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ABSTRACT

During 1985-1990, two groups of killer whales in Prince William Sound, Alaska,
experienced unusually high rates of mortality, while seven others did not. Those af-
fected were AB pod, part of the southern Alaska population of resident (fish-eating)
killer whales, and the AT1 transient (marine mammal—eating) group, a very small, re-
productively isolated population that last reproduced in 1984. In 1985-1986, several
AB pod members were shot by fishermen defending their catch from depredation,
which explains some of the deaths. Understanding the other deaths is complicated
by the Exxon Valdez oil spill (March 1989) and uncertainties about the causes and
times of the deaths. For AB pod, possible factors involved in the postspill mortalities
are delayed effects of bullet wounds, continued shooting, oil exposure, and conse-
quences of being orphaned. For the AT1 group, possible factors are oil exposure,
small population size, old age, and high-contaminant burdens. An analysis of pos-
sible effects of inhalation of volatile organic compounds, contact with the oil slick,
and ingestion of oil with water or prey did not reveal route (s) of exposure that could
explain the mortalities. The cause(s) of the killer whale deaths recorded following
the oil spill remain uncertain.

Key Words:  killer whales, Orwcinus orca, fishery interactions, shooting, oil-spill
effects, Exxon Valdez oil spill.

INTRODUCTION

During the period 1985-1990 in Prince William Sound (PWS), Alaska, two groups
of killer whales (Orcinus orca) experienced unusually high mortality rates, but others
did not (Dahlheim and Matkin 1994; Matkin et al. 2008). Those affected were AB
pod (835 members in 1984), part of the southern Alaska population of resident (fish-
eating) killer whales, and the AT1 #ransient (marine mammal-eating) group, a very
small (22 members in 1984), reproductively isolated population. AB pod is part of
a rapidly growing, closely monitored group (AB, Al, AK, AE, A], AD05, AD16, and
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AN10 pods) of resident killer whales that numbered 117 in 1984, while, in contrast,
the AT1 group last reproduced in 1984. During the period in question, AB pod lost
21 members, and the AT1 group lost 9. What caused the unexpected deaths? When
did they occur? And why were just two groups affected? Unfortunately, dead killer
whales infrequently strand, and even when they do, they rarely give much insight
into the exact time or cause of death. One is left, then, to infer explanations from
incomplete, imprecise, and often conflicting information.

Eight members of AB pod died in 1985-1988, when killer whales from that group
regularly depredated the catches of longline fishermen. The fishermen, faced with
severe economic losses, responded with high-power rifles and underwater explo-
sives (MMC 1988; Matkin et ¢l 2008). Bullet wounds documented on some whales
confirmed the shooting (Hall and Cornell 1986; Matkin 1988). Thirteen deaths in
AB pod and nine in the AT1 group were discovered in 1989-1990, after the Exxon
Valdez oil spill (EVOS) (Dahlheim and Matkin 1994; Matkin e ol 2008), which
naturally sparked concerns that the spill had been responsible. However, 4 vears
after the spill, Dahlheim and Matkin (1994) comprehensively reviewed the data and
concluded that the evidence did not support a clear conclusion about the cause(s)
of these deaths. But more recently, Matkin e al. (2008) concluded that the deaths
discovered in 1989-1990 were caused by the EVOS. Their new analysis, however, has
Ieft several important questions incompletely examined. For example, why were the
deaths confined to just two of the six groups of killer whales observed in oiled waters
in the weeks and months after the spill? Are there plausible routes of oil exposure
that could have led to the whales’ deaths? Might more than a single factor have been
involved?

KILLER WHALES’ BIOLOGY

Two reproductively isolated ecotypes of killer whale are present in PWS, each
with its own distinctive natural history. The resident ecotype eats only fish, while the
transient ecotype eats marine mammals almost exclusively (Saulitis ez «l. 2000). The
resident population comprises several highly stable social groups, termed “pods,”
which in turn are made up of one or more matrilines (Matkin et «l. 1999, 2008;
Parsons et al. 2009). Each matriline is comprised of a matriarch and all of her
surviving offspring of both sexes and all of the surviving offspring of her daughters
and so on (Bigg et al. 1990). Males are generally thought to breed outside of their
pod, which would promote out-breeding (Barrett-Lennard 2000), and consequently,
their offspring would be linked to other pods. Within this breeding structure, the loss
of females from a pod has significant consequences for the pod’s future, while the
loss of males does not. Recently, however, intra-pod matings have been confirmed
in the southern resident population, which occurs mainly in Washington State and
British Columbia waters (Ford et al. 2011); whether this pattern is more widespread
is unknown.

Killer whale mothers routinely live well beyond reproductive sunset, often by sev-
eral decades (Ward et al. 2009). This extended period of post-reproductive survival
is Jonger than that of any other non-human mammal (Foster et «l. 2012), and the
possible adaptive significance of this has been debated for years (e.g., Norris and
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Pryor 1991). Recently, Foster et af. (2012) analyzed the survivorship of killer whales
from the SR and NR populations following the death of their mothers, and the
results were surprising. This analysis showed that in the year following the death ofa
killer whale mother, the probability of death of her offspring generally increased sig-
nificantly, especially for older males. For males <30 yr, the mortality rate increased
3.1fold, but for males >30 yr, the risk of death increased 8.3-fold. In contrast, there
was no increased mortality risk for females aged <30 yr, although the risk of death
increased 2.7-fold for females =30 yr. If this relationship holds for resident killer
whales in Prince William Sound as well, then the loss of killer whale mothers would
have implications that extend beyond the mere loss of reproductive potential. No
similar analysis exists for transient killer whales.

Of the resident pods that use PWS, eight are reliably present each year, which
permits them to be censused annually (Matkin et al. 1999). In 1984, these pods
numbered 117 individuals, 35 of which belonged to AB pod (Matkin e ol. 2008).
About 135 additional resideni-type whales also used PWS, but not every year. Because
of strong population growth, a total of roughly 500 resident killer whales are believed
to comprise the entire population using PWS in 2009 (Allen and Angliss 2010).

The size and structure of transient populations are less well defined than are those
of residents (Ford and Ellis 1999). AT1 transient social groups are usually composed
of 2—4 individuals, often a female and 1-3 offspring (Saulitis et «l. 2000, Baird and
Whitehead 2000). Most transients in PWS belong to the Gulf of Alaska transient
population, which currently numbers more than 300 (Allen and Angliss 2010).
Transients are not seen as reliably as are residents, so that gaps of several years in
the record are common (Ford and Ellis 1999). The AT1 #ransient group, however,
is exceptional. Most members of this very small, reproductively isolated population,
which numbered just 22 when first described in 1984 (Leatherwood et ol 1990},
have been seen each year, allowing its composition to be followed more closely than
that of other #ransient populations, although gaps of a year are common in the
record (Matkin et al. 1994, 2008). For example, three AT1 members that were not
observed in 1989, proved to be alive in 1990 (Matkin ¢ . 1994). In addition to
being very small, the AT1 population also stands out in being genetically distinct
and reproductively isolated from all other fransient populations in the eastern North
Pacific (Barrett-Lennard 2000) and in not having reproduced since 1984 (Matkin
et al. 2008).

Annual photographic censuses of resident and AT1 transient killer whales in the
eastern North Pacific rely on unique marks and color patterns to identify individuals
(Bigg et al. 1990; Matkin et al. 1999; Parsons ez al. 2009). Killer whales are assumed to
have died if unobserved for a period of time prescribed by convention, which differs
between ecotypes (Matkin et al. 2008). Residents are assumed dead if unobserved
after several encounters with the pod spanning a period of >1 yr; the assigned year
of death is the first year in which the whale was unobserved. In contrast, an AT1
transient is declared dead only after it has been unrecorded for four consecutive
years, but as with the residents, the assigned year of death is the year in which it first
was missing.

In many respects, the killer whale databases developed in Alaska, British
Columbia, and Washington State are extraordinary. The status of nearly every mem-
ber of certain resident pods and the AT1 #ransient group is documented in most
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years—a level of detail and accuracy rarely achieved in population studies. Notwith-
standing the strengths of the databases, however, there are significant limitations
to the accuracy of the dates of birth and death (Bigg e «l. 1990; Parsons et al.
2009). For PWS residents that die, the actual time of death lies somewhere between
the date when an individual was last seen in 1 year and the date when its pod was
well censused in the next, a period that could span 9-14 months. The limitations
become especially apparent when evaluating the potential link between mortality
and a particular event, such as the EVOS. Greater uncertainty attends the actual
date of death of AT1 fransients, where there is an approximately 20% chance thata
permanently missing whale died more than a year after it was last seen (Matkin ¢t al.
2008). Although the conventions for tallying killer whale deaths offer a practical way
of handling data, the uncertainty about cause, time, and place of death put limits
on what can be reliably concluded.

THE MISSING WHALES

Between 1985 and 1990, 21 members of AB pod died (Table 1). Of these, 17 were
maturing or adult animals (7-37 yr) with high probabilities (>0.99) of survival,
based on a 24-year study of the northern resident (NR) killer whale population in
British Columbia (Olesiuk et al. 2005). The remaining four mortalities were calves,
aged 2-4 yr at the time that death was assigned; two had been orphaned. Life
expectancies were also high (0.97-0.98) for calves accompanied by their mothers
(Olesiuk et al. 2005), but comparable information about orphaned calves does not
exist. Because killer whale calves depend on their mothers for nutrition and social
development (Ford et af. 2000; Newsome et af. 2009) orphans would be expected to
have reduced survival prospects. Thus, except possibly for the two orphaned calves,
the other members of AB pod that died during 1985-1990 all had excellent survival
prospects (Table 1).

Of the 21 killer whales that died during 1985-1990, 8 of the 9 adult females
were also mothers (Table 1). Half of these were discovered to have been missing
before the EVOS; half afterwards, although only one, which was discovered in 1990,
is known with certainty to have died after the spill. Three of the mothers (AB9,
AB21, and AB23) that died also had offspring that died (AB1, AB19, and AB37).
Of course, we cannot know the degree to which the mother’s absence may have
contributed to the mortalities of their offspring, but given the apparent significance
of killer whale mothers that was reported by Foster e ¢l. (2012), this may have been a
contributing factor in some of the deaths. (Note that AB1 also carried documented
bullet wounds.)

Whatever the cause(s) of the statistically unexpected deaths in AB pod, the other
seven closely monitored PWS resident pods were not similarly affected (Matkin e af.
1994, 2008). It is important to remind ourselves that the timing of the mortalities is
known with an accuracy of only several months, and although Matkin ez al. (2008)
presumed that the deaths recorded in 1989 occurred after the EVOS, there is no
evidence that this was in fact true. Nor is there any evidence that the whales all died
at the same place, at the same time, or from the same cause.

Hum. Ecol. Risk Assess. Vol. 19, No. 1, 2013 31

EX-0288-000004-TSS



M. A. Fraker

Table 1. Characteristics of resident killer whales of AB pod that died, 1985-1990.

Expected
Year Whale Age Sex Mother Shot Survivaly Comments
1985 9# 37 ¥ Y Y =>0.99 May have been shot. AB9’s son
(AB1) died the nextyear.
15# 8 U N/A Y =0.99 May have been shot.
34* 29 ¥ Y Yi* >0.99 Documented wounds not lethal.
1986 1% 25 M N/A Yi* >0.99 Documented wounds not lethal.
Son of AB9.
7* 28 ¥ Y Yi* =>0.99 Documented wounds not lethal.
12# 8 u N/A Yi >0.99 Documented wounds not lethal.
1987 28* 16 U N/A Y* >0.99 Documented wounds not lethal.
1988 6# 37§ ¥ Y U >0.99 Not documented to have been
shot; left behind yearling calf
(AB37).
1989 3* 13 M N/A U >0.99
18* 7 U N/A Y* >0.99
21" 29 ¥ Y Yi* >0.99 Documented wound high on
saddle patch. Mother of AB19,
which was missing in 1990.
23* 17 F Y U >0.99 Left behind a 3-yr-old calf
(AB36), which was missing in
1990.
30* 13 U N/A Y* =0.99
31" 17 F Y Y =>0.99 Left behind yearling calf (AB38)
37+ 3 U N/A U ?? Last seen as 2-y old in 1988;
mother (AB6) last seen 1987,
when AB37 was a yearling.
1990 8" 17 F Y U >0.99
19* 12 M N/A U >0.99 Mother (AB21) missing in 1989.
20+ 18 F N U >0.99
36" 4 U N/A U °? Mother (AB23) last seen in 1988
when AB36 was 2 years old.
42+ 2 U N/A N 0.97
444 2 U N/A N 0.97 Matkin et al. (2008) mistakenly

list AB44 as missing in 1989.

*Matkin e al. (2008, Tables 1 and 2); #Matkin et al. (1994, Table 8-4); §Matkin ef al. (1999);
iHall and Cornell (1986); jprobability of survival based on empirical data from northern
resident killer whales during a period of unrestrained growth (Olesiuk e al. 2005, Tables 7
and 8). F = female, M = male, U = unknown, Y = yes, N = no, N/A = not applicable.

The sex composition of the dead AB whales is only partially known, but this infor-
mation is important because the reproductive value of males and females to their
pods differ radically. Of the 12 animals of known sex, nine were female (Table 1). In
my analysis (below), whales of unknown sex were assumed to have been split equally
between males and females.

Nine of the 22 members of the AT1 group of marine mammal—eating fransients
went missing sometime between fall 1989 and spring 1990 (Matkin et al. 1994, 2008).
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Table 2. Maximum estimated concentrations of BTEX compounds and light
aliphatics directly over the Exxon Valdez oil spill compared to

recommended human exposure limits.

Hour of spill with Maximum NIOSH® REL (ppm)
maximum concentration®

Compound concentration?® (ppm) TWA STEL or C
Benzene 1 4.86 0.1 1
Toluene 1 8.24 100 150
Ethylbenzene 1 0.83 100 125
Xylenes 3 2.65 100 150
Hexane 1 1.29 100 510
Heptane 1 4.36 85 440
Octane 1 4.04 75 385
Nonane 3 2.01 200 —
TOTAL NA 28.28 NA NA

*Values from Hanna and Drivas (1993); hour refers to time after start of the spill; "NIOSH =
National Institute for Occupational Safety and Health, REL = recommended exposure
limits; TWA = time-weighted average; STEL = shortterm exposure limits; C = ceiling REL,
not to be exceeded at any time (NIOSH 2007).

These marine mammal-eating whales have never been implicated in depredating
fisheries, and none was documented to have been shot, so it seems unlikely that the
deaths resulted from shooting. Two of the whales that were missing in 1990 were
males estimated to have been 33 yr old, which is beyond the mean life span of male
PWS resident killer whales (Matkin ez ¢f. 2008), and suggests age-related mortality. In
1990, two AT1 whales were discovered stranded on a beach, but the cause of death
could not be determined (Matkin ef al. 1994).

KILLER WHALES’ INTERACTIONS WITH FISHERIES

In 1984, killer whales of AB pod began taking sablefish (Anoplopema fimbria) and
halibut (Hippoglossus hippoglossoides) off the longlines of commercial fishermen in
PWS (Matkin and Saulitis 1994; Matkin e al. 2008). They took an estimated one-
quarter of the sablefish catch, which constituted a major economic loss for the
fishermen (Dahlheim 1988). Fishermen responded by shooting the whales with
high-power rifles and detonating underwater explosives near them. In 1985-1986,
13 AB whales were documented photographically to have been shot (Matkin ez al.
2008). Four of these and two others died at this time (Table 1). Although no bodies
were ever recovered, itis generally accepted by regulators, fishermen, and other close
observers that these deaths likely resulted from the fishermen’s actions (MMC 1988;
Matkin e al. 2008). Two additional whales were recorded missing in 1987-1988,
one of which was known to have been shot. Because they had apparently good
survival prospects (Table 1), their deaths were unexpected and may also have been
due to the fishery interactions. Until 1987, fishermen were not restricted in the
actions that they could take to protect their catch and gear, but in that year, the
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National Marine Fisheries Service developed regulations to prevent fishermen from
using lethal countermeasures (MMC 1988). In 1988, the U.S. Congress amended
the Marine Mammal Protection Act (MMPA) to prohibit the intentional killing of
any cetacean.

Nevertheless, some shooting has continued. Dahlheim and Waite (1993) reported
that seven of 12 resident pods that they photographed in Alaskan waters (outside of
PWS) in 1992 contained individuals with recent bullet wounds. As Matkin e/ al
(2008) point out, the sablefish fishery was closed in September 1988 and did not re-
open until June 1989, limiting the potental for interactions during that period. But
the halibut fishery was open for 2-day periods in September and October 1988, and
again in September and October 1989 (IPHC 1989, 1990), presenting both potential
opportunity and motive for additional shooting. In October and November 1989,
the sablefish fishery was also open, and fishermen reported damage to both gear
and catch (Matkin et ol 1989). Matkin and Ellis (1990) reported that AB27 had
acquired a recent bullet wound, which they suggested had come from a halibut
fisherman.

The number of killer whales shot in PWS is probably larger than the number
photo-documented for three reasons. First, some may have died soon after be-
ing shot and before their wounds could be photo-documented: AB9 and ABI5
may have been such animals (Table 1). Second, only wounds on the dorsal fin
or high on the left side of the body, which was preferentially photographed dur
ing the studies, would usually have been photo-documented. The documented
wounds on the dorsal fins of AB1, AB7, and AB34 (Hall and Cornell 1986) do
not appear to have been life threatening (Matkin e «l. 2008); the whales’ deaths
in 1985-1986, however, suggest that they had been shot elsewhere on their bodies
as well. Third, cetacean skin repairs itself so quickly that entry wounds can heal
over and become undetectable in just a few months (Brown ef al. 1983; Bruce-
Allen and Geraci 1985; Matkin 1986; Matkin et ol. 1987), while the status of deep-
tissue damage would not be apparent. For these reasons, therefore, in addition to
the whales that were documented to have been shot, others were likely wounded
as well.

What are the potential fates of whales that are shot? Matkin ef ¢l. (2008) worked
with the assumption that, if death is the outcome, it occurs soon after the event
and bullets that are not immediately fatal sit harmlessly in the animal’s body for
the rest of its life. They based this belief on the fact that many of the killer whales
that entered captivity survived well, even though they carried bullets that had been
acquired before the capture. Yet, observations of captive animals show that another
outcome is also possible. Cornell (2010) necropsied two captive killer whales that had
died of complications from abscesses caused by bullets acquired prior to capture.
One of these died 6 vears after capture (Ridgway 1979); the history of the other
whale is unknown. In a third case involving a captive killer whale, Cornell (2010)
removed a bullet and bone fragments from a draining lesion that had developed in
captivity. This whale was treated and survived. These observations underscore what
may seem obvious. First, not all bullet wounds are immediately fatal. Second, some
killer whales that are shot can survive for years, only to die later of their wounds.
The latter outcome may explain at least some of the deaths in AB pod following the
increased shooting in 1985 and 1986 (Table 1).
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THE EXXON VALDEZ OIL SPILL AND KILLER WHALES

The spike in killer whales’ deaths reported in the 2 years following the EVOS
naturally sparked concern that the two events were linked. However, whether the
seven AB pod members that were discovered to be missing 1 wk after the spill,
died before or after the event is uncertain. No observations were made between
September 1988, when fieldwork concluded for that year, and March 31, 1989,
when AB pod was first encountered in that year. Aerial and vessel surveys for marine
mammals began the day after the spill (IHarvey and Dahlheim 1994; Zimmerman
et al. 1994), but no AB whales were reported until the end of the first week, although
some AT1 transients were photographed near the tanker on day 2 (see below). The
six AB and nine AT1 whales that were recorded as missing in the year following the
spill died over the winter of 1989-1990 (Matkin et al. 2008). Thus, these whales must
have died 5-14 months after the spill.

When Matkin e al. (1994) and Dahlheim and Matkin (1994) reviewed the matter,
they found the evidence linking the spill and the deaths to be inconclusive; however,
Matkin et ¢f. (2008) revised the earlier finding. They based their new conclusion of
causation related to the EVOS on what they considered to have been a “synchronous”
decline in AB pod and the AT1 group and on the observation of some of the whales
in oiled waters, although no AT1 whales were recorded as missing until 1990. They
argued that the likelihood that two separate groups of killer whales would suffer a
large number of deaths in a 2-year time frame was so low as to establish cause-and-
effect. Such a large number of deaths in 2 years certainly is unusual, but can the
deaths that are spread out over 2 years really be considered to be “synchronous”?
And how might the oil spill have acted to cause the deaths?

The Oil Spill

To most people, the idea of an oil spill conjures up an image of water covered
in a thick layer of sticky, black coagulum. It seems plausible that whales in such
a hypothetical sitvation might have physical difficulty in breathing, or that they
might be injured through contact with oil. The reality of an oil spill, however, is very
different from this preconception. In their discussion of the use of dispersants to
minimize the effects of oil spills, the National Research Council (NRC 2005) first
considered the baseline behavior of oil in the absence of dispersants. The report’s
authors state that oil on open water and under calm conditions, such as prevailed
in the first days of the EVOS, rapidly spreads out into a thin slick until it reaches
a thickness of ~0.1 mm, whereas the thick accumulations that feature prominently
in the media represent a shoreline phenomenon that develops when oil is driven
onshore, primarily by wind (Galt 1978). The characteristics of the EVOS slick over
the first few days of the spill are outlined below. This description is based on (1)
spill mass of 35,500 t (Wolfe ef al. 1994), (2) daily slick maps prepared by Galt ez al.
(1991), (8) evaporation and dissolution losses estimated by Galt ef al. (1991), and
(4) an estimated water area of PWS of 9,000 km® (Okey and Pauly 1999). (The
area of PWS was used to estimate the proportion of the sound that was affected
by oil.)

When the oil started to flow from the ruptured tanker in the early hours of 24
March, it immediately began to spread in all directions and continued to do so
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Figare 1. The area affected by the Exxon Valdez oil spill. The cil spread under calm
conditions by gravity until late on day 3, when a storm carried the oil to
the southwest (Galt e al. 1991). The storm also increased the amount of
oil that evaporated and that was forced into solution, while converting
much of the surface oil to an oilin-water emulsion (mousse). Following
the storm, most of the oil on open water was in a thin layer that was a
few microns thick.

under relatively calm conditions until late on day 3 (Figure 1; Galt e ol 1991). By
the end of day 1, the slick had spread over a circular area around the vessel (radius
= ~5 km), covering roughly 79 km?® (~0.9%) of PWS with oil averaging 0.37 mm
thick. The slick continued to spread on day 2, doubling in radius and quadrupling
in area, thereby reducing the average thickness to 0.092 mm. Spreading continued
under calm conditions until the afternoon of day 3, when a storm developed. By this
time, the slick had spread to about 491 km?® (5.5%) of PWS with an average thickness
of 0.058 mm.
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The storm not only carried the spill to the southwest, into the Knight Island
area and beyond (Figure 1), but it also changed the physical properties of the
oil in three important ways (Galt ez el 1991). First, the more-ordess contiguous
slick was broken-up into bands and streaks, which meant that the oil became less
uniform in thickness. Roughly 90% of the slick was just a few microns thick, with
thicker oil concentrated in convergence zones. Second, the amount of surface
oil changed, because evaporative loss increased, accounting for 15-20% of the
spill volume, while another 15-20% was dispersed into the water column. Third,
much of the remaining surface oil was agitated by storm-generated wave action
to form a water-in-oil emulsion (mousse) that was stickier and slower to weather
than was the original oil. With a water content of about 70%, the mousse more
than tripled the volume of contaminated material, much of which was driven onto
islands.

By late April, floating oil in PWS was reduced mainly to surface sheens, except
close to heavily ciled shorelines, where winds and tides continued to move and
redistribute the oil (Wolfe ¢f al. 1994). Over the course of the summer of 1989, the
amount of oil floating on open water decreased to near zero, while the amount that
evaporated, dispersed, or was beached and recovered increased. Although some
EVOS oil found its way into all compartments of PWS, most of it was lost to evap-
oration, dispersion, and biodegradation. Some oil ended up on PWS beaches and
some of this found its way to adjacent compartments.

Killer Whales in Oiled Waters

There were no reported killer whale observations during the first day of the spill,
butfour members of the AT1 group were photographed near the Exxon Valdez by a Los
Angeles Times photographer, apparently on day 2. Although Matkin e al. (2008) state
that these photographs were taken on the day of the spill, the photographer (Kaul
2010) believes that they were taken on March 25, the day after the spill and the day
before they appeared in the Los Angeles Times, which was March 26—unfortunately,
except for the publication date, the written record has been lost, but Kaul (2010)
is clear that the images would have been published the day after they had been
taken. As discussed below, when Ms Kaul took the photos matters because maximum
exposure to potentially toxic vapors could have occurred only in the first hours of
the spill. The next killer whale observations were on March 31, one week after
the spill, when resident AB and A] pods were encountered in lower Knight Island
Passage, about 100 km from the spill site, in water with a sheen of oil (Harvey and
Dahlheim 1994). Other observations of resident killer whales in oiled waters were
made on April 2 (AK pod), but then nothing further until September 2-3 (AB, Al,
and AN pods). Thus, whales belonging to five resident pods were observed in waters
with an oil sheen on just 4 days in 1989 (Matkin e ¢l 1994), and the AT1 transients
just once. The failure to obtain many observations of killer whales in oiled waters,
despite an extensive survey effort, suggests that the whales did not spend much time
in the spill area during the summer of 1989, possibly in response to the noise and
disturbance that accompanied the cleanup. In particular, AB pod was missing for
nearly 4 months (March 31-July 27). On July 27, AB pod was photographed in an
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unoiled part of PWS, but was seen 3 days later within the oiled part (but in water
without an oil sheen) (Matkin ef al. 1994).

Inhalation of Volatile Organic Compounds (VOCs)

To mammals, the most toxic VOCs are the BTEX (benzene, toluene, ethylben-
zene, xylenes) compounds and lightweight alkanes (Neff 1990). Therefore, it is
important to know the VOC concentrations in the air above the spill, and what
threshold exposures are necessary to cause harm.

Virtually all of the oil escaped in the first 5 h after the tanker struck Bligh Reef, just
4 min after midnight on March 24, releasing VOCs at the same time (Hanna and
Drivas 1993; Wolfe ef al. 1994). To estimate the in-air VOC concentrations above
the EVOS, Hanna and Drivas (1993) considered the composition and volatility
of the compounds in Prudhoe Bay crude oil, the volume and area of the spill, and
the prevailing environmental conditions, particularly wind and temperature. They
estimated that the highest concentrations of BTEX compounds and light aliphatics
occurred 1-3 h into the spill, after which these chemicals rapidly dispersed into the
air (Table 2); virtually all of the lighter-weight compounds (through nonane) had
evaporated by the end of day 1. Some of the heavier VOCs, dodecane to pentadecane,
persisted at very low concentrations (<1 x 107*6.4 x 10~* ppm) for a few days to <1
week (Hanna and Drivas 1993, their Table IV). To have been exposed to the highest
VOC concentrations, then, the killer whales would have to have been within the slick
before 0300 h on day 1. If it is assumed, based on the overall rate of dispersion, that
the spill area at this time (i.e., after ~3 h) was an eighth of its extent at the end of
day 1, it would have had a radius of 0.625 km. To have been exposed to the highest
VOC concentrations, whales would have to have been inside this relatively small area
very early in the morning of March 24. The spill zone would have been shrouded
in darkness at this time, so had any killer whales been present, they probably would
not have been seen.

Although there are no data on the threshold concentrations and exposure times
for effects of VOCs that apply specifically to cetaceans, this information does exist
for some terrestrial mammals. Using this information, Geraci and St. Aubin (1987)
estimated that the threshold for neurologic effects (e.g., narcosis) lies at air concen-
trations of ~300 ppm and an exposure time of >3 h. They further estimated that
the exposure thresholds that may cause death are approximately >2000 ppm for
3 h or 600 ppm for >12 h. The sum of the VOC maxima above the EVOS slick was
<30 ppm (Table 2), an order of magnitude below the 3-h exposure threshold for
the onset of neurologic effects and far less than the concentrations likely to cause
death, even in the first hours of the spill.

Another approach to assessing the potential for harm from inhalation is to com-
pare concentrations of particular VOCs above the spill against the Recommended
Exposure Limits (RELs) set for humans by the U.S. National Institute for Occupa-
tional Safety and Health (NIOSH 2007), which are summarized in Table 2. Except
for benzene, none of the estimated concentrations approached the RELs—but note
that the REL for benzene is set very low to protect against long-term carcinogenic
effects, not acute toxicity. After reaching a maximum at 1 h into the spill, benzene
dissipated to 0.015 ppm, well below the REL, by noon of the first day (Hanna and
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Table 3. Lost reproductive potential (calves/yr) due to deaths in AB pod,

1985-1990. See text for explanation of values.

Mortality years Mortality years
Year 85-88 89-90 Total Year 85-88 89-90 Total
1985 0.4 — 0.4 2008 0.3 1.4 1.7
1986 0.6 — 0.6 2009 0.3 1.4 1.7
1987 0.7 — 0.7 2010 0.3 1.4 1.7
1988 0.9 — 0.9 2011 0.3 1.4 1.7
1989 0.7 0.6 1.3 2012 0.2 1.4 1.6
1990 0.7 1.0 1.7 2013 0.2 0.8 1.0
1991 0.7 1.1 1.8 2014 0.2 0.6 0.8
1992 0.6 1.1 1.7 2015 0.2 0.6 0.8
1993 0.7 1.1 1.8 2016 0.2 0.6 0.8
1994 0.7 1.1 1.8 2017 0.2 0.5 0.7
1995 0.7 1.1 1.8 2018 0.2 0.5 0.7
1996 0.7 1.1 1.8 2019 — 0.5 0.5
1997 0.5 1.2 1.7 2020 — 0.5 0.5
1998 0.5 1.2 1.7 2021 — 0.5 0.5
1999 0.3 1.2 1.5 2022 — 0.5 0.5
2000 0.3 1.2 1.5 2023 — 0.4 0.4
2001 0.3 1.3 1.6 2024 — 0.4 0.4
2002 0.3 1.2 15 2025 — 0.4 0.4
2003 0.3 1.4 1.7 2026 — 0.4 0.4
2004 0.3 1.4 1.7 2027 — 0.2 0.2
2005 0.3 1.4 1.7 2028 — 0.2 0.2
2006 0.3 14 1.7 2029 — — 0.0
2007 0.3 14 1.7 2030 — — 0.0

Drivas 1993). Thus, the VOC maxima over the slick were transient, never exceeded
acute danger levels, and after day 1, concentrations had fallen nearly to zero. Al-
though the RELs set by NIOSH (2007) were intended to be applied to humans
in a workplace situation, the physiological basics should be similar (Geraci 1990)
and, with the exception of benzene, most of the VOC concentrations did not ex-
ceed 5% of the RELs (Table 2). In the weeks and months that followed, the whales
observed in oil sheens would not have been exposed to significant VOC concentra-
tions. Therefore, given our understanding of the VOGCs in the spill area and their
potential effects, inhalation of VOCs as a cause of injury or death of killer whales
does not seem plausible.

Oil Contact

The first record of killer whales (AT1 #ransients) in oiled waters was on day 2
of the spill, when the mean thickness of the slick would have been approximately
0.23 mm (the mean of the average thicknesses at the ends of days 1 and 2). The
effect of this exposure is unknown, although no AT1 whale was reported missing in
the year of the spill (Matkin et ol 2008, 1994). The first sightings of residents in oiled
waters were on days 7 and 9, when AB, AJ, and AK pods were seen in lower Knight
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Island Passage, about 100 km from the spill site (Harvey and Dahlheim 1994). These
whales were reported to have been swimming in water with an oil sheen (Matkin
et al. 1994), which would have ranged in thickness from near zero to a few microns,
and this would have characterized most of the open water in the spill area (Galt
et ¢l 1991). By this time, much of the oil had been carried out of PWS by winds
and currents or had been deposited on beaches; some mousse patches would also
have been present. Matkin ef ol (1994) reported no other sightings of killer whales
in oiled waters until August 5, 1989 (some non-AT1 #transients) and September 2-3,
1989 (AB, AI, AN vresidents). After July, whales would have encountered only light
sheens associated with shoreline oil concentrations and cleanup operations (Lowry
et al. 1994; Gundlach 2011).

Observations from other spills show that cetaceans often do not avoid oil and
thus may be exposed to slicks. Geraci (1990) compiled the published records of
whales and dolphins swimming in oiled waters, ranging in type from crude oil to
diesel, none of which appeared to indicate an adverse effect. However, these ad
hoc observations did not offer opportunities to closely examine the animals. To
probe the possible effects of contact with spilled oil in more detail and under
controlled conditions, Geraci and St. Aubin (1982, 1985) conducted a series of
experiments on captive bottlenose dolphins (Tursiops truncatus). Unlike sea otters,
in which the deposition of oil in the fur results in loss of insulation and direct
ingestion of cil during grooming, in cetaceans the primary concern associated with
skin contact is damage to the integument itself. To test for effects, the investigators
soaked small sponges with crude oil or gasoline and then held these against the
skin for up to 75 min—an exposure, because of the rinsing effect of sea water,
that far exceeded any that would potentially occur under natural conditions. Even
this extreme exposure failed to elicit more than a mild, reversible reaction, thus
demonstrating that cetacean skin is a highly effective barrier that tends to prevent
the harmful components of crude oil from entering the body (Geraci 1990).

In addition to inhaling VOCs and contacting skin, the possibility of inhaling lig-
uid oil itself should also be considered. When whales break the water’s surface to
breath, there is an “explosive” exhalation, followed immediately by an inhalation
(Hansen 1992; Geraci and St. Aubin 1980). The forceful blow, which clears the
blowhole area to avoid breathing in water, probably would also serve to clear oil in
most circumstances. The slick thickness at which whales might experience breathing
problems is not known, but some indication may be found in the experiments sum-
marized by Geraci (1990). In one set of experiments, bottlenose dolphins surfaced
without consequence in an experimental pen that was covered with a 1-cm layer of
mineral oil, although after surfacing in it just once, they showed a strong tendency
to avoid the ciled pen. In other experiments, dolphins surfaced repeatedly in a
pen with a 0.1 mm layer of motor oil, again without consequence. The investigators
concluded that the dolphins were able to “feel the 0il,” and that they preferred to
avoid surface oil. It is clear, then, that bottlenose dolphins, and presumably killer
whales as well, can surface and breath in the presence of thin layers of oil, but the
limits of this ability are uncertain. (Note that these experiments were intended to
test the response to surface oil and that both mineral oil and motor oil lack the toxic
components of crude oil.)
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Oil Ingestion

Could killer whales have ingested toxic amounts of oil, either with their prey or
with seawater? Again drawing on data from terrestrial species, Geraci and St. Aubin
(1987) estimated thata 3000-kg killer whale would have to consume the equivalent of
15-75L of fuel oil, depending on oil type, to be atrisk. Because refined products such
as fuel oil contain higher concentrations of toxic constituents than does weathered
crude, more crude oil would have to be ingested to have the same effect. Cetaceans
normally drink little seawater, and a 3000-kg killer whale might drink only 3-9
L/d (Geraci and St. Aubin 1987). The seawater concentrations of total polycyclic
aromatic hydrocarbons (PAHs), the most toxic petroleum constituents, in the spill
area in early April 1989 averaged about 0.2 ppb (= ug/L) (Neff and Stubblefield
1995), which equates to an estimated potential daily consumption of 0.6-1.8 ug,
several orders of magnitude below the quantities at which toxic effects would be
expected.

Killer whales might also consume oil through contaminated prey-fish for residenis
and marine mammals for éransients. Hom ef al. (1996) measured the PAHs in fish
in the spill area in 1989 and 1990, including coho salmon (Oncorhynchus kisutch),
a primary prey of PWS sesidents (Saulitis et af. 2000). They found that most fish
sampled contained <3.0 ppb (= ug/kg) hydrocarbon residues, which is within
the range found in salmon at the reference site in southeast Alaska. As IHom et ol
(1996) noted, salmon migrate across vast stretches of the north Pacific, so that
a contaminant found in PWS salmon did not necessarily originate there. Matkin
et al. (2008) also noted that AB pod presumably fed on the same stocks of salmon
prey as did the pods that did not suffer unusual mortalities. The concentrations of
petroleum residues found in salmon bile by Hom e al. (1996) also indicated that the
liver played a large role in metabolizing the petroleum compounds into compounds
that can be excreted.

Regardless of source, how much PAH might a salmon-eating resident whale have
consumed in PWS? Williams ef ¢/ (2011) estimated the amount of Chinook salmon
(Oneorhynchus tshawytscha) that an average southern resident killer whale might
consume each day to be about 57 kg. Assuming that killer whales in PWS eat a
similar amount of coho, they would consume about 171.0 ug PAH/d (= 3.0 ug
PAH/kg x 57 kg). This is orders of magnitude less than the 15-75 L of refined
fuel oils that Geraci and St. Aubin (1987) estimated could be tolerated by a 3000-kg
killer whale, and it is also similar to background levels (IHom et af. 1996).

The AT1 transients, which prey to a large extent on harbor seals (Saulitis et al.
2000), might have consumed seals that had been injured by oil or thathad weathered
oil on their skin, or both (Matkin e «l. 2008). Although there are no records of
killer whales having fed on seals from oiled haulouts, haulouts in the path of the
spill (Figure 1) were oiled, and many of the seals that used them also became
oiled (Lowry ef al. 1994). Of the common prey of fransients, harbor seals were the
most exposed because of their use of shoreline haulout sites, where oil tends to
accumulate. The amount of oil on the seals was greatest in the first few months
of the spill, that is, April-July, when substantial amounts of oil were present in the
shoreline environment. During this period cleanup operations and natural wave
and tidal action progressively removed most of the shoreline oil. Major haulouts
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were given priority for cleanup before May 10, in advance of the pupping season,
although not all of them were cleaned (Zimmerman et ¢l 1994). In addition to
acquiring oil on their skin, the seals’ behavior may also have been affected. Lowry
et al. (1994) reported that, during April-June 1989, some oiled harbor seals at
heavily oiled sites appeared “. .. sick, lethargic, or unusually tame.” (Whether such
a change in behavior might have made the seals more or less attractive to the ATls
is unknown.) In September 1989 and May-July 1990, seals at the same sites behaved
normally (Lowry et el 1994). These observations agree with the pathologic findings
of reversible lesions consistent with hydrocarbon toxicity in the brains of some oiled
seals (Spraker e al. 1994). Because any oil that was still adhering to the pelage
(skin + fur) of adults would have been shed during the molt in late August to mid-
September (Frost et al. 1994a; Hoover-Miller ¢t a. 2001), much of the remaining oil
would have been lost at that time; pups do not molt in their first year. Thus, seals
would have been most heavily oiled in the first few weeks following the spill, after
which time, the haulouts would have become progressively cleaner (Lowry et al.
1994). By 1990, little oil remained on the major haulouts, although the amount is
unknown. However, no seals collected in the spill area in 1990 had elevated levels
of hydrocarbons (Frost et al. 1994b).

Marine mammals, in common with other mammals, have multi-function oxidase
systems (cytochrome P-450) that can degrade oil into compounds that can be ex-
creted (Engehhardt ez al. 1977; Lee and Anderson 2005; Ortiz de Montellano 2005).
The relevant research was summarized by St. Aubin (1990) in his review of the effects
of 0il on seals and by Geraci (1990) in his parallel review on cetaceans. The studies
on seals in PWS yielded results that were consistent with exposure and excretion of
petroleum hydrocarbons following the EVOS (Frost ef ¢l 1994b). It is noteworthy
that harbor seals do not normally groom themselves, so that cil ingestion during
that activity is not a potential route of exposure (St. Aubin 1990). However, Frost
et al. (1994b) suggested that the levels of contamination seen in harbor seal pups
reflected ingestion of both external and internal hydrocarbons from their moth-
ers while nursing. Geraci (1990) reported that cytochrome P-450 enzymes have
been found in several species of cetaceans and suspected that these multi-function
oxidases were widespread among cetaceans. No killer whale carcasses examined
during the EVOS were fresh enough to vield direct information about their ability
to metabolize hydrocarbons.

To estimate how long it would take for an oiled seal to become clean, Lowry ef al.
(1994) soaked a piece of heavily oiled seal skin in clean seawater. After 7 d, most
the oil had been removed. Similarly, two seals harvested by subsistence hunters in
an unoiled area in PWS in the month after the spill were determined to have been
oiled only on close inspection (Hoover-Miller ef al. 2001). As oil was removed from
haulouts or as some seals moved out of the spill area, oiled seals would soon have lost
most of the oil from their skins. Harbor seals also ingested oil, and this was reflected
in elevated residues in the bile (Frost ef al. 1994b). Petroleum residues were elevated
in 1989, but had fallen to within the normal range in 1990. The degree to which
the AT1s may have fed on oiled harbor seals is not clear, and it should be borne
in mind that #ransients feed on a number of other marine mammal species as well,
particularly Dall’s porpoise (Saulitis ef al. 2000).
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Some oiled seals moved away from oiled haulouts in PWS and into unoiled areas
(Lowry et al. 1994; Hoover-Miller ¢t ¢l 2001), where they comprised just part of those
seal populations and would have quickly shed most of the external oil within a few
days. Thus, it appears that the greatest potential for AT1 transient killer whales to
have fed on oiled seals would have been in oil-affected areas from about March 27,
1989, when the oil was first blown onto the islands of southwestern PWS, until late
July 1989, by which time most of the oil had been cleaned up (Lowry et ol 1994).
These observations are consistent with those made by Geraci and Smith (1976)
during their experiments with oiling ringed seals.

Perhaps the very large cleanup effort created enough disturbance that the AT1s
spent less time in the spill area than they might have otherwise. Note in this regard
that in 1989, a massive cleanup operation focused on oiled shorelines in PWS
(Carpenter et al. 1991). This involved hundreds of vessels and thousands of workers,
along with aircraft support. The resulting noise and disturbance might have caused
killer whales to avoid oiled areas. A number of observations of killer whales being
disturbed by cleanup operations were also reported (Dahlheim and Loughlin 1989).

Between AB pod and AT1 group ofkiller whales in PWS, itis the AT1 #ransients that
appear to have had the greatest potential to ingest oil, particularly as a consequence
of preying on harbor seals. The amount of oil that a transtent might have ingested
would depend on the number of seals consumed, the proportion of the seals that
were oiled, and whether the skin was eaten. The potential for consuming oiled
seals was greatest in the weeks immediately after the spill, and then it diminished
as the cleanup progressed, with most of the oil having been removed from the
environment by the end of July. Although Matkin ef «f. (1999, 2008) suggest that
the AT1s fed to a significant degree on oiled seals after the spill, there are no direct
observations that this occurred. Cetacean prey, such as Dall’s porpoise, would have
had litde, if any, external oil (IHarvey and Dahlheim 1994). The potential for AB
pod members to have consumed damaging amounts of oil in their food appears
to be virtually nil, as the calculations earlier in this section show; and, as Matkin
et al. (2008) noted, AB pod presumably ate salmon from the same migratory stocks
as did the other resident whales, which did not suffer any unusual mortality. The
fact that the fish-eating AB residents and the marine mammal—eating AT1 #ransients
feed at different trophic levels also suggests that whatever caused the killer whale
mortalities did not act through the food chain, or at least not in the same manner.

Changes in Prey Abundance

Could the EVOS have adversely affected the availability killer whale prey? This
question has been addressed to some degree in the preceding section, where changes
in the distribution of harbor seals were considered. Matkin ¢ al. (2008) also noted
that AB pod probably fed on the same salmon stocks as did the other resident killer
whales, whose pods have continued to grow. Thus, at our present level of under-
standing, there are no indications that changes in the prey base of AB pod has
affected population growth. Harbor seals, which are important prey of the AT1 tran-
sients, present a more complicated picture. First, the harbor seal population in PWS
was in the midst of an ongoing decline at the time of the EVOS, so separating the
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effects of that decline from those of the EVOS would have been inherently difficult.
Second, Hoover-Miller et al. (2001) challenged several key assumptions that had led
to the estimate that 302 seals had been killed (Frost e al. 1994a) and suggested
that the apparent decline in the number of seals in the spill area retlected a shift
in distribution, perhaps in response to disturbance from cleanup operations. No
information exists about changes in the populations of other PWS marine mammal
prey, such as harbor porpoise and Dall’s porpoise, although none is suspected.

Other Observations of Cetaceans in Gil

The observations of killer whales and other cetaceans in PWS after the spill add
little to the overall picture. None of the killer whales observed in oiled waters showed
signs of distress (Iarvey and Dahlheim 1994; Matkin e al. 1994). From April 1-9,
1989, Harvey and Dahlheim (1994) conducted boat-based surveys, focusing on the
most heavily oiled part of PWS. They saw groups of Dall’s porpoise on 28 occasions
and one group of harbor porpoise (Phocoena phocoena) in oiled waters. All behaved
normally, except for one Dall’s porpoise observed 10 d after the spill. This animal
“... was blowing every 10 to 12 s and remaining at the surface for extended periods
of time (1-2 minutes),” but the reasons for this behavior are not known.

Thirty-seven dead cetaceans (26 gray whales (Eschrichtius robustus), five harbor
porpoises, two minke whales (Balaenoptera acutorostrata), and three unidentified)
were found stranded in the PWS-northern Gulf of Alaska region between late March
and October 1989 (Loughlin 1994). Some of the carcasses were outside of the
oil-affected area. Most were given a gross examination in the field, but only seven
also yielded tissues that were fresh enough for meaningful analysis. The number
of dead cetaceans found in 1989 was higher than usual, but this was attributed to
the unusually high level of search effort. One gray whale had superficial deposits of
petroleum hydrocarbons, but the source was uncertain and circumstances indicated
that the oil had been acquired postmortem. Cause of death could not be determined
for any of the cetaceans.

In their review of the literature, Matkin e «f. (2008) cite only one reference that
indicated an adverse effect of oil exposure on cetaceans. They state (p. 277) that
“Griffiths ef al. (1987) described the deaths of seven dolphins caused by respiratory
stress due to oil inhalation after a spill in the Arabian Sea.” However, a careful
reading of Griffiths e ol (1987) shows that they simply repeated the contents of
a two-sentence account in the Oil Spill Intelligence Report, a weekly newsletter
(Anonymous 1983). In essence, the newsletter account tells of dead dolphins (7),
sea snakes, and sea turtles found on the Saudi Arabian coast in the aftermath of an
Iranian oil platform spill following an attack by Iraqi armed forces. There is no doc-
umented trail of evidence on how or by whom the carcasses were examined, nor was
the basis for the diagnosis given. In other words, there is nothing to substantiate the
newsletter account, and therefore, the information must be considered scientifically
unreliable.

Other Factors
Certain other details of the 1989-1990 killer whale mortalities add to the puzzle.

Young killer whales, because of their smaller size, might be expected to be more
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vulnerable to oil exposure than older, larger animals, yet two calves survived their
mothers in the year of the spill (Table 1). Yearling calf AB38 lived after losing its
mother, AB31, which had been previously documented as having bullet wounds,
and AB23 was survived by its 3-year-old calf, AB36, which was missing in 1990.

Three other aspects of the mortality pattern relate to the possible effects of the
EVOS. First, what sort of exposure effects could have operated that would have
delayed the deaths recorded in 1990 until 5-14 mo after the spill? Note that none
of the AT1 transients that were seen close to the Exxon Valdez on day 2 of the spill
was missing until the next year. Second, of the five resident pods observed in oiled
waters in the year of the spill, why was AB pod the only one to have suffered unusual
losses? Third, as mentioned earlier, the presence of killer whale mothers appears
to significantly improve the survival prospects of their offspring, particularly adult
males. No answer to the first question is apparent, although this gap in the timing
of the deaths would seem to point to multiple causes. With respect to the second
question, AB pod was unique among resident pods in that it had been involved in
depredating fisheries and that several of its members had been shot by fishermen
(Table 1). Perhaps recent wounds or the delayed effects of bullet wounds acquired
before the spill contributed to the mortalities. Finally, the 3 females that died in
1985-1990 left behind offspring that also died during the period in question.

After thoroughly reviewing the literature on oil effects on marine mammals,
Geraci (1990) concluded that “... there is no gripping evidence that oil contam-
ination has been responsible for the death of a cetacean.” This is not to say that
oil cannot harm cetaceans, nor that the EVOS did not somehow contribute to the
deaths of PWS killer whales recorded in 1989-1990. However, a critical examination
of the facts and suggested explanations does not reveal a clear and plausible causal
connection.

CONSEQUENCES OF THE EXCESS DEATHS

The consequences of the mortalities to the dynamics of the two affected killer
whale groups differ. AB pod’s reduced growth rate since 1990 can be explained by
the loss of maturing and reproductive females (Matkin et al. 2008). A similar phase of
slow growth in the southern resident killer whale population followed the removal, in
the 1960s and 1970s, of reproductive female killer whales for public display, which is
believed to have impaired subsequent reproduction (NMFS 2008). The AT1 group,
in contrast, had not produced a calf, at least not a viable one, since 1984, which
suggests that intrinsic factors were operating.

To assess the effect of the loss of females to AB pod, I calculated the reproductive
potential of the whales that died from 1985-1990 (Table 3), based on four assump-
tions, which, in turn, are based on life history parameters of the Northern Resident
killer whale population (Olesiuk e al. 1990, 2005). First, the reproductive span of a
resident female extends from 15-40 yr of age. Second, the interval between calves is
5 yr, so that the probability that a female would produce a calf is 0.2 in each of her
reproductive years. Third, for whales of unknown sex at the time of death, I assumed
that half were female, so that each of these animals had an effective 0.1 probability
of producing a calf in each year of the reproductive span. Fourth, I assumed that
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none of the females that went missing in 1985-1990 would have died before age
40, which is reasonable because the probability of survival of these individuals was
generally >0.99.

The loss of the females that died during 1985-1990 had a significant impact on
the reproductive potential of AB pod, with a calculated annual reduction of 1.7-1.8
calves for most years from 1990-2011 (Table 3). About 25% of this was attributable
to losses recorded in 1985-1988, when four reproductive females died (two just 3 yr
from reproductive sunset), along with one male and three immatures of unknown
sex. The remaining 75% of the potential reduction was attributable to the deaths
recorded in 1989-1990 of five reproductive females and six immatures of unknown
sex. Whatever the reproductive performance of AB pod after 1990, the Southern
Alaska Resident (SAR) population as a whole has exhibited robust growth. Although
AB pod grew at an average annual rate of 1.6% from 1991-2005, the other closely
monitored SAR pods in PWS grew twice as rapidly at 3.2% (Matkin ef al. 2008).

The AT1 group presents an entirely different situation. These whales are repro-
ductively isolated from all other transient-type killer whales (Barrett-Lennard 2000;
Barrett-Lennard and Ellis 2001), and thus constitute a distinct and separate popula-
tion. When first described in 1984, the group included just six reproductive females
and 10 reproductive males (Leatherwood ef al. 1990). Thus, the sex ratio was un-
favorable and the population had by that time fallen below the “quasi-extinction
threshold” of 10 reproductive pairs (Mills 2007). The AT1s have produced no calves
since 1984 (Matkin ez ¢l. 2008). To have been viable as a population, the AT1 group
must once have been much larger, but by 1984, it appears to have entered the “ex-
tinction vortex,” the point at which a number of mutually reinforcing factors (e.g.,
Allee effects, environmental stochasticity), lead very small populations inexorably to
extinction (Gilpin and Soulé 1986; Fagan and Holmes 2006; Mills 2007; Courchamp
et al. 2008). As apex predators that feed on other marine mammals, the AT1s are also
heavily contaminated with persistent organochlorine pollutants (POPs) (e.g., poly-
chlorinated biphenyls, DDT, polychlorinated dibenzodioxins) (Ylitalo et of. 2001),
which can interfere with both reproduction and immune function (Ross and Birn-
baum 2003). In a survey of organochlorine contaminants in PWS killer whales,
Yiitalo ef al. (2001) identified 77,000 ppb as the threshold lipid concentration of
total chlorobiphenyls (£CBs) that is linked to reproductive dysfunction in several
species of marine mammals and to immune suppression in Rhesus monkeys (Macaca
mulatta). All but 1 of the 13 AT1 transients sampled exceeded this threshold, while
none of the 64 residents (AB, AD5, AD16, AE, Al, A], AK, AN10, AS, AX pods) did.
Another possible indication of POP effects is the failure of some AT1 males to de-
velop the larger dorsal fins that normally occurs at maturity (Matkin ef ol 1999;
Matkin 2010). Thus, in addition to the problems associated with small population
size, the AT1s may also be particularly vulnerable to reproductive failure and disease
due to POP burdens.

In summary, the consequences of the excess deaths during 1985-1990 differ
radically between the two affected killer whale groups. For AB pod, most important
are the changes to reproductive potential due to the loss of reproductive-age females.
At its greatest, the reduced reproductive capacity approached two calves/yr. This
effect has diminished over time and is calculated to disappear completely after
2028. By this time, all of the females that died during 1985-1990 would have passed

46 Hum. Ecol. Risk Assess. Vol. 19, No. 1, 2013

EX-0288-000019-TSS



Prince William Sound Killer Whale Deaths, 1985-1990

the age of reproductive sunset (¢.e., 40 yr). The AT1 deaths had no apparent effect on
the reproductive potential of that group, because the AT1s appear to have reached
a state of reproductive arrest several years before the spill.

CONCLUSIONS

Two groups of PWS killer whales suffered unusually high rates of mortality dur-
ing the period 1985-1990, while the other seven closely monitored pods did not.
Although a well-documented database accounts for the status of most individuals in
most years, the lack of direct information on the causes and times of the deaths and
the fact that the whales are not observed for most of the year, greatly limits the ability
to explain the mortalities. In 1985-1986, a number of members of the resident AB
pod were documented to have been shot by fishermen defending their catch, and
the conclusion that at least some of the mortalities recorded in those years were a
consequence is generally accepted by knowledgeable observers. The Exxon Valdez oil
spill, which occurred in March 1989, has been proposed as the presumptive cause of
the mortalities discovered after the spill. The deaths of seven AB whales were discov-
ered 7 d after the spill, but whether the deaths actually occurred before or after the
spill is uncertain—these whales had not been seen for >6 months. Some had been
previously wounded, while others may have interacted with the halibut longline
fishery in fall 1988. The 6 AB and 9 AT1 #ransient mortalities that were discovered in
1990 clearly occurred after the spill, but by 5-14 months. Both halibut and sablefish
fisheries were open in fall 1989, and AB pod was reported to have depredated the
Iatter. A review of available data on the spill (i.e., slick behavior, volatile organic
compound concentrations, contamination of water and prey) and on the potential
effects of oil exposure (ie., inhalation, contact, and ingestion) vielded no clear
explanatory mechanism (s)—the potential exposures appear insufficient by a large
margin. Evidence of delayed effects of bullets in killer whales was uncovered, which
may explain some of the AB deaths. Finally, for the resident AB whales, the loss of
the mother at any age may reduce the probability of survival, particularly for males.
The effects of old age and very high contaminant levels may have contributed to the
AT1 deaths. However, in the absence of more complete data, the killer whale deaths
recorded in 1989 and 1990 must remain unexplained.

The failure of AB pod to grow as rapidly as the other resident pods since 1990 is
explained by the loss of reproductive females over the entire period in question.
However, the situation presented by the AT1 group of #ransients is fundamentally
different. This very small population, which carries high contaminant burdens and
may be subject to inbreeding depression, has not reproduced since its discovery in
1984.
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