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INTRODUCTION


On March 24, 1989, the supertanker ‘Exxon Valdez’


ran aground on Bligh Reef in northeastern Prince


William Sound, Alaska, spilling 42 million liters of


crude oil, the largest oil spill in USA history. Storms


and currents eventually drove the oil through the west-

ern portion of the sound and westward to Kodiak


Island and the Alaska Peninsula, nearly 900 km from


the spill site (Loughlin 1994a).


The unprecedented research effort following the


‘Exxon Valdez’ oil spill (EVOS) resulted in a greater


understanding of the long-term effects of large crude


oil spills on species and on ecosystems (Loughlin


1994a, Rice et al. 1996, Peterson et al. 2003). However,


detailed pre-spill censuses of free-ranging cetacean


populations, such as those used in this study, are


uncommon, and a lack of baseline data generally pre-

cludes the ability to assess damages caused by spills.


Also, before the spill, little was known about the


effects of oil on cetaceans because of the difficulty and


ethical issues involved in conducting controlled exper-

iments on whales in captivity and in finding carcasses,


which often sink. From the few studies conducted prior


to the spill, it was unclear whether free-ranging ceta-

ceans would or could detect and/or avoid oil. Smith et


al. (1983) found that captive bottlenose dolphins Tur-

siops truncatus initially avoided oiled areas in their


tanks, but all eventually contacted the oil. Geraci &


St. Aubin (1985) provided evidence that while captive
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bottlenose dolphins relied on vision to detect thick oil,


tactile response was the primary factor in avoidance.


Smultea & Wursig (1995) found that dolphins appar-

ently did not detect sheen oil and that although they


detected slick oil, they did not avoid traveling through


it. Evans (1982) observed that gray whales Eschrichtius


robustus typically swam through oil seeps off Cali-

fornia. Although the gray whales modified their swim


speeds and breathing rates, there was no consistent


pattern of behavior in regard the presence of the oil.


Lack of an olfactory system likely contributes to the


difficulty cetaceans have in detecting oil.


Loughlin (1994a) included a number of studies eval-

uating the impact of the oil spill on cetaceans (e.g.


Dahlheim & Matkin 1994, Harvey & Dahlheim 1994,


Loughlin 1994b, Matkin et al. 1994, von Ziegesar et al.


1994). Dahlheim & Matkin (1994) described a decline


in the largest identified fish-eating ‘resident’ killer


whale pod, AB Pod, but concluded that a direct link to


the oil spill was equivocal. Effects on the genetically


distinct mammal-eating ‘transient’ population, the AT1


Group, were not assessed.


In this paper, we examine the impact of the EVOS


on killer whales based on long-term population moni-

toring. We examine the population trajectories of 2


groups of genetically and ecologically distinct killer


whales in Prince William Sound to re-evaluate the


confidence with which their decline and lack of re-

covery can be attributed to the EVOS. We examine the


possible vectors for oil contamination in killer whales


and assess their vulnerability to oil spills. Finally, we


discuss the significance of our conclusions in light


of previous observations and conclusions about the


impact of oil on cetaceans.


MATERIALS AND METHODS


North Pacific killer whales. In contrast to most spe-

cies in Prince William Sound, data were collected on


killer whale numbers, social organization, distribution


and population structure for 5 yr prior to the oil spill,


allowing accurate assessment of pre-spill population


parameters. Since 1984, all groups frequently encoun-

tered in the Prince William Sound region have been


censused annually in a longitudinal study based on the


photo-identification of individuals (von Ziegesar et al.


1986, Leatherwood et al. 1990, Matkin et al. 1997,


Matkin et al. 1999a). Similar studies have been carried


out in the coastal waters of British Columbia and


Washington State since the 1970s (Balcomb et al. 1982,


Bigg et al. 1990, Ford et al. 2000). These long-term


monitoring studies and detailed annual censuses of


killer whale populations (von Ziegesar et al. 1986,


Leatherwood et al. 1990, Matkin et al. 1997, 1999a)


provide an unprecedented opportunity to examine


long-term impacts of the EVOS on a top-level preda-

tor. Moreover, the population models developed from


this and other long-term killer whale studies (e.g. Ole-

siuk et al. 1990, 2005, Matkin et al. 2003) provide a


context for interpreting the impacts of oil spills on


this species.


Association patterns developed from photographic


data coupled with analysis of call types (Yurk et al.


2002) and genetic analysis from biopsy sampling (Bar-

rett-Lennard et al. 1996) determined that killer whales


in the northern Gulf of Alaska occur in 3 genetically,


acoustically, morphologically and behaviorally distinct


lineages: 2 types of fish-eating populations (so-called


‘residents’ and ‘offshores’), and 1 type of mammal-

eating population (so-called ‘transients’) (Matkin et al.


1999a, Barrett-Lennard 2000, Ford et al. 2000, Saulitis


et al. 2000, Yurk et al. 2002). Offshore whales are in-

frequently observed in our study area and were not


considered in our analysis.


Resident killer whales in the coastal temperate


eastern North Pacific, including Prince William Sound,


travel in groups of related matrilines that exhibit no


emigration or immigration of individuals between


matrilines (Matkin & Saulitis 1994, Matkin et al. 1999b)


and feed primarily on salmonids (Ford et al. 1998, Sau-

litis et al. 2000); in our region, mostly on coho salmon


Oncorhynchus kisutch and chinook salmon Oncor-

hynchus tshawytscha (Saulitis et al. 2000, C. O. Matkin


unpubl. data). Groups of matrilines that travel together


a majority of the time are termed ‘pods’ (Bigg et al.


1990). Pods occasionally may split along matrilineal


lines to form new pods (Matkin et al. 1999b). Killer


whales are long-lived. In southern Alaska, resident


killer whales that survive to 6 mo of age (neonate mor-

tality may be high, but difficult to measure) have


an average life expectancy of 39.4 yr for females and


31.4 yr for males, with maximum longevities of about


60 to 70 yr for females and 50 to 60 yr for males (Matkin


et al. 2003). In our study, the 11 resident pods that


were consistently re-sighted over the study period


were comprised of 4 to 45 (mean = 16.9) ind. The most


frequently encountered and largest pod prior to the


spill was AB Pod, which contained 35 whales when


first enumerated in 1984 and had 36 members in 1988


prior to the spill. Insofar as sample sizes permit, we


assess the impact of EVOS by comparing the demo-

graphics within AB Pod before and after EVOS, and


by contrasting the demographics of AB Pod with the


other ‘control’ pods that were not impacted by the spill.


Transient groups often number fewer than 7 whales


and are also composed of one or more matrilines


(Matkin et al. 1999a). However, transient killer whale


populations are not structured in permanent associa-

tions, or pods, as are resident populations. In most
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transient populations, immigration and emigration of


individuals between groups does occasionally occur


(Ford & Ellis 1999, Baird & Whitehead 2000). In Prince


William Sound, the most commonly encountered tran-

sient killer whales are members of the AT1 Group, a


genetically and socially isolated population which


numbered 22 ind. at the beginning of the study in 1984


and 22 ind. in 1988 prior to the spill. During this period


they traveled in small groups with strong association


patterns, sometimes joining into larger associations.


Currently they are considered by the National Marine


Fisheries Service as a separate killer whale stock


(Angliss & Outlaw 2006) and listed as depleted under


the Marine Mammal Protection Act. The AT1 whales


feed primarily on the harbor seal Phoca vitulina and


Dall’s porpoise Phocoenoides dalli (Saulitis et al. 2000,


Heise et al. 2003). This population is behaviorally and


genetically isolated from the larger Gulf of Alaska


transient population, whose members are seen infre-

quently in Prince William Sound and Kenai Fjords


(Matkin et al. 1999a, Saulitis et al. 2005, Maniscalco et


al. 2007) and, thus, cannot be used as a ‘control’ group,


so our assessment is based on demographics before


and after EVOS.


Fieldwork. Fieldwork for all study years from 1984 to


2005 occurred primarily between April and October of


each year and was completed from a variety of small


vessels (all less than 15 m, most less than 12 m) pow-

ered by either gasoline outboard or diesel inboard


engines. Effort was centered in the western Prince


William Sound region until the mid 1990s, when the


effort was split between western Prince William Sound


and the adjacent Kenai Fjords (Fig. 1). Surveys were


not systematic, but focused on areas of known concen-

tration, and the research vessel responded to reports of


killer whale sightings. On an annual basis, researchers


attempted to maximize the number of contacts with


each killer whale pod or group with the goal of obtain-

ing sufficient photographs to determine presence or


absence of each member. Photographs for individual


identification were taken of the left side of each whale,


capturing details of the dorsal fin and saddle patch at


no less than 1/1000 s, initially using Illford HP5 and


later Fuji Neopan 1600 high-speed black and white


film. A single-lens reflex camera system was used,


most recently a Nikon F-100 camera and a fixed


300 mm f4.5 auto focus lens. A 1.7× Nikon telecon-

verter was added when whales were difficult to


approach closely and lighting was sufficient. When


whales were encountered, researchers systematically


moved from 1 subgroup (or individual) to the next,


keeping track of the whales photographed. If possible,


individual whales were photographed several times


during each encounter to ensure an adequate identifi-

cation photograph.


In long-term studies from this and other areas of


the North Pacific, resident killer whales missing from


their matrilines during repeated encounters have


never returned, nor have they appeared in other pods


or matrilines (Matkin et al. 1999b, 2003, Ford et al.


2000). Since resident matrilineal groups always travel


as a unit, it is an accepted practice in the eastern North


Pacific to assume that resident whales missing over


several encounters spanning 1 yr or more are dead


(Balcomb et al. 1982, Bigg et al. 1990, Matkin et al.


1999b). We used these criteria for determination of


mortalities within resident pods.


Since the entire population of AT1 transients is


encountered and photographed regularly, if not annu-

ally, mortalities and movement between groups of AT1


whales could be determined more readily than for


other transient populations (Ford & Ellis 1999, Baird &


Whitehead 2000). However, because of some potential


for exchange of individuals among groups, mortalities


could not be confirmed as quickly as for residents. In


this study, we considered members of the AT1 Group


to be certain mortalities if they had been missing from


the population for 4 yr or more based on analysis of our


re-sighting data (see ‘Results’).


Recruitment in residents or transients was deter-

mined by the presence of a new calf alongside an adult


female. Most calves were born in late fall or winter and


not observed until spring when they were approxi-

mately 6 mo old. The births thus represent viable


calves that survived to 6 mo of age, and do not include


stillbirths or neonate mortality. When a pod or group


was not encountered or completely photographed in a


given year, deaths were amortized equally across the


years between encounters and births assigned to a


year (or in some cases amortized over several years)


based on pod size when first encountered.


Ages were estimated for the killer whales described


in this study and were determined by criteria used by


Olesiuk et al. (1990, 2005) and Matkin et al. (2003):


(1) Whales born during the study were aged on basis


of year first observed as new calves or, if not seen in


the year of births, by their size when first observed.


(2) Males that were juveniles when first seen but too


large to estimate based on size were aged by sub-

tracting mean age of onset of sexual maturity (13 yr,


Olesiuk et al. 1990, 2005) from the year the dorsal fin


began to grow. (3) Males that were sexually but


not physically mature when first seen were aged by


subtracting mean age of onset of physical maturity


(19 yr) from the year by which the dorsal fin was fully


developed. (4) Males that were physically mature


when first seen were aged on basis of the year they


were first seen (these are considered minimum ages).


(5) Females that were juvenile size when first seen


were aged by subtracting mean age at first birth
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(15 yr) from year they gave birth to their first viable


calf. (6) Females that were adult size when first seen


were also aged by subtracting mean age at first viable


birth (15 yr) from year of birth of oldest known calf,


but an adjustment was applied to account for the fact


that these females may have given birth but lost


viable offspring prior to the start of the study.


(7) Whales that were approaching adult size when


first seen but died before maturing were aged based


on their size when first seen (these are considered


crude ages ± 3 yr). (8) Juveniles that were born prior


to the study and died before maturing were aged


based on growth and estimated size during the study


(crude ages ± 3 yr). Given the lack of dispersal from


resident matrilineal groups, the estimated ages of


resident whales, except for the oldest animals, are


fairly accurate (see Olesiuk et al. 2005). AT1 Group


whales were aged using the same criteria, although


these estimates may be less accurate because genea-

logies were less certain.


Bullet wounds were determined by close visual in-

spection of high quality black-and-white photographs


under a stereoscope. Wounds were indicated by round


dark areas surrounded by light scar tissue; they were


unlike any natural marks, scratches or wounds, al-

though they varied in size and definition.
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RESULTS


Survey effort across years


Surveys conducted between 1984 and 2005 were


extensive, covering a total of 212 153 km on 2404 d and


yielding 1257 encounters with killer whales. An aver-

age (mean ± SD) of 9224 ± 4227 km were traveled


each field season during 105 ± 52 d of effort yr–1 with


55 ± 22 encounters yr–1. Although the number of


encounters with killer whales per unit effort varied


annually, it generally required a minimum 60 d to


photo-identify the individuals and groups tracked in


the study. However, even with effort of more than


100 d yr–1, there were a few years in which we did


not encounter all 11 pods.


AB Pod


In 1984, at the beginning of the study, we photo-

identified 35 ind. in AB Pod. The pod declined to


31 ind. in 1987 (11% over 3 yr) before recovering to


36 whales prior to the oil spill in the fall of 1988


(Fig. 2a). In the 7 other closely monitored pods that


center their range in the northern Gulf of Alaska, there


was a parallel decline from 82 whales in 1984 to


77 whales in 1987 (6% over 3 yr), followed by a recov-

ery to 82 whales in 1988. The 3 resident pods most


commonly found in southeastern Alaska, AG, AF05,


AF22, did not decline in number during that period


and increased from 39 whales in 1984 to 47 whales in


1988.


By 1986, depredations on the sablefish long-line


fishery by killer whales in Prince William Sound were


well-documented (Dahlheim & Matkin 1994). Fisher-

men apparently defended their catch through various


means, including shooting at the whales. Bullet


wounds were photographed on a total of 13 AB Pod


individuals in 1985 and 1986, but no new wounds were


seen following implementation of 1986 federal regula-

tions that made shooting killer whales in defense of


fishing gear illegal (Table 1). Of the wounded whales,


4 died between 1985 and 1987, including 1 adult


male, 1 juvenile of unknown sex and 2 older females


that were possibly post-reproductive (Matkin et al.


1999a,b). Four wounded whales were among those


that died in 1989 following the oil spill, 3 died in the


mid-1990s, and 2 were still alive as of 2005 (Table 2).


The fishery was closed in September 1988, at which


time all 36 members of the pod were photo-docu-

mented. It remained closed throughout the winter of


1988–1989 and was still closed at the time of the oil


spill in March 1989. Due to the spill, the sablefish


fishery opening was delayed until June 12, 1989, and


there were no depredations or interactions reported or


observed during the period. No new bullet wounds


were documented between 1986 and 2005.


Exposure to oil was unequivocally documented by


photo-identification of most of the remaining individu-

als from AB Pod observed swimming through heavy


sheens in southwestern Prince William Sound 6 d after


the spill (March 31, 1989). Seven of the 36 AB Pod


whales that had been photographed in the fall of 1988


were missing at that time. Another 6 ind. disappeared


from AB Pod during the following winter (Table 2).


These 13 deaths included 2 juvenile males, 6 juveniles


of unknown sex, and 5 reproductive-age females, 3 of


which had recently matured. This represents a mor-

tality loss of 33% by the summer following the spill,


which falls well outside the crude annual mortality
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Fig. 2. Orcinus orca. (a) Number of resident killer whales in


AB Pod, 7 other Prince William Sound/Kenai Fjords (PWS/KF)


pods and 3 southeastern Alaska pods from 1984 to 2005. All


pods are from the southern Alaska resident population.


(b) Reproductive potential of AB Pod based on size and the


age- and sex-structure of the pod before and after the ‘Exxon


Valdez’ oil spill. Calculated from data in this study using


methods detailed in Olesiuk et al. (1990, 2005) and Matkin


et al. (2003)
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rates typically observed in other pods (mean = 2.5%;


95% confidence interval [CI] = 1.8 to 3.2%). Indeed,


for the 10 other pods monitored during the study


period, there have only been 2 other instances in which


annual mortality exceeded 20%, both involving very


small pods that lost 2 ind. in the same year. The 13


deaths in AB Pod in the year of and the year following


EVOS was 18 times the number expected (0.74 deaths)


over this time span based on its sex- and age-structure


(Table 3).


Additional mortalities in AB Pod after 1990 may be


linked to mortalities that occurred in the year follow-

ing the oil spill. Three reproductive females (AB23,


AB8, and AB31) that died at the time of the spill left


juveniles, AB36, AB41, AB38, respectively, which were


≤3 yr of age. All 3 of these orphans eventually died,


one in 1990 and the other 2 in 1994. Other mortalities


after 1990 included one recently matured male, AB29,


estimated to be 23 yr of age, who died in 1991; and


AB16, a female approximately 19 yr of age and the last


adult whale in her matriline, died in 1994 and left


a juvenile born in 1991, AB45. Additionally, 2 killer


whales whose fins collapsed at the time of the spill, the


adult males AB2 and AB3, died in 1994 and in 1996,


respectively.


The mortality patterns of resident killer whales


conforms with the classic mammalian U-shape curve


(Olesiuk et al. 1990, 2005, Matkin et al. 2003), with


young calves and the oldest mature males and post-

reproductive females exhibiting the highest natural


mortality, and adolescents and reproductive females


exhibiting very low natural mortality. In contrast, many


of the whales that died in AB Pod following EVOS


tended to be older juveniles or young adults (Table 2).


Following the spill, AB Pod was less productive than


other resident pods, although it fed on the same sal-

mon prey as the other pods (Saulitis et al. 2000). From


1990 to 2005, there was a net increase of 6 whales in


AB Pod, from 23 to 29 ind., an annual increase of about


1.6%. Other Prince William Sound/Kenai Fjords pods


and the southeastern Alaska pods did not decline dur-

ing the oil spill, and from 1990 to 2005, increased at


twice the rate of AB Pod (mean = 3.2%; 95% CI = 1.94


to 4.36%). Indeed, all of the other resident pods ex-
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Table 1. Orcinus orca. AB Pod whales that received apparent bullet wounds between 1985 and 1986, the life stage (when


wounded) and sex of each whale, the year it was wounded, the year it died, and its estimated age at death. juv: juvenile; ad: adult.


For those whales with a year range given for ‘wounded’ it is assumed that it was wounded during the winter, when regular obser-

vations were not made. **Whale was alive in 2005


Whale AB1 AB3 AB4 AB7 AB16 AB17 AB18 AB21 AB25 AB28 AB30 AB31 AB34


Life stage & sex adm adm adm adf juvf adf juvf adf juvf juv juv adf adf

Wounded 1985 1985 1985–86 1985 1985 1985 1985 1985 1986 1985 1985–86 1985 1985


Died 1986 1996 1996 1986 1994 ** 1989 1989 ** 1987 1989 1989 1985


Age 25 30 30 28 19 49 8 29 34 16 13 17 29


Table 2. Orcinus orca. Life stage and sex (if known), date of bullet wound (if any), estimated age and year of AB Pod mortalities


in the 18 mo following the ‘Exxon Valdez’ oil spill. Abbreviations as in Table 1


AB8 AB13 AB18 AB19 AB20 AB21 AB23 AB30 AB31 AB36 AB37 AB42 AB44


Life stage and Sex adf juvm juv juvm adf adf adf juv adf juv juv juv juv


Wounded 1985 1985 1985–86 1985


Died 1990 1989 1989 1990 1990 1989 1989 1989 1989 1990 1989 1989 1990


Table 3. Orcinus orca. Comparison of the expected and observed births and deaths in AB Pod; expected number based on the


sex- and age-structure of the pod (updated with data from this study using the methods outlined in Matkin et al. 2003)


Births


Expected 2.6 2.1 2.2 2.5 2.0 1.2 1.3 1.4 1.4 1.8 1.4 1.2 1.4 1.4 1.3 1.4 1.3 1.3 1.5 1.2 1.2 0.9


Observed 0 0 2 2 5 0 0 1 2 1 1 0 2 2 1 1 1 2 1 1 0 0


Deaths


Expected – 0.5 0.5 0.5 0.6 0.4 0.4 0.4 0.4 0.5 0.4 0.4 0.5 0.5 0.5 0.4 0.5 0.5 0.5 0.6 0.6 0.6


Observed – 3 4 0 1 8 5 1 0 0 5 0 1 1 0 2 0 1 0 1 0 1
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hibited greater rates of increase than AB Pod, with the


exception of AI Pod, the smallest pod (comprising


6 whales), which showed no net change in size. Since


1990, the AB Pod females that survived EVOS have


produced nearly as many calves as would be expected


based on the number of females and their ages (16


births observed versus 20 births expected) (Table 3).


The lack of recovery of AB Pod thus can be largely


attributed to the loss of young adult females, which


reduced the number of reproductive females by half


(from 6 to 3), and the loss of juveniles, such that fewer


animals matured to replace the reproductive females


that died. As a result, the annual birth rate in AB Pod


since the EVOS has been about 70% the birth rate ob-

served in other resident pods, which was significantly


lower than expected (Student’s t-test; t17,169 = 1.88; p =


0.035). This is also reflected by a sharp decrease in


reproductive potential (number of calves expected


to be born during the next generation) for AB Pod


(Fig. 2b), which was significantly higher before (1984


to 1988) than after (1989 to 2005) the EVOS (Student’s


t-test; t= 16.5, p < 0.001).


The structure of AB Pod also changed in the years


following the oil spill. A sub-pod, named for the matri-

arch AB25 and consisting of 11 ind. in 1989, began to


travel separately from the rest of AB Pod. The AB25


sub-pod lost 3 of its members in the year after the


spill, including a reproductive female, a juvenile, and a


calf. Since 1994, the sub-pod has traveled consistently


with AJ Pod. While pods may split along matrilineal


lines to form new pods, no sub-pod had been previ-

ously documented to travel with another pod on such


a consistent basis. Despite traveling with AJ pod for


over a decade, the AB25 sub-pod still uses calls unique


to the AB Pod dialect (Yurk et al. 2002, Yurk 2005).


AT1 Group


In 1984 we identified 22 whales in the AT1 Group


and the number remained constant until 1989. At the


beginning of the study, 10 of these whales were adult


males (based on dorsal fin size), 2 were maturing males


and 2 were sub-adults of unknown sex. There were


6 potentially reproductive females and only 2 juveniles


estimated to be <5 yr of age: AT10 was born around


1980, and AT3 was a new calf in 1984. The percentage


of adult males in the population, 45%, was much


higher than the approximately 19 to 23% observed in


sympatric resident populations (Olesiuk et al. 1990,


2005, Matkin et al. 2003). Since 1984 there has been


no recruitment of new calves into this population,


although killer whale births generally occur in winter


months and it is conceivable non-viable calves were


born that died before they were documented.


Exposure of AT1 individuals to oil was documented


by photographic identification of 4 whales swimming


through oil next to the ‘Exxon Valdez’ tanker less than


24 h after it ran aground (Fig. 3). Three of the 4 identi-

fied ind., AT5, AT7, and AT8, were missing the follow-

ing year and eventually designated as mortalities.


Since the beginning of our study in 1984, AT1


whales have never been observed in coastal areas out-

side Kenai Fjords and Prince William Sound (Matkin


et al. 2003, Saulitis et al. 2005), despite substantial


observational effort in adjacent regions, including


southeastern Alaska, Kachemak Bay, and Kodiak


Island waters (Matkin et al. 1999a, 2007). Because of


their limited range and association patterns, the entire


AT1 Group has been regularly photographed since


the study’s inception. However, because transient


social structure is more fluid, and groups or individu-

als may split and travel separately, establishing mor-

tality is not as straightforward as it is for residents. We


used our photographic database to determine that in


21% of the cases in which an AT1 whale went unpho-

tographed for 1 yr, it was later re-sighted; in 3% of


the cases in which an AT1 whale was not pho-

tographed for 2 consecutive yr, it was later re-sighted;


and in only 0.4% of the cases in which an AT1 whale


was missing for 3 yr was it later re-sighted. No AT1


whale missing for 4 yr was ever re-sighted, and it was


considered dead.


A total of 9 of the 22 whales in the AT1 Group dis-

appeared during the winter following the 1989 spill


(Table 4). None of the 9 missing AT1 whales was re-

sighted in the following 17 yr, and all are considered


dead. These mortalities were of both sexes and various


age classes, including 2 reproductive-age females


and 2 near reproductive-age whales of unknown sex


(Table 4). In 1989–1990, 2 whales genetically assigned


to the AT1 Group became stranded and died in Prince


William Sound, one of which was visually identified as


AT19. Another male, AT11, approximately 28 yr old,


was last seen in 1990, and a reproductive age female,


AT12, was last seen in 1991, leaving 11 whales in the


population by the mid-1990s. There were no additional


mortalities until 2000, when the male AT1, approxi-

mately 33 yr old, became stranded and died near


Cordova, Alaska. In 2002, 2 other AT1 adult males


often seen in association with each other disappeared.


AT13 was estimated to be at least 43 yr old, and AT17


was estimated to be at least 38 yr old. From mtDNA


analysis, it was determined that one of these males was


stranded on Hinchinbrook Island in 2002. Another


male, AT14, a frequent associate of the AT1 Group,


disappeared in 2003 at an estimated age of 41 yr. It is


believed that this whale became stranded on Latouche


Island in spring 2003, although genetic analysis from


the carcass could not rule out the possibility that the
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stranded whale was the missing AT13 (Vos et al. 2006). 

By 2005, the AT1 Group numbered no more than 8, 

and possibly only 7, individuals. Mortalities since 2000 

have been among older males and therefore are not 

unexpected, in contrast to the reproductive-age whales 

that disappeared following the spill. 

DISCUSSION 

Based on initial observations in the first few years 

following the EVOS, Dahlheim & Matkin (1994) sug- 

gested that increased mortality in the AB Pod may 

have been attributable to the spill. Annual monitoring


over the 16 yr following 1989 strengthened the case


that oil was responsible for the deaths observed in 

AB Pod as well as AT1 Group in the year following the


spill. The concurrent mortalities in the 2 ecologically 

distinct groups, anomalous deaths, lack of recovery in 

both groups and other indirect evidence (see below) 

support this contention. 

Whales in oil


Killer whales from the AT1 Group were photo-

graphed in slicks of oil as early as 24 h after the spill.


The slick resulting from the spill was several hundred


kilometers long and moved southwest from its origin


over several months, allowing an extended time and


large geographic area for many cetaceans to come into


contact with the oil. In the months following the spill,


there were numerous observations of gray whales,


harbor porpoises Phocoena phocoena, Dall’s porpoises


and killer whales swimming through light-to-heavy


crude-oil sheens (Harvey & Dahlheim 1994). One oil-

coated Dall’s porpoise appeared to be stressed, remai-

ning at the surface for extended periods of time (Har-

vey & Dahlheim 1994). Several days after the spill, a


marine mammal biologist on an aerial reconnaissance


flight observed gray whales swimming lethargically at


the surface, and noted that oil fumes could be detected


in the plane at an altitude of 200 m (J. Lentfer pers.


comm. in Harvey & Dahlheim 1994).


Traveling killer whales may spend 3 to 10 min at a


time under water, and when they surface to breathe,


they may have traveled hundreds of meters. Waves


and darkness can reduce their visual ability at the sur-

face. It is conceivable that whales could surface within


a fresh slick and find it difficult to locate oil-free water,


if they were able to detect the oil at all. During the


Mega Borg oil spill, bottlenose dolphins apparently


detected heavier slicks, although they did not neces-

sarily avoid swimming into them (Smultea & Wursig


1995). Additionally, killer whales begin to exhale be-

fore they surface, and may be committed to an inhala-

tion despite the presence of oil (Matkin et al. 1999a).


Our observations following the EVOS indicate that


neither the AT1 Group nor AB Pod avoided the heavy


sheens of oil or mousse.


Synchonus decline


The strongest evidence that the oil spill led to the


mortalities in AB Pod and the AT1 Group is the syn-

chronous nature of their sharp declines (Fig. 4) and the


presence of the whales in or near oil slicks during the


first 6 mo after the spill. The loss of 33% of


AB Pod and 41% of the AT1 Group from


the time of the spill through the following


winter of 1989–1990 is a catastrophic


event with no precedent in any population


of killer whales in the North Pacific (Ford


et al. 1998, 2000, Matkin et al. 1999a) and


is well outside the normal range observed


in other pods from the southern Alaska


resident population. In view of the mor-
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Table 4. Life stage and sex (if known), estimated age and year of death of 

AT1 whales during the 18 mo following the ‘Exxon Valdez’ oil spill. 

Abbreviations as in Table 1 

Whale AT5 AT7 AT8 AT15 AT16 AT19 AT20 AT21 AT22 

Sex adm adf adm adm adm adf adm

Died 1990 1990 1990 1990 1990 1990 1990 1990 1990


Age 27 22 19 33 33 16 16 26 14 

Fig. 3. Orcinus orca. Four members of the AT1 Group near the 

‘Exxon Valdez’ less than 24 h after the oil spill. 

Photo: Rosemary Kaul/Los Angeles Times 
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tality patterns for AB Pod and the AT1 Group and other


resident pods during the 21 yr study period, it is highly


unlikely that this mortality was simply coincidental


with the EVOS.


Routes of exposure


Though direct evidence from carcasses is missing,


acute exposure and toxicity are indicated for several


reasons. The oil was most volatile and produced the


most aromatics in the weeks immediately following the


spill (Spies et al. 1996), and inhalation of oil or con-

centrated aromatics is extremely toxic (Griffiths et al.


1987, Geraci 1990, Neff 1990). Cetaceans are obli-

gatory surface breathers and the large quantities of


monoaromatic hydrocarbons evaporating out of the oil


slick would have been most concentrated immediately


above the water’s surface. Monoaromatics easily cross


membranes in the lungs, and will be taken up rapidly,


resulting in a narcosis response well documented in


humans (Ainsworth 1960, Bass 1986). Griffiths et al.


(1987) described the deaths of 7 dolphins caused by


respiratory stress due to oil inhalation after a spill in


the Arabian Sea. The fumes themselves may not have


been directly lethal, but they could easily have caused


marine mammals to lose consciousness and drown


(St. Aubin & Geraci 1994). The acute response could


have happened in minutes if monoaromatic concentra-

tions were high. We believe that the 7 animals missing


when AB Pod was thoroughly photographed 6 d after


the spill likely died as a result of inhaling oil or its


vapors.


The effects of vapor or oil inhalation may range from


instant death to sub-lethal damage to mild irritation,


depending on concentration and length of exposure


(Geraci 1990). If there were acute mortalities, then


sub-lethal damage should have been prevalent as


well. Inhaled hydrocarbons may inflame mucous mem-

branes, cause lung congestion, lead to pneumonia and


cause neurological damage and liver disorders (Geraci


1990, Neff 1990, Lipscomb et al. 1994). While the most


acutely toxic compounds in crude oil volatize first,


lethal effects may be experienced during the first


month after a spill (Spies et al. 1996). In addition, the


cold winter conditions of Prince William Sound in


March were likely to slow the oil’s weathering and


evaporation processes (Morris & Loughlin 1994).


Possible visual evidence of sub-lethal effects was the


collapsed fins of the 2 males, AB2 and AB3. While com-

mon in captive killer whales, the phenomenon is rare


in free-ranging animals (Matkin et al. 1999a). In over


2 decades, we have observed only 2 additional in-

stances of completely collapsed dorsal fins in the other


10 resident pods.


The AT1 Group whales faced a second avenue for


contact with oil, due to the prevalence of harbor seals


in their diet (Saulitis et al. 2000). On heavily oiled sites


in western Prince William Sound, 81% of the harbor


seals were observed to be oiled (Lowry et al. 1994).


Four months after the spill, an estimated 83 to 100% of


seals were heavily oiled at several haul-outs around


the north end of Knight Island in western Prince


William Sound, areas where AT1 transients typically


foraged for seals (Scheel et al. 2001). Oiled harbor seals


were reported to be unusually lethargic and approach-

able (Lowry et al. 1994) and were likely easy prey for


the whales. Brain lesions caused by oil exposure were


documented in harbor seal carcasses and were sug-

gested to explain the disorientation and lethargy ob-

served (Spraker et al. 1994). By consuming oiled seals,


AT1 whales could have experienced chronic exposure


for several months after the spill. In 1990, AT1 whales


were encountered more frequently in western Prince


William Sound than in any other year of the study,


where they were observed to prey primarily upon


harbor seals (Matkin et al. 1999a, Saulitis et al. 2000).


According to Williams et al. (2004), an adult male


killer whale would require the equivalent of one-third


to one-half of an adult female sea lion (average weight


270 kg) per day to satisfy its energetic requirements,


which suggests that they would require roughly 1 or


2 adult harbor seals (66 to 89 kg) per day. Geraci (1990)


estimated that a long-finned pilot whale Globicephala


melas would need to ingest 30 l of oil over a period of


weeks in order to suffer severe effects. Although the


quantity of oil that would be associated with a fully


oiled harbor seal has not been documented, a diet


including heavily contaminated adult harbor seals


could lead to the ingestion of a significant quantity of


oil over time. The diet of contaminated prey would not


account for acute mortalities immediately following


the spill, but could result in sub-lethal damage over a
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period of months, eventually leading to lack of fitness


and death.


Direct linkage to toxic oil exposure is lacking be-

cause there was no sampling of live killer whales, and


the few autopsies done on stranded killer whales were


incomplete and inconclusive. Since killer whales tend


to sink when they die (Zenkovich 1938), the stranding


of a killer whale carcass is a rare event. No carcasses


were found until 1990, when 2 AT1 animals were


examined, but the tissues were degraded, lungs were


not evaluated, and individual identities could be deter-

mined in only one instance (Dahlheim & Matkin 1994).


The other 2 carcasses described by Dahlheim & Matkin


(1994), both transients, were recovered in 1991 and


1992, respectively (Heise et al. 2003). No evidence of


oil in stomachs was found (Dahlheim & Matkin 1994),


but this would not be expected 2 and 3 yr after the oil


spill. Respiratory tissues were not examined.


Thorough necropsies on other marine mammals,


particularly sea otters Enhydra lutris, were more re-

vealing. The exposure of otters to oil immediately fol-

lowing the spill resulted in the occurrence of interstitial


pulmonary emphysema, gastric erosion and hemor-

rhage, hepatic and renal lipidosis, and centrilobular


hepatic necrosis (Lipscomb et al. 1994). Although the


mechanism could not be determined, oil exposure was


found to compromise respiration through the develop-

ment of pulmonary emphysema, and is consistent with


acute exposure to oil vapors (Peterson et al. 2003).


Although severely affected harbor seals died prior to


the collection of animals for the study, Spraker et al.


(1994) found 4 types of lesions characteristic of hydro-

carbon toxicity in the brains, principally the thalamus,


in oiled seals collected months after the spill.


Fishery interactions


In addition to the lack of evidence for oil spill injury


from necropsies of dead killer whales, Dahlheim &


Matkin (1994) attributed their inability to unequivo-

cally link the mortalities in AB Pod to the spill to pos-

sible long-line fishery interactions, which were a factor


in increased mortalities in the mid-1980s. There is,


however, nothing to suggest that fisheries interactions


were a factor. None of the thousands of photographs in


1987 and thereafter detect any new bullet wounds.


The fishery was not opened from fall 1988, when all 36


AB Pod whales were still alive, until June 1989, well


after the disappearance of the first 7 whales. There was


little interaction between killer whales and the long-

line fishery in years immediately following the spill,


possibly due to change in season opening (C. O. Mat-

kin unpubl. data). Although 3 AB Pod whales that had


bullet wounds or possible wounds in 1985, and 1 whale


that had wounds in 1986, died following the 1989 spill,


it is unlikely that those 3 to 4 yr old wounds were the


cause of death, especially since in 3 of the animals the


wounds were in the dorsal fin or high on the dorsal


ridge. Photographs indicated that all bullet wounds


appeared to be healed by 1988, except for one wound


at the base of AB18’s saddle patch. Although bullets


have been found in necropsies of whales caught in


British Columbia and Washington for display in aquaria,


they have not been considered as the cause of death


(Keyes, cited in Hoyt 1981, G. Ellis pers. comm.).


In addition, fisheries interactions do not explain the


mortalities of AT1 transients, which feed only on


marine mammals (Saulitis et al. 2000) and appear to


avoid vessels (C. O. Matkin unpubl. data). Given the


lack of any new wounds after 1987, 2 yr prior to the


spill, changes in prosecution of the fishery, and the


lack of fishery interaction with the AT1 Group, it is


highly unlikely that fishery interactions accounted for


any deaths after 1987 in AB Pod or in the AT1 Group.


Recovery following the spill


Recovery of the AB Pod after 1990 was unexpectedly


slow (it increased an average of 1.6% per year) com-

pared to population increases in other resident pods


in Prince William Sound (which increased an average


3.2% per year), and was the result of 2 factors: (1) ab-

normal mortalities of reproductive females and juve-

niles in the year following the spill; and (2) continued


unexpected mortalities in years following the spill.


Based on modeling of the southern Alaska resident


population other than AB Pod, recruitment in AB Pod


since the spill was considerably lower than expected


due to the disproportionate loss of reproductive and


juvenile females at the time of the spill and the result-

ing loss in long-term reproductive potential (Table 3,


Fig. 2b). Although a juvenile of unknown sex and 2


older (probably post-reproductive) females were lost


from AB Pod during the period of interaction with the


long-line fishery, the loss of reproductive potential was


insignificant compared to the loss of 4 females and 8 ju-

veniles following the spill. Killer whale mortality rates


for reproductive animals and adolescents are generally


very low (Olesiuk et al. 1990, 2005, Matkin et al. 2003).


The splitting off of the AB25 subpod may have been


due to loss of closely related females that tied the


2 sub-pods together, as pods are composed of matri-

lines led by related females (Matkin et al. 1999b).


However, the reason the subpod began traveling con-

sistently with another pod (AJ Pod) is unprecedented


and unexplained.


Thus, the recovery of AB Pod continues, although it


is now the recovery of 2 functionally separate pods
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with a net growth lower in comparison to the rest of the 

southern Alaska resident population (Matkin et al. 

2003). Without additional mortalities in the years after 

the spill and the disproportionate loss of females from 

the pod at the time of the spill, AB Pod should have 

recovered to pre-spill numbers by 2001 (Matkin et al. 

2003). The exponential growth (3.2%) of all pods other 

than AB Pod over the 21 yr study suggests that condi- 

tions in the northern Gulf of Alaska (including south- 

eastern Alaska) have been near optimal for resident 

killer whales during the past 3 decades. This may be 

due in part to the significant rebound since the early 

1970s of stocks of salmon, their primary prey (Saulitis 

et al. 2000). If this were not the case, the recovery of 

AB Pod would likely be even more protracted or might 

never occur. 

The AT1 Group continues to decline long after the 

spill; factors in addition to the oil spill likely have im- 

pacted this socially and genetically isolated population 

for some time. No recruitment has been seen in the 

population since 1984 (Matkin et al. 1999b); neverthe- 

less, the population was stable, with 22 whales from 

1984 until the 9 mortalities in the fall/winter following 

the 1989 oil spill. While these mortalities included 2 

older males, estimated ages (Table 4) indicate that the 

remainder were reproductive-age or juvenile whales. 

This contrasts with the deaths in the AT1 Group since 

2000: 4 males estimated to be from at least 32 to over 

40 yr in age. The average age at death for male resident


killer whales in Alaska is about 33 yr, as calculated


from our life tables (C. O. Matkin unpubl. data). 

Several factors, possibly acting in concert, have been 

suggested for the lack of recruitment in the AT1 

Group, including high contaminant levels (Ylitalo et al. 

2001) and the sharp decline of harbor seals in recent


decades (Ver Hoef & Frost 2003), a primary prey in 

Prince William Sound (Frost et al. 1999, Matkin et al. 

1999a). Although the lack of recruitment may not be 

solely attributable to the oil spill, the mortality of addi-

tional males and reproductive-age females signifi- 

cantly reduced the potential for successful mating. Two


potentially reproductive females that appeared to be 

nearly adult size at the beginning of the study, AT4 and 

AT18, remain, but the only surviving males may be too


closely related to serve as breeding partners. Since 

neither of these females have produced viable calves, 

even though they are at least 30 yr of age, future 

recruitment seems unlikely.


CONCLUSIONS


The results of this study underscore 3 key aspects of


killer whale behavior and ecology that leave them


highly vulnerable to natural or anthropogenic disasters


such as oil spills. First, free-ranging killer whales do


not or cannot detect or avoid crude oil sheens at the


water’s surface and are thus susceptible to inhalation


of vapors and/or oil, skin contact, and, especially in the


case of mammal-eating transients, to ingestion. Sec-

ond, it is clear that resident killer whale pods, even


under optimal conditions, may take decades to recover


from the impacts of an oil spill or other disturbance,


particularly if reproductive females and/or juvenile


females are lost. Third, in a small, isolated and


threatened population like AT1, a major environmen-

tal perturbation can greatly hasten the decline toward


extinction.


It appears that AB Pod will eventually recover, over


decades, to pre-spill numbers if recruitment rates


remain positive and unexpected mortalities do not


occur. However, there is no indication that the 2 AB


sub-pods will rejoin. The outlook for the AT1 Group is


bleak and the group will likely go extinct within the


next several decades.


Given the small numbers of individuals in these apex


predator populations, their potential role in structuring


ecological communities, and their cultural value to


coastal residents, indigenous populations and visitors


from around the world, the deaths in AB Pod and the


impending extinction of the AT1 Group represent


losses of and damage to resources of international eco-

logical and cultural significance.
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