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Executive Summary
High latitudes of the North Pacific Ocean surrounding Alaska have long been a source of
bountiful living marine resources. Historically, the North Pacific waters around Alaska have
supported commercial enterprises including whaling, hunting of sea otters and seals for the fur
trade, and fishing. Over the past 30 to 50 years, harbor seals, Steller sea lions, northern fur seals,
and sea otters have declined markedly in large portions of both the Gulf of Alaska and the Bering
Sea, raising concerns about the current status and long-term stability of North Pacific
ecosystems. In recent years, some populations of harbor seals and Steller sea lions have
stabilized or even begun to grow, but fur seal and sea otter populations continue to decline as do
other harbor seal and Steller sea lion populations. Several hypotheses have been proposed
regarding the causes of these declines, including diminished or altered food resources caused by
commercial fishing or environmental changes, effects of contaminants, disease epidemics,
increased mortality due to entanglement in marine debris, and increased predation by killer
whales. Research to investigate several of these hypotheses has focused primarily on Steller sea
lions because of their interactions with commercial fisheries.
Hypotheses regarding the impact of killer whale predation on pinnipeds and sea otters in the
North Pacific Ocean were proposed beginning in the early 2000s. In 2004, Congress asked the
Marine Mammal Commission to “review available evidence regarding the theory that rogue
packs of killer whales are wiping out discrete populations of the most endangered marine
mammals.” An adequate response requires consideration of multiple factors that have affected
the Gulf of Alaska and Bering Sea over the past several decades and that may have contributed
to the declines of pinnipeds and sea otters or to changes in killer whale ecology and behavior.
The complexity of ecosystem-scale processes that may affect the interactions between killer
whales and their marine mammal prey in the North Pacific Ocean illustrates the importance of
long-term research and monitoring to better understand the status and dynamics of marine
mammals and ecosystems. The primary anthropogenic threats facing marine mammal stocks
often include indirect impacts such as those resulting from the destruction of habitat and
competition with fisheries. Understanding these indirect impacts require additional information
on ecosystem interactions that is not commonly collected as part of the current marine mammal
stock assessment process.
In response to the above-referenced Congressional question, the Commission considered three
key questions: (1) Did killer whale predation contribute to the decline of pinnipeds and sea otters
in the North Pacific Ocean around Alaska? (2) Is killer whale predation currently contributing to
the decline or impeding the recovery of pinnipeds and sea otters North Pacific Ocean around
Alaska? and (3) Has the decline in pinnipeds and sea otters had an impact on killer whale
population(s) in the North Pacific Ocean around Alaska?
To address these questions, the Commission initiated a review of the ecological role of so-called
“transient” (i.e., mammal-eating) killer whales (also known as Bigg’s killer whales) in the North
Pacific Ocean. In 2005, the Commission convened a workshop of experts to assess existing
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knowledge on this subject and to identify important information gaps. It convened a second
workshop later in 2005 to develop a long-term, ecosystem-scale research program required to fill
the information gaps identified in the first workshop. Further, the Commission funded several
research projects relevant to specific information needs identified in the workshops. This report
summarizes the Commission’s analysis and findings regarding the ecological role of transient
killer whales in the North Pacific Ocean surrounding Alaska.
Did killer whale predation contribute to the decline of pinnipeds and sea otters in the North
Pacific Ocean surrounding Alaska?
Transient killer whales in the North Pacific are known to prey on whales, seals, sea lions and sea
otters. For this report, we are interested in transient killer whales preying on harbor seals, Steller
sea lions, northern fur seals, and sea otters. As large predators with large energetic needs, killer
whales could kill and consume a substantial number of those prey items. Therefore, it is possible
that transient killer whales contributed to the declines of those prey species; however, without
estimates of transient killer whale predation rates on pinnipeds and sea otters before and during
the periods when the populations were declining, it is not possible to confirm or refute such a
hypothesis. Although current and future predation rates can be estimated based on observational
studies and energetic models, it is not clear how historical predation rates could be estimated
reliably, and without such estimates the question cannot be answered conclusively.
Is killer whale predation currently contributing to the decline or impeding the recovery of
pinnipeds and sea otters in the North Pacific Ocean surrounding Alaska?
As is the case for historical declines, it is possible that transient killer whale predation affects
prey population dynamics because (1) transient killer whales are known to prey on harbor seals,
Steller sea lions, northern fur seals, and sea otters, and (2) as large predators with large energetic
needs, transient killer whales could kill and consume a substantial number of those prey items.
On the other hand, it is not possible to answer this question conclusively because no estimates of
current predation rates are available that take into account seasonal changes in distribution,
density, and behavior of killer whales and their prey. That being said, such estimates could be
derived from long-term research efforts and used to evaluate whether and to what extent killer
whales are likely to affect the dynamics of prey populations in the future.
Has the decline in pinnipeds and sea otters had an impact on killer whale population(s) in the
North Pacific Ocean surrounding Alaska?
Harbor seals, Steller sea lions, and northern fur seals are known to be important prey of transient
killer whales in the North Pacific Ocean surrounding Alaska, as are various other marine
mammal species. It appears that sea otters were not important prey until the 1990s. The declines
of harbor seals and Steller sea lions from the 1970s and into the 1990s were quite large and likely
reduced the availability of those species as prey for killer whales. The even more dramatic
decline of sea otters in the 1990s and early 2000s likely reduced their availability to killer
whales. The decline of northern fur seals has also been large and the population is continuing to
decline; however, the fur seal population is still quite large and, therefore, the species is
potentially able to contribute significantly to meeting the energetic needs of killer whales.
iii

Additional research is required before conclusions can be drawn. The principal research
questions that remain to be answered regarding the ecological role of transient killer whales in
the North Pacific Ocean are:
 How many transient killer whales are in the North Pacific Ocean surrounding Alaska and
how has this changed over the past 50 years?
 What are their distribution and movement patterns?
 How does killer whale predation affect marine mammal prey populations?
Although some information exists to address each of these questions, further research is required
to account for regional and seasonal variation in transient killer whale abundance, distribution,
diet, and particularly predation rates. In order to answer these research questions in detail, a longterm, ecosystem-scale research program would be needed. General components of any research
program designed to address ecosystem-scale issues would need to include:
 Long-term research at selected sites to study relevant components of the ecosystem and
the processes that control the dynamics of interest (in this case the reproduction and
survival rates of transient killer whales and their prey);
 Periodic, broad-scale research efforts (e.g., surveys) to provide context and information
for extrapolating the findings from specific study sites; and
 Further development of technology and analytical techniques to collect data remotely (to
reduce the need to physically follow specific animals or capture and handle them to
gather the necessary observations and data).
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Introduction
The Marine Mammal Commission (Commission) has been working for several years on its
response to a question from Congress about whether killer whales are “wiping out” populations
of endangered marine mammals in the North Pacific Ocean surrounding Alaska1. Specifically,
in 2004 Congress asked the Commission to “review available evidence regarding the theory that
rogue packs of killer whales are wiping out discrete populations of the most endangered marine
mammals.” Hypotheses regarding the ecological role of so-called “transient”2 killer whale
predation in the decline of seals, sea lions, and sea otters have been controversial in the scientific
community and the potential ramifications for management of human activities, such as
commercial fishing, are significant. We carefully considered the growing body of research to
inform this report.
The Commission initiated a review of the ecological3 role of killer whales in marine ecosystems
of the North Pacific Ocean, focusing particularly on the relationship between transient killer
whales and their marine mammal prey. As part of its review, in 2005 the Commission convened
a workshop of leading killer whale researchers from the United States and Canada to assess
existing knowledge regarding the ecological role of transient killer whales that prey on other
marine mammals in the North Pacific and to identify important information gaps. The
Commission convened a second workshop later in 2005 to develop a long-term, ecosystem-scale
research program required to address the information gaps identified in the first workshop. In
addition to these workshops, the Commission reviewed the relevant scientific literature, which
grew rapidly in the 1990s and early 2000s in response to increased interest in the issues, as well
to as a large pulse of research funding, particularly for Steller sea lion research, provided by
Congress in the early 2000s.
In the course of its review, the Commission took advantage of the extensive published work by
individual researchers and research groups. The book “Whales, Whaling, and Ocean
Ecosystems” (Estes et al. 2006) provides a review of historical data and hypotheses on the roles
whales play in food webs and the continuing ecological chain reactions as a result of the
depletion of large whales by commercial whaling. Additional reviews and results of new studies
have been published since the Commission-sponsored workshops in 2005 (Estes et al. 2005,
Whitehead and Reeves 2005, Fritz and Hinckley 2005, DeMaster et al. 2006, Hennen 2006,
Mizroch and Rice 2006, Maniscalco et al. 2007, Matkin et al. 2007, Schrope 2007, Trites et al.
2007a, Trites et al. 2007b, Wade et al. 2007, Zerbini et al. 2007, Springer et al. 2008, Estes et al.
2009, Wade et al. 2009, Durban et al. 2010, Kuker and Barrett-Lennard 2010, Dahlheim and
White 2010, Barrett-Lennard et al. 2011). The Commission also funded several research projects
1

For the purposes of this report, the “North Pacific Ocean” refers to Pacific Ocean waters surrounding the State of
Alaska, including the Bering Sea and Gulf of Alaska, unless otherwise specified.
2
For the purposes of this report, “transient killer whale” means killer whales that prey largely on marine mammals,
also referred to as “Bigg’s killer whales”.
3
For the purposes of this report, the term “ecosystem” is used to refer to the environment of the North Pacific Ocean
waters surrounding Alaska, including the water, wildlife and climate. The “ecological role” of transient killer
whales refers to the role those populations play in the food webs of the area, and the resulting ecological chain
reactions from predation.
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(Mock and Testa 2007, Straley 2007, London et al. 2012, Mehta et al. 2007). (Research
summaries can be found in Appendix 1.)
We often fall short of our goals to achieve effective management that ensures the maintenance of
resources as functioning elements in healthy ecosystems. The current monitoring for marine
mammal stocks under the Marine Mammal Protection Act (MMPA) focuses almost exclusively
on monitoring the stocks’ population dynamics and the impacts of human-caused mortality or
serious injury, with a focus on incidental mortality and injury (“bycatch”) in commercial
fisheries. For all stocks in U.S. waters, the level of monitoring has been insufficient to provide
the information necessary to effectively manage even this single type of direct impact on many
marine mammal stocks (NMFS 2004, Taylor et al. 2007). Some populations of marine mammals
are declining in spite of protection, yet the causes of the declines and the consequences for food
webs, ecosystems, and human activities are often poorly understood.
To address Congress’s specific question, it is necessary to consider three key questions: (1) Did
killer whale predation contribute to the decline of pinnipeds and sea otters in the North Pacific
Ocean surrounding Alaska? (2) Is killer whale predation currently contributing to the decline or
impeding the recovery of pinnipeds and sea otters in the North Pacific Ocean surrounding
Alaska? and (3) Has the decline in pinnipeds and sea otters had an impact on killer whale
population(s) in the North Pacific Ocean surrounding Alaska?

Killer Whales in the North Pacific
The killer whale is the largest member of the family Delphinidae and a top predator in marine
ecosystems of all oceans. Killer whales have distinctive black and white markings and are
sexually dimorphic, with adult males growing larger than females. One global species of killer
whales is currently recognized; however, variation in morphology (Baird and Stacey 1988, Ford
et al. 2000, Dahlheim et al. 2008), social structure (Bigg 1990, Baird and Whitehead 2000,
Parsons et al. 2009), vocalizations (Ford 1989, Barrett-Lennard et al. 1996, Deecke et al. 2005,
Filatova et al. 2012, Riesch et al. 2012), diet (Ford et al. 1998, Ford et al. 2000, Hanson et al.
2010, Ford and Ellis 2014), and genetic characteristics (Leduc and Taylor 2004, Hoelzel et al.
2007, Morin et al. 2010, Pilot et al. 2010, Foote et al. 2011, Ford et al. 2011a, Parsons et al.
2013) has led cetacean taxonomists to suggest revisions to the single species description (Reeves
et al. 2004).
Three types of killer whales, termed “residents,” “transients,” and “offshores,” occur in the
temperate coastal North Pacific Ocean. While the ranges of these types of killer whales overlap,
they are reproductively isolated, genetically distinct, and vary in their social dynamics, vocal
behavior, and foraging strategy (Ford et al. 1998, Ford et al. 2000, Dahlheim et al. 2008). Socalled resident killer whales live in stable social groups and feed primarily on fish and squid,
particularly salmon (Ford et al. 1998, Saulitis et al. 2000, Ford and Ellis 2006, Hanson et al.
2010, Ford et al. 2016). So-called transient killer whales travel in small groups and are
acoustically quiet, using stealth to hunt marine mammal prey. Based on direct observations,
analysis of stomach contents, and chemical tissue analyses, transient killer whales are known to
prey on marine mammals and occasionally birds, but generally not fish (Baird and Dill 1995,
Ford et al. 1998, Ford and Ellis 1999, Herman et al. 2005, Dahlheim and White 2010). Recent
2

information suggests that squid is a larger component of the diet of transients than previously
recognized (Hanson and Walker 2014). So-called offshore killer whales tend to be found in
outer continental shelf waters (Dahlheim et al. 2008). Chemical analyses indicate that the diet of
offshore killer whales differs from those of other killer whales (Herman et al. 2005). They have
been observed to eat sharks (Ford et al. 2011b), but more information is needed to characterize
the natural history and diet of offshore killer whales.
Because of the differences in prey preferences among the different types of killer whales, this
review focuses on the ecological role of marine mammal-eating (“transient”) killer whales in the
North Pacific and provides additional background on transient killer whales more generally.
Transient killer whales live in small groups of one to six animals, but can join into larger groups
to kill or feed on large baleen whales. The U.S. National Marine Fisheries Service (NMFS)
recognizes three stocks of transient killer whales in the North Pacific: the West Coast transient
stock (California to southeast Alaska), the AT1 transient stock (Prince William Sound, Alaska),
and the Gulf of Alaska, Aleutian Islands and Bering Sea transient stock. Current population
estimates in the most recent U.S. Stock Assessment Reports (SARs) are 243 West Coast
transients (Allen and Angliss 2015), 7 AT1s (Muto and Angliss 2016), and 587 Gulf of Alaska,
Aleutian Islands, and Bering Sea transients (Allen and Angliss 2015). Predation by the AT1
stock and the Gulf of Alaska, Aleutian Islands, and Bering Sea stock are reviewed in this report.
Matkin et al. (2007) studied transient killer whale predation off the eastern Aleutian Islands
including Unimak Pass, where a high percentage of kills were gray whales. Those authors
contrast the eastern Aleutians with other areas and emphasize the need to further examine
transient movements and predation regionally and seasonally. Harbor seals are the primary prey
of transient killer whales in Washington state and British Columbia (Baird and Dill 1995, Ford et
al. 1998), and harbor seals and harbor porpoises are primary prey in northern Glacier Bay and the
Icy Strait region of southeast Alaska (Matkin et al. 2007). In Prince William Sound and Kenai
Fjords the dominant prey of AT1 transients are harbor seals and Dall’s porpoises (Saulitis et al.
2000), and sea lions are the focus of predation in the Gulf of Alaska. Wade et al. (2007)
summarized predation in several regions based on observations of confirmed kills and stomach
contents from the eastern North Pacific since 1950. In the Gulf of Alaska more than half of the
documented predation events involved harbor seals and Steller sea lions, over 30 percent
involved small odontocetes (Dall’s porpoises, harbor porpoises, belugas), 8 percent involved
minke whales, and 3 percent involved sea otters. In the Gulf of Alaska a fin whale was observed
as prey on one occasion. Wade et al. (2007) reported 41 percent of predation events involved
pinnipeds (northern fur seals, walruses, harbor seals, and Steller sea lions), 24 percent small
odontocetes, 18 percent large baleen whales (all gray whales), 12 percent minke whales, and a
single sea otter. Dahlheim and White (2010) observed transients in coastal waters of southeast
Alaska year-round and reported primary prey of killer whales to be Dall’s porpoises, Pacific
white-sided dolphins, harbor porpoises, and minke whales. They also noted that several potential
prey species were common and abundant, but not targeted, including humpback whales, elephant
seals, and sea otters. Based on observations of 138 attacks on marine mammals in southern
British Columbia and Washington State (Baird and Dill 1996), individual transient killer whales
were estimated to eat approximately 1.5 harbor seals per 24-hour period (Baird 2002). Food
intake rates varied both seasonally (Baird and Dill 1995) and with group size (Baird and Dill
1996).
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Several researchers have noted that they have seen no signs of individual specialization for
transient killer whales and have observed the same individuals or groups consuming a variety of
prey species (Ford et al. 1998, Dahlheim and White 2010), indicating that transient killer whales
can master the predatory tactics for several marine mammal prey (Heise et al. 2003). Lack of
focus on a particular species of marine mammal and wide-ranging movements allow transient
killer whales to capitalize on seasonally or locally abundant prey. The ease with which killer
whales can adapt to foraging on different prey species, however, is not known and is likely to
vary between killer whale pods because foraging tactics appear to be culturally transmitted from
mothers to their offspring within pods (Guinet and Bouvier 1995, Baird 2000, Rendell and
Whitehead 2001). Barrett-Lennard et al. (2011) reported seasonally concentrated predation on
gray whales for extended periods, presumably a response to the high-density available of
migrating gray whales near the Aleutian passes. They also described transient killer whales
leaving uneaten portions of prey and later returning to resume feeding (Barrett-Lennard et al.
2011).

Declines of Marine Mammals in the North Pacific Ocean Surrounding Alaska
Historically, the North Pacific Ocean waters around Alaska have supported commercial
enterprises including whaling, hunting of sea otters and seals for the fur trade, and fishing.
Currently, the marine ecosystems of the Gulf of Alaska and Bering Sea (Figure 1) continue to
support a diverse marine mammal fauna as well as some of the world’s largest fisheries in terms
of both biomass landed and market value.
Several marine mammal species in this area have declined in the last several decades. These
include northern fur seals, sea otters, and Steller sea lions, among others. The causes of these
declines are not known and, in many cases, studies focus on local populations that may not
represent the entire ecosystem. Over the past 30 to 50 years, however, harbor seals, Steller sea
lions, northern fur seals, and sea otters have declined markedly in large portions of both the Gulf
of Alaska and Bering Sea, raising concerns about the current status and long-term stability of
North Pacific Ocean ecosystems. In particular, concerns regarding the decline of Steller sea
lions and potential conflicts with commercial fishing have led to substantial changes in the
implementation of commercial groundfish fisheries along the Aleutian Islands and Alaskan
Peninsula.
Generally, declines in wild populations can be caused either by increased mortality or decreased
reproduction and recruitment. Researchers have proposed hypotheses to explain the pinniped
and sea otter declines around Alaska, pointing to (1) diminished or altered food resources caused
by commercial fishing or (2) environmental changes, particularly oceanic regime shifts, (3)
excessive predation by killer whales, or (4) some combination of factors. Hypotheses regarding
the impact of killer whale predation on pinnipeds and sea otters have been particularly
controversial. In 2003, Springer et al. hypothesized that transient killer whales sequentially
depleted the populations of harbor seals, northern fur seals, Steller sea lions, and sea otters after
commercial whaling from the 1950s to the 1970s had drastically reduced the biomass of large
whales available as prey to transient killer whales. This hypothesis was contested immediately
by other scientists, and alternate hypotheses were proposed regarding the ecological interactions
4

among killer whales, large whales and whaling, and how these could have driven the declines of
pinnipeds and sea otters.

Figure 1. High Latitudes of the North Pacific Ocean, including the Bering Sea and Gulf of Alaska. Source: NMFS
Alaska Fisheries Science Center.

Killer Whales
Long-term studies have provided information on the population status, feeding behavior, and life
history traits of some transient killer whale stocks. Trend data are available for more thoroughly
studied populations of fish-eating killer whales in Puget Sound, Washington, and British
Columbia, Canada, and the remnant population of marine mammal-eating killer whales in Prince
William Sound, Alaska. Matkin et al. (2012) analyzed photographic data since 1984 and
determined Gulf of Alaska transient killer whale populations in the northern Gulf are stable;
however, reliable data on trends in the population in the Aleutian Islands and Bering Sea are not
5

available (Allen and Angliss 2015). The counts for AT1 transient killer whales declined from 22
whales in 1989 to 7 whales in 2014, although most of the deaths responsible for the decline
apparently occurred in 1989-1990 (Muto and Angliss 2016).
Northern Fur Seals
Northern fur seals declined from the 1950s to early 1980s (York 1987). The initial decline was
due largely to a directed effort to reduce the population, ostensibly to facilitate a densitydependent increase in reproduction and thus boost the number of young males available for the
commercial harvest. The intentional reduction was stopped in 1968 and the population showed
signs of recovery, but began to decline again in the mid-1970s. The larger population on St. Paul
Island stabilized during the 1980s and 1990s, but recently has begun to decline further. The
smaller population at St. George Island has continued a relatively steady decline since the mid to
late 1970s. As a result of the population declining to less than 50 percent of levels observed in
the 1950s (1.8 million animals), northern fur seals were listed as depleted under the MMPA in
1988 (Muto and Angliss 2016). The current minimum population estimate for the Eastern
Pacific Stock of fur seals (those that breed in Alaska) is 548,919 (Muto and Angliss 2016).
While known human-caused mortality and serious injury does not exceed the stock’s Potential
Biological Removal (PBR) level, the population is declining for unknown reasons; therefore, the
stock remains depleted (below the Optimal Sustainable Population, OSP, level) (Muto and
Angliss 2016).
Steller Sea Lions
NMFS recognizes two stocks of Steller sea lions in the northeastern Pacific Ocean, a western and
an eastern stock with the stock boundary at Cape Suckling (144°W). The western stock of
Steller sea lions has declined by 85 percent. The decline may have begun as early as the late
1960s or early 1970s and was first observed in the eastern Aleutian Islands (Braham et al. 1980).
The decline spread west through the Aleutian Islands and east throughout the western and central
Gulf of Alaska, reaching its maximum rate of approximately 15 percent per year between 1985
and 1989 (Loughlin et al. 1992; York 1994). Through the 1990s, the decline slowed across the
range of the western stock to approximately 5 percent per year (Sease and Gudmundson 2002).
Since 2000, the decline appears to have stopped and counts of animals at rookeries and haul-out
sites have increased by approximately 5 percent per year (Angliss and Outlaw 2006), but there
has been considerable regional variation in trend (Sease and Gudmundson 2002, Burkanov and
Loughlin 2005, Fritz et al. 2013). In contrast to the western stock, the eastern stock of Steller sea
lions has increased since the 1960s and 1970s, when regular surveys were initiated, with an
overall trend of 4.2 percent increase per year between 1979-2010 (NMFS 2013, Allen and
Angliss 2015).
Both stocks of Steller sea lions were listed as threatened under the Endangered Species Act
(ESA) in 1990. In 1997, the status of the western population of Steller sea lions was changed to
endangered. A recovery plan for Steller sea lions was completed in 1992 and revised in 2008
(NMFS 1992, NMFS 2008). The revised plan includes updated information on status, completed
recovery actions, remaining threats, and recovery criteria. The revised plan further
recommended reviewing the status of the eastern population to consider delisting. In 2013,
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NMFS delisted the eastern stock of Steller sea lions under the ESA, as the population had met
the delisting criteria.
Harbor Seals
NMFS recognized 12 stocks of harbor seals in Alaska, 9 of which seem to be stable or increasing
and 3 of which appear to be decreasing (Muto and Angliss 2016). Harbor seals declined from the
late 1970s to the 1980s throughout much of their range from the central Gulf of Alaska (Prince
William Sound and Kodiak Island) west through the Aleutian Islands (Pitcher 1990, Small et al.
2003). In Prince William Sound, harbor seals declined sharply from the 1980s (Small et al.
2003, Ver Hoef and Frost 2003) but they may now be increasing there (Muto and Angliss 2016).
Harbor seals in the North Kodiak stock are increasing, but the South Kodiak stock remains
reduced to only about 20 percent of 1970s levels (Jemison et al. 2006). Overall estimates in the
Aleutian Islands suggest a decline of 67 percent from 1977 to 1999 (Small et al. 2003); however,
a slightly increasing trend was observed from 2007 to 2011 (Muto and Angliss 2016). Harbor
seals are not currently listed as depleted under the MMPA or as threatened or endangered under
the ESA.
Sea Otters
Sea otter populations in the Aleutian Islands have undergone several cycles of depletion and
recovery. While the causes of some cycles are known, the causes of others are not. Commercial
hunting in the 18th and 19th centuries led to fragmentation and near extirpation of the species
(Kenyon 1969). The remaining populations began to recover after they were protected in 1911,
beginning in the central Aleutians and gradually spreading throughout the archipelago (Doroff et
al. 2003). By the 1950s, sea otters had recovered to pre-commercial hunting levels around some
of the islands (Estes 1990). Population growth continued until the 1980s, when an estimated
55,000-74,000 animals inhabited the archipelago (Estes 1990, Doroff et al. 2003). Sea otter
abundance in the Aleutian Islands declined by about 17-18 percent per year from 1990 to the
early 2000s (Doroff et al. 2003), with an even more rapid decline in the early 2000s (Estes et al.
2005). In 2005, the FWS listed the southwestern Alaska sea otter stock as threatened under the
ESA. A recovery plan for the southwest Alaska distinct population segment of northern sea
otters included information on the latest status and trends, information on threats, recovery
criteria, and actions necessary for recovery (USFWS 2013).

Ecological Role of Transient Killer Whales in the North Pacific
Ocean: Data Gaps and Hypotheses
The temperate North Pacific Ocean experienced a regime shift in 1976/1977, and perhaps again
in 1989 and 1999 (Hare and Mantua 2000, Minobe 2002, Bond et al. 2003). These regime shifts
were defined by changes in the physical environment, but they have had pervasive effects
throughout the trophic structure of the ecosystems, including changes in the distribution and
abundance of important species, such as key forage fishes (Benson and Trites 2002, Anderson
and Piatt 1999). In addition, over the past century humans have manipulated North Pacific
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ecosystems through large-scale removals of whales, fish, pinnipeds, and sea otters. Historical
and modern industrial whaling in the North Pacific targeted blue, fin, humpback, sei, gray,
bowhead, right, and sperm whales (Rocha et al. 2014). Commercial harvests of northern fur
seals by Russian explorers began in 1786 and continued without regulation for more than 80
years (NMFS 1993). Female fur seals were hunted by the U.S. between 1956-1698. Steller sea
lions were killed for bounties between 1913 and 1959, and they were commercially harvested
from 1959 to 1972. Over 20,000 Steller sea lions were also taken incidentally or killed
intentionally during groundfish fishery operations between the 1960s and 1980s. Sea otters were
hunted commercially from 1741 until 1911, when such hunting was prohibited.
Humans have also modified the North Pacific Ocean by introducing pollution and contaminants.
In spite of their remoteness from human population centers, the North Pacific Ocean has been
and continues to be exposed to a wide range of contaminants from point sources (e.g., coastal
development, oil and gas operations, military installations) and indirect sources (e.g.,
atmospheric and ocean currents that distribute the byproducts of human activities occurring
thousands of miles away). Tissues of a number of species of marine mammals contain
contaminants such as polychlorinated biphenyls (PCBs). At the top of the food chain, transient
killer whales carry some of the highest contaminant concentrations (Ross et al. 2000, Rayne et al.
2004, Krahn et al. 2007, Buckman et al. 2011). Such high concentrations raise serious concerns
about the health impacts on these animals, which are hard to investigate in these relatively
inaccessible pelagic animals.
Trophic interactions have also been implicated as possible drivers of population dynamics of
transient killer whale prey. Specifically, Springer et al. (2003) hypothesized that killer whale
predation sequentially depleted populations of harbor seals, northern fur seals, Steller sea lions,
and sea otters after commercial whaling from the 1950s to 1970s had drastically reduced the
large whale prey biomass available to killer whales. This has become known as the sequential
megafauna collapse hypothesis. This hypothesis was contested immediately by other scientists,
and alternate hypotheses were proposed regarding the ecological interactions among killer
whales, whales and whaling, and how these could have driven the declines of pinnipeds and sea
otters.
The quality and quantity of data available to evaluate hypotheses about what has caused declines
in North Pacific marine mammals varies with species. To date, because of a large infusion of
federal funding to assist in evaluation of the role of fisheries in their population decline, the most
detailed information and analyses have been conducted on Steller sea lions. The National
Research Council completed a comprehensive review of available data and concluded that no
hypothesis could be ruled out, but top-down sources of mortality were identified as a threat that
should be further investigated (NRC 2003). Less is known about harbor seals and northern fur
seals. Many scientists agree that there is sufficient data to indicate that the decline in sea otters
has been caused by top-down sources, primarily predation, and the recovery plan (USFWS 2013)
identified predation as the top threat. Some scientists still raised questions about whether killer
whales are the only predators responsible, or if sharks may also play a role. They have also
suggested that contaminants and disease should be investigated further (Kuker and BarrettLennard 2010).
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The next sections of the report review available information on competing hypotheses regarding
the cause of the pinniped and sea otter declines in the North Pacific Ocean surrounding Alaska.

Sequential Megafaunal Collapse Hypothesis
In 2004 when Congress posed its question, there were two related hypotheses that implicated
killer whale predation as a primary cause of the pinniped and/or sea otter declines in waters
around Alaska. Estes et al. (1998) hypothesized that pinnipeds in the Aleutian Islands region
declined due to diminished prey resources and, as a result, killer whales that had preyed upon
pinnipeds switched to sea otters and caused the sea otter decline. Springer et al. (2003, 2008)
expanded upon the prey-switching idea to include the supposition that large-scale commercial
whaling in the North Pacific Ocean and Bering Sea in the 1950s to 1970s substantially reduced
the availability of prey for killer whales, causing them to shift their foraging first from calves of
large whales to pinnipeds (harbor seals, fur seals, and Steller sea lions, in that order) and then to
sea otters.
The explanations suggested for killer whales to shift to killing more pinnipeds and sea otters than
whales include: a decrease in the biomass of whales available as prey for killer whales caused by
industrial whaling (Springer et al. 2003, 2008); a decrease in available whale carcasses caused by
the cessation of industrial whaling (Whitehead and Reeves 2005); a decrease in the biomass of
pinnipeds (to explain a predatory shift to otters; Estes et al. 1998); and an increase in the biomass
of gray whales post-industrial whaling that attracts and/or leads to an increase in abundance of
transient killer whales, which then prey on other marine mammals as the gray whales continue
their seasonal migration past the geographical area concerned (Whitehead and Reeves 2005,
DeMaster et al. 2006).
Large whales as prey source for transient killer whales
A key element of the sequential megafaunal collapse hypothesis is the assumption of a historical
reliance of transient killer whales on great whales as a major component of their diet. In support
of the supposition that transient killer whales consumed great whales, Springer et al. (2008)
provided a review of both historic and recent killer whale attacks on great whales including
bowhead, blue, fin, sperm, and humpback whales (Andrews 1916, Tarpy 1979, Jefferson et al.
1991, Pitman et al. 2001, Reeves et al. 2006). Reeves et al. (2006) also reviewed accounts of
attacks on gray, bowhead, and sperm whales. Although such accounts in the literature are rare,
Springer et al. (2008) inferred that the number of expected observations would be rare even if
attacks were common. Doak et al. (2006) estimated probabilities of witnessing attacks based on
estimated predation rate and concluded that there was a low probability of researchers in the field
observing attacks. This conclusion was based on the low level of research effort on the water
and vast geographic areas covered by the whales. More recently researchers have made more
reliable observations of killer whale predation on gray whales, including cow-calf pairs and
juveniles, specifically at Unimak Pass in the Aleutian Islands where migrating gray whales go
through a confined geographic area and represent a high density of prey (Barrett-Lennard et al.
2011).
Springer et al. (2008) also provided information on the high proportion of great whales with
evidence of scars or rake marks from killer whales (Jefferson et al. 1991, George et al. 1994,
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Ternullo and Black 2002, Naessig and Lanyon 2004, Branch and Williams 2006). The presence
of many surviving whales with scars and rake marks led the authors to conclude that attacks must
be common.
Springer et al. (2008) also cited behavioral observations of large whales avoiding killer whales or
cooperatively thwarting predation attempts as evidence of regular killer whale predation on large
whales (Corkeron and Connor 1999, Pitman et al. 2001, Weller 2002). Reeves et al. (2006)
noted some specialization in roles among large whales defending against attacks. Ford and
Reeves (2008) reviewed both fight and flight responses by large whales in response to transient
killer whales. Others noted that killer whales work cooperatively to attack large whales
(Jonsgard 1968, Tarpy 1979, Jefferson et al. 1991, Pitman et al. 2001). Springer et al. (2008) and
Reeves et al. (2006) contended that it would be unlikely that both predator and prey would
develop such behaviors if attacks were not regular events.
Attacks on live animals may not have been the only source of large whale prey for killer whales
in the whaling era. Whitehead and Reeves (2005) reviewed information on scavenging records
and described ample anecdotal evidence of killer whales scavenging on the carcasses of whales
killed by whalers. They hypothesized that with modern industrial whaling, scavenging became
widespread and commonplace.
Reductions in great whale populations from whaling
Springer et al. (2003) summarized International Whaling Commission (IWC) data and reported
that altogether half a million whales were removed from the North Pacific Ocean and southern
Bering Sea by the mid-1970s, leaving all great whale stocks in the region depleted. Springer et
al. (2003) reviewed IWC information and reported that, specifically between 1949 and 1969, a
minimum of 62,858 whales were removed within 200 nm of the Aleutians and north coast of the
Gulf of Alaska. Rocha et al. (2014) estimate nearly 2.9 million large whales were killed
worldwide from 1900-1999, with 563,696 killed in the North Pacific. Based on the numbers and
estimated biomass from individual species of large whales, Springer et al. (2003) reported that
combined biomass in the 1990s and early 2000s was approximately 14 percent of preexploitation levels. The estimates were later adjusted in Pfister and DeMaster (2006) to 18 or 46
percent of pre-exploitation levels with and without inclusion of sperm whales, respectively.
Rocha et al. (2014) estimated 314,942 sperm whales were killed in the North Pacific alone from
1900-1999. These catches likely left sperm whales severely depleted in the North Pacific
(Ivashchenko et al. 2014). Ivashchenko et al. (2011) noted that the Soviet Union conducted
illegal whaling worldwide from the 1940s-1970s, illegally killing an estimated 180,000 whales
of multiple species and causing a number of population crashes, and falsifying the catch data
submitted to the IWC. Intense illegal catches of North Pacific right whales were conducted in
the 1960s (Ivashchenko et al. 2012).
Transient killer whale prey switching to include pinnipeds and sea otters
The next element of the sequential megafaunal collapse hypothesis relies on transient killer
whales switching from their preferred prey of large whales to pinnipeds. Springer et al. (2003)
contended that killer whales altered their diet in response to changing prey availability. As an
10

example of the possibility of prey switching in killer whales, Springer et al. (2003) cited shifts in
diet observed in the Southern Ocean where one particular killer whale morphotype fed on whales
at high latitudes during austral summer and switched and fed on pinnipeds, fish and squid at
lower latitude during austral winter (Mikhalev et al. 1981), although it is not clear that the whales
in these different areas were actually of the same population or ecotype. Currently available
information does not indicate whether similar shifts may have occurred in the North Pacific
Ocean. Barrett-Lennard and Heise (2006) described two phases for potential changes in dietary
preferences and hunting behaviors in killer whales, (1) innovation, in which a new behavior is
developed, and (2) cultural transmission, in which acquired behaviors of few individuals are
passed on to a larger group. Barrett-Lennard and Heise (2006) also noted that whales tended to
maintain preferences, possibly to the point of depleting prey populations. With currently
available information it is not clear whether killer whales in the Gulf of Alaska were in fact
already feeding on pinnipeds (regularly or at least occasionally) even before large whale
populations had been substantially depleted in the North Pacific.
Effects of killer whale predation on pinnipeds and sea otters
The purported switch in transient killer whales from preying on large whales to pinnipeds could
have increased predation rates on several species in sequence and driven their sequential
population declines. Springer et al. (2003) described a sequence of declines starting with harbor
seals, then fur seals, followed by Steller sea lions, and lastly sea otters. Their 2003 analysis
included harbor seal counts from Tugidak Island (Pitcher 1990), measures of average pup
production of fur seals on St. Paul and St. George Islands (York 1987), estimated abundance of
the western stock of Steller sea lions (Sease et al. 2001), and sea otter counts from the Aleutian
Islands (Doroff et al. 2003). After updating their analysis of the sequential nature of declines in
2008 they came to the same conclusion, that declines were sequential and not synchronous
(Springer et al. 2008). They described this as transient killer whales “fishing down” the food
chain, depleting one prey resource and then switching to the next available, but perhaps less
preferred, prey resource.
Multiple sources, including the USFWS’s sea otter recovery plan (USFWS 2013), Springer
(2003, 2008), and Wade et al. (2007), found that the most compelling evidence for predation
driving declines may be for sea otters. Although killer whales are rarely observed preying upon
sea otters (Vos et al. 2006, Matkin et al. 2007, Wade et al. 2007), researchers in the Aleutian
Islands and Prince William Sound have noticed killer whale interactions with otters in recent
years, including at least one confirmed kill. A dead transient killer whale in Prince William
Sound was found with the remains of five sea otters (and nine harbor seals) in its stomach
(Hatfield et al. 1998, Vos et al. 2006). Such interactions with sea otters, which had not been
observed previously, are still rare compared to observations of predation on harbor seals or
Steller sea lions (Hatfield et al. 1998). This suggests that killer whales, at least in those regions,
may have changed their behavior; however, it must be noted that the observations collected to
date on killer whale-sea otter interactions are anecdotal in nature.
Other evidence comes from sea otter populations in areas inaccessible to killer whales. Estes et
al. (1998) observed that a population of sea otters living inside Clam Lagoon (Adak, Alaska) was
protected from killer whale predation and their population numbers remained stable, whereas sea
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otter populations outside the lagoon declined dramatically. At the same time, a large portion of
radio-tagged sea otters outside Clam Lagoon “disappeared” (their radio-tags were not heard by
radio-tracking equipment on shore), while radio-tagged animals within Clam Lagoon were
reliably detected. Estes et al. (1998) inferred from these observations that the tagged animals
outside Clam Lagoon fell prey to killer whales or died of other causes, although it is also
possible that the tagged animals may have moved out of range of radio-tracking instruments on
shore (which was not possible for animals in the enclosed Clam Lagoon population) or their tags
may have failed for some other reason. Other studies of radio-tagged animals at Amchitka and
Adak Islands, however, provided no evidence for long-distance (> 7 km) movements of sea
otters (Estes et al. 1998). Those studies also showed that birth and pup survival (to weaning)
rates were comparable to those of stable populations, suggesting that increased mortality rather
than decreased reproduction was the cause of the decline. In the absence of contradictory
evidence, the limited evidence for a predatory cause of the sea otter decline provides a plausible,
but not conclusive, argument.
Even as critics of Springer et al.’s (2003) sequential megafaunal collapse hypothesis
acknowledging sea otter decline may be the strongest case supporting the hypothesis (Wade et al.
2007), scientists still point to other alternatives worthy of further investigation. Kuker and
Barrett-Lennard (2010) raised issues for additional study, such as other potential predators such
as sharks that are known to feed on pinnipeds and sea otters. The extent to which other natural
predators may be contributing to sea otter or pinniped declines is not known. Kuker and BarrettLennard (2010) also raised issues regarding the need for additional investigation into disease and
contaminants.
Metabolic models support plausibility of sequential megafaunal collapse hypothesis
Springer et al. (2003) described metabolic models to evaluate the plausibility of the transient
killer whales’ ability to consume enough prey to explain large population declines. Williams et
al. (2004) estimated the number of pinnipeds transient killer whales could consume based on
estimates of killer whale metabolic needs and caloric value of prey. For diet scenarios of killer
whales consuming 100 percent Steller sea lions to meet their metabolic needs, Williams et al.
(2004) estimated that fewer than 40 transient killer whales could have caused the Steller sea lion
decline. For otters in the Aleutian Islands, Williams et al. (2004) estimated that fewer than 5
transient killer whales, consuming 100 percent sea otters, could account for the sea otter
population decline.
Sparse evidence for alternative causes of declines (bottom-up)
One line of reasoning cited by Estes et al. (1998) and Springer et al. (2003, 2008) to support their
sequential megafaunal collapse hypothesis is a lack of evidence for other causes of declines,
other than predation. Estes et al. (1998) dismissed disease, toxins, and starvation as causes of
elevated sea otter mortality since these causes would produce substantial numbers of carcasses
on the beach, yet very few were found. Analyses of disease exposure in Steller sea lions during
the period of population decline found no evidence of significant exposure to diseases known to
cause marine mammal die-offs, specifically influenza A, morbilliviruses, brucellosis, and
leptospirosis (Danner et al. 1998, Burek et al. 2005). Less extensive analyses of harbor seal
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disease exposure indicated that harbor seals had not been exposed to influenza A (Danner et al.
1998).
Estes et al. (1998) also reported evidence that argued against decreased reproduction (e.g.,
caused by food limitation) as the driving force in the pinniped and sea otter population declines.
Springer et al. (2008) cited studies indicating that nutritional limitations did not drive the sea
otter decline (Estes et al. 2004, Laidre et al. 2006). While Springer et al. (2008) discussed the
oceanic regime shifts that occurred in the mid-1970s, as well as human removal of large
quantities of fish by fisheries, they question whether these events led to prey depletion for
pinnipeds. In fact there were increases in abundance of some prey species in some areas during
the same time period (Fritz and Hinckley 2005, Brown 2007). In addition, Springer et al. (2008)
noted that several indices of physical condition of adult and pup sea lions demonstrated better
individual condition in declining stocks than in increasing stocks (Merrick et al. 1997, Rea et al.
1998, Adams 2000, Rea et al. 2003). This again points to a lack of support for population
declines driven by prey limitation. Iverson et al. (2004) noted harbor seal pups in Prince William
Sound, where the population was in decline, were in similar condition to pups in healthy
populations. Finally, if prey were the limiting factor for marine mammals, Springer et al. (2008)
argued that they would also expect to see declines in the seabird populations that feed on the
same prey; however, there was a lack of declines reported for other species (Springer 2007,
Dragoo et al. 2007).

Alternative Hypotheses and Challenges to the Sequential Megafaunal Collapse
Hypothesis
In the absence of clear evidence to confirm or refute the sequential megafaunal collapse
hypothesis, since 2004 (when Congress posed its question), several new killer whale predation
hypotheses have been proposed. Some of these hypotheses suggest that a shift in killer whale
predation could have caused the declines, but they differ mainly in terms of the proposed
ecological conditions that could have led to a shift in killer whale behavior of the magnitude
necessary to cause the declines. These proposed conditions and the likelihood that they would
result in killer whale behavioral changes large enough to drive population declines have been the
focus of much of the debate regarding the predation hypotheses. Other hypotheses focus on
offering alternative explanations for the declines, rather than attempting to disprove that killer
whales could have caused the declines.
Hypotheses that Killer Whales Could Have Caused Declines, But in a Different Manner than
the Sequential Megafaunal Collapse Hypothesis
Large whales were not a major component of killer whale diet
Wade et al. (2007) summarized observations of transient killer whale predation and reported that
the majority of attacks observed involved pinnipeds and small odontocetes, with few
observations of lethal attacks on large whales. Others also noted relatively few reports of
predation on living large whales, particularly in the North Pacific (Mizroch and Rice 2006).
Mizroch and Rice (2006) reviewed stomach content analyses of killer whales and reported that
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less than 3 percent of mammal eating killer whales had large whale remains in their stomachs.
Wade et al. (2007) also reviewed historical reports of killer whales preying on marine mammals
in the North Pacific prior to 1950 and found that most involved predation on harbor seals,
northern fur seals, Steller sea lions, and Pacific walrus. In contrast to the sequential megafaunal
collapse hypothesis, Wade et al. (2007) concluded that pinnipeds have always been the primary
prey for transient killer whales, even before the depletion of large whale populations. They also
disagree with the assertion that large whale predation is common, but rarely witnessed, and
instead asserted that the lack of direct observations of dramatic and obvious kills by researchers
studying large whales and transient killer whales indicates that large whale predation is rare.
They noted that killer whale predation on other species, such as pinnipeds and small cetaceans, is
witnessed regularly by observers studying these species. Wade et al. (2007) recognized an
exception to the rare nature of large whale attacks -- researchers have more recently observed
killer whales attacking gray whales more regularly, specifically at Unimak Pass in the Aleutian
Islands where there is a high density of gray whales during certain times of year when whales are
migrating through the confined area of the Pass (Barrett-Lennard et al. 2011).
Wade et al. (2007) reviewed the data on tooth rakes and scars on large whales and did not find
support for the assertion that transient killer whales in the North Pacific commonly attack large
whales. They cited studies that indicate scars from attacks are likely obtained in the whales’ first
year of life and in low latitudes (Mehta et al. 2007, Steiger et al. 2008). Based on this
information, Wade et al. (2007) suggested that the timing and locations of attacks are in conflict
with the sequential megafaunal collapse hypothesis.
While Springer et al. (2003) cited the behavioral reactions of large whales to killer whales as
evidence of predation, and other researchers have hypothesized that risk of predation may be a
factor driving the long migrations of large whales (Corkeron and Connor 1999), scientists have
also made arguments against these hypotheses. Jefferson et al. (1991) described considerable
evidence of non-responsiveness, or lack of avoidance responses by large whales to killer whales
and Clapham et al. (2001) argued that there are few observations of attacks and predation is not
common enough to become an evolutionary force resulting in long migrations. Wade et al.
(2007) asserted that the available data indicate transient killer whales focus on smaller prey that
can be captured with minimum risk and energy expenditure and may pursue large whales only
when densities are high enough that killer whales can find weak or debilitated individuals.
Industrial whaling reduced great whale populations, but did not remove prey source for transient
killer whales
The largest number of large whales removed by commercial whaling occurred in the 1800s and
first half of 1900s, well before pinniped declines. Mizroch and Rice (2006) reviewed whaling
trends and concluded that by 1968 killer whales would have been exerting pressure on pinniped
populations, which is not consistent with the Springer et al. (2003) timeline that noted declines
began in mid-1970s.
Wade et al. (2007) made the case that, even considering the removal of large whale biomass by
industrial whaling, consistent large whale biomass was available as a food source for killer
whales and that biomass from large whales always exceeded the biomass of pinnipeds and other
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potential prey. Springer et al. (2003) reported approximately 14 percent of original biomass
from large whales remaining, though the published estimate was 18 percent (Pfister 2004).
Pfister and DeMaster (2006) estimated current biomass of large whales would be 46 percent of
pre-exploitation biomass. Wade et al. (2007) estimated available large whale biomass as 45-54
percent of historical depending on whether sperm whales were included.
Wade et al. (2007) noted there was a large population of gray whales in the North Pacific by
1970 and increasing through the 1980s, as well as increased populations of other large whale
species. Mizroch and Rice (2006) reported minke and gray whales were not depleted by post
WW II industrial whaling. DeMaster et al. (2006) suggested that rather than switching to
pinnipeds, transient killer whales would have been expected to switch from large whale species
in decline due to whaling (e.g., fin and sperm whales), to other species of large whales that were
not hunted (e.g., minke whales) or that were increasing (e.g., humpback and gray whales).
Although they did not agree with the assertion that transient killer whales regularly attacked
large whales, Wade et al. (2007) noted that even if they did, there had been no dramatic or
sudden drop in available biomass and, therefore, no need for transient killer whales to switch
prey species. In addition, Wade et al. (2007) suggested that small cetaceans like Dall’s porpoise
and harbor porpoise, known prey items for transient killer whales, were consistently available as
prey. Fur seals also continued to represent a large biomass even after population declines
(Pfister and DeMaster et al. 2006). Regardless of any changes from historical abundances,
pinnipeds and small cetaceans still only contribute a small percentage to overall marine mammal
biomass. Large whale biomass is always an order of magnitude larger.
In reviewing this topic, researchers have acknowledged the need to consider seasonal changes in
the types of marine mammal biomass that are available to transient killer whales (Trites et al.
2007a). Pfister and DeMaster (2006) estimated changes in seasonal availability of large whales,
small cetaceans and pinnipeds to transient killer whales, from historical levels of marine
mammal abundance. They noted that additional research is needed to better estimate precommercial whaling abundances. In a fairly typical case of seasonal variability in killer whale
prey availability, northern fur seals spend the summer months at rookeries where breeding and
pupping occur. During that time, adult females alternate time caring for their pups on shore with
weeklong foraging trips within 200-300 km from the rookery (Robson et al. 2004). In the
winter, however, northern fur seals disperse across the Pacific Ocean, with some traveling to the
U.S. west coast, some to the Western Pacific and others traveling to the central Pacific Ocean,
where they forage in the productive transition zone between sub-arctic and sub-tropical waters
(Ream et al. 2005). Fur seals are more accessible as potential prey for transient killer whales
near rookeries and as they travel to and from the rookeries on foraging trips than they are during
the winter when they are dispersed across the North Pacific Ocean.
Several large whale species also undergo large migrations and their availability as prey for killer
whales changes seasonally. Migratory gray whales, in particular, are targeted by transient killer
whales as they migrate through passes in the Aleutian Islands chain (Matkin et al. 2007, BarrettLennard et al. 2011). At this time, dense large whale biomass is concentrated in Unimak pass.
There is also variability in the presence and vulnerability of certain age classes. With the
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exception of minke whales, baleen whale calves and juveniles are killed most frequently (Reeves
et al. 2006).
Prey with smaller annual home ranges (e.g., sea otters and Steller sea lions) or predictable
seasonal presence on rookeries may be easier to exploit than those that disperse broadly for much
of the year (e.g., northern fur seals). Steller sea lions and harbor seals do not travel nearly as far
as fur seals or large whales, and both species tend to remain near rookeries or haul-out sites
during the summer breeding, pupping, and molting seasons. (e.g., Lowry et al. 2001, RaumSuryan et al. 2004, Small et al. 2005). Sea otters have fairly small home ranges year-round (<10
km²), although adult males may move 50-100 km seasonally as they migrate between male
aggregations and breeding areas (Garshelis and Garshelis 1984, Gorbics and Bodkin 2001).
The movements of other transient killer whale prey, such as Dall’s porpoise and harbor
porpoises, are not well known. It is reasonable to expect that their distribution changes
seasonally, although not to the same extent as the large whales. Even though accurate abundance
estimates are available for several prey species based on summer surveys (Angliss and Outlaw
2007), those estimates do not reflect density and distribution of the species in other seasons.
Declines of whales, pinnipeds and sea otters were/are not sequential
One aspect of the sequential megafaunal collapse hypotheses that has been an ongoing source of
controversy is the claimed sequential nature of the pinniped declines, followed by the sea otter
decline. DeMaster et al. (2006) statistically analyzed data on timing of the declines of pinnipeds
and sea otters and did not find support for a conclusion that the declines were sequential. Wade
et al. (2007) plotted trends and argued that the declines appeared to be concurrent rather than
sequential, with northern fur seals and Steller sea lions declining simultaneously in the Bering
Sea and Aleutian Islands, Steller sea lions and harbor seals declining simultaneously in the Gulf
of Alaska, and sea otter declines following. In the updated analyses of the sequence of
population declines, both researchers included additional data sets. Springer et al. (2008)
continued to maintain that the declines were sequential; in contrast, Wade et al. (2009)
maintained they were not.
Geographic areas inconsistent with the Sequential Megafaunal Collapse Hypothesis
As evidence against the sequential megafaunal collapse hypothesis, Wade et al. (2007) looked at
additional geographic areas that have increasing pinniped populations. Wade et al. (2007) noted
specific geographic areas from southeast Alaska to California where transient killer whales occur
and where industrial whaling depleted populations of large whales; however, populations of
pinnipeds and/or sea otters were stable or increasing following the cessation of industrial
whaling. Some populations of harbor seals, Steller sea lions, and sea otters increased in the
1980s and 1990s, showing they were not limited by transient killer whale predation (Trites et al.
2007a). These increases are largely attributed to protection from harvest and culling by humans.
Scientists have questioned why the mechanisms and assumptions associated with the sequential
megafaunal collapse hypothesis would apply to the North Pacific Ocean around Alaska, but not
further south along the west coast of North America. Some scientists suggested that
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environmental changes (i.e., regime shifts) are the most likely explanation for differential trends
between the west coast pinnipeds and sea otters (Trites et al. 1999, Trites et al. 2007a, Trites et
al. 2007b). Others argued that the different trends reflect differences in the magnitude and type
of commercial fisheries and the resulting impact of fish removals on pinnipeds (Alverson 1992,
Hansen 1996, Hennen 2006).
Hypotheses That Something Other Than Killer Whale Predation Caused Declines
Environmental change
Some data indicate that Steller sea lion numbers declined and recovered repeatedly over the past
4,500 years and were last at critically low numbers during the 1870s–1930s (Maschner et al.
2014). Steller sea lions appear to have been more abundant during cool periods and less
abundant during the warmer periods (Maschner et al. 2014). It is clear that the climate and
oceanography of the North Pacific Ocean changed substantially following the 1976-1977 regime
shift and that substantial changes occurred in North Pacific ecosystems at the same time (e.g.,
Mantua et al. 1997, Francis et al. 1998, Hare and Mantua 2000). Although the causal
mechanisms by which environmental changes translate into ecological shifts are not clear, the
sheer number of ecological shifts that coincided with the 1976-1977 regime shift, including
changes in abundance of various fishes and severe declines in numbers of fish-eating seabirds
and marine mammals, strongly suggests that the changes are linked (e.g., NRC 1996, Benson and
Trites 2002, Hunt et al. 2002). It would not be surprising that populations of pinnipeds would
respond to such changes in their prey base.
Steller sea lions, northern fur seals, and harbor seals all have diverse diets (e.g., Pitcher 1981,
Sinclair and Zeppelin 2002, Zeppelin and Ream 2006). Although some researchers concluded
that the overall biomass of prey available to them may not have declined dramatically (Fritz and
Hinkley 2005), others noted that the types of prey they are able to exploit may have changed
(Trites and Donnely 2003). Some researchers suggested that changes in prey communities
resulted in lower quality (Alverson 1992, Rosen and Trites 2000) or less diverse (Merrick et al.
1997) prey for Steller sea lions.
Commercial fishing
The potential for interactions between commercial fishing and pinnipeds is clear, including direct
effects (e.g., bycatch, shooting) and indirect effects (e.g., removal of prey biomass, changes in
prey composition and availability). Large numbers of Steller sea lions (approximately 20,000)
were caught and injured or killed incidentally in the Alaska groundfish fishery from the 1960s
through the 1980s (Loughlin and Nelson 1986, Perez and Loughlin 1991). In addition, an
unknown, but presumably large, number of Steller sea lions were shot illegally during this period
by fishermen who believed the sea lions were competing for target fish species. NMFS
considered the evidence regarding the interactions and their impact on Steller sea lions to be
sufficient to require modifications to the manner in which the fishery was executed. Therefore,
in 1990, NMFS reduced the number of allowed incidental takes of Steller sea lions by fisheries,
increased enforcement of the take limits, and instituted 3 nautical mile no-trawl zones around
important Steller sea lion rookeries.
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In addition to the direct fisheries mortality associated with fishery bycatch and shootings,
fisheries can also affect the prey base of marine mammals and cause nutritional stress. Many
fisheries are in competition with marine mammals for the same prey species. Many studies have
supported the conclusion that western Steller sea lions were nutritionally stressed in the 1980s
relative to the 1970s (e.g., Calkins et al. 1998, Pitcher et al. 1998, Benson and Trites 2003, and
Trites and Donnelly 2003). In particular, a number of studies reported changes in diets, body
size, survival rates, and reproductive rates that are consistent with Steller sea lions having
experienced a nutritional insult in the western portion of their range between the 1970s and
1980s (Trites and Donnelly 2003). Most notably, Steller sea lions were smaller in length, girth,
and weight in the 1980s compared to animals prior to the population decline (Calkins et al.
1998). There was also an increase in juvenile mortality (York 1994) and a decrease in
productivity as measured by pup counts, an increase in the incidence of failed pregnancies, and a
reduction in pregnancy rates of lactating females (Pitcher et al. 1998). In 1991, NMFS modified
the pollock fishery management plan to disperse the fishing effort for pollock over space and
time, with the goal of reducing the likelihood of local depletion of fish stocks. In 1992, NMFS
expanded the no-trawl zones around 37 rookeries to 10 nautical miles. Hennen (2006) found that
Steller sea lion abundance trends were negatively correlated with local fishing effort prior to
1991, but not afterward. This suggested that the changes in fishing practices after 1991 had
mitigated the inferred impact of fishing on sea lions. An NRC review (2003) concluded there
was no indication of nutritional stress in the 1990s, but Holmes et al. (2007) suggested, based on
demographic models, that decreased fecundity continued through 2004, suggesting nutritional
stress.
Because of the political and scientific focus on the Steller sea lion decline and investigations of
potential fishery interactions, more is known about the likely effects of such interactions on
Steller sea lions than on other pinnipeds or sea otters around Alaska. Northern fur seal foraging
areas overlap considerably with the Alaska pollock fishery and pollock is an important prey item
for them. The possible effects of commercial fishing activity on harbor seals are unknown,
though some scientists suggest that if fishing affected Steller sea lions, then it may have affected
harbor seals in a similar manner. No evidence or analytical results are available to support or
counter that contention. Neither is it clear how commercial fishing activity could have impacted
sea otters other than through bycatch or indirect effects of ecosystem changes caused by fishing.
Such indirect ecosystem effects, though possible, seem unlikely, and fishing is not considered to
have contributed to the sea otter decline (USFWS 2013).
Contaminants or disease epidemics
Contaminants and disease have been considered as causes of the pinniped and sea otter declines.
Estes et al. (1997) suggested that high contaminant levels in the Aleutian Islands could have
contributed to declines of pinnipeds, sea otters, and sea birds in the region. In particular,
organochlorine levels measured in sea otter livers were similar to those causing reproductive
failure in mink and population declines in Eurasian otters (Estes et al. 1997). Subsequent
analyses, however, suggested that the high contaminant levels were restricted to specific islands
(particularly those that had hosted military facilities in the past), while the declines were
geographically broad (Estes et al. 1998).
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Analyses of disease exposure in Steller sea lions during the period of population decline found
no evidence of significant exposure to diseases known to cause marine mammal die-offs,
specifically influenza A, morbillivirus, brucellosis, and leptospirosis (Danner et al. 1998, Burek
et al. 2005). As mentioned above, some evidence suggests that Steller sea lions exhibited lower
growth and reproductive rates during the 1980s, which has been attributed to nutritional stress
but also could have resulted from reduced fitness caused by disease or contaminants. Less
extensive analyses of harbor seal disease exposure indicated that harbor seals had not been
exposed to influenza A (Danner et al. 1998).
In contrast, an unusual mortality event (UME), was declared for sea otters in 2006 in response to
large numbers of stranded sea otters encountered, beginning in 2002, from the eastern Aleutian
Islands to the central Gulf of Alaska. This disease outbreak appears to have started after the
larger decline in sea otters was well underway and, thus, is unlikely to have contributed
substantially to the initial decline. Any disease outbreak or similar event that leads to increased
mortality would be expected to result in increased strandings, as is the case for the most recent
UME. While Estes et al. (1998) ruled out disease as the cause of the decline based on lack of
unusually high strandings, much of Alaska’s coastline is remote and unobserved, other than by
researchers during surveys or by local inhabitants of the few communities along the coast. There
is the possibility that some insidious, but unknown, effects of disease or contaminants on health
and foraging ability could be tied to an increased susceptibility to predation. Based on the
opportunistic nature of stranding response, and the fact that some effects of contaminants or
disease would only be detected through targeted studies, researchers have concluded that these
factors cannot be ruled out as contributors to the declines in pinnipeds and sea otters.
Entanglement in marine debris
A wide variety of marine species have been observed entangled in marine debris, including
northern fur seals, Steller sea lions, harbor seals, and sea otters. Among the four species, the
problem seems most severe for northern fur seals, presumably because of the long distances that
fur seals travel each year across the Bering Sea and Eastern North Pacific Ocean through regions
with intensive fisheries and relatively high concentrations of marine debris (Fowler 1987). The
proportion of juvenile male northern fur seals that were observed entangled in marine debris on
Pribilof Island rookeries increased from the mid-1960s to the mid-1970s. However, that
proportion was always small (less than one percent) and declined to between 0.2 and 0.4 percent
by the early 2000s (Zavadil et al. 2003). Animals observed on land, however, are those that have
survived to travel to the rookery from the site of entanglement. Fur seals have been observed
entangled in large fragments of derelict fishing nets at sea, with most dead and others in poor
condition. Without an accurate estimate of the proportion of northern fur seals, Steller sea lions,
harbor seals, and sea otters entangled in debris at sea, it is not possible to evaluate the
contribution of entanglement in marine debris to the population declines at this time.
Combination of causes
As described above, there are numerous potential factors that may have contributed, or are
contributing, to pinniped and sea otter population declines, many of which cannot be ruled out
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with existing studies and data. An important consideration is how multiple factors, which
individually may not be drivers on their own, may work in concert and result in cumulative
impacts that affect survival or reproduction. DeMaster et al. (2006) concluded, based on
available information, that a combination of bottom-up and top-down forces drove the dynamics
of harbor seal, sea lion and fur seal populations into decline around the Aleutian Islands.

Conclusions
This report has endeavored to “review available evidence regarding the theory that rogue packs
of killer whales are wiping out discrete populations of the most endangered marine mammals.”
In the report we have presented an overall review of hypotheses and evidence to address three
questions: (1) Did killer whale predation contribute to the decline of pinnipeds and sea otters in
the North Pacific Ocean surrounding Alaska? (2) Is killer whale predation currently contributing
to the decline or impeding the recovery of pinnipeds and sea otters in the North Pacific Ocean
surrounding Alaska? and (3) Has the decline in pinniped and sea otter prey impacted the
population(s) of killer whales in the North Pacific Ocean surrounding Alaska?
As discussed in this report, there are many competing hypotheses on the causes of pinniped and
sea otter declines around Alaska, including predation by killer whales, impacts of fishery
interactions, and/or stress from contaminants and disease. Significant attention, research and
resources have been focused on determining the cause of pinniped and sea otter declines around
Alaska. The information and research discussed in this report indicate that there is no definitive
evidence or agreement in the scientific community about the cause(s) of the pinniped and sea
otter declines in this area.
Our inability to definitively or by weight of evidence answer the question of what drove, or is
driving, declines in pinniped and sea otter populations is not because of a lack of examination of
the issues and existing data. Scientists and managers have made strides to gather new
information about transient killer whales and their prey to inform the debate. This scientific
debate regarding the hypotheses continues but there is some common ground that creates
opportunities for collaboration and identification of future research and monitoring questions. It
seems unlikely that we will ever have all of the essential pieces of information to definitively
answer the question of whether transient killer whales caused the decline of pinniped and sea
otter populations in the North Pacific Ocean.
While we accept that such ecological questions may go unanswered, it is important to
acknowledge the progress that has been made toward understanding the components and
processes that make up the North Pacific ecosystem. Researchers continue to refine new
techniques for analyzing historical data and to develop new technologies and methods for studies
that may provide new insights into past events. Even if historical diets could be described
accurately from the available samples, we would still need to develop techniques to estimate the
historical abundance of transient killer whales. Only then would it be possible to extrapolate
population-wide predation rates from diet data for individuals.
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The research community is actively gathering new relevant information. For example, recent
studies include new estimates of transient killer whale abundance (Durban et al. 2010, Allen and
Angliss 2015), diet composition (Dahlheim and White 2010), and killer whale predation on gray
whales at Unimak Pass (Barrett-Lennard et al. 2011). The various hypotheses for the causes of
pinniped and sea otter declines in the North Pacific are based on fundamentally agreed-upon
scientific information and perhaps the best way to move forward is to develop a collaborative
vision of research goals to help understand the ecosystem processes and predator-prey dynamics
at work in the North Pacific Ocean.
The controversy over the cause of decline of marine mammal populations in the North Pacific
Ocean is illustrative of the need for integrated, long-term, ecosystem-scale research to address
some of the most pressing issues in natural resource management. Integrated research efforts
focusing on both killer whales and their prey must collect the information that will assist in
determining whether killer whales are impacting the population dynamics of their prey (e.g.,
causing declines or impeding recovery). Such efforts require collaboration among researchers
and research groups that currently focus on different aspects of the issue. The principal research
questions that remain to be answered regarding the ecological role of transient killer whales in
the North Pacific Ocean are:
 How many transient killer whales are in the North Pacific Ocean surrounding Alaska and
how has this changed over the last 50 years?
 What are their distribution and movement patterns?
 How does transient killer whale predation affect prey populations?
Although some information exists to address each of these questions, further research is required
to account for regional and seasonal variation in transient killer whale abundance, distribution,
diet, etc. In order to answer these questions in detail, a long-term, ecosystem-scale research
program needs to be initiated. The general components of any research program designed to
address ecosystem-scale issues would include:
 Long-term research at selected sites to study relevant components of the ecosystem and
the processes that control the dynamics of interest (in this case, the productivity and
survival of transient killer whales and their prey);
 Periodic, broad-scale research efforts (e.g., surveys) to provide context and information
for extrapolating the findings from specific study sites; and
 Further development of technology and analytical techniques to collect data remotely (to
reduce the need to physically follow specific animals or capture and handle them to
gather the necessary observations and data).
To implement ecosystem-based research and management, we need to monitor individual species
and their connections to other species, through the food web and through other interactions, such
as competition. Continued and expanded efforts guided by recovery and conservation plans are
needed to improve our capabilities to manage marine mammals as functioning elements of their
ecosystems.
For marine mammals in the North Pacific and other ecosystems, we need comprehensive
research and monitoring programs to evaluate the status of marine mammal stocks in the context
of their ecosystem and consider both natural and anthropogenic impacts on the stocks. We
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already have many of the tools needed to assess health parameters, survival, and reproduction,
although in many cases we need to expand the geographic scope of current efforts and collect
data in all seasons. Continued monitoring of pinniped populations, using new tools and
technology to help us determine causes of mortality, particularly in declining populations, will
inform management and recovery. Programs must also track human-caused direct mortality and
incorporate cumulative impact analyses. Current levels of research and resources are not
sufficient to answer the myriad of questions about the ecological role of marine mammals, or of
even just transient killer whales, in their ecosystems.

Acknowledgments
The Commission would like to acknowledge the efforts of the numerous scientists who
conducted the research that formed the basis of the evaluation and findings presented in this
report. The Commission particularly appreciates the time and effort of those experts who
participated in our 2005 workshops and contributed to this report. The Commission would
further like to acknowledge the efforts of the three authors of this report and of the members of
its Committee of Scientific Advisors and staff who reviewed it.

22

Literature Cited
Adams, T. C., 2000. Indices of maternal investment and feeding differences in adult female
Alaskan Steller sea lions (Eumetopias jubatus). Ph.D. Dissertation, Texas A&M University,
College Station, Texas.
Allen, B. M., and R. P. Angliss. 2015. Alaska marine mammal stock assessments, 2014. U.S.
Dep. Commer., NOAA Tech. Memo. NMFSAFSC-301, 304 p. doi:10.7289/V5NS0RTS.
Alverson, D., 1992. A review of commercial fisheries and the Steller sea lion (Eumetopias
jubatus): The conflict arena. Reviews in Aquatic Sciences. 6:203-256.
Anderson, P. J. and J. F. Piatt. 1999. Community reorganization in the Gulf of Alaska following
ocean climate regime shift. Mar. Ecol. Progr. Ser. 189:117-123.
Andrews, R. C., 1916. Whale hunting with gun and camera. New York: Appleton and Co.
Angliss, R. P., and R. B. Outlaw. 2007. Alaska marine mammal stock assessments, 2006. NOAA
Technical Memorandum NMFS-AFSC-168, Department of Commerce, NOAA/NMFS. 244 pp.
Angliss, R. P., and R. B. Outlaw. 2006. Alaska marine mammal stock assessments, 2005. NOAA
Technical Memorandum NMFS-AFSC-161, Department of Commerce, NOAA/NMFS. 250 pp.
Baird, R. W. 2002. Killer whales of the world: natural history and conservation. Voyageur Press.
Baird, R. W. and H. Whitehead, 2000. Social organisation of mammal-eating killer whales:
group stability and dispersal patterns. Can. J. Zool. 78:2096-2105.
Baird, R. W., 2000. The killer whale—foraging specializations and group hunting. In Cetacean
societies (ed. J. Mann, R. C. Connor, P. Tyack, and H. Whitehead), pp. 127-153. Chicago:
University of Chicago Press.
Baird, R. W. and L. M. Dill. 1995. Occurrence and behaviour of transient killer whales: seasonal
and pod specific variability, foraging behavior, and prey handling. Can. J. Zool. 73:1300-1311.
Baird, R. W. and L. M. Dill. 1996. Ecological and social determinants of group size in transient
killer whales. Behavioral Ecology 7:408-416.
Baird, R. W. and P. J. Stacey. 1988. Variation in saddle patch pigmentation in populations of
killer whales (Orcinus orca) from British Columbia, Alaska and Washington State. Can. J. Zool.
66:2582-2585.
Barrett-Lennard L. G., C. O. Matkin, J. W. Durban, E. L. Saulitis, and D. K. Ellifrit. 2011. Gray
Whale Predation and Underwater Prey Caching by Transient Killer Whales at Unimak Island,
Alaska. Marine Ecology Progress Series. 421:229-241.
23

Barrett-Lennard, L. G., and K. A. Heise. 2006. The natural history and ecology of killer whales.
In: Whales, Whaling, and Ocean Ecosystems. Pages 163-173 in J. A. Estes, D. P. DeMaster, D.
F. Doak, T. M. Williams, and R. L. Brownell, Jr. eds. Whales, whaling, and ocean ecosystems.
University of California Press, Berkeley, CA.
Barrett-Lennard, L. G., J. K. B. Ford, and K. A. Heise. 1996. The mixed blessing of
echolocation: differences in sonar use by fish-eating and mammal-eating killer whales. Anim.
Behav. 51:553-565.
Benson, A. J. and A. W. Trites, 2002. Ecological effects of regime shifts in the Bering Sea and
eastern North Pacific Ocean. Fish and Fisheries. 3:95-113.
Bigg, M. A. 1990. Migration of northern fur seals (Callorhinus ursinus) off western North
America. Canadian Technical Report of Fisheries and Aquatic Sciences. 1764, 64 pp.
Bond, N. A., J. E. Overland, M. Spillane, and P. Stabeno. 2003. Recent shifts in the state of the
North Pacific. Geophysical Research Letters 30(23):2183-2186.
Braham, H. W., R. D. Everitt, and D. J. Rugh. 1980. Northern sea lion population decline in the
eastern Aleutian Islands. Journal of Wildlife Management 44:25-33.
Branch, T. A. and T. M. Williams. 2006. Legacy of industrial whaling: could killer whales be
responsible for declines of sealions, elephant seals, and minke whales in the southern
hemisphere? Pages 262-278 in J. A. Estes, D. P. DeMaster, D. F. Doak, T. M. Williams, and R.
L. Brownell, Jr. eds. Whales, whaling, and ocean ecosystems. University of California Press,
Berkeley, CA.
Brown, E. 2007. Pacific herring. Pages 290–299 in R. Spies, ed. Long-term ecological change in
the northern Gulf of Alaska. Elsevier, Amsterdam, The Netherlands.
Buckman, A. H., N. Veldhoen, G. Ellis, J. K. B. Ford, C. C. Helbing, and P. S. Ross. 2011. PCBassociated changes in mRNA expression in killer whales (Orcinus orca) from the NE Pacific
Ocean. Environmental Science & Technology. 45:10194-10202.
Burek, K. A., F. M. D. Gulland, G. Sheffield, K. B. Beckmen, E. Keyes, et al. 2005. Infectious
disease and the decline of Steller sea lions (Eumetopias jubatus) in Alaska, USA: Insights from
serologic data. Journal of Wildlife Diseases 41(3):512-524.
Burkanov, V., and T. R. Loughlin. 2005. Distribution and abundance of Steller sea lions on the
Asian coast, 1720’s – 2005. Mar. Fish. Rev. 67(2):1-62.
Calkins, D. G., E. F. Becker, and K. W. Pitcher. 1998. Reduced body size of female Steller sea
lions from a declining population in the Gulf of Alaska. Marine Mammal Science. 14:232-244.

24

Clapham, P. J. 2001. Why do baleen whales migrate? A response to Corkeron and Connor.
Marine Mammal Science. 17:432-436.
Corkeron, P. J. and R. C. Connor, 1999. Why do baleen whales migrate? Marine Mammal
Science. 15:1228-1245.
Dahlheim, M. E. and P. A. White. 2010. Ecological aspects of transient killer whales (Orcinus
orca) as predators in southeastern Alaska. Wildlife Biology 16: 308-322.
Dahlheim, M. E., A. Schulman-Janiger, N. Black, N, R. Ternullo, D. Ellifrit, and K. C. Balcomb
III. 2008. Eastern temperate North Pacific offshore killer whales (Orcinus orca): occurrence,
movements, and insights into feeding ecology. Marine Mammal Science. 24:719-729.
Danner, G. R., M. W. McGregor, R. L. Zarnke, and C. W. Olsen. 1998. Serologic evidence of
influenza virus infection in a ringed seal (Phoca hispida) from Alaska. Marine Mammal Science
14:380-384
Deecke, V. B., J. K. B. Ford, and P. J. B. Slater. 2005. The vocal behaviour of mammal-eating
killer whales: communicating with costly calls. Anim. Behav. 69:395-405.
DeMaster, D., A. Trites, P. Clapham, S. Mizroch, P. Wade, et al. 2006. The sequential
megafaunal collapse hypothesis: Testing with existing data. Progress in Oceanography. 68:329342.
Doak, D. F., T. M. Williams, and J. A. Estes. 2006. Great whales as prey: Using demography and
bioenergetics to infer interactions in marine mammal communities. Pages 231-244 in J. A. Estes,
D. P. DeMaster, D. F. Doak, T. M. Williams, and R. L. Brownell, Jr. eds. Whales, whaling, and
ocean ecosystems. University of California Press, Berkeley, CA.
Doroff, A. M, J. A. Estes, M. T. Tinker, D. M. Burn, and T. J. Evans, 2003. Sea otter population
declines in the Aleutian Archipelago. J. Mamm. 84:55-64.
Dragoo, D. E., G. V. Byrd, and D. B. Irons. 2007. Breeding status, population trends and diets of
seabirds in Alaska, 2004. U.S. Fish and Wildlife Service Report AMNWR 07/17. Homer, AK.
Durban, J., D. Ellifrit, M. Dahlheim, J.Waite, C. Matkin, et al. 2010. Photographic markrecapture analysis of clustered mammal-eating killer whales around the Aleutian Islands and
Gulf of Alaska. Marine Biology 157(7):1591-1604.
Estes J., D. F. Doak, A. M. Springer, T. M. Williams. 2009. Causes and consequences of marine
mammal population declines in southwest Alaska: a food-web perspective. Philos. T. Roy. Soc.
B. 364:1647.
Estes, J. A., D. P. DeMaster, D. F. Doak, T. M. Williams and R. L. Brownell, Jr., eds. 2006.
Whales, Whaling and Ocean Ecosystems. University of California Press, Berkeley, CA.

25

Estes, J. A., M. T. Tinker, A. M. Doroff, and D. Burn. 2005. Continuing decline of sea otter
populations in the Aleutian archipelago. Marine Mammal Science. 21:169-172.
Estes, J. A., E. M. Danner, D. F. Doak, B. Konar, A. M. Springer, et al. 2004. Complex trophic
interactions in kelp forest ecosystems. Bulletin of Marine Science. 74(3):621-638.
Estes, J. A., M. T. Tinker, T. M. Williams, and D. F. Doak. 1998. Killer whale predation on sea
otters linking oceanic and nearshore ecosytems. Science. 282:473-476.
Estes, J. A., C. E. Bacon, W. M. Jarman, R. J. Norstrom, R. G. Anthony, and A. K. Miles. 1997.
Organochlorines in sea otters and bald eagles from the Aleutian Archipelago. Marine Pollution
Bulletin. 34(6):486-490.
Estes, J. A. 1990. Growth and equilibrium in sea otter populations. Journal of Animal Ecology
59:385-401.
Filatova, O. A., V. B. Deeke, J. K. B Ford, C. O. Matkin, L. G. Barrett-Lennard, et al. 2012. Call
diversity in the North Pacific killer whale populations: implications for dialect evolution and
population history. Anim. Behav. 83(3):595-603.
Foote, A. D., J. T. Vilstrup, R. de Stephanis, P. Verborgh, S. C. A. Nielsen et al. 2011. Genetic
differentiation among North Atlantic killer whale populations. Molecular Ecology 20: 629-641.
Ford M. J., J. Hempelmann, M. B. Hanson, K. L. Ayres, R. W. Baird, et al., 2016. Estimation of
a killer whale (Orcinus orca) population’s diet using sequencing analysis of DNA from feces.
PLoS ONE 11(1): e0144956. doi:10.1371/journal.pone.0144956
Ford, J. K. B. and G. M. Ellis. 2014. You are what you eat: foraging specializations and their
influence on the social organization and behavior of killer whales. Pages 75-98 in J. Yamagiwa
and L. Karczmarski, eds. Primates and cetaceans: field research and conservation of complex
mammalian societies. Springer, Tokyo, Japan.
Ford, M. J., M. B. Hanson, J. A. Hempelmann, K. L. Ayres, C. K. Emmons et al. 2011a. Inferred
paternity and male reproductive success in a killer whale (Orcinus orca) population. Journal of
Heredity. 102:537-553.
Ford, J. K. B., G. M. Ellis, C. O. Matkin, M. H. Wetklo, L. G. Barrett-Lennard, and R. E.
Withler. 2011b. Shark predation and tooth wear in a population of northeastern Pacific Killer
Whales. Aquatic Biology. 11:213-224.
Ford, J. K. B., and R. R. Reeves. 2008. Fight or flight: antipredator strategies in baleen whales.
Mammal Review. 38:50-86.
Ford, J. K. B., and G. M. Ellis. 2006. Selective foraging by fish-eating killer whales, Orcinus
orca, in British Columbia. Marine Ecology Progress Series. 316:185-199.

26

Ford, J. K. B., G. M. Ellis, and K. C. Balcomb. 2000. Killer Whales: The natural history and
genealogy of Orcinus orca in British Columbia and Washington State, second ed. UBC Press,
Vancouver, BC, Canada.
Ford, J. K .B., and G. M. Ellis. 1999. Transients: mammal-hunting killer whales of British
Columbia, Washington and southeastern Alaska. University of British Columbia Press,
Vancouver.
Ford. J. K. B., G. M. Ellis, L. G. Barrett-Lennard, A. B. Morton, R. S. Palm, and K. C. Balcomb
III. 1998. Dietary specialization in two sympatric populations of killer whales (Orcinus orca) in
coastal British Columbia and adjacent waters. Can. J. Zool. 76:1456-1471.
Ford J. K. B. 1989. Acoustic behaviour of resident killer whales (Orcinus orca) off Vancouver
Island, British Columbia. Can. J. Zool. 67:727-745.
Fowler, C. W. 1987. Marine debris and northern fur seals: A case study. Marine Pollution
Bulletin. 18:326-335.
Francis, R. C., S. R. Hare, A. B. Hollowed, and W. S. Wooster. 1998. Effects of interdecadal
climate variability on the oceanic ecosystems of the NE Pacific. Fisheries Oceanography. 7:1-21.
Fritz, L., K. Sweeney, D. Johnson, M. Lynn, and J. Gilpatrick. 2013. Aerial and ship-based
surveys of Steller sea lions (Eumetopias jubatus) conducted in Alaska in June-July 2008 through
2012, and an update on the status and trend of the western stock in Alaska. U.S. Dep. Commer.,
NOAA Tech. Memo. NMFS-AFSC- 251, 91 p
Fritz, L. W., and S. Hinckley. 2005. A critical review of the regime shift-“junk food” –
nutritional stress hypothesis for the decline of the Western stock of Steller sea lion. Marine
Mammal Science. 21:476-518.
Garshelis, D. L., and J. A. Garshelis. 1984. Movements and management of sea otters in Alaska.
Journal of Wildlife Management. 48:665-678.
George, J. C., L. M. Philo, K. Hazard, D. Withrow, G. M. Carroll, and R. Suydam. 1994.
Frequency of killer whale (Orcinus orca) attacks and ship collisions based on scarring on
bowhead whales (Balaena mysticetus) of the Bering-Chukchi-Beaufort seas stock. Arctic.
47:247-255.
Gorbics, C. S., and J. L. Bodkin. 2001. Stock structure of sea otters (Enhydra lutris kenyoni) in
Alaska. Marine Mammal Science. 17:632-647.
Guinet, C. and J. Bouvier. 1995. Development of intentional stranding hunting techniques in
killer whale (Orcinus orca) calves at Crozet Archipelago. Can. J. Zool. 73:27-33.
Hanson, M. B. and W. A. Walker. 2014. Trans-Pacific consumption of cephalopods by North
Pacific killer whales (Orcinus orca). Aquatic Mammals 40:274-284.
27

Hanson, M. B., R. W. Baird , J. K. B. Ford, J. Hempelmann-Halos, D. M. Van Doornik, et al.
2010. Species and stock identification of prey consumed by endangered southern resident killer
whales in their summer range. Endangered Species Research 11:69-82.
Hansen, D. J. 1996. Shrimp fishery and capelin decline may influence decline of harbor seal
(Phoca vitulina) and northern sea lion (Eumetopias jubatus) in Western Gulf of Alaska. In
Forage fishes in marine ecosystems. Lowell Wakefield Fisheries Symposium, Alaska Sea Grant
College Program. Vol. 97-01. pp. 197-207.
Hare, S. R., and N. J. Mantua. 2000. Empirical evidence for North Pacific regime shifts in 1977
and 1989. Progress in Oceanography. 47:103-145.
Hatfield, B. B., D. Marks, T. Tinker, K. Nolan, and J. Peirce. 1998. Attacks on sea otters by
killer whales. Marine Mammal Science. 14:888-894.
Heise, K., L. G. Barrett-Lennard, E. Saulitis, C. Matkin, and D. Bain. 2003. Examining the
evidence for killer whale predation on Steller sea lions in British Columbia and Alaska. Aquatic
Mammals. 29:235-334.
Hennen, D., 2006. Associations between the Alaska Steller sea lion decline and commercial
fisheries. Ecological Applications. 16(2):704-717.
Herman, D. P., D. G. Burrows, P. R. Wade, J. W. Durban, R. G. LeDuc, et al. 2005. Feeding
ecology of eastern North Pacific killer whales from fatty acid, stable isotope, and organochlorine
analyses of blubber biopsies. Mar. Ecol. Prog. Ser. 302:275-291.
Hoelzel, A. R., J. Hey, M. E. Dahlheim, C. Nicholson, V. Burkanov et al., 2007. Evolution of
population structure in a highly social top predator, the killer whale. Molecular Biology and
Evolution. 24: 1407-1415.
Holmes, E. E., L. W. Fritz, A. E. York, and K. Sweeney. 2007. Age-structured modeling reveals
long-term declines in the natality of western Steller sea lions. Ecological Applications.
17(8):2214-2232.
Horning, M., and J. E. Mellish, 2009. Spatially explicit detection of predation on individual
pinnipeds from implanted post-mortem satellite data transmitters. Endangered Species Research.
10:135-143.
Hunt, G. L., Jr., P. Stabeno, G. Walters, E. Sinclari, R. D. Brodeur, J. M. Napp and N.A. Bond.
2002. Climate change and control of the southeastern Bering Sea pelagic ecosystem. Deep-Sea
Research II. 49:5821-5853.
Ivashchenko, Y. V., R. L. Brownell Jr., and P. J. Clapham. 2014. Distribution of Soviet catches
of sperm whales, Physeter macrocephalus, in the North Pacific. Endangered Species Research
25:249-263.
28

Ivashchenko, Y. V. and P. J. Clapham. 2012. Soviet catches of right whales Eubalaena japonica
and bowhead whales Balaena mysticetus in the North Pacific Ocean and the Okhotsk Sea.
Endangered Species Research. 18:201-217.
Ivashchenko, Y. V., P. J. Clapman, R. L. Brownell Jr. 2011. Soviet illegal whaling: The Devil
and the details. Marine Fisheries Review. 73:1-19.
Iverson, S. J., C. Field, W. D. Bowen, and W. Blanchard. 2004. Quantitative fatty acid signature
analysis: a new method of estimating predator diets. Ecological Monographs. 74(2):211–235
Jefferson, T. A., P. J. Stacey, and R. W. Baird. 1991. A review of killer whale interactions with
other marine mammals: predation to co-existence. Mammal Review. 21:151-180.
Jonsgård, A., 1968. Another note on the attacking behaviour of killer whale (Orcinus orca).
Norsk Hvalfangst-Tidende. 6:175-176.
Kenyon, K. W. 1969. The sea otter in the eastern Pacific Ocean. North American Fauna. 68:1352.
Krahn, M. M., D. P. Herman, C. O. Matkin, J. W. Durban, L. Barrett-Lennard, et al. 2007. Use
of chemical tracers in assessing the diet and foraging regions of eastern North Pacific killer
whales. Marine Environmental Research. 63:91-114.
Kuker, K., and L. Barrett-Lennard. 2010. A re-evaluation of the role of killer whales Orcinus
orca in a population decline of sea otters Enhydra lutris in the Aleutian Islands and a review of
alternative hypotheses. Mammal Review. 40(2):103-124.
Laidre, K. L., J. A. Estes, M. T. Tinker, J. Bodkin, D. Monson, and K. Schneider. 2006. Patterns
of growth and body condition in sea otters from the Aleutian archipelago before and after the
recent population decline. Journal of Animal Ecology. 75:978-989.
LeDuc, R. G. and B. L. Taylor. 2004. Mitochondrial sequence variation in North Pacific killer
whales. Revised Document LJ/04/KW7, Workshop on Shortcomings of Cetacean Taxonomy in
Relation to Needs of Conservation and Management, April 30-May 2, 2004, La Jolla, California.
London J. M., J.M. Ver Hoef, S. J. Jeffries, M.M. Lance, P.L. Boveng. 2012. Haul-Out Behavior
of Harbor Seals (Phoca vitulina) in Hood Canal, Washington. PLoS ONE 7(6): e38180.
doi:10.1371/journal.pone.0038180
Loughlin, T. R., A. S. Perlov, and V. A. Vladimirov. 1992. Range-wide survey and estimation of
total number of Steller sea lions in 1989. Marine Mammal Science. 8:220-239.
Loughlin, T. R. and R. Nelson. 1986. Incidental mortality of northern sea lions in the Shelikof
Strait, Alaska. Marine Mammal Science 2:14-33.

29

Lowry, L. F., K. J. Frost, J. M. Ver Hoef, and R. DeLong, 2001. Movements of satellite-tagged
harbor seals in Prince William Sound, Alaska, 1992-1997. Marine Mammal Science. 17:835861.
Maniscalco, J. M., C. O. Matkin, D. Maldini, D. G. Calkins, and S. Atkinson. 2007. Assessing
killer whale predation on steller sea lions from field observations in Kenai Fjords, Alaska.
Marine Mammal Science. 23:306-321.
Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis. 1997. A Pacific
interdecadal climate oscillation with impacts on salmon production. Bulletin of the American
Meteorological Society. 78:1069-1079.
Maschner, H. D. G., A. W. Trites, K. L. Reedy-Maschner, and M. Betts. 2014. The decline of
Steller sea lions (Eumetopias jubatus) in the North Pacific: insights from indigenous people,
ethnohistoric records and archaeological data. Fish and Fisheries. 15:634-660.
Matkin, C. O., J. W. Durban, E. L. Saulitis, R. D. Andrews, J. M. Straley, D. R. Matkin, and G.
M. Ellis. 2012. Contrasting abundance and residency patterns of two sympatric populations of
transient killer whales (Orcinus orca) in the northern Gulf of Alaska. Fish. Bull., U.S. 110:143155.
Matkin, C. O., L. G. Barrett-Lennard, H. Yurk, D. Ellifrit, and A. W. Trites. 2007. Ecotypic
variation and predatory behavior among killer whales (Orcinus orca) off the eastern Aleutian
Islands, Alaska. Fish. Bull. 105:74-87.
Mehta, A. V., J. M. Allen, R. Constantine, C. Garrigue, B. Jann, et al. 2007. Baleen whales are
not important as prey for killer whales Orcinus orca in high-latitude regions. Marine Ecology
Progress Series. 348:297-307.
Merrick, R. L., M. K. Chumbley, and G. V. Byrd. 1997. Diet diversity of Steller sea lions
(Eumetopias jubatus) and their population decline in Alaska: a potential relationship. Canadian
Journal of Fisheries and Aquatic Sciences. 54(6):1342-1348.
Mikhalev, Y. A., M. V. Ivashin, V. P. Savusin, and F. E. Zelenaya. 1981. The distribution and
biology of killer whales in the southern Hemisphere. Report of the International Whaling
Commission. 31:551-566.
Minobe, S. 2002. Interannual to interdecadal changes in the Bering Sea and concurrent 1998/99
changes over the North Pacific. Progress in Oceanography. 55:45-64.
Mizroch, S. A. and D. W. Rice. 2006. Have North Pacific killer whales switched prey species in
response to depletion of the great whale populations? Marine Ecology Progress Series. 310:235246.

30

Mock, K. J., and J. W. Testa. 2007. An agent-based model of predator-prey relationships
between transient killer whales and other marine mammals. Final report submitted to the Marine
Mammal Commission. 38 pp.
Morin, P. A., F. I. Archer, A. D. Foote, J. Vilstrup, E. E. Allen et al. 2010. Complete
mitochondrial genome phylogeographic analysis of killer whales (Orcinus orca) indicates
multiple species. Genome Research. 20: 908-916.
Muto, M. M., and R. P. Angliss, Editors. In Press. Alaska marine mammal stock assessments,
2015.
Naessig P. J. and J. M. Lanyon, 2004. Levels and probable origin of predatory scarring on
humpback whales (Megaptera novaeangliae) in east Australian waters. Wildlife Rescue. 31:
163-170.
National Marine Fisheries Service. 2013. Status review of the eastern distinct population
segment of Steller sea lion (Eumetopias jubatus). 144 pp + Appendices. Protected Resources
Division, Alaska Region, National Marine Fisheries Service, 709 West 9th St, Juneau, Alaska
99802.
National Marine Fisheries Service. 2008. Recovery plan for the Steller sea lion (Eumetopias
jubatus). Revision. National Marine Fisheries Service, Silver Spring, MD. 325 pages.
National Marine Fisheries Service. 2004. Killer whale (Orcinus orca): Gulf of Alaska, Aleutian
Islands, and Bering Sea transient stock. National Marine Mammal Laboratory Draft Stock Status
Report. 22 October 2004:105-124.
National Marine Fisheries Service. 1993. Final conservation plan for the Northern fur seal
(Callorhinus ursinus). Prepared by the National Marine Mammal Laboratory/Alaska Fisheries
Science Center, Seattle, Washington, and Office of Protected Resources/National Marine
Fisheries Service, Silver Spring, Maryland. 80 pp.
National Research Council. 2003. Decline of the Steller sea lion in Alaskan waters. National
Academy Press. Washington, D.C.
National Research Council. 1996. The Bering Sea ecosystem. National Academy Press.
Washington, DC.
Parsons, K.M., J.W. Durban, A.M. Burdin, V.N. Burkanov, R.L. Pitman, et al. 2013.
Geographic patterns of genetic differentiation among killer whales in the Northern North Pacific.
Journal of Heredity. doi:10.1093/jhered/est037.
Parsons, K. M., K. C. Balcomb, J. K. B. Ford, and J. W. Durban. 2009. The social dynamics of
southern resident killer whales and conservation implications for this endangered
population. Animal Behavior. 77:963-971.

31

Perez, M. A. and T. R. Loughlin. 1991. Incidental catch of marine mammals by foreign and joint
venture trawl vessels in the U.S. EEZ of the North Pacific, 1973-88. U.S. Department of
Commerce, NOAA Technical Report. NMFS 104. 57 pp.
Pfister, B. and D. P. Demaster. 2006. Changes in marine mammal biomass in the Bering Sea
Aleutian Islands region before and after the period of commercial whaling. Pages 116-133 in J.
A. Estes, D. P. DeMaster, D. F. Doak, T. M. Williams, and R. L. Brownell, Jr. eds. Whales,
whaling, and ocean ecosystems. University of California Press, Berkeley, CA.
Pfister, B., 2004. Computations of historic and current biomass estimates of marine mammals in
the Bering Sea. AFSC Processed Report 2004-05, Alaska Fisheries Science Center, Seattle, WA.
Pilot, M., M. E. Dahlheim and A. R. Hoelzel. 2010. Social cohesion among kin, gene flow
without dispersal and the evolution of population genetic structure in the killer whale (Orcinus
orca). Journal of Evolutionary Biology. 23: 20-31.
Pitcher, K. W., D. G. Calkins, and G. W. Pendleton. 1998. Reproductive performance of female
Steller sea lions: an energetics-based reproductive strategy? Can. J. Zool. 76:2075-2083.
Pitcher, K. W. 1990. Major decline in number of harbor seals (Phoca vitulina richardsi) on
Tugidak Island, Gulf of Alaska. Marine Mammal Science 6:121-134.
Pitcher, K. W. 1981. Prey of the Steller sea lion, Eumetopias jubatus, in the Gulf of Alaska. Fish.
Bull. U.S. 79:467-472.
Pitman, R. L., L. T. Ballance, S. I. Mesnick, and S. J. Chivers. 2001. Killer whale predation on
sperm whales: Observations and implications. Marine Mammal Science. 17:494-507.
Raum-Suryan, K. L., G. W. Pendleton, and K. W. Pitcher. 2004. Development of dispersal,
movement patterns, and haul-out use by pup and juvenile Steller sea lions (Eumetopias jubatus)
in Alaska. Marine Mammal Science. 20:823-850.
Rayne, S., M. G. Ikonomou, P. S. Ross, G. M. Ellis, and L. G. Barrett-Lennard. 2004. PBDEs,
PBBs, and PCNs in three communities of free-ranging killer whales (Orcinus orca) from the
northeastern Pacific Ocean. Environmental Science and Technology. 38:4293-4299.
Rea, L. D., K. W. Pitcher, S. D. Farley, J. P. Richmond, and W. S. Dunlap-Harding. 2003.
Percent total body lipid content increases in Steller sea lion (Eumetopias jubatus) pups
throughout the first year of life in a similar pattern to other otariids pups. 15th Biennial
Conference on the Biology of Marine Mammals, Greensboro, NC.
Rea, L. D., M. Castellini, B. S. Fadley, and T. R. Loughlin. 1998. Health status of young Alaska
Steller sea lion pups (Eumetopias jubatus) as indicated by blood chemistry and hematology.
Comparative Biochemistry and Physiology A. 120:617-623.

32

Ream, R. R., J. T. Sterling, and T. R. Loughlin. 2005. Oceanographic features related to northern
fur seal migratory movements. Deep-Sea Research II. 52:823-843.
Reeves, R. R., J. Berger, and P. J. Clapham, 2006. Killer whales as predators of large baleen
whales and sperm whales. Pages 174-190 in J. A. Estes, D. P. DeMaster, D. F. Doak, T. M.
Williams, and R. L. Brownell, Jr. eds. Whales, whaling, and ocean ecosystems. University of
California Press, Berkeley, CA.
Reeves, R. R., W. F. Perrin, B. L. Taylor, C. S. Baker, and S. L. Mesnick. 2004. Report of the
workshop on shortcomings of cetacean taxonomy in relation to needs of conservation and
management, April 30-May 2, 2004 La Jolla, CA. U.S. Department of Commerce, NOAA
Technical Memorandum NMFS-SWFSC-363.
Riesch, R., L. G. Barrett-Lennard, G. M. Ellis, J. K. B. Ford, and V. B. Deeke. 2012. Cultural
traditions and the evolution of reproductive isolation: ecological speciation in killer whales?
Biological Journal of the Linnean Society. 106:1-17.
Rendell, L. and H. Whitehead. 2001. Culture in whales and dolphins. Behav. Brain Sci. 24:309324.
Robson, B. W., M. E. Goebel, J. D. Baker, R. R. Ream, T. R. Loughlin, et al. 2004. Separation
of foraging habitat among breeding sites of a colonial marine predator, the northern fur seal
(Callorhinus ursinus). Can. J. Zool. 82:20-29.
Rocha, R. C., P. J. Clapham, and Y. V. Ivashchenko. 2014. Emptying the oceans: a summary of
industrial whaling catches in the 20th century. Mar. Fish. Rev. 74(4):37-48.
Rosen, D. A. S., and A. W. Trites. 2000. Pollock and the decline of Steller sea lions: Testing the
junk-food hypothesis. Can. J. Zool. 78:1243-1258.
Ross, P. S., G. M. Ellis, M. G. Ikonomou, L. G. Barrett-Lennard and R. F. Addison. 2000. High
PCB concentrations in free-ranging Pacific killer whales, Orcinus orca: Effects of age, sex and
dietary preference. Marine Pollution Bulletin. 40:504-515.
Saulitis, E. L., C. O. Matkin, K. Heise, L. G. Barrett-Lennard, and G. M. Ellis. 2000. Foraging
strategies of sympatric killer whale (Orcinus orca) populations in Prince William Sound, Alaska.
Marine Mammal Science 16:94-109.
Schrope, M., 2007. Killer in the kelp. Nature. 445:703-705.
Sease, J. L., and C. J. Gudmundson. 2002. Aerial and land-based surveys of Steller sea lions
(Eumetopias jubatus) from the western stock in Alaska, June and July 2001 and 2002. U.S.
Department of Commerce, NOAA Technical Memorandum NMFS-AFSC-131.
Sease, J. L., W. P. Taylor, T. R. Loughlin, and K. W. Pitcher. 2001. Aerial and land-based
surveys of Steller sea lions (Eumetopias jubatus) in Alaska, June and July 1999 and 2000.
NOAA Technical Memorandum, NMFS-AFSC 122. 55 pp.
33

Sinclair, E. H. and T. K. Zeppelin. 2002. Seasonal and spatial differences in diet in the western
stock of Steller sea lions (Eumetopias jubatus). J. Mamm. 83(4):973-990.
Small, R. J., L. F. Lowry, K. J. Frost, R. A. DeLong, M. J. Rehberg, and J. M. Ver Hoef. 2005.
Differential movements by harbor seal pups in contrasting Alaska environments. Marine
Mammal Science 21:671-694.
Small, R. J., G. W. Pendleton, and K. W. Pitcher. 2003. Trends in abundance of
Alaska harbor seals, 1983-2001. Marine Mammal Science 19:344-362.
Springer, A.M., A. Estes, G.B. van Vliet, T. M. Williams, D. F. Doak, et al. 2008. Mammaleating killer whales, industrial whaling, and the sequential megafaunal collapse in the North
Pacific Ocean: A reply to critics of Springer et al. 2003. Marine Mammal Science, 24: 414-442
Springer, A. M. 2007. Long-term change: Seabirds in the Gulf of Alaska. Pages 311–335 in R.
Spies, ed. Long-term ecological change in the northern Gulf of Alaska. Elsevier, Amsterdam,
The Netherlands.
Springer, A. M, J. A. Estes, G. B. van Vliet, T. M. Williams, D. F. Doak, et al. 2003. Sequential
megafaunal collapse in the North Pacific Ocean: An ongoing legacy of industrial whaling?
Proceedings of the National Academy of Sciences. 100:12223-12228.
Steiger, G. H., J. Calambokidis, J. M. Straley, L. M. Herman, S. Cerchio, D.R. Salden, et al.
2008. Geographic variation in killer whale attacks on humpback whales in the North Pacific:
Implications for predation pressure. Endangered Species Research. 4:247-256.
Straley, J., 2007. Investigations of killer whale predation in Southeastern Alaska. Final Report,
Grant Number EE0010032. Submitted to the U.S. Marine Mammal Commission.
Tarpy, C. 1979. Killer whale attack! National Geographic. 155:542-545.
Taylor, B. L., M. Martinez, T. Gerrodette, J. Barlow, and Y. N. Hrovat. 2007. Lessons from
monitoring trends in abundance of marine mammals. Marine Mammal Science. 23:157-175.
Ternullo, R. and N. Black. 2002. Predation behavior of transient killer whales in Monterey Bay,
CA. Monterey Bay Whale Watch Research Report.
Trites, A. W., V. B. Deecke, E. J. Gregr, J. K. B. Ford, and P. F. Olesiuk. 2007a. Killer whales,
whaling, and sequential megafaunal collapse in the North Pacific: a comparative analysis of the
dynamics of marine mammals in Alaska and British Columbia following commercial whaling.
Marine Mammal Science. 23:751-765.
Trites, A. W., A. J. Miller, H. D. G. Maschner, M. A. Alexander, S. J. Bograd, et al. 2007b.
Bottom-up forcing and the decline of Steller sea lions (Eumetopias jubatus) in Alaska: assessing
the ocean climate hypothesis. Fisheries Oceanography. 16(1):46-67.
34

Trites, A. W., and C. P. Donnelly. 2003. The decline of Steller sea lions Eumetopias jubatus in
Alaska: A review of the nutritional stress hypothesis. Mammal Review 33:3-28.
Trites, A. W., P. A. Livingston, S. Mackinson, M. C. Vasconcellos, A. M. Springer, and D.
Pauly. 1999. Ecosystem change and the decline of marine mammals in the eastern Bering Sea:
Testing the ecosystem shift and commercial whaling hypotheses. Fisheries Centre Research
Reports 7. 106 pp.
U.S. Fish and Wildlife Service. 2013. Southwest Alaska Distinct Population Segment of the
Northern Sea Otter (Enhyra lutris kenyoni) Recovery Plan.
Ver Hoef, J. M., and K. J. Frost. 2003. A Bayesian hierarchical model for monitoring harbor seal
changes in Prince William Sound, Alaska. Environmental and Ecological Statistics. 10:201-219.
Vos, D. J., L. T. Quakenbush, and B. A. Mahoney. 2006. Documentation of sea otters and birds
as prey for killer whales. Marine Mammal Science. 22: 201-205.
Wade, P. R., J. M. Ver Hoef, and D. P. DeMaster. 2009. Mammal-eating killer whales and their
prey – trend data for pinnipeds and sea otters in the North Pacific Ocean do not support the
sequential megafaunal collapse hypothesis. Marine Mammal Science. 25:737-747.
Wade, P. L., V. N. Burkanov, M. E. Dahlheim, N. A. Friday, L. W. Fritz, et al. 2007. Killer
whales and marine mammal trends in the North Pacific—A re-examination of evidence for
sequential megafauna collapse and the prey-switching hypothesis. Marine Mammal Science
23:766-802.
Whitehead, H. and R. Reeves. 2005. Killer whales and whaling: the scavenging hypothesis.
Royal Society Biology Letters. 1:415-418.
Williams, T. M., J. A. Estes, D. A. Doak, and A. M. Springer. 2004. Killer appetites: assessing
the role of predators in ecological communities. Ecology. 85:3373-3384.
York, A. E. 1994. The population-dynamics of northern sea lions, 1975-1985. Marine Mammal
Science 10:38-51.
York, A. E. 1987. Northern fur seal, Callorhinus ursinus, eastern Pacific population (Pribilof
Islands, Alaska, and San Miguel Island, California). Pp. 9-21, In Croxall, J.P., and R.L. Gentry,
eds., Status, biology, and ecology of fur seals. U.S. Department of Commerce, NOAA Technical
report NMFS 51.
Zavadil, P. A., A. D. Lestenkof, M. T. Williams, and S. A. MacLean. 2003. Assessment of
northern fur seal entanglement in marine debris on St. Paul Island, Alaska in 2002. Unpublished
report available from the Aleut Community of St. Paul Island, Ecosystem Conservation Office.
12 pp.

35

Zerbini, A. N., J. M. Waite, J. W. Durban, R. LeDuc, M. E. Dahlheim, and P. R. Wade. 2007.
Estimating abundance of killer whales in the nearshore waters of the Gulf of Alaska and Aleutian
Islands using line transect sampling. Mar. Biol. 150:1033-1045.
Zeppelin, T.K., and R.R. Ream. 2006. Foraging habitats based on the diet of female northern fur
seals (Callorhinus ursinus) on the Pribilof Islands, Alaska. Journal of Zoology. 270:565–576.

36

Appendix 1 – Relevant Research Sponsored by the Marine Mammal
Commission
Development of predator-prey models for transient killer whales and their marine
mammal prey
Previously, simple models of killer whale consumption were constructed to test the plausibility
of killer whale impact on other species (e.g., number of whales times predation rate on Steller
sea lions equals estimated impact). More detailed data on predation rates relative to availability
of alternative prey are becoming available and can better reveal dynamic relationships. Such data
require more sophisticated models to understand how the impact of killer whale predation is
distributed among available prey populations. The Marine Mammal Commission provided funds
to develop more complex predator-prey models. The project was completed successfully; “agentbased” models were created and simulations were run to validate the model and test the effects of
a variety of prey and predator conditions. Of particular interest, the model suggested that changes
in prey availability on the order of those observed in recent decades would be expected to have
profound effects on transient killer whales. The model also highlighted the importance of the sex
and age structure of killer whale populations and the long life span of individuals, which can
result in time lags between changes in prey populations and a corresponding change in the killer
whale population. In some simulations, the prey population began its recovery over 30 years
before the killer whale population, and numbers of killer whales sometimes remained stable for
decades into a prey decline before dropping. These types of likely complexities in the
relationship between killer whales and their prey highlight the need for long-term research
programs to document the relevant dynamics. A report of this project is available from the
Commission (Mock and Testa 2007).
Investigations of killer whale predation in southeastern Alaska
One central assumption of many hypotheses regarding the impact of transient killer whale
predation on marine mammals is that killer whales shift their predatory focus from one species to
another when their preferred prey becomes depleted. The Marine Mammal Commission provided
funds for a case study of killer whale predation in Glacier Bay in southeastern Alaska where the
relative availability of prey species has changed dramatically in recent years. Harbor seals in
Glacier Bay have declined over 70% during the past decade, while sea otters in the bay have
increased from zero in 1992 to 2,400 in 2004. The study was designed to investigate if killer
whales switched from harbor seals to sea otters as the species changed in abundance. No
substantial shifts in prey selection were observed. Killer whales seen in previous years were seen
in Glacier Bay again, preying upon the same species previously reported. Although few
predation events were observed in the one-year study, no sea otter predation was detected.
Interestingly, the proportion of harbor seal predation events was lower than in previous years,
and the proportion of harbor porpoise predation events was higher. This highlights the fact that
killer whales have many prey species to choose from—not just the pinnipeds and sea otters that
declined and are the focus of so much debate. A report of this study is available from the
Commission (Straley 2007).
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Investigation of killer whale impacts on a population of harbor seals in Hood Canal,
Washington
The presence of transient killer whales in Hood Canal, Washington, in 2005 provided a unique
opportunity to examine the effects of killer whale predation on a population of harbor seals. In
January 2003 and January 2005, harbor seals in Hood Canal were subjected to unprecedented,
extended foraging by transient killer whales. Distinct groups of transient killer whales entered
Hood Canal and remained there for 59 days in 2003 and more than 130 days in 2005. Prior to
2003 transient killer whales had not been observed in Hood Canal, and harbor seals were
believed to have been naïve to killer whale predation. During both the 2003 and 2005 events,
staff of the Washington Department of Fish and Wildlife and others regularly observed killer
whale predation on harbor seals throughout Hood Canal. That predation was expected to have
significantly reduced seal abundance based on predictions using various energetic models and
observed predation rates. Following the 2003 event, however, the expected loss of about 900
seals from an estimated initial population of 1,200 should have caused a significant population
decline but was barely detectable during surveys of the Hood Canal seal population. Although a
number of potential reasons for this discrepancy have been suggested, including a rebound in
seal numbers due to immigration and/or population growth, one of the most plausible
explanations is that the Hood Canal harbor seal population responded to killer whale foraging
pressure by changing their behavior and spending an increased amount of time hauled out on
shore, thereby artificially inflating the abundance of seals observed onshore during the surveys.
When killer whales entered Hood Canal in 2005, an effort was mounted to study the haul-out
patterns of the harbor seals to determine if those patterns changed in response to killer whale
presence. The study found that seals in fact did alter their haul-out behavior while killer whales
were present. The study also discovered that harbor seals in Hood Canal haul out primarily at
night during the summer, which indicated that estimates of seal abundance based on daytime
aerial surveys greatly underestimated the abundance of seals in the canal. The results of this
study were published in PLOS ONE (London et al. 2012).

Investigation of the importance of baleen whales as prey for killer whales
One leading hypothesis regarding the impact of killer whale predation on marine mammals
suggests that large-scale removal of baleen whales by whaling in the high-latitude North Pacific
forced transient killer whales to prey upon pinnipeds and sea otters, causing sequential declines
in populations of those species (Springer et al. 2003). This hypothesis assumes that large whales
were important prey for transient killer whales in the North Pacific. To evaluate this assumption,
the Commission provided funds for the completion and publication of an ongoing investigation
examining indirect evidence of killer whale attacks (scars) using long-term photographic
databases of several mysticete species.
The study first analyzed the “rake” scars visible on mysticete whales to determine if they
were, in fact, caused by killer whales. The comparison of scars to dentition patterns of killer
whales and other likely culprits indicated that the scars observed on humpback whales were
caused by killer whales, though rake scars on at least one North Atlantic right whale appeared to
be caused by an animal smaller than a killer whale. Based on the findings from the scar
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identification study, the prevalence of rake scars from killer whales was evaluated for a sample
of baleen whales in 24 regions worldwide. The study found considerable geographic variation in
the proportion of whales with rake marks, ranging from 0% to >40% in different regions. In
every region, the great majority of the scars seen were present on the whales’ bodies when the
animals were first sighted. This suggested that most killer whale attacks on baleen whales target
young animals, probably calves on their first migration from low-latitude breeding and calving
areas to high-latitude feeding grounds. The results from this study were published in Marine
Ecology Progress Series (Mehta et al. 2007).
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