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Abstract
Certain populations of killer whales Ž Orcinus orca. have been extensively studied over the past 30 years, including
populations that use Puget Sound, WA, the inside waters of British Columbia, Southeastern Alaska and Kenai
FjordsrPrince William Sound, Alaska. Two eco-types of killer whales, ‘transient’ and ‘resident’, occur in all of these
regions. These eco-types are genetically distinct and differ in various aspects of morphology, vocalization patterns,
diet and habitat use. Various genetic and photo-identification studies of eastern North Pacific killer whales have
provided information on the male᎐female composition of most of these resident pods and transient groups, as well as
the approximate ages, reproductive status and putative recruitment order Žbirth order. of the individual whales.
Biopsy blubber samples of free-ranging resident and transient killer whales from the Kenai FjordsrPrince William
Sound, AK region were acquired during the 1994᎐1999 field seasons and analyzed for selected organochlorines
ŽOCs., including dioxin-like CB congeners and DDTs. Concentrations of OCs in transient killer whales Žmarine
mammal-eating. were much higher than those found in resident animals Žfish-eating. apparently due to differences in
diets of these two killer whale eco-types. Certain life-history parameters such as sex, age and reproductive status also
influenced the concentrations of OCs in the Alaskan killer whales. Reproductive female whales contained much
lower levels of OCs than sexually immature whales or mature male animals in the same age class likely due to
transfer of OCs from the female to her offspring during gestation and lactation. Recruitment order also influenced
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the concentrations of OCs in the Alaskan killer whales. In adult male residents, first-recruited whales contained
much higher OC concentrations than those measured in non-first-recruited Že.g. second recruited, third recruited.
resident animals in the same age group. This study provides baseline OC data for free ranging Alaskan killer whales
for which there is little contaminant information. 䊚 2001 Elsevier Science B.V. All rights reserved.
Keywords: Killer whales; Transients; Residents; Organochlorines; Chlorobiphenyls ŽCBs.; DDTs; Toxic equivalents ŽTEQs.

1. Introduction
Organochlorines ŽOCs. are persistent chemical
contaminants that frequently occur in the marine
environment. Many of these compounds, including chlorobiphenyls ŽCBs. and DDTs, are highly
lipophilic and can bioaccumulate in relatively high
concentrations in top level predators of the marine food web through trophic transfer. Because
many of these contaminants are toxic to humans
and wildlife, open uses and the manufacture of
CBs in the US was ceased in 1977 ŽBeeton et al.,
1979. and use of DDT was banned for use in the
US in 1972 ŽAhmed, 1991.. However, several of
these compounds continue to be used as agricultural and industrial chemicals in other parts of
the world, including countries from South America and Asia ŽSchmidt, 1998.. OCs enter the marine environment via several sources Ži.e. atmospheric transport, landfill runoff. and are found in
environmental samples from all over the world,
including remote, non-industrial areas such as
Alaska, the Canadian Arctic, Greenland ŽAMAP,
1998; Barrie et al., 1992; Iwata et al., 1993; Muir
et al., 1992..
Killer whales Ž Orcinus orca., the largest species
in the Delphinidae family, are relatively long-lived
animals with mean life expectancies of approximately 50 years for females and 30 years for
males ŽOlesiuk et al., 1990., and maximum life
expectancies of 80᎐90 years for females and 50᎐60
years for males. These animals are abundant in
coastal waters and high latitudes, with well-studied
populations occurring in Puget Sound, the inside
waters of British Columbia, Southeastern Alaska
and Kenai FjordsrPrince William Sound, Alaska.
Two eco-types of killer whales, ‘transient’ and
‘resident’, occur in all of these regions ŽBigg,
1982; Bigg et al., 1990; Dahlheim, 1997; Matkin et
al., 1999a.. These eco-types are genetically dis-

tinct ŽHoelzel et al., 1998; Barrett-Lennard, pers.
comm.. and differ in various aspects of morphology, vocalization patterns and habitat use
ŽBigg, 1987; Morton, 1990; Jurk, pers. comm...
The social structure of resident killer whale populations from the Eastern North Pacific appears
complex. The residents travel in large groups
called pods, which center on mature females and
are considered matriarchal societies. The resident
killer whales in the Kenai FjordsrPrince William
Sound region travel in stable pods of 6᎐36 individuals composed of females and their descendents ŽMatkin et al., 1999a,b.. Pod membership is
supported by pod-specific vocal dialect ŽBigg et
al., 1990; Ford, 1991.. In contrast, transient whales
from this region travel in smaller, more fluid
groups than residents Žtypically composed of 1᎐7
individuals. ŽMatkin et al., 1999b.. Although transient groups may consist of a female whale and
her offspring, some transient groups are composed of only males ŽMatkin et al., 1999b.. Genetic and photo-identification studies of Alaskan
killer whales have provided information on the
male᎐female composition of most of these resident pods and transient groups, as well as the
approximate ages, reproductive status and putative recruitment order of the individual whales
ŽHeise et al., 1992; Dahlheim, 1997; Hoelzel et
al., 1998; Matkin et al., 1999a,b..
The resident and transient killer whales from
the Kenai FjordsrPrince William Sound, AK region have distinct dietary preferences and feed at
different trophic levels. Saulitis et al. Ž2000. found
that Prince William Sound transients feed on
marine mammals, primarily harbor seals and
Dall’s porpoise while the sympatric resident
whales eat fish, primarily salmon. Transients often feed along shorelines and in glacial areas
while residents most often forage offshore ŽSheel,
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pers. comm... Because of differences in diet and
habitat use by resident and transient killer whales,
differing contaminant levels might be expected in
the two killer whale eco-types. Relatively high
levels of contaminants might be expected in killer
whales, especially transients, since they are top
level predators in Eastern North Pacific waters.
Little comprehensive contaminant data are
available for Alaskan killer whales, especially
free-ranging animals. As part of a collaborative
study between the Environmental Conservation
Division at the Northwest Fisheries Science Center and the North Gulf Oceanic Society, blubber
samples were acquired by biopsy from free-ranging killer whales in the Prince William
SoundrKenai Fjords region from 1994 to 1999 to
determine if killer whales have levels of toxic OC
contaminants that could negatively affect the
whales. From these data, the influences of diet as
well as biological factors including sex, reproductive status and recruiment Žbirth. order on contamination concentrations were assessed.

2. Materials and methods
2.1. Whale identification
Using a photo-identification catalogue ŽMatkin
et al., 1999b., each killer whale was visually identified prior to obtaining a biopsy sample. In addition, identification photographs were taken of the
individual at the time of sampling to confirm its
identity or for later identification using the
method of Bigg et al. Ž1986.. Each biopsied killer
whale is listed in Table 1, based on eco-type
Žresident or transient . and pod or group membership. Information on sex, approximate age Že.g.
- 34, 28?., reproductive status Ži.e. sexually immature, reproductive female, sexually mature
male. and putative recruitment order Ži.e. firstrecruited, non-first-recruited . were determined
using methods detailed in Matkin et al. Ž1999b..
Reproductive status of each killer whale was based
on age, association analysis and direct observation ŽMatkin et al., 1999a,b.. Killer whales - 15
years of age were classified as sexually immature
Žexcept AI04, a female known to have given birth
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at age 13., females G 15 years of age were
grouped as reproductive and males G 15 years of
age were designated as sexually mature. Putative
recruitment order of certain resident killer whales
was inferred by direct observation ŽMatkin et al.,
1999a,b..
2.2. Field sample collection
Biopsy samples for chemical contaminant analyses were collected from 77 individual free-ranging killer whales from the Kenai FjordsrPrince
William Sound region ŽFig. 1. during the months
May᎐September, 1994᎐1999. Biopsy samples of
free-ranging marine mammals have been used for
various chemical and biological studies, including
genetic and biomarker analyses, isotopic studies
of diets and chemical contaminant monitoring
ŽWoodley et al., 1991; Fossi et al., 1997; Todd et
al., 1997; Worthy and Abend, 1997; Hoelzel et al.,
1998.. This sampling technique provides fresh tissues of marine mammals, such as killer whales,
which do not commonly strand in the North Pacific ŽMatkin and Saulitis, 1994.. One small core
containing skin and blubber Žapprox. 1.6 cm in
length and 0.5 cm in diameter. was obtained from
each animal using a 22-caliber rifle powered by
air pressure that propelled a lightweight
plasticraluminum dart containing a bevelled
tubular sterile stainless steel tip ŽBarrett-Lennard
et al., 1996.. The sterilized dart was aimed at the
saddle patch region of the upper back of the
whale and fired at a range of 8᎐20 m. The floating dart was retrieved from the water using a
long-handled dipnet. The blubber portion of the
biopsy sample was excised using a solvent-rinsed
scalpel, placed in a solvent rinsed glass vial and
stored at y20⬚C until chemical analysis.
2.3. Analytical techniques
Biopsy blubber samples of killer whales were
analyzed by a high-performance liquid chromatographyrphotodiode array ŽHPLCrPDA.
method ŽKrahn et al., 1994. that was developed to
rapidly measure concentrations of dioxin-like CBs
and other selected OCs in various tissues of
commercially and recreationally important ma-
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rine species ŽYlitalo et al., 1999.. Briefly, blubber
Ž0.1᎐0.4 g., hexanerpentane Ž1:1 vrv., sodium
sulfate Ž5 g. and a surrogate standard Ž1,7,8-trichlorodibenzo-p-dioxin, 250 ng. were homogenized for 2 min. The sample mixture was then
centrifuged and the extract was decanted into a
50-ml concentrator tube. The homogenization
step was repeated and the extracts were combined. A 1-ml aliquot of sample extract was re-

moved for lipid analyses and the remaining sample extract was reduced in volume to ; 1 ml. The
sample extract was loaded onto a gravity-flow
cleanup column, comprised of a glass wool plug,
silica gel, basic silica gel and acidic silica gel, to
separate the desired analytes from other interfering compounds Že.g. lipids, aromatic compounds..
The analytes were eluted from the cleanup column
with 14-ml hexanermethylene chloride Ž1:1 vrv.

Table 1
Life history information: whale pod or group identification, recruitment order c , site, sex and age of killer whales from Kenai Fjords and
Prince William Sound, AK samples from 1994 to 1999
Sexa

Recruitment
orderb

Agec

ABd
AB03
AB04
AB05
AB10
AB11
AB17
AB24
AB26
AB27
AB35
AB39
AB40

Male, sm
Male, sm
Male, sm
Female, r
Male, sm
Female, r
Male, sm
Female, r
Female, si
Male, sm
Female, si
Male, si

Unknown
Non-first recruited
First recruited
Unknown
Non-first recruited
Unknown
First recruited
Unknown
Unknown
Non-first recruited
First recruited
Non-first recruited

28?
28?
) 31
) 50
19?
) 34
28?
18?
15?
18?
11
6

ADd
AD02
AD05
AD13
AD14
AD16
AD19
AD28

Male, sm
Female, r
Male, sm
Female, nr
Female, r
Male, sm
Juvenile, si

Unknown
Unknown
First recruited
Unknown
Unknown
First recruited
Non-first recruited

30?
) 38
) 35
) 48
) 31
16?
3

AEd
AE01
AE02
AE03
AE06
AE09
AE10
AE11
AE14
AE15
AE16
AE20

Male, sm
Female, r
Male, sm
Male, sm
Male, sm
Female, r
Female, r
Male, sm
Male, si
Male, si
Female, si

First recruited
Unknown
Non-first recruited
First recruited
First recruited
Unknown
Unknown
Unknown
First recruited
First recruited
Non-first recruited

) 31
) 20
17?
16?
) 31
) 21
) 24
18?
6
5
1

Resident
pod

AId
AI02
AI03
AI04
AI06

Male, sm
Female, r
Female, r
Male, sm

Non-first recruited
Unknown
Unknown
Non-first recruited

26?
) 46
13
19?

Sexa

Recruitment
orderb

Agec

AJd
AJ02
AJ03
AJ04
AJ08
AJ10
AJ13
AJ16
AJ19
AJ21
AJ39
AJ41

Male, sm
Female, r
Female, r
Female, r
Male, sm
Female, r
Male, sm
Male, sm
Male, sm
Female, si
Female, si

First recruited
Unknown
Unknown
Unknown
Non-first recruited
Unknown
First recruited
Non-first recruited
Non-first recruited
Non-first recruited
Non-first recruited

29?
22?
19?
) 44
16?
21?
28?
19?
22?
2
1

AKd
AK02
AK03
AK09
AK10
AK13
AK14
AK15

Female, r
Female, nr
Female, si
Female, si
Female, si
Female, si
Female, si

Unknown
First recruited
Non-first recruited
Non-first recruited
Non-first recruited
Non-first recruited
First recruited

) 36
) 53
11
7
3
1
1

AN10 d
AN01
AN03
AN07
AN08
AN10
AN12
AN35
AN46

Male, sm
Male, sm
Male, sm
Female, r
Female, r
Female, r
Female, r
Male, si

First recruited
First recruited
Non-first recruited
Unknown
Unknown
Non-first recruited
Unknown
Non-first recruited

) 31
) 34
26?
22?
) 25
16?
) 24
5

AS d
AS?
AS12

Unknown
Male

Unknown
Unknown

Unknown
Unknown

AX d
AX31

Unknown

Unknown

Unknown

Resident
pod
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Table 1
Transient
group
AT1d
AT03
AT06
AT09
AT10
AT13
AT17
AT18
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Ž Continued .
Sexa

Recruitment
orderb

Agec

Female, si
Male, sm
Female, r
Male, sm
Male, sm
Male, sm
Female, nr

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

15?
) 23
) 30
15
) 38
) 33
) 20

Transient
group
GOAe
GOA
AT32
AT101
AT102
AT103
AT105

Sexa

Recruitment
orderb

Agec

Unknown
Male, sm
Female
Female, r
Male, si
Female

Unknown
Unknown
Unknown
Unknown
First recruited
Unknown

Unknown
Unknown
Unknown
Unknown
1
Unknown

a

Abbreviations: nr, non-reproductive; r, reproductive; si, sexually immature, sm; sexually mature.
Putative recruitment Žbirth . order.
Age at time of sampling.
d
Prince William Sound, AK.
e
Gulf of Alaska.
b
c

and collected into a clean 50-ml concentrator
tube. The HPLC internal standard Ž1,2,3,4-tetrachlorodibenzo-p-dioxin, 250 ng. was added to each
sample and the solvent volume was reduced by
nitrogen to ; 150 l.
Eight dioxin-like congeners ŽCBs 77, 105, 118,
126, 156, 157, 169, 189. were resolved from other
selected CBs ŽCBs 101, 128, 138, 153, 170, 180.
and chlorinated hydrocarbons Ž o, p⬘-DDD, p, p⬘DDD, p, p⬘-DDE, o, p⬘-DDT, p, p⬘-DDT. by
HPLC on two Cosmosil PYE analytical columns,
connected in series and cooled to 16⬚C. The congeners were measured by an ultraviolet ŽUV.
photodiode array detector and were identified by
comparing their UV spectra Ž200᎐310 nm. and
retention times to those of reference standards in
a library. The analyte purity was confirmed by
comparing spectra within a peak to the apex
spectrum. In some cases, certain CB congeners
co-elute with other CBs with the HPLCrPDA
method. For example, CB 101 co-elutes with CBs
99r149r196 and possibly with others, CB 153
co-elutes with CB87 and CB 170 co-elutes with
CB194.
The HPLC system was calibrated daily. A sample set consisted of 11᎐14 field samples, a method
blank and quality assurance samples. Method
blanks contained no more than five analytes that
exceeded 4 times the method detection limit
ŽMDL., unless the analyte was not detected in the
associated blubber samples of the set. Approxi-

mately 10% of the whale blubber samples were
analyzed in duplicate to measure precision of the
method and the laboratory quality assurance criteria were met for all analytes detected in the
blubber samples. To monitor the accuracy of our
HPLCrPDA method, a National Institute of
Standards and Technology ŽNIST. control whale
blubber sample was analyzed with each sample
set and results met laboratory criteria ŽWise et
al., 1993.. The limits of detection ŽLOD. for the
CB congeners ranged from - 0.46 to - 14 ngrg,
wet weight. The LOD for the DDTs ranged from
- 2.5 to - 17 ngrg.
The mass of each biopsy blubber sample was
small Ž- 0.50 g., therefore, the entire sample was
used for OC analyses. In order to determine lipid
content of each sample, a 1-ml aliquot of each
sample extract was set aside for lipid analysis
using thin layer chromatography coupled with
flame ionization detection ŽTLCrFID. ŽShantha,
1992.. Each lipid sample extract was spotted on a
Chromarod ŽType SIII. and developed in a solvent system containing 60:10:0.02 hexanerdiethyl
etherrformic acid Žvrvrv.. Various classes of
lipids Ži.e. wax esters, triglycerides, free fatty acids,
cholesterol and polar lipids. were separated based
on polarity, with the non-polar compounds Ži.e.
wax esters. eluting first, followed by the more
polar lipids Ži.e. phospholipids.. The lipid concentrations were determined using an Iatroscan Mark
5 ŽIatron Laboratories, Tokyo, Japan., operated
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Fig. 1. Killer whale study region in Kenai FjordsrPrince William Sound, AK.

with a hydrogen flow rate of 160 mlrmin and air
flow of 2000 mlrmin. Data were acquired and
analyzed on a 386 PC compatible computer using
TDatascan software ŽRSS Inc., Bemis, TN.. A
four-point linear external calibration was used for
quantitation. Total lipid concentrations were calculated by adding the concentrations of the five
lipid classes for each sample and were reported as
percent total lipid. Duplicate TLCrFID analyses
were performed for each sample extract and the
mean value was reported.

2.4. Calculated ¨ alues
Total CB ŽÝCB. concentrations were calculated using the following formula: ÝCBs s
Ýconcentrations of selected CBs Žbased on individual response factor. q Ýconcentrations of
other CB congeners Žcalculated by summing areas
of peaks identified as CBs and using an average
CB response factor.. Summed DDT ŽÝDDTs.
concentrations were calculated by adding the concentrations of five DDTs Ž o, p⬘-DDD, p, p⬘-DDD,
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p, p⬘-DDE, o, p⬘-DDT, p, p⬘-DDT. determined by
our HPLCrPDA method. Summed DDT and total CB concentrations were reported as ngrg, wet
weight or lipid weight.
To assess the toxic potency of the dioxin-like
CBs in the whale blubber samples, CB TEQs
were calculated according to the method of Safe
Ž1990. using an additive model of toxicity. In this
method, the molar concentration of each dioxinlike CB congener was multiplied by the appropriate toxic equivalency factor ŽTEF., recommended
recently by World Health Organization for human and wildlife health ŽVan den Berg et al.,
1998.. The following TEF values, which are based
on several in vivo and in vitro studies, including
human, mammalian and avian investigations, were
used for TEQ calculations: CB77 Ž0.0001.; CB105
Ž0.0001.; CB118 Ž0.0001.; CB126 Ž0.1.; CB156
Ž0.0005.; CB157 Ž0.0005.; CB169 Ž0.01.; and
CB189 Ž0.0001.. The CB TEQs are reported as
pgrg, wet weight or lipid weight.
The TEQs calculated for the blubber of killer
whales in the current study are conservative values. For example, only concentrations of dioxinlike CBs are determined by our HPLCrPDA
method while concentrations of other dioxin-like
compounds, such as polychlorinated dibenzo-p-dioxins ŽPCDDs. and dibenzofurans ŽPCDFs. are
not. As a result, the TEQs calculated for the
killer whale samples are based solely on dioxinlike CBs and do not include PCDDs and PCDFs
that, if detected, would increase the TEQ values
of the biopsy samples. However, several marine
mammal contaminant studies have shown that
PCDDs and PCDFs contribute much less Žusually
- 15%. to the TEQ values compared to the
dioxin-like CBs in cetaceans from various parts of
the world ŽKannan et al., 1989; Jarman et al.,
1996; Addison et al., 1999; Jimenez et al., 2000;
Ross et al., 2000.. This is because dioxin-like CBs
are often found in much higher concentrations
than are the polychlorinated dibenzodioxins
ŽPCDDs. or dibenzofurans ŽPCDFs. in the marine environment even though dioxin-like CBs are
only 0.00001᎐0.1 times as toxic as TCDD ŽVan
den Berg et al., 1998.. Furthermore, our
HPLCrPDA method has higher limits of detection ŽLODs. for certain congeners, especially the
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non-ortho-substituted CBs Že.g. CBs 77, 126, 169.
compared to the LODs of more comprehensive
analytical methods Ži.e. high-resolution gas chromatographyrmass spectrometry.. In addition, irrespective of analytical method, the small masses
Ž- 0.5 g. of the killer whale biopsy samples also
contribute to higher LOD for certain mono-orthoand non-ortho-substituted congeners. Consequently, the TEQs determined in the killer whale
biopsy samples were conservative values because
sample size is small, and they did not include
PCDDs, PCDFs or any dioxin-like congeners Že.g.
CBs 77, 126, 169. that were below the LOD in the
TEQ calculation.
2.5. Statistical analyses
Lipid concentrations were arcsine square root
transformed and OC concentrations were log
transformed to increase the homogeneity of variance. Stepwise regression analysis was used to
evaluate relationships among OC exposure Že.g.
CB congeners, DDT, DDT metabolites, ÝCBs,
ÝCB TEQs. and life-history parameters Že.g. age,
sex, birth order, see Table 1. in killer whales to
determine the life-history parameters Že.g. ecotype, sex, reproductive status, birth order. that
most closely correlated to OC concentrations.
Analysis of variance ŽANOVA . and the
Tukey᎐Kramer honestly significant difference test
ŽHSD. were used to compare mean concentrations of OCs between transient and resident
whales. For resident whales, analysis of variance
and the Tukey᎐Kramer HSD test were used to
determine differences in mean concentrations of
OCs among three reproductive groups wsexually
immature whales Žboth males and females., reproductive females, sexually mature malesx. The
level of significance used for all statistical tests
was PF 0.05. All statistical analyses were completed using JMP Statistical Software ŽSAS Institute, Inc., Cary, NC..

3. Results
Although wide ranges of OC levels were measured in the killer whale biopsy samples, signifi-
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cantly higher OC concentrations were measured
in blubber of transient killer whales compared to
the levels found in the blubber of residents based
on both wet weight and lipid weight values
ŽTables 2 and 3.. For example, the mean ÝDDTs
concentration in transient whales was approximately 25 times as great as the mean level in
resident whales. Similar results were observed for
ÝCBs, with transient whales containing a mean

ÝCB concentration more than 15 times the mean
level in residents.
The most abundant OC analyte ŽTable 3. measured in blubber of Alaskan killer whales was the
DDT metabolite, p, p⬘-DDE, with concentrations
Žwet weight. ranging in resident whales from
150᎐22 000 to 21 000᎐210 000 ngrg in transients.
This DDT metabolite accounted for approximately 80% of ÝDDTs measured in resident

Table 2
Mean concentrations Ž X " SD ngrg, wet weight or ngrg, lipid weight. of dioxin-like CBs and other selected CBs in biopsy blubber
of resident and transient killer whales from the Kenai FjordsrPrince William Sound, AK region
Dioxin-like CB congenersa

Whale
form

105U

Resident Ž n s 64.
Žngrg, wet wt..

50 " 54 e
ŽND᎐230.

Resident Ž n s 64.
Žngrg, lipid wt..

118U

156U

157

189U

200 " 220
Ž13᎐940.

14 " 14 b
ŽND᎐60.

NRc

NR

170 " 160 e
ŽND᎐850.

710 " 700
Ž60᎐3400.

49 " 36 b
ŽND᎐140.

NR

NR

Transient Ž n s 13.
Žngrg, wet wt..

320 " 290
Ž19᎐890.

1600 " 1400
Ž100᎐4400.

54 " 31
Ž4.3᎐120.

Id

17 " 12 a
ŽND᎐39.

Transient Ž n s 13.
Žngrg, lipid wt..

1200 " 970
Ž260᎐3700.

6200 " 4900
Ž1400᎐18 000.

220 " 100
Ž58᎐430.

Id

76 " 40 a
ŽND᎐160.

153r87U

170r194U

Other selected CB congeners
U

101b

128U

Resident Ž n s 64.
Žngrg, wet wt..

620 " 620 f
ŽND᎐2900.

66 " 68 d
ŽND᎐300.

310 " 370
Ž16᎐1700.

660 " 680 f
ŽND᎐2900.

70 " 74 c
ŽND᎐340.

Resident Ž n s 64.
Žngrg, lipid wt..

2200 " 2100 f
ŽND-11 000.

270 " 310 d
ŽND᎐2100.

1100 " 1100
Ž64᎐4500.

2300 " 2100 f
ŽND᎐9000.

250 " 210 c
ŽND᎐820.

Transient Ž n s 13.
Žngrg, wet wt..

8600 " 6100
Ž870᎐22 000.

1300 " 820
Ž120᎐2600.

5300 " 3500
Ž460᎐12 000.

9900 " 6500
Ž1100᎐24 000.

1100 " 560
Ž110᎐2000.

2900 " 1600
Ž240᎐5600.

Transient Ž n s 13.
Žngrg, lipid wt..

35 000 " 23 000
Ž12 000᎐92 000.

21 000 " 11 000
Ž6200᎐46000.

40 000 " 23 000
Ž15 000᎐100 000.

4400 " 1800
Ž1500᎐8300.

12 000 " 4400
Ž3200᎐19 000.

5100 " 2700
Ž1600᎐11 000.

138U

180U
170 " 200
Ž12᎐1000.
610 " 540
Ž44᎐2500.

Asterisk indicates significant concentration differences between resident and transient whales based on both wet weight and
lipid weight values; Tukey-Kramer HSD test, P- 0.05. Letter after X " S.D. value referes to the number of samples Žother than
reported value in whale form column. where OCs were detected: a Ž n s 10.; b Ž n s 45.; c Ž n s 57.; d Ž n s 61.; e Ž n s 62.; and f
Ž n s 63..
a
Mean values of CBs 77, 126 and 169 are not reported because they were not detected in any killer whale biopsy blubber
samples.
b
Other CB congeners Že.g., 99,149, 183, 196. may also be present Žsee Materials and Methods section..
c
NRs not reported because analyte detected in fewer than 50% of total samples.
d
I s concentration of analyte not determined due to interference with coeluting compound on PYE column.

ÝCBsU

ÝTEQsU ¶

ÝDDTsU

Whale
form

DDTs

Resident Ž n s 64 .
Žngrg, wet wt..

66 " 48h
ŽND ᎐180 .

200 " 200j
ŽND ᎐980 .

3100 " 4100
Ž150᎐22 000 .

380 " 380j
ŽND ᎐2000 .

97 " 120i
ŽND ᎐570 .

3900 " 4500
Ž270᎐27 000 .

Resident Ž n s 64 .
Žngrg, lipid wt..

230 " 170h
ŽND ᎐900 .

700 " 570j
ŽND ᎐2300 .

11 000 " 12 000
Ž670᎐56 000 .

1400 " 1300j
ŽND ᎐6500 .

320 " 310i
ŽND ᎐1800 .

14 000 " 13 000
Ž1100᎐65 000 .

100 " 98
Ž5.9᎐470 .

13 000 " 14 000
Ž730᎐64 000 .

᎐
᎐

Transient Ž n s 13 .
Žngrg, wet wt..

940 " 880
Ž80᎐2800 .

2700 " 2300
Ž110᎐9000 .

71 000 " 54 000
Ž4300᎐210 000 .

6600 " 5100
Ž690᎐16 000 .

1400 " 1000g
ŽND ᎐3100 .

59 000 " 43 000
Ž4900᎐140 000 .

220 " 190
Ž14᎐580 .

83 000 " 63 000
Ž5200᎐240 000 .

24 " 9.5
Ž7.4᎐43 .

Transient Ž n s 13 .
Žngrg, lipid wt..

3800 " 3300
Ž950᎐11 000 .

11 000 " 7800
Ž1500᎐32 000 .

280 000 " 180 000
Ž58 000᎐750 000 .

26 000 " 18 000
Ž9200᎐62 000 .

5500 " 3200g
ŽND ᎐10 000 .

230 000 " 130 000
Ž66 000᎐500 000 .

860 " 640
Ž190᎐2400 .

320 000 " 210 000
Ž70 000᎐860 000 .

o, p⬘-DDD

U

p, p⬘-DDD

U

p, p⬘-DDE

U

o, p⬘-DDT

U

p, p⬘-DDT

% Lipid

U

29 " 33
Ž1.5 " 150 .

3800 " 4700
Ž190᎐26 000 .

28 " 9.8
Ž9.8᎐59 .

᎐
᎐

Asterisk indicates significant concentration differences between resident and transient whales based on both wet weight and lipid weight values; Tukey-Kramer HSD test,
P - 0.05. Letter after X " SD value refers to the number of samples Žother than reported value in whale form column . where OCs were detected: g Ž n s 12 ., h Ž n s 43 ., i
Ž n s 54 ., j Ž n s 60 ..
a
ÝTEQs reported as pgrg.
b
Lipid concentration reported as % lipid.
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Table 3
Mean concentrations Ž X " SD ngrg, wet weight or ngrg, lipid weight. of DDTs, HCB, ÝCBs, ÝDDTs, ÝTEQs a and lipid b in biopsy blubber samples of resident killer whales
from the Kenai FjordsrPrince William Sound, AK region

191

192
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whales and 86% of ÝDDTs in the transient
whales.
The moderately chlorinated ortho-substituted
congeners Ži.e. CBs 138, 153. were the predominant CBs measured in the killer whale blubber
ŽTable 2.. Similar to the ÝCB and ÝDDT concentration data, we also found much higher concentrations of individual CBs in transient whale
blubber compared to those in the residents. For
example, CB 118 concentrations Žbased on lipid
weight. ranged from 60 to 3400 ngrg in residents
and 1400 to 18 000 ngrg in transients. Dioxin-like
CBs Že.g. CBs 105, 118, 156, 157, 189. were also
determined in whale blubber samples, with the
mono-ortho-substituted congeners being most
abundant. In addition, a greater number of
dioxin-like congeners were measured in the transient whales compared to the number of these
congeners found in the residents. The two monoortho-substituted dioxin-like congeners ŽCBs 157
and 189. were measured in 60% of the transient
whale samples but were detected in less than 20%
of the resident samples. The most toxic CB congeners, the non-ortho-substituted congeners, CBs
77, 126 and 169, were not detected in any of the
tissue samples analyzed, with the LOD ranging
from 0.46 to 14 ngrg, wet weight.
The mean total CB TEQs ŽÝTEQs. concentrations Žbased on wet and lipid weights. in transient
animals were significantly higher than the levels
in resident whales ŽTable 3.. However, the relative proportions of dioxin-like congeners contributing to the total mean CB TEQs in resident
and transient killer whales were similar ŽFig. 2..
Because concentrations of the non-ortho-substituted CBs were below the LOD in all killer
whale blubber samples, the mono-ortho substituted dioxin-like congeners were the only contributors to CB TEQs in these samples. Although
the mono-ortho-substituted CB congeners contributed approximately 7% to the mean total CB
concentration in resident animals and 13% to the
mean ÝCBs in transients, these CBs contributed
100% of the toxic potency to the mean ÝTEQ in
these resident and transient whales. Furthermore,
CB 118 was the largest contributor to the total
CB TEQs in both eco-types of killer whales, contributing approximately 67% to the CB TEQs in

Fig. 2. Mean CB toxic equivalents Žpg TCDD eq.rg, wet
weight. measured in biopsy blubber samples of transient and
resident killer whales from Kenai FjordsrPrince William
Sound, AK. Bar with asterisk indicates significantly higher
concentrations using Tukey᎐Kramer honestly significant difference test, P- 0.05.

resident animals and 72% to the CB TEQs in
transients.
A wide range of lipid concentrations was measured in the killer whale biopsy samples ŽTable 3.,
with levels ranging from 7.4 to 59%. The lipids
measured in biopsy blubber samples consisted
primarily of neutral lipids Že.g. triglycerides, nonesterified free fatty acids.. The lipid concentrations Ž27 " 9.9%. of resident killer whales were
not significantly different than the lipid levels in
the transients Ž23 " 11%..
The OC concentrations in resident killer whales
were examined based on age and sex ŽFig. 3.. For
example, concentrations Žbased on lipid weight.
of eight CB congeners ŽCBs 101, 105, 118, 128,
138, 153, 156 and 180. in reproductive female
resident killer whales ŽG 13 years of age. were
significantly lower than those measured in immature resident whales Žmales - age 15 and females - 13. or sexually mature male resident
animals Žs age 15.. However, no differences in
concentrations of these congeners were found
between the immature whales and mature male
animals. Similar results were observed for DDTs
except p,p⬘-DDT. The mean concentration of
p,p⬘-DDT in mature adult male whales was sig-
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nificantly higher than the mean level in reproductive females. However, we found no significant
differences in mean p,p⬘-DDT concentrations
between immature residents and mature males or
immature residents and reproductive females.
The concentrations of ÝCBs, ÝDDTs and ÝCB
TEQs measured in mother-offspring groups are
shown in Table 4. We found that, in both resident
and transient whales, concentrations of OCs were
higher in the killer whale offspring compared to
the levels in the corresponding mother ŽTable 4..
In addition, in resident whales, OC concentrations in offspring appeared to be affected by birth
order. For example, a first known offspring ŽAE16.
of AE02 contained OC levels that were approximately 9᎐20 times those in his mother and 3᎐8
times those measured in the subsequent sibling
ŽAE20.. Furthermore, we compared OC levels in
sexually mature ŽG age 15. male resident whales
Žfirst-recruited and non-first-recruited .. Overall,
mean concentrations of selected CBs and DDTs
in first-recruited animals were roughly 1 order of
magnitude higher than in later-recruited whales
ŽFig. 4.. Mean concentrations of ÝCBs, ÝDDTs
and ÝCB TEQs in first-recruited whales were
approximately 4.0 times those in non-first-recruited animals when based on lipid weight and
2.5 times the mean levels in the non-firstrecruited whales when based on wet weight Ždata
not shown.. Stepwise regression showed that OC
concentrations Žbased on wet and lipid weights. in
sexually mature resident killer whales were more
highly correlated to birth order than to age. For
example, ÝCBs Žngrg, lipid weight. were much
more highly correlated to birth order Ž Ps 0.0025.
in sexually mature resident males than to age
Ž Ps 0.917.. Similar results were obtained with
individual CB congeners and DDT and DDT
metabolites as well as ÝDDTs and ÝCB TEQs.

4. Discussion
We analyzed 77 biopsy blubber samples of
free-ranging killer whales from the Kenai
FjordsrPrince William Sound, AK region for selected toxic organochlorines, including dioxin-like
CBs. These killer whales have been extensively
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studied since the mid-1980s and substantial life
history data Ži.e. pod membership, eco-type, approximate ages, reproductive status, putative birth
order. are known ŽMatkin et al., 1999a,b.. However, few chemical contaminant data are reported
for killer whales from the North Pacific ŽCalambokidis et al., 1984; Jarman et al., 1996; Hayteas
and Duffield, 2000; Ross et al., 2000., particularly
free-ranging animals from Alaska. Therefore, this
unique set of biopsy blubber samples allowed us
to determine the concentrations of persistent and
toxic OCs in free-ranging killer whales from Kenai FjordsrPrince William Sound, AK and examine the influence of various life history
parameters on OC concentrations in these animals.
The concentrations of CBs and DDTs that we
measured in blubber of the Alaskan killer whales
are much higher than the concentrations in
blubber of various other cetaceans and pinnipeds
that reside and feed in Alaskan waters ŽMiles et
al., 1992; Varanasi et al., 1992, 1994; Lee et al.,
1996; Krahn et al., 1997; O’Hara et al., 1999.. For
example, Krahn et al. Ž1999. determined the ÝCBs
and ÝDDTs concentrations Žbased on wet weight.
ranged from 3770᎐6880 to 2090᎐4850 ngrg, respectively, in adult beluga whales from three
Alaskan stocks. These concentrations are comparable to those measured in resident female killer
whales but were approximately 1 order of magnitude lower than the contaminant concentrations
determined in transient whales. The OC concentrations found in the Alaskan killer whales are
similar to those recently reported in pinnipeds
and cetaceans that occur in more contaminated
waters of the Eastern North Pacific ŽLieberg-Clark
et al., 1995; Jarman et al., 1996; Hong et al.,
1998.. For example, the ÝCB levels Žbased on
lipid weight. measured in the Alaskan transient
killer whales are similar to those recently reported in biopsy blubber samples of transient
killer whales from coastal waters of British
Columbia ŽRoss et al., 2000., whereas the ÝCBs
concentrations Žbased on wet weight. determined
in the Alaskan resident whales are similar to
those found in blubber of harbor seal pups from
Puget Sound, WA ŽHong et al., 1996.. However,
ÝCBs is, in most cases, an estimated value Žunless

194

G.M. Ylitalo et al. r The Science of the Total En¨ ironment 281 (2001) 183᎐203

Fig. 3. Mean concentrations of individual CB congeners and DDTs Žngrg, lipid weight. measured in biopsy blubber samples of
resident killer whales from Kenai FjordsrPrince William Sound, AK region grouped by reproductive status wi.e. reproductive
female, immature animals Žboth males and females., sexually mature malesx. Bars with unlike letters differ significantly using
Tukey᎐Kramer honestly significant difference test, P- 0.05. §CB101 co-elutes with CBs 99r149r196 and possibly with other CB
congeners.

all 209 congeners are quantitated with appropriate standards. and caution should be used when
comparing ÝCBs among different studies because
different methods are used to calculate these
values. The ÝCBs reported in killer whales from

British Columbia waters by Ross et al. Ž2000.
were calculated by summing the concentrations of
136 CB congeners in killer whale biopsy samples.
In contrast, the ÝCBs reported in the current
study were calculated by summing concentrations
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Table 4
Concentrations of total CBs, summed DDTs and total CB TEQs measured in mother and offspring of Alaskan killer whales from
Kenai FjordsrPrince William Sound, AK. Age of each whale is reported in Table 1
Pod
eco-type

Pod

Resident

Transient

Pod
no.

Relationship

AD

AD16
AD28

Mother
Non-first recruited juvenile

AE

AE02
AE16
AE20
AE10
AE15

Mother
First recruited male
Second recruited female
Mother
First recruited male

AI

AI03
AI04

AJ

Wet Weight

Lipid Weight

ÝCBs
Žngrg.

ÝDDTs
Žngrg.

780
3700

350
3400

1800
27 000
4700
530
15 000

Mother
Reproductive female

AJ04
AJ41
AJ13
AJ39

AK

AN

ÝCB TEQs
Žpgrg.

ÝCB TEQs
Žpgrg.

ÝCBs
Žngrg.

ÝDDTs
Žngrg.

13
35

2700
15 000

1200
14 000

45
150

1200
26 000
4500
240
13 000

16
190
57
4.7
150

5500
63 000
8000
4800
39 000

3600
60 000
7600
2200
34 000

48
440
97
43
390

750
1600

460
1300

9.1
14

4200
4300

2600
3600

51
38

Mother
Non-first recruited female
Mother
Non-first recruited female

570
1600
1000
5200

380
1200
320
5200

4.7
11
5.7
43

1900
5500
3700
14 000

1300
4100
1200
14 000

16
38
21
120

AK02
AK09
AK10
AK13

Mother
Non-first recruited female
Non-first recruited female
Non-first recruited female

610
4600
4600
7400

310
3700
3800
5800

6.5
44
47
72

2000
21 000
16 000
20 000

1000
17 000
13 000
16 000

22
200
160
190

AN10
AN46

Mother
Non-first recruited male

540
4800

270
4500

4.2
45

2600
13 000

1300
12 000

20
120

27 000
120 000

26 000
240 000

120 000
430 000

120 000
860 000

860
2700

GOA AT102
AT103

Mother
First recruited male

of selected CBs Žbased on individual response
factor. and concentrations of other CB congeners
Žcalculated by summing areas of peaks identified
as CBs and using an average CB response factor..
However, because PDA ŽUV. response factors for
CBs vary by only "15% or so from the average, a
reasonable estimate of ÝCBs is obtained using
this method.
The DDT metabolite, p,p⬘-DDE was the OC
found in the highest concentration in the Alaskan
killer whale biopsy samples. Similar to our findings, p,p⬘-DDE was the most abundant OC measured in blubber samples of beluga whales and
northern fur seals that reside in waters of the
Eastern North Pacific ŽMossner and Ballschmiter,
1997.. Moderately chlorinated ortho-substituted
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CBs Ži.e. CBs 153, 138. were the predominant CB
congeners measured in the Alaskan killer whales.
These findings are similar to those previously
reported in various species of marine mammals
from the Eastern North Pacific ŽVaranasi et al.,
1994; Hong et al., 1996; Jarman et al., 1996;
Mossner and Ballschmiter, 1997; Beckmen et al.,
1999. as well as for pinnipeds and other cetaceans
from various parts of the world ŽCorsolini et al.,
1995; Lake et al., 1995; Gauthier et al., 1997;
Weisbrod et al., 2000a.. CB congeners that contain 5᎐7 chlorine atoms make up high proportions of certain technical mixtures of CBs Že.g.
Aroclor 1254. ŽSchulz et al., 1989; Schwartz et al.,
1993.. Because many of these moderately chlorinated congeners are not easily degraded in the
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Fig. 4. Mean concentrations of individual CB congeners and DDTs Žngrg, lipid weight. measured in biopsy blubber samples of
sexually mature male resident killer whales from Kenai FjordsrPrince William Sound, AK region grouped by birth order Žfirst
recruited and non-first recruited animals.. Bars with asterisks indicate significantly higher concentrations using Tukey᎐Kramer
HSD Žhonestly significant difference. test, P- 0.05. §CB101 co-elutes with CBs 99r149r196 and possibly with other CB congeners.

environment or eliminated by aquatic organisms
as are lower chlorinated CBs, relatively high concentrations of these congeners bioaccumulate in
marine animals, especially species at the top of
the marine food chain. Furthermore, certain CBs

are not as readily metabolized by aquatic organisms as other chlorinated congeners relative to
chlorine substitution pattern. Boon et al. Ž1992.
report that harbor seals, cetaceans and polar bears
appear to metabolize congeners with vicinal H
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atoms in the ortho, meta positions, even in the
presence of one ortho-chlorine atom but this
metabolic capability is not as apparent in ringed
seals. However, irrespective of ortho-chlorine
substitution, the cetacean species do not seem to
metabolize CBs with vicinal H atoms in the meta,
para positions as readily as the seals and polar
bears. Based on these data, relatively high concentrations of certain moderately chlorinated CBs
are expected to bioaccumulate in marine mammals, especially top level predators such as killer
whales.
The relatively high concentrations of CBs and
DDTs in Alaskan killer whales are somewhat
surprising, but consistent with current information about transport of these compounds to Arctic ecosystems. Studies indicate that certain OCs
primarily enter the Alaskan marine ecosystem via
atmospheric transport from the lower and middle
latitudes ŽBarrie et al., 1992; Iwata et al., 1993..
These compounds can also enter the marine environment from direct input Že.g. transformer spill.
into the far northern marine environment but
these sources appear to be less significant than
atmospheric deposition ŽIwata et al., 1993; AMAP,
1998.. For example, DDT is a persistent, lipophilic
compound that was once widely used in the United
States on agricultural crops and to control disease-carrying insects Že.g. malaria-carrying
mosquitoes. and has been shown to have various
toxic effects on experimental animals and wildlife
Že.g. reproductive impairment, potential carcinogen.. Consequently, it was banned in the US in
the mid-1970s and has been prohibited or restricted for use in several other countries Že.g.
Canada, Sweden.. However, the compound is still
used to control disease-carrying insects in other
regions Ži.e. Southeast Asia. and appears to be
deposited to the pristine Arctic and sub-arctic
ecosystems of the eastern North Pacific via atmospheric transport ŽBarrie et al., 1992; Iwata et al.,
1993; AMAP, 1998; Schmidt, 1998..
The CB TEQs calculated for Alaskan transient
killer whales are comparable to those determined
in transient killer whales from coastal waters of
British Columbia ŽJarman et al., 1996; Ross et al.,
2000. and harbor seals from Puget Sound, WA
ŽHong et al., 1998.. In contrast, the CB TEQ
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concentrations for these killer whales were much
lower than the levels in striped dolphins affected
by an epizootic in the Mediterranean Sea ŽKannan et al., 1993., common porpoise from the
Baltic Sea ŽFalandysz et al., 1994. and two species
of dolphin from the Italian coast ŽCorsolini et al.,
1995.. The TEF values ŽVan den Berg et al.,
1998. we used to calculate the CB TEQs are
different than those used in the European dolphin studies ŽKannan et al., 1993; Falandysz et al.,
1994; Corsolini et al., 1995.. In the Safe Ž1990.
technique, the TEF values are higher or comparable to those recommended by Van den Berg et al.
Ž1998. and a larger number of CB congeners are
used in TEQ calculations. Furthermore, the
mono-ortho substituted dioxin-like congeners
were the only contributors to the TEQs determined in our killer whale study because the
non-ortho-substituted CB congeners ŽCBs 77, 126,
169. were below the LOD and PCDDs and PCDFs
are not quantitated by the HPLCrPDA method.
Therefore, the CB TEQ values determined in this
study are conservative values. Ross et al. Ž2000.
report the sum TEQs Žbased on concentrations of
dioxin-like CBs, PCDDs and PCDFs. in biopsy
blubber samples of northern resident killer whales
from coastal British Columbia. The dioxin-like
CBs contribute more than 85% to the sum TEQs
in these samples, with the mono-ortho-substituted
CB congeners contributing more than 80% to the
sum CB TEQ Ž92.0" 1.7% in immature animals,
94.3" 0.8% in males and 80.35" 4.11% in females. and more than 75% to the sum TEQ.
Based on these data, we may be underestimating
the ÝCB TEQs in the Alaskan killer whale biopsy
samples by approximately 6᎐20% and the sum
TEQs Žincluding CBs, dioxins, furans. by approximately 8᎐25%.
Lipid concentrations in the killer whale biopsy
samples ranged widely and consisted primarily of
neutral lipids Že.g. triglycerides, free fatty acids..
Previous studies show that blubber of healthy
cetaceans is comprised primarily of neutral lipids,
such as triglycerides and non-esterified free fatty
acids ŽKawai et al., 1988; Tilbury et al., 1997..
Lipid levels in our samples were comparable to
lipid concentrations in biopsy samples of North
Atlantic right whales Ž4.8᎐25.5%. ŽWoodley et al.,
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1991. and Northwest Atlantic right whales Žmean
13 " 18% lipid. ŽWeisbrod et al., 2000b., but are
lower than those previously determined in nonbiopsy samples of other large cetaceans ŽBorrell,
1993; Gauthier et al., 1997; Prudente et al., 1997;
O’Hara et al., 1999.. The average lipid concentration measured in necropsy blubber samples of
killer whales Ž n s 6. collected off the coasts of
British Columbia and Washington State was 91%
Ž n s 6. ŽJarman et al., 1996.. This discrepancy is
probably due to two factors. First, biopsy samples
probably contain a higher portion of connective
tissue attached to the skin and blubber than the
necropsy samples, especially if collected from areas of lower lipid concentration Ži.e. the base of
the dorsal fin. ŽWoodley et al., 1991; Gauthier et
al., 1997; Weisbrod et al., 2000b.. Second, different quantitation methods were used in these lipid
determinations. The biopsy blubber samples in
our study were quantitated by TLC-FID Žsee Section 2. while the lipid concentrations in the Jarman et al. Ž1996. study were determined gravimetrically. Delbeke et al. Ž1995. found that lipid
concentrations determined by TLC-FID were, on
average, approximately half those determined by
the gravimetric method, and that gravimetric lipid
values were overestimated due to interference of
non-lipid co-extracts. Therefore, caution should
be used when comparing the lipid data from our
study with lipid concentration data determined by
other quantitation methods.
In this study, diet had important effects on OC
accumulation in Alaskan killer whales. Transient
whales contained much higher levels of OCs than
did the residents. Similarly in coastal British
Columbia waters, Ross et al. Ž2000. reported
higher levels of CBs Žbased on lipid weight. in
biopsy blubber samples of transient whales compared to those found in resident whales. Studies
of feeding habits of Prince William Sound, AK
resident killer whales show that these animals
consume predominantly salmon and, to a lesser
extent, other fish species Že.g. halibut, herring.
ŽMatkin et al., 1999b; Saulitis et al., 2000.. The
principal marine mammal species consumed by
transient killer whales from Prince William Sound
are Dall’s porpoise and harbor seals ŽSaulitis et
al., 2000.. In general, the prey species of transient

whales contain higher OC levels than do resident
prey. For example, ÝCBs Žbased on wet weight. in
blubber of harbor seals from Prince William
Sound, AK range from 45 to 356 ngrg ŽKrahn et
al., 1997., whereas ÝCBs range from 17 to 50
ngrg in muscle of three salmon species Žchum,
coho, pink. collected from the same area ŽBrown,
2000 pers. comm... Similarly, Ross et al. Ž2000.
reported higher concentrations of CBs in prey of
British Columbia transient whales Že.g. harbor
seals. compared to the levels in resident whale
prey Že.g. salmon. from this area. Therefore, based
on their diet, transient whales would be expected
to have higher concentrations of persistent contaminants than those found in residents.
Life history parameters such as age, sex and
reproductive status influenced the concentrations
of OCs in the killer whales. Reproductively active
female killer whales contained much lower OC
concentrations than sexually mature resident
males or immature animals. Furthermore, killer
whale offspring had higher OC concentrations
than those determined in the corresponding
mothers. These results are consistent with those
from other marine mammal contaminant studies
that report much lower OC burdens in reproductive females than in males in the same age group
ŽAguilar and Borrell, 1988; Kuehl and Haebler,
1995; Krahn et al., 1999; Tilbury et al., 1999..
These studies have shown that the OC concentrations in juvenile animals of both sexes increase
until sexual maturity. Males continue to accumulate these lipophilic contaminants throughout
their lives. In contrast, a reproductive female’s
OC levels decrease due to maternal transfer of
lipophilic OCs to her offspring during gestation
and lactation ŽWagemann and Muir, 1984; Aguilar
and Borrell, 1994; Beckmen et al., 1999; Krahn et
al., 1999.. Furthermore, in some odontocetes Že.g.
killer whales, pilot whales, short-finned pilot
whales., after a female reaches senescence, her
OC levels again increase with age ŽTanabe et al.,
1987; Tilbury et al., 1999; Ross et al., 2000..
Recruitment order also appears to affect the
OC levels in killer whales. For example, firstrecruited Žfirst-born. adult male resident whales
contained significantly higher levels of OCs than
were found in non-first-recruited males in the
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same age range. Lee et al. Ž1996. estimated that a
female Steller sea lion transfers approximately
80% of her OC burden to her first-recruited
offspring during lactation. In another study, it was
calculated that a first-recruited offspring of a
female fin whale received approximately 1 g ÝCBs
and 1.5 g ÝDDTs, but that the levels of these
lipophilic contaminants transferred to subsequent
offspring gradually decreased to a minimum of
0.2 g ÝCBs and 0.3 g ÝDDTs in old females
ŽAguilar and Borrell, 1994.. It appears that the
OC burden transferred from mother to offspring
decreases as reproductive females mature, because older females that have gone through several lactation cycles have lower OC burdens
ŽRidgway and Reddy, 1995.. These data suggest
that first-recruited marine mammals are likely to
be exposed to higher OC burdens than subsequent offspring and, because of these higher OC
burdens, may be at higher risk of toxicological
effects of these contaminants than later offspring.
We compared OC levels in killer whales to
contaminant levels associated with biological and
physiological effects in various mammalian
species. Concentrations of ÝCBs Žbased on lipid
weight. above 77 000 ngrg, lipid are linked to
reproductive dysfunction in ringed seals, harbor
seals and otters and immune suppression in Rhesus monkeys ŽAMAP, 1998.. More than 90% of
the Alaskan transient killer whales contained
ÝCBs above this benchmark concentration
whereas, none of the resident animals contained
ÝCBs greater than 77 000 ngrg lipid. Using experimental literature data on mink, a critical body
residue Ž E C 50 . of 160 pgr g Ž TC D D
equivalencerwet weight. is proposed for mink
litter size ŽLeonards et al., 1995.. Although none
of the resident whales in this study contained
ÝCB TEQs above this threshold level, more than
half the transients had ÝCB TEQs at or above
160 pgrg, wet weight. These preliminary data
suggest that the levels of OCs measured in the
Alaskan killer whales could potentially cause various deleterious biological and physiological effects, such as reproductive impairment ŽSubramanian et al., 1987; Addison, 1989. and immune suppression ŽRoss et al., 1995, 1996.. How-
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ever, caution should be used in evaluation of the
level of risk posed by toxic anthropogenic chemicals from this limited data set. These analyses
focused only on OCs and exposure to toxic substances or other human factors, such as
petroleum-related hydrocarbons, biotoxins and
fishing interactions, may be affecting the health
of these killer whales.

5. Conclusion

This study provides baseline chemical contaminant data for free-ranging killer whales in Alaskan
waters for which there is little previous information. These Alaskan killer whales contain some of
the highest levels of OCs reported in tissues of
marine mammals from the eastern North Pacific
and are comparable to killer whales from coastal
waters of British Columbia. In particular, transient whales had much higher contaminant concentrations than did resident whales because they
feed at a higher trophic level than do residents.
In addition to diet, biological factors such as age,
sex, reproductive status and birth order also affected the concentrations of OCs determined in
these animals, with elevated OC concentrations
determined in sexually mature male killer whales.
Furthermore, presumably first-recruited resident
males had significantly higher OC levels than did
those in non-first-recruited animals from the same
age range. The causal factors for low reproduction and population decline of certain pods ŽAB
pod. and groups ŽAT1 group. of killer whales
from Prince William is not known. The low reproduction and population decline may be a natural
cycle, related to human factors Že.g. fishing interactions. or to exposure to natural toxins Že.g.
biotoxins. or a combination of environmental and
anthropogenic factors. Exposure to toxic OCs may
also be the factor or a contributing factor. The
highly elevated levels warrant further examination of the relationship of OC exposure to fitness
of individual killer whales and possible relationship to population declines.
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