1997).
Females return to coastal regions after nesting and fledging has occurred, typically between
late July and September. Nonbreeding and failed nesting females return to coastal sites
earlier than successfully nesting females (Robertson et al., 1997). Broods that have survived
the summer to fledge depart the breeding stream and return to the coast as a family with their
mothers. Once these family groups reach the coast, juveniles of both sexes disperse (Regehr,
2003; Regehr et al., 2001).

Harlequin ducks begin molting soon after they arrive at the coast. Some returning
males exhibit interannual philopatry to molting locations which may function as a

mechanism to increase survival, developing individual knowledge about specific locations



and increasing the likelihood that site characteristics are favorable during the molt period
(Robertson et al., 2000b; Robertson & Cooke, 1999). The entire molt period lasts for 2.5-3
months for each individual and results in an approximately 21-day period when birds are
flightless. Rapid molting onset likely occurs so that pair-bonds can begin forming early and
to ensure flight is regained before winter (Robertson et al., 1997).

Paired individuals also exhibit philopatry to wintering sites which allows for the
reunification of pairs and may increase winter survival during periods of stable conditions
through developed site knowledge (Robertson et al., 2000b). Most previously formed pairs
reunify by December with some pair bonds re-established as early as October. New pair
bonds develop later in the winter or spring (Robertson et al., 1998). Males are not territorial
on wintering grounds and several male home ranges may overlap; however, males will
defend their mate with aggression toward advancing unpaired male suitors (Robertson et al.,
2000b).

Exposed, nearshore, intertidal zones with offshore reefs, islands, and islets are
preferred coastal habitats during the nonbreeding period (Esler et al., 2000; Rodway et al.,
2003). Wide (>100m) intertidal zones provide increased foraging opportunity and are
preferred over narrower intertidal areas (Rodway et al., 2003). Areas with cobble, gravel,
bedrock, and boulder substrates are often occupied while areas with sand, mud, and silt
substrates are generally avoided (Esler et al., 2000; Rodway et al., 2003). Areas near stream
mouths may also be preferred (Esler et al., 2000).

In coastal habitats, primary food sources include snails, crabs, bivalves, limpets,
chitons, fish roe, and small/juvenile fish (Crowley, 1993; Gaines & Fitzner, 1987; Vermeer,

1983). Wintering harlequin ducks have high metabolic requirements due to their small body



size and large surface area to volume ratio; their physiology demands that they feed more
frequently than larger-bodied sea ducks during the winter (Goudie & Ankney, 1986). Wide
intertidal areas increase feeding opportunities by providing longer periods of suitable
foraging conditions during the tidal cycle and more efficient shallow water diving (Esler et
al., 2000; Rodway et al., 2003). Herring spawn events that provide access to large amounts of
easily acquired roe are frequented by harlequin ducks in the Pacific Northwest. Spawn events
typically occur in the early spring, before harlequin ducks depart for breeding areas;
harlequin ducks that frequent herring spawn increase endogenous reserves that are used for

migration and on the breeding grounds but not for egg production (Bond & Esler, 2006).

Harleguin Duck Population Dynamics

Harlequin duck populations have sex ratios skewed towards males likely as a result of
higher female annual mortality (Cooke et al., 2000; Rodway et al., 2003). Counts of
wintering Pacific Northwest harlequin ducks indicated that females comprise about 41-45%
of the population (Smith et al., 2001; WDFW unpublished data). Female survival is lowest
during the breeding period with breeding period survival rates varying by location, ranging
from 75% in Alberta to 87% and 89% in British Columbia and Oregon, respectively (Bond et
al., 2009). Most female mortalities occur during incubation, and variations in breeding period
mortality rates may be due to differences in predator communities and available cover (Bond
et al., 2009; Bruner, 1997). Females often attempt to nest during their second year but nest
success is generally low; adult-level nest success rates aren’t reached until the 4™ or 5 year

(Hendricks, 1999). Annual recruitment also appears low with hatch-year individuals
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accounting for less than 10% of wintering abundance in the Pacific Northwest (Smith et al.,
2001; WDFW unpublished data).

Male and female survival rates appear to be similar during molting and wintering
periods. Annual survival rates of individuals returning to White Rock, Canada varied
between juvenile males (56%), adult males (82%), and all age class females (74%; Cooke et
al., 2000). Winter survival is higher for philopatric males than non-philopatric males
probably because the former have greater success in avoiding predators and exploiting food
resources due to their experience with local conditions. (Cooke et al., 2000; Robertson &

Cooke, 1999).

Harlequin Duck Population Threats

The resiliency of harlequin duck populations and their ability to recover from external
perturbations is reduced by slow reproduction, philopatry, and high overwinter metabolic
requirements. Harlequin ducks exhibit delayed sexual maturity and low annual reproduction
relative to other ducks (e.g. dabbling ducks [Anatinae]), resulting in slow population growth
rates (Goudie et al., 1994). Under normal conditions, low productivity typically results in
stable populations; however, a population’s inherent slow growth rate may hamper recovery
when perturbations occur and populations decrease (Esler et al., 2002; Goudie et al., 1994;
Iverson & Esler, 2010). Philopatry may increase harlequin duck survival in stable and
suitable habitats, but being site faithful means that harlequin ducks may continue the use of
an area when environmental conditions degrade and are no longer suitable (Esler et al.,
2002). Philopatry also slows immigration to new sites which may hamper population growth

in recovering areas (Esler et al., 2000, 2002). The high metabolic demands of wintering
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harlequin ducks place them near a survival threshold. If foraging conditions or individual
physical conditions diminish due to an external perturbation, overwinter survival can
decrease drastically as individuals fail to meet their high metabolic needs (Esler et al., 2002).

Catastrophic events like the Exxon Valdez oil spill can immediately reduce local
abundance and have long-lasting impacts on future harlequin duck populations. Oil spills are
particularly deleterious to philopatric organisms because individuals that survive initial
exposure events are routinely re-exposed to remnant hydrocarbons at contaminated sites
(Esler et al., 2002; Patten et al., 2000). Following the Exxon Valdez spill, petroleum
hydrocarbons persisted in local sediment for years and were present in harlequin duck food
sources (Babcock et al., 1996; Carls et al., 2001; Wolfe et al., 1994). As a result, harlequin
ducks ingested and absorbed the legacy pollutants. In 1989 and 1990, 74% of Prince William
Sound’s harlequin duck population had aliphatic (non-aromatic) hydrocarbons present in
their liver (Patten et al., 2000).

Female harlequin duck abundance in Prince William Sound fell by one-quarter
immediately after the spill due to direct oiling. During the years that followed, female
abundance continued to decline in oiled areas until five to ten years after the spill when it hit
a low-point 55% below pre-spill abundance (lverson & Esler, 2010). Nearly a decade after
the Exxon Valdez spill, Prince William Sound harlequin duck densities remained lower in
oiled areas than unoiled areas, indicating that populations had not recovered from the initial
population reduction and continued exposure to persistent environmental toxins (Esler et al.,
2000, 2002). Population recovery did not begin until the spill’s legacy effects no longer
reduced survival rates, 11 to 14 years after the spill (Iverson & Esler, 2010; Rosenberg et al.,

2005).
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Due to concern over their low productivity, philopatric patterns, and susceptibility to
disturbance by human activity, harlequin ducks have been designated a Priority Species for
conservation and management and a Species of Greatest Conservation Need (SGCN) by the
Washington Department of Fish and Wildlife (Lewis & Kraege, 1999; Washington
Department of Fish and Wildlife, 2015). NatureServe, a non-profit organization specializing
in independent conservation status assessments, ranks nonbreeding harlequin duck
populations as Vulnerable in British Columbia and Washington. British Columbia breeding
populations are considered Apparently Secure while Washington breeding populations are

considered Imperiled (NatureServe, 2020).

Petroleum Transportation and Oil Spill Risks

Within the Pacific Northwest study area, most oil transport occurs across the straits,
sounds, and inlets of the Salish Sea. Presently, there are about 530 tanker transits in the
Salish Sea annually. Most tankers transiting the Salish Sea are bound for refineries in
Anacortes and Ferndale (Washington State), and VVancouver, British Columbia, Canada
(Govt of Canada & National Energy Board, 2016; Washington Department of Ecology,
2019). The Salish Sea also supports more than 10,000 tanker-barge and articulated tug-barge
inshore transits annually (Washington Department of Ecology, 2019).

Ocean-going oil tankers traveling to Vancouver via the Strait of Juan de Fuca must
navigate three abrupt turns to avoid reefs and negotiate the strong currents of Haro Strait and
Boundary Pass. Tankers bound for refineries in Anacortes and Ferndale must travel through
the narrow and reef strewed Guemes and Rosario Straits (Washi