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INTRODUCTION

Persistent organic pollutants (POPs) are lipophilic
contaminants that can accumulate up food webs
(Jones & de Voogt 1999). There are several classes of
POPs including the polybrominated diphenyl ethers

(PBDEs), polychlorinated biphenyls (PCBs), and
other compounds (e.g. DDTs, chlordanes, hexa-
chlorocyclohexanes [HCHs], and hexachlorobenzene
[HCB]). High levels of POPs, notably PCBs, have
been implicated in impaired immune systems,
endocrine disruption, and increased prevalence of

© Inter-Research 2012 · www.int-res.com*Email: teresa.mongillo@noaa.gov

Predicted polybrominated diphenyl ether (PBDE)
and polychlorinated biphenyl (PCB) accumulation

in southern resident killer whales

Teresa M. Mongillo1,3,5,*, Elizabeth E. Holmes2, Dawn P. Noren2, 
Glenn R. VanBlaricom1,3, André E. Punt1, Sandra M. O’Neill2, Gina M. Ylitalo2, 

M. Bradley Hanson2, Peter S. Ross4

1University of Washington, Seattle, Washington 98195-5020, USA
2Northwest Fisheries Science Center, NOAA Fisheries, Seattle, Washington 98112, USA

3Washington Cooperative Fish and Wildlife Research Unit, US Geological Survey, Seattle, Washington 98195, USA
4Institute of Ocean Sciences, Fisheries and Oceans Canada, Sidney, British Columbia V8L 4B2, Canada

5Present address: Northwest Regional Office, NOAA Fisheries, Seattle, Washington 98115, USA

ABSTRACT: Persistent organic pollutants (POPs) are anthropogenic contaminants that bioaccu-
mulate in upper trophic level species. Polybrominated diphenyl ethers (PBDEs) and polychlori-
nated biphenyls (PCBs) are POPs of particular concern because they can induce immunotoxicity,
neurotoxicity, and reproductive impairment. Killer whales Orcinus orca can accumulate high con-
centrations of POPs because they are long-lived apex predators. Southern resident killer whales
(SRKWs) are an endangered fish-eating population that consists of 3 pods (J, K, and L) with a geo-
graphic range from central California, USA, to the Queen Charlotte Islands, Canada. An individ-
ual-based modeling approach was used to predict the accumulation of sum PBDEs (ΣPBDEs) and
sum PCBs (ΣPCBs) in specific individuals in the SRKW population. Model predictions for the cur-
rent concentrations corresponded closely to the concentrations measured in biopsies collected
from known individuals. The predicted ΣPBDE concentrations over the life-span of individual
killer whales were consistent with a doubling time of ~3 to 4 yr, highlighting the rapid emergence
of PBDEs as a priority concern in these animals. J pod individuals had the highest predicted
ΣPBDE and ΣPCB concentrations, likely due to their increased residence time near industrial cen-
ters. Modeled historical ΣPCB concentrations did not increase substantially over time or with age
in males born after 1970, whereas the ΣPBDE concentrations increased over time and with age. In
general, modeled future projections indicated that the average male and female had similar
ΣPBDE trends with age, time, and diet scenario. Future ΣPCBs are predicted to slowly decline;
however, SRKWs will continue to be exposed for several generations.
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cancer, reproductive dysfunction and premature
births in marine mammals (Gilmartin et al. 1976, Rei-
jnders 1986, Aguilar & Borrell 1994, de Swart et al.
1994, Ross et al. 1995, Schwacke et al. 2002, Fossi &
Marsili 2003, Ylitalo et al. 2005). Although the effects
of PBDEs in marine mammals are unclear, PBDEs
may elicit similar effects to those caused by PCBs
because of their similar molecular structure and
mode of action (Kodavanti 2005). Relatively high lev-
els of PBDEs cause endocrine disruption, particularly
to thyroid hormone systems, as well as adverse
effects on reproductive organs in laboratory species
(Hallgren et al. 2001, Legler & Brouwer 2003, Cecca-
telli et al. 2006). Exposure to lipophilic contaminants
is viewed as a fundamental risk factor to the conser-
vation of marine mammals, and may be among the
factors that predispose ma rine mammal populations
to risks of anthropogenic extinction (VanBlaricom et
al. in press).

POPs enter the environment from a multitude of
sources through direct release, atmospheric and
ocean transport, and runoff (Iwata et al. 1993, Grant
& Ross 2002). PBDEs first appeared in the marine
environment in the 1970s and continue to be used in
the USA as additives in flame-retardants (Yogui &
Sericano 2009). PBDEs have a ubiquitous distribution
and many marine species have shown an exponential
increase in PBDE body burdens (Ikonomou et al.
2002, 2006, Rayne et al. 2003). However, increasing
regulatory scrutiny and voluntary withdrawal from
the marketplace indicate that PBDE releases may
soon peak. In contrast, PCBs were produced and dis-
charged in the USA beginning in the early 1920s and
reached a peak in production by the 1960s and 1970s
(Lefkovitz et al. 1997, Breivik et al. 2002). They had
been primarily used as industrial lubricants and
coolants for transformers and capacitors prior to
being banned in the USA in the late 1970s after
 discoveries of adverse health effects in laboratory
animals and suspected adverse health effects in
humans.

Killer whales Orcinus orca can accumulate rela-
tively high concentrations of PBDEs and PCBs be -
cause they are long-lived apex predators (Ross et al.
2000, Rayne et al. 2004). For example, blubber biopsy
samples from known individuals indicate that the
southern resident killer whale (SRKW) population is
one of the most PCB-contaminated cetacean popula-
tions in the world (Ross et al. 2000, Krahn et al. 2007,
2009). SRKWs are a fish-eating population that con-
sists of 3 matrilineally-related pods (J, K, and L). Chi-
nook salmon Oncorhynchus tshawytscha are the pri-
mary prey of SRKWs (Ford et al. 1998, Ford & Ellis

2006, Hanson et al. 2010), although other fish species
are also consumed (Ford et al. 1998, Hanson et al.
2010). Individual pods are likely to consume different
proportions of the different salmon stocks (Krahn et
al. 2007). The summer geographic range of SRKWs is
comprised primarily of the semi-enclosed (‘inland’)
marine waters of Washington, USA, and British Co -
lumbia, Canada (Bigg 1982, Osborne 1999, Hauser et
al. 2007). Although there are pod-specific variations
in distribution in the summer months, all 3 pods
spend a large proportion of time in the Haro Strait,
west of San Juan Island, Washington (Hauser et al.
2007). The winter ranges are less clear but appear to
differ among pods and extend along the outer coast
of British Columbia, as far north as the Queen Char-
lotte Islands and as far south as Monterey Bay, Cali-
fornia (Osborne 1999, Krahn et al. 2004, 2007).

Annual surveys conducted on the SRKWs since the
early 1970s (Bigg 1982) indicated a 20% population
decline from 1996 to 2001 (Krahn et al. 2004). The
population was listed as ‘endangered’ pursuant to
both the Canadian Species at Risk Act (SARA) in
2003 and the US Endangered Species Act of 1973
(ESA), as amended in 2005, in response to this
decline and their low numbers (less than 100 individ-
uals). Threats to the population include motorized
vessel noise (Holt et al. 2009) and disturbance
(Lusseau et al. 2009, Noren et al. 2009, Williams et al.
2009), reduced prey availability (Ford et al. 2005,
2010, Ward et al. 2009), and high POP concentrations
(Ross et al. 2000, Krahn et al. 2007, 2009). PBDEs and
PCBs are stored in the blubber of killer whales but
can become mobilized during times of nutritional
stress (O’Shea 1999). Thus, the effects of contami-
nants may interact with and be compounded by addi-
tional stresses associated with nutritional limitation.

To date, there are data in the literature for PCB
concentrations in about one third of the individuals of
the SRKW population (Ross et al. 2000, Krahn et al.
2007, 2009). Even fewer data are available for
PBDEs; approximately one quarter of the current
population has been sampled (Krahn et al. 2007,
2009). The objectives of this study were to use a
quantitative modeling approach to estimate current
and historical sum PBDE (ΣPBDE) and sum PCB
(ΣPCB) concentrations in individual SRKWs and to
predict ΣPBDE and ΣPCB concentrations into the
future. A similar quantitative modeling approach has
been used successfully to estimate PCB accumulation
for beluga whales Delphinapterus leucas in the St.
Lawrence Estuary (Hickie et al. 2000), Arctic ringed
seals Phoca hispida (Hickie et al. 2005), bottlenose
dolphins Tursiops truncatus (Hall et al. 2006), North

264



Mongillo et al.: Contaminant accumulation in killer whales

Atlantic right whales Eubalaena glacialis (Klanjscek
et al. 2007), resident killer whales (Hickie et al. 2007),
and harbor porpoises Phocoena phocoena (Weijs et
al. 2010).

This study provides predicted historical, current,
and future ΣPBDE and ΣPCB concentrations in spe-
cific individuals in the SRKW population (including
living and now deceased individuals) using an indi-
vidual-based modeling approach based on known
individual histories (e.g. birth order, reproductive
history, pod membership, birth year, and sex), and
contaminant concentrations in their prey. While
Hickie et al. (2007) also employed an individual-
based model to describe PCBs over the lifetime of
generic individual killer whales, we build on this
approach by providing predicted historical, current,
and future ΣPCB concentrations in known specific
individuals in the SRKW population. In addition, our
work provides a first attempt to model PBDEs in the
SRKW population.

METHODS

Individual-based model description

The individual-based model was constructed in the
R language (R Development Core Team 2006) and
simulates the total accumulation and transfer of ΣPB-
DEs and ΣPCBs for each SRKW individual that has
been identified in the annual SRKW surveys (n = 182;
survey started in the early 1970s; data courtesy of the
Center for Whale Research, Friday Harbor, WA,
USA). We define ΣPCB to include the sum of con-
geners 17, 18, 28, 31, 33, 44, 49, 52, 66, 70, 74, 82, 87,
95, 99, 101/90, 105, 110, 118, 128, 138/163/164, 149,
151, 153/132, 156, 158, 170, 171, 177, 180, 183,
187/159/182, 191, 194, 195, 199, 205, 206, 208, and
209. We define ΣPBDE to include the sum of con-
geners 28, 47, 49, 66, 85, 99, 100, 153, 154, and
183. The supplement at www.int-res.com/ articles/
suppl/m453 p263 _ supp.pdf includes a description of
the chemical analyses of killer whale blubber and
their prey previously reported in Krahn et al. (2007,
2009), O’Neill et al. (2006), and in additional unpub-
lished data from the Washington Department of Fish
& Wildlife (WDFW) and the National Marine Fish-
eries Service (NMFS).

The individual-based model was validated by com-
paring the model results to the available biopsy data
(n = 14; Krahn et al. 2007, 2009) consisting of ΣPBDE
and ΣPCB concentrations in male and calf SRKWs.
The model parameters were not estimated by fitting

them to the biopsy data. Rather, the predictions of the
model were validated by comparing them to inde-
pendently measured contaminant concentrations in
biopsy samples of 14 specific individuals in the popu-
lation. Details on the model structure and parameter
values are provided in the supplement. Below we
provide an overview of the model.

Total body growth, energetics, contaminant accu-
mulation and transfer were modeled in individuals
for each year of the individual’s life. The individual
age data from the annual surveys (data courtesy of
the Center for Whale Research) were linked with
mass-at-age estimates from Noren (2011) to estimate
the mass for each individual in the population at each
year during its life. The estimated mass for each indi-
vidual was then used to approximate the energetic
requirements for each individual at age x. The ener-
getic requirement of an individual depends on its
mass as well as its activity or behavior states (Kleiber
1975, Costa 2002). Noren (2011) estimated that daily
energy expenditure in killer whales is between 5 and
6 times Kleiber (1975) predicted basal metabolic rate
(BMR). BMR is the amount of energy required by a
post-absorptive, non-reproductive adult at rest in its
thermal neutral zone. Following Noren (2011), the
estimates of minimum and maximum daily prey
energy expenditure (i.e. 5 to 6 times Kleiber [1975]
predicted BMR) were converted to minimum and
maximum daily prey energetic requirements by
assuming a digestive efficiency of 84.7% for killer
whales (Williams et al. 2004).

Fig. 1 shows the input pathways for ΣPBDEs and
ΣPCBs for an individual female. A male killer whale’s
life-cycle model is similar, but excludes the offload of
contaminants via transplacental transfer and lac -
tation. In the model, a newborn acquires a rela-
tively small percentage (approximately 3 to 5%) of its
mother’s total body burden via transplacental trans-
fer during pregnancy. In the subsequent year, the
calf nurses and accumulates an increased percentage
(approximately 70 to 90%) of the mother’s total body
burden. Although reproductive loss of POPs in fe -
males has been well established in marine mammals
(Duinker & Hillebrand 1979, Ridgway & Reddy 1995,
Wells et al. 2005), offload percentages are currently
unknown for killer whales. However, estimated
offload percentages have been measured in other
delphinids (Fukushima & Kawai 1980, Tanabe et al.
1981, Cockcroft et al. 1989, Salata et al. 1995). The
model used these average ranges of offload percent-
age values derived from the measured offload per-
centages via transplacental transfer and lactation in
bottlenose dolphins (Cockcroft et al. 1989, Salata et
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al. 1995) and striped dolphins Stenella coeru leoalba
(Fukushima & Kawai 1980, Tanabe et al. 1981).
Ranges of offload percentages were used because
transfer rates of POPs to offspring can vary widely
and largely depend on molecular weight and struc-
ture (e.g. Borrell & Aguilar 2005). From the age of 2
yr, individuals accumulate ΣPBDE and ΣPCB loads
from prey consumption. Absorption efficiency was
assumed to be 100% for both ΣPBDEs and ΣPCBs,
similar to organochlorines measured in bottlenose
dolphins (Marsili et al. 1995). The model’s time-step
is 1 yr and the estimated contaminant accumulation
in an individual SRKW occurs by convention at the
end of each year. The predicted annual contaminant
concentrations in an individual were calculated by
averaging 100 stochastic simulations. The predicted
killer whale contaminant concentration values are
reported in ng g−1 lipid blubber weight (lw).

Contaminant elimination rates have not been
quantified in marine mammals. These rates likely
vary from individual to individual and from chemical
to chemical (Marsili et al. 1995). Hickie et al. (2007)
estimated the elimination half life for total PCBs in
resident male killer whales to be in the range of 28.7
to 43.1 yr. However, elimination rates for PBDEs in
marine mammals are more uncertain. In general, the
elimination of PBDEs is thought to be slower for the
more brominated congeners, although data are lim-
ited and somewhat contradictory (Darnerud et al.
2001). In our model, individuals eliminate a small
percentage (1 to 3%; Hickie et al. 2007) of the total
body burden of ΣPBDEs and ΣPCBs via biotransfor-
mation, urine, and feces. Because this is a first
attempt to predict and describe these pollutants in
specific individuals, we used the same elimination
rate for both ΣPBDEs and ΣPCBs. We acknowledge
potential limitations of accuracy in assuming similar

elimination rates for different congeners. Future
work could include a congener-specific approach.
However, such specificity is beyond the scope of this
project.

A missed calf (MC) factor was added to the model
to compensate for any calves that were missed dur-
ing the annual surveys (surveys performed by the
Center for Whale Research). Calves can be missed if
they are born during the winter and die prior to the
annual summer surveys. The MC factor is important
not only for missed calves that may have been born
and died before the annual summer surveys, but also
for calves missed prior to the initial surveys in the
early 1970s. It is probable that a current adult female
that was sexually mature prior to the initial surveys
and has not been observed with offspring, gave birth
several times and lost the calves prior to the initial
surveys. In general, female killer whales mature sex-
ually and give birth to their first calf between the
ages of 12 and 17 yr, and reproductive senescence
usually occurs by age 40 (Olesiuk et al. 2005). The
majority of females with known histories have calv-
ing intervals of 3 to 7 yr (Olesiuk et al. 2005). If a
reproductive female was not observed with a calf
within the average interval of 5 yr since her previous
calf, it was assumed that a calf was missed and a
‘missed calf’ is generated. Four percent of the
mother’s total body burden is subsequently offloaded
via ‘transplacental transfer’ and 80% of the mother’s
total body burden is offloaded via ‘lactation’ to the
‘missed calf’.

Parameter values were selected at random from
specified plausible ranges to capture inherent uncer-
tainty. The parameters that were varied in different
simulations included the percentage offloaded via
gestation and lactation and the ΣPBDE and ΣPCB
elimination rates. Within a simulation, some para -
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meters varied yearly and other parameters varied
among individuals. The parameters that varied
yearly included the prey’s caloric content and conta-
minant concentration. Parameters that varied among
individuals included the total body mass, blubber
mass, lipid blubber weight, energetic requirements,
annual biomass of fish consumed, and contaminant
concentration acquired from prey consumption. The
supplement at www.int-res.com/ articles/ suppl/m453
p263 _ supp.pdf includes a description of the manage-
ment of each of our model parameters in detail.

Historical contaminant profile model

We assume for our simulations that all 3 pods in the
SRKW population consumed solely Chinook salmon.
Although this is a simplified diet, research on SRKWs
indicates that Chinook salmon are the predominant
prey species (Ford et al. 1998, Ford & Ellis 2006, Han-
son et al. 2010).

A recent study examining POP patterns in Chinook
salmon from the inland waters (e.g. Puget Sound, the
Strait of Juan de Fuca, and the waters adjacent to the
San Juan archipelago), and the continental shelf
(outer coast) waters from Washington to California,
indicate that contaminant concentrations vary by
geographic location (O’Neill et al. 2006, WDFW &
NMFS unpubl. data). Adult salmon that feed in the
Puget Sound are at a greater risk of exposure to con-
taminants than those that feed in the Strait of Geor-
gia or the outer coast because of proximity to urban
areas, the increased residence time of water that can
prolong exposure to POPs, and the highly contami-
nated pelagic food web (O’Neill & West 2009).

Resident Chinook salmon spend more time within
the Puget Sound waters than conspecifics, which
migrate out of the Puget Sound and spend more time
feeding off the outer coast. Thus, resident Chinook
salmon likely experience increased exposure to con-
taminants as compared to outer coast conspecifics.
For example, O’Neill et al. (2006) measured higher
PBDEs in resident Chinook salmon (approximately
40 µg kg−1 wet weight [ww]) than in Chinook salmon
that migrate out of the Puget Sound (approximately
20 µg kg−1 ww). Historical time series are not avail-
able for PBDE concentrations in Chinook salmon,
however, trends in PBDE levels were tracked in
mountain whitefish Prosopium williamsoni and
large scale sucker Catostomus macrocheilus from the
Columbia River system from 1992 to 2000 (Rayne et
al. 2003) and in Dungeness crab Cancer magister in
British Columbian waters from 1994 to 2000 (Ikono -

mou et al. 2006). Results from these studies indicate
that PBDE concentration levels have increased expo-
nentially. These local increases in PBDE concentra-
tions match general trends in levels of PBDEs on a
global scale. PBDE doubling times reported in other
marine mammal studies range from 3 to 8.6 yr
(Ikonomou et al. 2002, Hites 2004, Lebeuf et al. 2004).

In the model, the PBDE accumulation from the prey
was zero in 1970 and increased exponentially with a
doubling time ranging from 3.2 to 4.0 yr (with varia-
tions among the pods and from year to year). These
doubling times were chosen because they are consis-
tent with what is seen in other local marine species
(Ikonomou et al. 2002, 2006, Rayne et al. 2003) and
were also found to be a reasonable assumption dur-
ing model validation. In more recent years, there is
some indication that PBDE concentrations may be
leveling off. For example, PBDE levels from 1994 to
present have not shown any substantial increase in
Puget Sound herring, a key prey for Chinook salmon
(West & O’Neill 2007). However, since this evidence
is limited, we did not include a leveling off of PBDE
prey concentrations in the model.

The average PCB concentration measured in the
early 2000s was 35 µg kg−1 ww in inland Chinook
salmon, and 17 µg kg−1 ww in outer coast Chinook
salmon (WDFW & NMFS unpubl. data). Similar cont-
aminant concentrations were documented in Chi-
nook salmon sampled during the mid-1990s and
early 2000s (O’Neill & West 2009).

In our model, ΣPCB concentrations in inland Chi-
nook salmon were estimated as the combined aver-
age values (WDFW & NMFS unpubl. data) of Chi-
nook salmon from the Fraser (n = 13), Duwamish (n =
25), Nooksack (n = 14), Nisqually (n = 30), and
Deschutes River (n = 14) watersheds. ΣPCB concen-
trations in outer coast Chinook salmon were esti-
mated as the average values (WDFW & NMFS un -
publ. data) of Chinook salmon from the Sacramento
(n = 29), Columbia (fall n = 20, and spring n = 20
runs), and Skeena River (n = 30) watersheds. Al -
though there are differences in size, caloric content,
and POP levels in Chinook salmon between the
Fraser River and Puget Sound population complexes,
there is insufficient data to accurately represent the
contaminant levels in specific Chinook salmon
stocks. Therefore, a simpler approach that assumes a
wide range of contaminant levels in SRKW diet was
used.

Two dietary scenarios were run to simulate current
ΣPCB accumulation in SRKWs. In the ‘uniform’ sce-
nario, J pod exclusively consumed the more contam-
inated Chinook salmon from the inland marine
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waters of British Columbia and Washington State,
whereas K and L pods exclusively consumed the less
contaminated Chinook salmon from along the outer
coast from Vancouver Island to California. The
‘mixed’ scenario assumed J pod consumed Chinook
salmon from the inland waters two thirds of the time
and consumed outer coast Chinook salmon one third
of the time to correspond with their seasonal distri -
bution (Bigg 1982, Osborne 1999, Krahn et al. 2004,
Hauser et al. 2007). Conversely, K and L pods con-
sumed Chinook salmon from the inland waters one
third of the time and consumed Chinook salmon from
the outer coast two thirds of the time, also reflecting
their seasonal distribution (Bigg 1982, Osborne 1999,
Krahn et al. 2004, Hauser et al. 2007).

Although there is no historical time series of data
for PCB concentrations in Chinook salmon, PCB
 levels in sediments in the inland marine waters
included in our study have been estimated since the
early 1900s (Lefkovitz et al. 1997), in harbor seals
Phoca vitulina since the mid-1980s (Calambokidis et
al. 1999), and in coho salmon Oncorhynchus kisutch
since the mid-1970s (West & O’Neill 2007). Lefkovitz
et al. (1997) reported a steady increase in PCB con-
centration in sediments of inland waters beginning in
1930 with levels peaking in the early 1960s. Levels in
the 1960s were approximately 4 times higher than
the current PCB sediment concentrations. Inland har-
bor seal PCB concentrations decreased dramatically
from 1970 to the mid-1980s, and were relatively con-
stant from the mid-1980s to the late 1990s (Calam-
bokidis et al. 1999). Similarly, PCB concentrations in
coho salmon from Puget Sound declined dramatically
from the mid-1970s to the mid-1980s but have not
declined substantially since the early 1990s.

The sediment and harbor seal PCB historical time
series were used as proxies for the historical PCB
contaminant loads in inland Chinook salmon. Cur-
rent proxy levels were set to the lower and upper
95% confidence intervals for current average Chi-
nook salmon PCB concentration levels (29 and 41 µg
kg−1 ww lower and upper CI, respectively, for inland
Chinook salmon; and 14 and 19 µg kg−1 ww lower
and upper CI, respectively, for outer coast Chinook
salmon) by multiplying the proxy levels by scaling
factors. To estimate the PCB trend in inland Chinook
salmon, a time series for the proxies for the period
1931 to 2007 was developed, using a piecewise linear
function divided into 3 time periods. In the USA and
globally, numerous studies have shown that PCB
concentrations in fish declined rapidly in the 1970s,
but the rate of decline has slowed or leveled off since
the mid-1980s (Matta et al. 1986, Stow et al. 1994,

Bignert et al.1998, Lamon et al. 1999, Hickey et al.
2006). For simplicity, outer coast Chinook salmon
were assumed to have PCB levels that increased lin-
early from 1930 (no PCBs) to current levels. Although
this is a simplified general linear trend in outer coast
contamination, sensitivity analyses indicated that
this trend did not significantly affect the model
results, and was found to be a reasonable assumption
during model validation.

Sensitivity analyses were conducted to determine
how the results of the models were influenced by
uncertainty in the values for the parameters. The
parameter values were sequentially extended by
±10%. In addition, the initial year of ΣPBDE accumu-
lation was altered by ±10 yr. The output of each sen-
sitivity test was compared to the output values for the
original parameter values and the percent change
was calculated for each original output value.

Projection model description for future 
contaminant levels

The second objective of this study was to use
the individual-based accumulation model to project
future contaminant levels (post 2007) in the SRKWs.
The projection model for future contaminant levels
used a similar conceptual framework as the indivi -
dual-based model. It was ‘started’ in 2008 with the
estimated individual ΣPBDE and ΣPCB contaminant
loads for killer whales with known mothers. For each
individual in the population for each year they were
projected to be alive, the model generated the devel-
opmental growth and energetic requirements for the
specific age and sex classes using the average para-
meter values. Survival was set to equal 1.0 for all age
and sex classes in order to track an individual’s
potential accumulation and compare contaminant
levels among individuals in the same life history
stage. Results include ΣPBDE and ΣPCB concentra-
tions in the average simulated individual (i.e. the
new calves produced by the projection model) for
each projected year through 2050.

Several factors can influence the degradation rates
of PBDEs and PCBs, ranging from microbial commu-
nities in the sediments to environmental temperature
patterns (Sinkkonen & Paasivirta 2000, Gouin & Har -
ner 2003). PCB congeners have a range of estimated
environmental half-lives from a few years to over
100 yr (Sinkkonen & Paasivirta 2000, Jönsson et al.
2003). Given the multifactorial influences on degra-
dation rates (Sinkkonen & Paasivirta 2000), and
based on model validation and sensitivity analyses
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results, 3 scenarios were run for future ΣPBDE and
ΣPCB accumulation. The 3 scenarios simulated for
ΣPBDE accumulation assumed that concentration
levels in the prey will increase at an exponential rate.
The first scenario (‘3.2’) assumed a doubling time of
3.2 yr, the second scenario (‘3.6’) assumed a doubling
time of 3.6 yr, and the third scenario (‘4.0’) set the
doubling time at 4.0 yr. The first scenario (‘C’) for
ΣPCB accumulation assumed that ΣPCB concentra-
tion in the prey will remain constant at current levels.
The second scenario (‘H’) assumed ΣPCB levels in
the prey will be reduced in half by 2050. The third
scenario (‘Z’) assumed that prey ΣPCB concentrations
will be undetectable by 2050.

RESULTS

Individual-based model validation

Modeled predictions for current concentrations of
ΣPBDE and ΣPCB in SRKW corresponded to concen-
trations measured in biopsies of known individuals.
The predicted ΣPBDE concentrations for J, K, and L
pod individuals were consistent with an exponential
increase in ΣPBDE concentration over the lifetime of
these individuals. Doubling times were between 3.2
and 4.0 yr and produced results closest to the data
(R2 = 0.86; Fig. 2). Overall, ΣPBDE concentrations in J
and K pods were best predicted using a shorter con-

centration doubling time range of 3.2 to 3.5 yr,
whereas the ΣPBDE concentrations for L pod were
best predicted when the doubling time was between
3.7 to 4.0 yr. However, the predicted ΣPBDE value in
one of the 3 K pod individuals (K21, an adult male),
was overestimated when the concentration doubling
times were between 3.2 and 3.5 yr. K21 was subse-
quently better predicted with the slower predicted
doubling time (3.7 to 4.0 yr) of L pod individuals.
Thus, it may be that K pod individuals have slower
ΣPBDE accumulation rates, similar to L pod individu-
als, because of their similar geospatial distribution
(Osborne 1999, Krahn et al. 2004, 2007). In contrast,
the remaining 2 K pod juveniles, K34 and K36, are
under-predicted when the slower doubling time (3.7
to 4.0 yr) is used, possibly indicating a discrepancy in
the maternal offload they received. Unfortunately,
the small sample size of K pod individuals precludes
a more accurate validation of ΣPBDE prey-concentra-
tion doubling times.

In general, the ‘mixed’ diet scenario, in which
SRKWs eat Chinook salmon from both inland and
outer coast waters, best predicted ∑PCB concentra-
tion levels in the majority of individuals (R2 = 0.5;
Fig. 3). However, ΣPCBs were not as accurately
 predicted as ΣPBDEs. The ‘uniform’ diet scenario, in
which J pod exclusively eats Chinook salmon from
inland waters and K and L pods exclusively eat Chi-
nook salmon from the outer coast, under-estimated
∑PCB levels in individuals from J, K, and L pods, with

the exception of 2 young juveniles
from J pod. J39, a young male calf,
had ∑PCB levels that were over-pre-
dicted in both diet  scenarios (Fig. 3).
Relatively small changes (<5000 ng
g−1 lw) in the mother’s total body bur-
den could re sult in the discrepancy
seen between the predicted and mea-
sured ∑PCB levels in this calf.

Effects of age, accumulation year,
and birth order

The effects of age and year on
 con taminant levels in male killer
whales are demonstrated by the simu-
lated historical contaminant profiles of
5 males with different birth years
(Fig. 4). In the simulated profiles,
ΣPBDE concentrations among male
killer whale calves increased substan-
tially over time, from the 1970s to
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2007, and continued to increase with
age within males after the period of
growth dilution (Fig. 4A). ΣPBDE lev-
els in the 12 and 18 yr olds were
approximately double that predicted
in the 23 and 38 yr olds from the previ-
ous decade (Fig. 4A). In the simulated
profiles, ΣPCB concentrations de -
clined through time from the 1950s to
the 1990s. However, there was no evi-
dence of a decline from the 1990s to
the present (Fig. 4B). The male pro-
files indicated that individuals born
after the 1970s did not have ΣPCB con-
centrations that increased with age
following the period of growth dilution
and prior to physical maturation (i.e.
approximately between the ages of 5
and 20 yr; Fig. 4B). In contrast, the
male killer whale born in the 1950s
had a positive relationship between
age and ΣPCB concentration (Fig. 4B).

The effects of birth order are appar-
ent as demonstrated by the average
simulated contaminant profiles of a
mother and her offspring from J pod
(Fig. 5). In the simulations, individuals
had increasing ΣPBDE concentrations
with increasing birth order, or more
specifically, had increasing ΣPBDE
concentrations through time, although
there was no difference in current
ΣPBDE concentrations between the
2nd and 3rd born individuals (Fig. 5A).
In contrast, these same individuals had
decreasing ΣPCB concentrations with
increasing birth orders prior to the 3rd
offspring while subsequent calves had
relatively similar ΣPCB levels (Fig. 5B).

Sensitivity analyses of results 
from the individual-based model

validation

The predicted ΣPBDE and ΣPCB
concentrations changed by less than
10% when most of the parameter val-
ues were changed by ±10%. ΣPBDE
predictions were sensitive to the start
year (causing the ΣPBDE concentra-
tions to change by more than 100% in
all individuals across models with dif-
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ferent start years) and the doubling time (causing the
ΣPBDE concentrations to differ between 38% and
71% across different models). ΣPCB concentrations
were changed by a maximum difference of 31%
when the MC factor was removed. In general, the
sensitivity analyses indicate that the predicted
ΣPBDE accumulation is most sensitive to the rate of
accumulation (i.e. the start year and the doubling
time), and the predicted ΣPCB accumulation is most
sensitive to the mother’s total burden prior to offload-
ing as reflected by the removal of the MC factor. In
the future contaminant projection model, individuals
with unknown mothers or unknown birth order were
therefore excluded and a range of plausible ΣPBDE
accumulation rates was simulated.

Future contaminant projection model

The projection model results include predicted
contaminant concentrations for the average individu-
als (i.e. simulated new individuals) for the 3 ΣPBDE

diet scenarios (‘3.2’, ‘3.4’, ‘4.0’) and the 3
ΣPCB diet scenarios (‘C’, ‘H’, ‘Z’). Conta-
minant concentrations in these average
individuals were calculated from the
average ΣPBDE and ΣPCB concentra-
tions for each age and sex class in each
year in the simulated individuals from
2008 to 2050.

In general, the average male and
female had  similar ΣPBDE trends with
age, time, and diet scenario (Fig. 6).
∑PBDE concentration levels increased
through time and with decreasing dou-
bling times (Fig. 6). Adult and sub-adult
males appeared to have similar ΣPBDE
concentrations in similar scenarios
(Fig. 6A). In contrast, the average repro-
ductive female had distinctively lower
ΣPBDE concentration levels than the
average post-reproductive female by
2015 (Fig. 6B).

In general, projected ΣPCB concentra-
tions were highest in calves, followed by
adult males, post-reproductive females,
sub-adult males, and lastly reproductive
females (Fig. 7). When the ΣPCB concen-
tration in the prey was reduced, the aver-
age male experienced an increase in
ΣPCB  concentration with age following
the growth dilution, but a decrease in
ΣPCB concentration through time among

similar age-classes (Fig. 7A). The average female
experienced a reduction in ΣPCB concentration due
to a growth dilution and the ability to offload during
reproductive years, followed by an increase in ΣPCB
concentration post-reproduction (Fig. 7B). Within
similar adult age-classes, there appeared to be less
distinction in ΣPCB concentrations in 2020 among
scenarios (Fig. 7). Differences in ΣPCB concentra-
tions only began to appear substantial among scenar-
ios after 2020, revealing a lag time of change of at
least 12 yr (from 2008 to 2020).

DISCUSSION

Several challenges prevent an accurate assessment
of the total annual ΣPBDE and ΣPCB exposure to the
SRKWs. Following Hickie et al. (2007) and Cullon et
al. (2009), POP levels in Chinook salmon were used
as a proxy for POP exposure. We used an individual-
based modeling approach to accurately predict the
current accumulation of ΣPBDEs and ΣPCBs in spe-
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cific individuals in the SRKW population from a sim-
plified diet of 100% Chinook salmon. Based on the
model results, SRKWs appear to be accumulating
ΣPBDEs at an exponential rate. While data for moun-
tain whitefish from the Columbia River indicated
PBDE doubling times of under 2 yr (Rayne et al.
2003), the results of this study suggest that the
observed data are most consistent with doubling
times for killer whales between 3.2 and 4.0 yr, assum-
ing individuals started accumulating ΣPBDEs in the
1970s. Individuals in J pod appear to be accumulat-
ing ΣPBDEs slightly faster than individuals in L pod
(i.e. a doubling time range of 3.2 to 3.5 yr for J pod
versus 3.7 to 4.0 yr for K and L pods). In most cases, J
pod individuals also had higher predicted ΣPBDE
and ΣPCB concentrations than K or L pod individuals
because they were represented as consuming rela-
tively higher proportions of the inland Chinook
salmon that have relatively higher levels of these
compounds than the outer coast Chinook sal mon
(O’Neill et al. 2006, O’Neill & West 2009).

Our results indicate that ΣPCBs were more difficult
to predict than ΣPBDEs, possibly due to the long his-

tory of exposure to PCBs in the aquatic environment
compared to PBDEs. However, the discrepancies
between the current predicted and measured con-
centrations could also be due to a dietary shift from
predominantly Chinook salmon to a more diverse
diet in recent years. Recent results of stable isotope
values of nitrogen indicate a possible shift in the diet
of L pod individuals over the last decade (Krahn et al.
2009). Increasing the sample size so that all life his-
tory stages are represented for each pod would pro-
vide for a more thorough examination of the distinc-
tion in diet among the pods, and the consequences
thereof for patterns of accumulation and loss of
 ΣPBDEs and ΣPCBs.

Some of the observed discrepancy between the
current predicted and measured contaminant con-
centrations in the SRKW calves may be due to differ-
ences in transfer rates of the different PCB and PBDE
congeners. Currently, there is limited information on

272

B 

A 

20
10 20

15 20
200

100000

200000

300000

400000

3.2 3.6 4.0 3.2 3.6 4.0 3.2 3.6 4.0

Calf Reproductive Post-
Reproductive

20
10 20

15 20
200

100000

200000

300000

400000

3.2 3.6 4.0 3.2 3.6 4.0 3.2 3.6 4.0

Calf Sub-Adult Adult

P
B

D
E

s 
(n

g 
g–1

 lw
)

Fig. 6. Orcinus orca. Predicted 2010, 2015, and 2020 ΣPBDE
concentrations for average simulated (A) male and (B) fe-
male SRKWs using 3 diet scenarios, assuming an exponen-
tial increase with doubling times 3.2, 3.6, and 4.0 yr. Age
classes indicated on the x-axis are 2−4, 17, and 33−38 yr for
calf, sub-adult and adult males, respectively; and 3−5, 17,
and 49−51 yr for calf, reproductive and post-reproductive
 females, respectively. Age classes differ between sexes
 because they were chosen to include at least one individual 

in each class in all 3 scenarios

2020

2020

2040

2040

0

20000

40000

60000

80000

0

20000

40000

60000

80000

C H Z C

2060

2060

H Z C H Z

Calf Reproductive Post-
Reproductive

A 

P
C

B
s 

(n
g 

g–1
 lw

)

B 

C H Z C H Z C H Z

Calf Sub-Adult Adult

Fig. 7. Orcinus orca. Predicted 2010, 2015, and 2020 ΣPCB
concentrations for average simulated (A) male and (B) fe-
male SRKWs using 3 diet scenarios: a constant diet (C), a
diet where the PCB concentration in the prey is reduced by
50% by 2050 (H), and a diet where the PCB concentration in
the prey is zero by 2050 (Z). Age classes indicated on the x-
axis are 2−4, 17, and 33−38 yr for calf, sub-adult and adult
males, respectively; and 1, 29, and 49 yr for calf, reproduc-
tive and post-reproductive females, respectively. Age
classes differ between sexes because they were chosen to
include at least one individual in each class in all 3 scenar-
ios. Standard error bars are shown where SE > 5000 ng g−1 

lw in the blubber



Mongillo et al.: Contaminant accumulation in killer whales

the transfer of PBDEs and PCBs from cetacean
females to their offspring during gestation and lacta-
tion. Transfer rates of POPs to offspring can vary
widely, and can depend on molecular weight and
structure. Borrell & Aguilar (2005) demonstrated
that, in the common dolphin Delphinus delphis, the
transfer efficiency of PCBs and DDTs from mother to
calf declined proportionately with the number of
chlorine congeners. Similarly, in some cetaceans the
larger and more brominated PBDE congeners are
less transferable from females to their offspring dur-
ing gestation and lactation (Kajiwara et al. 2008).
Therefore, it is likely that the congener composition
in the calves consists largely of the lower bromina ted/
chlorinated congeners. Our model was a first attempt
at predicting transfer in specific individuals and for
simplicity used a generic transfer rate of 3 to 5% for
gestation and 70 to 90% for lactation. Future work
should include a refinement of congener-specific
transfer rates.

Excluding the rate and initial year of accumulation
of ΣPBDEs, and the MC factor, uncertainty in the
model parameters appeared to have little effect on
model results. Removing the MC factor from the
model causes the predicted ΣPBDE and ΣPCB levels
in some individuals to be higher than the measured
levels. One suggested explanation for the overesti-
mation is that a reproductive female that has not
been observed with a calf within the predicted 5 yr
calving interval (Olesiuk et al. 2005) has probably
given birth, but the calf subsequently died before
being observed in the summer annual surveys. Accu-
rate data for calf mortalities and calving intervals are
important because it has been suggested in bottle -
nose dolphins that high levels of PCBs from the
mother can affect calf mortality (Schwacke et al.
2002, Hall et al. 2006).

The projection results suggest that future ΣPBDE
levels will surpass current ΣPCB levels in the near
future (approximately 5 to 20 yr), emphasizing the
need for an accurate estimate of current and future
PBDE doubling times in the killer whales. It should
be noted that the production of certain PBDE techni-
cal mixtures (e.g. penta-BDE and octa-BDE) is being
discontinued by the sole manufacturer and that dou-
bling times may change as a result of the phase-out
of these compounds as new products will be used in
their place. In addition, the chemistry of PBDEs and
PCBs differs as carbon-bromine bonds are more
readily broken than carbon-chlorine bonds. Based on
this difference, the environmental fate and meta -
bolism of PBDEs compared to PCBs is expected to
differ as well.

Several biological factors are responsible for the
variation of persistent pollutant concentrations in
marine mammals. The primary factors include diet,
spatial and temporal habitat use, body size and
growth, body composition, nutritive condition, dis-
ease, age, sex, birth order, and differences in bio-
transformation of contaminants (Aguilar et al. 1999,
Ross et al. 2000, Ylitalo et al. 2001, Borgå et al. 2004).
We predicted that future ΣPBDE concentrations
among male killer whales will increase with age and
over time, reflecting continued use and/or release of
PBDEs in North America. Prior to the ban of PCBs in
the 1970s, concentrations in male killer whales were
presumed to have increased with age (Hickie et al.
2007). Based on the historical profiles in this study,
however, a few sub-adult male killer whales born
after the 1970s were predicted to have experienced
no increase of ΣPCB concentrations with age. Histor-
ical concentrations of ΣPBDEs and ΣPCBs in female
killer whales were predicted to remain relatively low
following growth dilution and increase in the post-
reproductive years, consistent with biopsy-based
measurements in free-ranging killer whales (e.g.
Ross et al. 2000). While our predicted ΣPCB concen-
trations in killer whales decreased with increasing
birth order, predicted ΣPBDE concentrations in -
creased with increasing birth order. This likely re -
flects declining environmental (prey) concentrations
of PCBs, and continued use of PBDEs.

SRKW calves had the highest predicted ΣPBDE and
ΣPCB concentrations compared to any other age
class in most scenarios, likely because of their small
size and the relatively high contaminant loads
received from their mothers. In addition, calves are
potentially at a higher risk of health effects from con-
taminant exposure than adults because high con -
taminant levels accumulate during a period of rapid
biological development. Eriksson et al. (2006) de -
mon strated that when neonatal mice were exposed
to a PBDE and a PCB congener during a critical
period of brain development, the response was more
than additive, resulting in enhanced neurobehav-
ioral defects. However, exposure during non-critical
periods produced no effect (Eriksson et al. 2002).
Deviations from normal or spontaneous behavior due
to the exposure were also shown to increase with age
(Eriksson et al. 2006). The behavior of an individual is
an appropriate endpoint to study when evaluating
potential health effects because the nervous system
can be influenced by a contaminant, thereby causing
a change in behavior (Eriksson et al. 2006). SRKW
calves have relatively high levels of both ΣPBDEs
and ΣPCBs, thereby increasing their susceptibility to
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detrimental biological health effects resulting from
biochemical interactions of multiple contaminants.

There are currently no known killer whale-specific
PBDE or PCB health-effects thresholds, thereby re -
quiring the use of surrogate species to estimate asso-
ciated risks. Caution must be used when extrapolating
such risks across species, as pharmacodynamic and
pharmacokinetic characteristics are species- specific
and can influence sensitivity in a species (Schwacke
et al. 2002). While this challenge constrains a cause-
and-effect association between POPs and health in
killer whales, the conserved nature of endocrine sys-
tems and mechanisms of POP toxicity provide an op-
portunity for a basic assessment of health risks. For
example, Kannan et al. (2000) and Ross et al. (1996)
derived a health-effects threshold concentration for
PCBs in marine mammal blubber of 17 000 ng g−1 lw.
SRKWs substantially exceed this threshold in PCB
concentration (Ross et al. 2000, Krahn et al. 2007,
2009). Additionally, SRKWs have PBDE concentrations
(Krahn et al. 2007, 2009) higher than those associated
with altered thyroid hormone levels in post-weaned
and juvenile grey seals (Hall et al. 2003).

POPs released from the blubber circulate in the
body core during gestation and lactation and can
potentially cause adverse health effects in reproduc-
tive female killer whales. Additionally, POP levels in
reproductive females can potentially affect calf mor-
tality. Hall et al. (2006) estimated a 50% probability
of calf mortality in bottlenose dolphins when the
maternal PCB blubber burden exceeded 10 000 ng
g−1. Furthermore, the probability of a calf surviving
the first 6 mo dropped to almost 10% when the
maternal blubber burden doubled (Hall et al. 2006).
In a separate study, a concentration-response curve
was estimated for PCBs in bottlenose dolphins and
the median effective concentration for calf mortality
occurred when the total body concentration was
33 000 ng g−1 lw (Schwacke et al. 2002). In general,
future projection scenarios indicate that the PCB
 concentrations in SRKW calves and adult males will
continue to exceed these health-effects thresholds.
Furthermore, in most current and projected repro-
ductive-aged female SRKWs, the predicted PCB con-
centrations exceeded these health effects thresholds
prior to giving birth to their first calf.

Given the inherent challenges associated with
obtaining meaningful measurements of POPs in free-
ranging killer whales, our model-based approach
allows us to explore these concentrations over time
and under differing scenarios. An individual-based
model linked to the biological processes that cause
individuals to both acquire and lose contaminants

over time allows one to estimate contaminant con-
centrations in specific individuals using their known
history (e.g. birth order, reproductive history, pod
membership, birth year, and sex). While concerns
about the well-studied PCBs in killer whales (Ross et
al. 2000, Ross 2006, Hickie et al. 2007, Krahn et al.
2007) linger, our predicted increase in ΣPBDE con-
centrations into the future in this population high-
light an emerging and poorly documented concern.
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