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Abstract
Wild California sea lions (Zalophus californianus) have an unusually high prevalence of neoplasms (18% of stranded dead adults)
and high levels of contaminants. The contribution of organochlorine (OC) tissue burdens to the probability of sea lions dying from
carcinoma was explored using a logistic regression model. Levels of PCBs and DDTs were determined in blubber of sea lions diagnosed with metastatic carcinoma and animals that had died from non-carcinoma-related incidents (e.g., gunshot, domoic acid poisoning). Animals with carcinoma had higher mean concentrations (based on wet weight) of PCBs and DDTs (more than 85% and
30% higher, respectively) in blubber than did sea lions without carcinoma; the highest concentrations of OCs in the sea lions aﬀected
with carcinoma were measured in the males. Blubber thickness was signiﬁcantly diﬀerent between the two groups of sea lions, but
after controlling for this diﬀerence, there was still a signiﬁcant eﬀect of PCBs, but not DDTs, on the probability of sea lions dying
with carcinoma. Age, sex, mass and length did not aﬀect the probability of dying from carcinoma.
Published by Elsevier Ltd.
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1. Introduction
Organochlorines (OCs) such as polychlorinated
biphenyls (PCBs) and 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) and DDT metabolites are persistent pollutants that biomagnify in the environment and
have been measured in tissues of marine mammals
world-wide (OÕShea, 1999). Experimental exposure stud*

Corresponding author. Tel.: +1 206 860 3325; fax: +1 206 860
3335.
E-mail address: gina.ylitalo@noaa.gov (G.M. Ylitalo).
0025-326X/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.marpolbul.2004.08.005

ies show eﬀects of these chemicals on the physiology, immune function and reproductive success of pinnipeds
(Brouwer et al., 1989; Ross et al., 1996; reviewed in
OÕHara and OÕShea, 2001). Furthermore, epidemiological investigations have linked high tissue residues of OCs
to increased prevalences of infection and physiological
impairment in other marine mammal species (Jepson
et al., 1999; Simms et al., 2000; Hall et al., 2003; Jenssen
et al., 2003). For example, immunosuppressive eﬀects
were observed in captive harbor seals (Phoca vitulina)
after they were fed Baltic Sea herring that contained
high levels of PCBs and other OCs (DeSwart et al.,
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1994; Ross et al., 1995). Belugas (Delphinapterus
leucas) that stranded in the highly polluted St. Lawrence
Estuary had a high prevalence of neoplasms and contained high tissue levels of PCBs and DDTs (Martineau
et al., 1999). These whales also exhibited impaired reproductive and immune function (Beland et al., 1993;
DeGuise et al., 1994, 1995).
Until recently, evidence of neoplasms in marine mammals has been scarce. There were only seven reports of
neoplasms documented in pinnipeds prior to the early
1970s (Mawdesley-Thomas, 1974). By the early 1980s,
neoplastic lesions were found in 2.5% of 1500 marine
mammals surveyed (Howard et al., 1983). Neoplasms
in stranded belugas from the St. Lawrence Estuary have
been reported by several researchers, with tumors present in 40% of beluga whales that were found dead between 1982 and 1990 (Martineau et al., 1988; Girard
et al., 1991; Beland et al., 1993; DeGuise et al., 1994).
An 18% prevalence of neoplasms, the highest to date
in a pinniped population, has been reported in adult
California sea lions (Zalophus californianus) that
stranded live along the central California coast (Gulland
et al., 1996). The predominant neoplasm was a poorly
diﬀerentiated carcinoma of urogenital origin, occurring
in sexually mature animals of both sexes. These tumors
in California sea lions contain cytoplasmic and nuclear
virions that are characteristic of a herpesvirus (Lipscomb et al., 2000). King et al. (2002) report that, based
on phylogenetic analysis, this herpesvirus appears to be
a gammaherpesvirus distinct from other phocid gammaherpesviruses, and named it otarine herpervirus-1
(OtHV-1). After establishment of a polymerase chain
reaction (PCR) speciﬁc for OtHV-1, the authors found
that viral DNA was present in all urogenital tumors of
California sea lions examined in the study (King et al.,
2002). Gammaherpesviruses are associated with neoplasia in several species of animals but other factors, such
as genetics, other infections and exposure to chemicals,
are often needed for neoplasia to develop in individual
animals (Morrison et al., 1996; McKinnell and Carlson,
1997; Lackovich et al., 1999).
Although the etiology and pathogenesis of this neoplasm in California sea lions are unknown, environmental contaminants may play a role. Certain types of
chemical contaminants can directly induce carcinogenesis through DNA damage as initiators or complete carcinogens (acting as both initiators and promoters)
(Faroon et al., 2001; Glauert et al., 2001; Ludewig,
2001). Environmental contaminants may be indirectly
linked to carcinogenesis by acting as promoters by
increasing cell proliferation (Faroon et al., 2001; Glauert
et al., 2001; Ludewig, 2001) or as immune suppressors
by increasing susceptibility to infection by an oncogenic
virus (Gauthier et al., 1999). Previous studies show that
California sea lions are exposed to OCs (DeLong et al.,
1973; Kajiwara et al., 2001) and that some of these com-
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pounds are present at tissue concentrations that are
associated with impaired immune function in other species of marine mammals (Ross et al., 1995, 1996; Beckmen et al., 2003). Based on these ﬁndings, exposure to
high levels of immunosuppressive chemical contaminants coupled with infection by an oncogenic virus
could potentially increase the incidence of neoplasm in
California sea lions.
In the present study, concentrations of selected OCs
in blubber of California sea lions diagnosed with carcinoma, as well as in sea lions without carcinoma that
died from other causes, were measured to determine
whether exposure to contaminants was associated with
the presence of carcinoma. We investigated the role of
OC contaminants in the probability of sea lions dying
of carcinoma, controlling for potentially confounding
life history parameters.

2. Materials and methods
2.1. Sea lion sampling
California sea lions that stranded along the central
California coast from 1993 to 2003 were brought to
The Marine Mammal Center, Sausalito, CA, for examination. All fresh adult animals that died during this study
period at the facility were necropsied and the cause of
death was determined as described by Gulland et al.
(1996). Blubber samples were collected from California
sea lions diagnosed with (n = 38) and without (n = 38)
carcinoma and were analyzed for OCs and lipids. Formalin-ﬁxed tissues were examined histologically to determine whether or not carcinoma was present in these
animals. Of the 38 sea lions that died of non-carcinoma
causes, three died of leptospirosis, 21 animals died with
neuronal necrosis due to domoic acid poisoning (Scholin
et al., 2000) and 14 died from other causes (coccidiodomycosis, gunshot, trauma, cerebral hemorrhage,
pneumonia, nephritis, pulmonary congestion, retroperitoneal abscesses or renal failure). The life history data
(sex, age, length, mass) and body condition index (blubber thickness) were collected at The Marine Mammal
Center according to Gulland et al. (1996). Best estimate
of age was determined on all sea lions by counting annual
growth layers in teeth (Payne, 1987). A blubber sample
from each animal was collected aseptically with acetone-washed stainless steel knives and wrapped in Teﬂon
sheets. The blubber samples were stored at 40 °C before
transfer to the NOAA FisheriesÕs Northwest Fisheries
Science Center in Seattle for analyses.
2.2. OC and lipid analyses
Two methods [gas chromatography with electron capture detection (GC/ECD) and high-performance liquid
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chromatography with photodiode array detection
(HPLC/PDA)] were used to analyze for PCBs and
DDTs in blubber of California sea lions. In addition,
lipid concentrations of the sea lion blubber samples were
quantiﬁed by two methods [gravimetric and thin layer
chromatography with ﬂame ionization detection (TLC/
FID)]. Blubber of sea lions collected from 1993 to
1998 were analyzed for OCs by GC/ECD (Krahn
et al., 1988; Sloan et al., 1993) and lipids by gravimetric
analysis whereas blubber of animals sampled after 1998
were analyzed for OCs by HPLC/PDA (Krahn et al.,
1994) and lipids by TLC/FID (Krahn et al., 2001; Ylitalo et al., in press). We have found that the OC data obtained by these two methods were in good agreement for
a wide range of marine biota (Krahn et al., 1994). Previous studies have found that for many tissues of marine
animals, the percent lipid values determined by TLC/
FID are comparable to or lower than the values measured gravimetrically (Delbeke et al., 1995; Bergen et
al., 2000). In a gray whale (Eschrichtius robustus) study,
we found that the mean percent lipid values of blubber
determined by TLC/FID (43 ± 11%) were comparable
to the values measured gravimetrically (48 ± 22%)
(Krahn et al., 2001).

Prior to the cleanup step, a 1-mL aliquot of each sample
extract was removed for lipid quantitation by TLC/FID.
Eight dioxin-like congeners (PCBs 77, 105, 118, 126,
156, 157, 169, 189) were resolved from eight other selected PCBs (PCBs 101, 128, 138, 153, 170, 180, 190,
200) and six additional organochlorines [o,p 0 -DDD,
p,p 0 -DDD, p,p 0 -DDE, o,p 0 -DDT, p,p 0 -DDT, hexachlorobenzene (HCB)] by HPLC on two Cosmosil PYE analytical columns, connected in series and cooled to 16 °C.
The congeners were measured by an ultraviolet (UV)
photodiode array detector and were identiﬁed by comparing their UV spectra (200–310 nm) and retention
times to those of reference standards in a library. Purity
of each analyte was conﬁrmed by comparing spectra
within a peak to the apex spectrum. Concentrations of
summed
PPCBs were
P calculated using the following formula:
PCBs = concentrations of 16 PCBs
P listed
above (based on individual response factor) + concentrations of other PCB congeners (calculated by summing
areas of peaks identiﬁed as PCBs and using an average
PCB response factor). Summed DDT concentrations
were calculated by adding the concentrations of ﬁve
DDTs (o,p 0 -DDD, p, p 0 -DDD, p,p 0 -DDE, o,p 0 -DDT,
p,p 0 -DDT).

2.3. Analysis by GC/ECD

2.5. Quality assurance

Brieﬂy, blubber samples (1.0–2.0 g) were weighed and
extracted by homogenizing with sodium sulfate and
methylene chloride. The methylene chloride extract
was ﬁltered through a column of silica gel and alumina
and concentrated for further cleanup to remove interfering lipid compounds. Size exclusion chromatography
with high-performance liquid chromatography (HPLC)
was used to collect the fraction containing the OCs.
The HPLC fraction was analyzed for OCs by capillary
column GC/ECD. Identiﬁcation of selected individual
PCBs and DDTs was conﬁrmed using gas chromatography/mass spectrometry (GC/MS). The summed PCBs
were calculated by summing the concentrations PCBs
18, 28, 44, 52, 66, 101, 105, 118, 128, 138, 153, 170,
180, 187, 195, 206, and 209. The summed DDTs were
calculated by adding the concentrations of p,p 0 -DDT,
p,p 0 -DDE, p,p 0 -DDD, o,p 0 -DDD, o,p 0 -DDE and o,p 0 DDT. Lipid content in the sea lion blubber samples
was determined gravimetrically as described by Sloan
et al. (1993).

To monitor the accuracy of our GC/ECD and HPLC/
PDA methods, a National Institute of Standards and
Technology (NIST) control whale blubber sample or
standard reference whale blubber (SRM1945) was analyzed with each sample set and results met laboratory
criteria (Wise et al., 1993). Approximately 10% of the
sea lion 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. Method blanks also met
laboratory criteria.

2.4. Analyses by HPLC/PDA
Blubber samples (0.2–0.4 g), hexane/pentane (1:1 v/v),
sodium sulfate and a surrogate standard were homogenized and separated from interfering compounds (e.g.,
lipids, aromatic compounds) on a gravity ﬂow cleanup
column that contained neutral, basic and acidic silica
gels eluted with hexane/methylene chloride (1:1 v/v).

3. Results
The mean, standard deviation, median and ranges for
the independent variables used in predicting the probability of carcinoma mortality among the California sea
lions, by sex are given in Tables 1 and 2. The Kolmogorov–Smirnov goodness of ﬁt test was used to test
whether the observations were consistent with a random
sample drawn from a normal OC distribution. All variables were normally distributed except the lipid content
and contaminant concentrations. The lipid values were
therefore arcsine transformed and contaminants were
log10 transformed and the resulting values used in the
ﬁnal analysis. The distribution of sexes was identical
between the two cause of death groups, with 8 males
and 30 females in each.
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Table 1
Mean, standard deviation, median and ranges for the independent and confounding variables in male California sea lions that died from all causes

Males (n = 16)
Age (year)
Length (cm)
Mass (kg)
Blubber thickness (mm)
Percent lipid
Summed PCBs (ng g1, wet wt.)
Summed PCBs (ng g1, lipid wt.)
Summed DDTs (ng g1, wet wt.)
Summed DDTs (ng g1, lipid wt.)

Mean

SD

Median

Minimum

Maximum

11
210
150
20
45
20,000
77,000
76,000
380,000

2.3
30
46
14
29
18,000
79,000
62,000
480,000

12
210
150
16
52
20,000
48,000
54,000
170,000

6.0
170
69
7.0
2.0
1700
2700
9400
15,000

15
300
250
55
84
64,000
270,000
200,000
1,800,000

Table 2
Mean, standard deviation, median and ranges for the independent and confounding variables in female California sea lions that died from all causes
SD

Median

Minimum

Maximum

9.0
160
73
15
34
7900
83,000
30,000
250,000

2.2
11
16
11
23
6900
160,000
27,000
440,000

9.0
160
69
13
37
6100
24,000
21,000
82,000

4.5
130
50
1.0
0.91
720
940
1700
4200

15
190
120
42
78
39,000
860,000
120,000
2,300,000

There were no diﬀerences between the age, length or
mass of the animals that died of carcinoma compared
with those that died of non-carcinoma (two sample ttests with separate variances, p > 0.05). However, there
were signiﬁcant diﬀerences in blubber thickness
(t = 4.61, p < 0.0001) and lipid (t = 3.49, p = 0.0008) between the two groups. Animals that died from carcinoma had signiﬁcantly thinner blubber (approximately
50% of that found in the non-carcinoma animals) (Fig.
1). In addition the carcinoma animals had a signiﬁcantly
lower blubber lipid content than the non-carcinoma animals (approximately 60% of that found in the non-carcinoma animals). There was also a signiﬁcant positive
relationship between blubber thickness and lipid content
(Fig. 2), regardless of cause of death (least squares
regression p < 0.0001, R2 = 0.49).
3.1. Concentrations of PCBs and DDTs
Two analytical methods were used to determine the
blubber lipid content, as well as two methods to measure
OC concentrations during this study. However, there
was no diﬀerence in the mean levels of lipid or these
two OC classes when the results were stratiﬁed by
extraction or determination method (two sample t-test,
separate variances, p > 0.05).
In addition to the correlation between lipid content
and blubber thickness in the study animals, there was

a signiﬁcant negative relationship between log10(PCB)
wet weight and blubber thickness (Fig. 3, least squares
regression p < 0.008, R2 = 0.09), although there was a
high degree of variability around the regression. There
was no diﬀerence in the mean concentrations of summed
OCs (log transformed summed PCBs or summed DDTs)

20
Blubber thickness (mm)

Females (n = 60)
Age (year)
Length (cm)
Mass (kg)
Blubber thickness (mm)
Percent lipid
Summed PCBs (ng g1, wet wt.)
Summed PCBs (ng g1, lipid wt.)
Summed DDTs (ng g1, wet wt.)
Summed DDTs (ng g1, lipid wt.)

Mean

15

10

5.0
non-carcinoma
carcinoma
(n = 38)
(n = 38)
Cause of death
Fig. 1. Mean (±SE) blubber thickness in California sea lions
diagnosed with or without carcinoma.
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by sex for each cause of death group, with males and females having comparable concentrations.
Summed PCB and summed DDT concentrations in
the blubber of the California sea lions were signiﬁcantly
diﬀerent between the carcinoma and the non-carcinoma
groups (Fig. 4a and b). For example, animals that died
from carcinoma had levels of summed PCBs (based on
wet weight) almost twice those that died from other
causes and concentrations of summed DDTs (based on
wet weight) that were approximately 30% higher.

(a)

Log (summed DDTs) ng g

Fig. 2. Relationship between blubber thickness and the proportion of
lipid in the blubber, by cause of death in California sea lions.

carcinoma
wet wt.

4.5

3.2. Concentrations of PCBs and cause of death

4.5

carcinoma (n = 38)
non-carcinoma (n = 38)

–1

Log10(summed PCBs)ng g wet wt.

In order to investigate the relationship between the
probability of carcinoma death and summed blubber
PCB concentrations, confounding factors such as sex,
age, mass, length, blubber thickness and blubber lipid
were controlled for, using a logistic regression model
with cause of death (carcinoma or non-carcinoma) as
the dependent variable (using a generalized linear model
ﬁtted with a binomial family and logit link function) and

4.0

3.5

3.0

2.5
0

10

20

30

40

50

60

Blubber thickness (mm)

Fig. 3. Relationship between blubber thickness and log10(PCB) (ng/g
wet weight), by cause of death in California sea lions.

4.0
carcinoma
lipid wt.

(b)

carcinoma
wet wt.

noncarcinoma
lipid wt.

noncarcinoma
wet wt.

Cause of death

Fig. 4. Mean (±SE) log10 (a) summed PCBs and (b) summed DDTs in
blubber by cause of death, on a lipid and wet weight basis.

the confounding factors and blubber PCB concentrations as predictor variables. The diﬀerent lipid extraction and PCB analysis methods were also included as
factors in the model. A global model including all the
potential confounding factors was ﬁrst ﬁtted (and the
model ﬁt assessed from the residuals) and then a stepwise regression was conducted. Using AkaikeÕs An
Information Criterion method (AIC) the best set of predictor variables was determined, trading oﬀ the ﬁt of the
modelÕs bias against its precision using the AIC formula
2 * log-likelihood + k * the number of parameters in the
ﬁtted model where k = 2. (Burnham and Anderson,
1998). This model selection procedure indicated that
blubber thickness and log10PCB (wet weight) were the
two best predictors of the probability of carcinoma
death. The model summary is given in Table 3, indicating that after controlling for the diﬀerence in blubber
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z-value

Pr(>z)

3.34
0.098
1.26

2.4
0.032
0.60

1.39
3.12
2.09

0.16
0.002
0.036

–1

Standard error

4.5

4.0

3.5

3.0

10

Intercept
Blubber thickness
log10 (summed PCBs)
(wet wt.)

Estimate

carcinoma (n = 38)
non-carcinoma (n = 38)

Log (summed PCBs) ng g wet wt.

Table 3
Logistic regression model of cause of death (carcinoma or noncarcinoma) against blubber thickness and blubber log10 (summed
PCBs) (ng/g, wet wt.)
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thickness between the two groups, blubber PCBs remains a signiﬁcant predictor of cause of death in California sea lions. The independent variables in the
model together explain approximately 22% of the total
deviance. Fig. 5a and b show the ﬁtted logistic model
(the probability of carcinoma death in relation to blubber thickness plus summed blubber PCBs) against blubber thickness and summed blubber PCBs (wet weight).
A second model was then constructed using summed
blubber PCBs on a lipid weight basis. However, the
model selection process indicated that blubber thickness
and PCBs on a wet weight basis were better predictors in
this dataset, compared to PCBs on a lipid weight basis.
Because blubber thickness and lipid content are negatively correlated and there is also a signiﬁcant relationship between summed PCBs and blubber thickness,
including summed blubber PCBs on a wet weight basis
together with blubber thickness in the model ensures
independence between the predictor variables.
The eﬀect of interactions between confounding variables such as age/sex and blubber thickness/summed
PCBs were also tested but were not signiﬁcant, suggesting the relationship is the same for males and females.
This can be seen in Fig. 6, which shows the relationship
between ages and summed PCBs (wet weight) with symbol size relating to blubber thickness and ﬁll type relating to cause of death. No clusters are observable within
the data. Concentrations of blubber PCBs were not agerelated in either sex.

2.5
3

5

7

9

11

13

15

Age (years)

Fig. 6. Age-speciﬁc summed blubber PCBs (wet weight) in California
sea lions. Symbol sizes are proportional to blubber thickness and
coded by cause of death (ﬁlled = carcinoma death, open = noncarcinoma death).

3.3. Concentrations of DDTs and cause of death
In contrast to the ﬁndings for PCBs, there was no signiﬁcant relationship between probability of carcinoma
death and log summed DDT on a wet weight or lipid
weight basis. After controlling for the other confounding factors blubber thickness was the single best predictor and summed DDTs, along with the other
independent variables, was not signiﬁcant.
There was a signiﬁcant positive linear relationship between blubber summed PCBs and summed DDTs (Fig.
7, least squares regression, p < 0.0001, R2 = 0.455)
which might suggest there should also be a relationship
between levels of summed DDTs and cause of death.
However, there are ﬁve male sea lions with high blubber
PCB concentrations but lower DDT concentrations
than would be predicted by this linear relationship. This
may be why the relationship with carcinoma death seen
for the summed blubber PCBs in this dataset is not repeated for the summed blubber DDTs.

Fig. 5. Relationship between the probability of carcinoma death and (a) blubber thickness and (b) summed blubber PCBs in California sea lions. The
triangles show the data points and the lines are predicted from the logistic regression model that incorporates both these predictor variables.
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14

–1

Log (summed DDTs) ng g wet wt

36

12

10
female (n = 60)

10

male (n = 16)

8.0
2.5

3.0

3.5

4.0

4.5

5.0

–1

Log10(summed PCBs) ng g wet wt.

Fig. 7. Relationship between log10 summed blubber PCBs and log10
summed blubber DDTs on a wet weight basis, by sex.

4. Discussion
We demonstrate an association between blubber concentrations of summed PCBs and carcinoma in California sea lions, which suggests that these contaminants
may play a role in the development of this disease.
The blubber levels of summed PCBs reported here are
within the range of those reported in other species of
marine mammals that showed evidence of physiological
eﬀects, including immunosuppression and reproductive
dysfunction (Reijnders, 1986; DeSwart et al., 1994; Ross
et al., 1996). High levels of OCs including PCBs have
been measured in marine sediments and biota samples
collected along the central and southern California
coast (DeLong et al., 1973; Mearns and Sherwood,
1976; Harmon et al., 1998; Brown et al., 1998; Ylitalo
et al., 1999). These contaminants enter the marine
environment via several sources including agricultural runoﬀ, atmospheric deposition and constituents
of municipal wastewater plants (Bay et al., 2003).
Blubber samples of California sea lions that died
from carcinoma contained higher concentrations of
PCBs and DDTs than blubber of non-carcinoma animals. However, the comparison of OCs levels between
these two groups of animals is confounded by the eﬀect
of a number of life history variables on blubber OC concentrations. One of the most important of the confounding factors in studies examining contaminants and
disease is the dynamics of lipophilic contaminants in
blubber (Hall et al., 1992; Aguilar and Borrell, 1994).
It is suspected that body condition can inﬂuence OC
burdens in the blubber of marine mammals even though
the dynamics of blubber OCs during changes in physiological condition of these animals are complex and
poorly understood (Aguilar, 1987). Marine mammals
can lose weight during various stages of their life cycles
due to diﬀerent stresses such as disease, migration, lactation, moult or reduced prey abundance. The mobiliza-

tion of lipid associated with weight loss could lead to
either redistribution of OCs to other tissues, or to retention of OCs in blubber that would result in an increase
in OC concentrations. For example, harp seals from
the Barents Sea showed seasonal changes in OC levels
related to changes in blubber thickness, with the highest
OC levels (based on wet weight) found in the thinnest
seals (Kleivane et al., 1995).
In the current study, sea lions with carcinoma had
lower blubber thickness and increased concentrations
of OCs compared to non-carcinoma animals. It is likely
that the reduced blubber thickness in the carcinoma sea
lions was associated with the occurrence of carcinoma
and subsequent weight loss caused by this disease. The
logistic regression model indicated that after controlling
for diﬀerences in blubber thickness, there was still a signiﬁcant eﬀect of PCBs on probability of death due to
carcinoma. Because of the strong correlation between
blubber thickness and blubber lipid concentration,
including blubber thickness in the model accounts for
any diﬀerences in blubber lipid between the two groups.
Therefore, the model selection process found that the
best predictors of death from carcinoma were blubber
thickness and PCB levels on a wet weight basis. Using
PCBs per wet weight of blubber rather than per lipid
weight ensures independence between dependent and
predictor variables.
Other variables that we considered in the model were
sex, age, mass and length. Our ﬁndings of lower OC concentrations in the blubber of adult female sea lions compared to the levels in sexually mature males are
consistent with data from other marine mammal contaminant studies that report lower OC burdens in reproductive females than sexually mature males (Aguilar and
Borrell, 1988; Kuehl and Haebler, 1995; Krahn et al.,
1999; Tilbury et al., 1999; Ylitalo et al., 2001). This is
due to the transfer of contaminants from the mother
to her oﬀspring during the femaleÕs pregnancy and lactation (Addison and Brodie, 1977; Tanabe et al., 1982;
Ridgway and Reddy, 1995; Debier et al., 2003).
The lack of correlation between blubber OC concentrations and age in these sea lions was somewhat unexpected, as previous studies on contaminants in marine
mammals, including other otariids, report an increase
in blubber levels of males, and a decrease in levels in females, with age (Tanabe et al., 1994; Lee et al., 1996;
Aguilar et al., 1999; Ross et al., 2000; Conolly and
Glaser, 2002). This may be explained by the reproductive history and the feeding ecology of the sea lions in
this study. The decrease in blubber OC levels in female
marine mammals is explained by transfer of contaminants to her oﬀspring (see above), so the lack of an association between contaminants and age in the female sea
lions in this study may be a consequence of them all having produced oﬀspring before sampling. The lack of accumulation of contaminants with age in males suggests
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that the legacy from maternal transfer of contaminants
to these animals may be more important than the accumulation from feeding in later years. This could be because male California sea lions spend less time feeding
along the heavily contaminated California coast than
adult females, as they eat limited amounts during the
breeding season when they are on the rookeries and migrate north after the breeding season (Mearns and Sherwood, 1976; King, 1983). Additional OC studies on
California sea lions sampled during various life history
stages (e.g., fetus, nursing pup, weaned pup, subadult,
pregnant female) are needed to help clarify our ﬁndings.
Epizootiological studies such as this one do not prove
the etiology of complex diseases such as neoplasia, yet
this study suggests PCBs may play a role in the development of carcinoma in California sea lions. Evidence
from mammalian exposure studies suggests OCs are
important in the etiology of cancer (Faroon et al.,
2001; Glauert et al., 2001; Ludewig, 2001).
Organochlorines, speciﬁcally PCBs, are thought to
play a role in tumor promotion and also have been shown
to cause direct DNA damage through multiple mechanisms (Schilderman et al., 2000). DNA damage plays an
important role in cancer initiation as damaged genes
cause alterations in cell cycle control (Coltran et al.,
1999). Organochlorines are also immunosuppressive
(DeSwart et al., 1994). Thus, a possible scenario is that
California sea lions are exposed to various types of immunosuppressive contaminants in their environment that
may increase the susceptibility of these animals to oncogenic viruses, such as the gammaherpesvirus identiﬁed
in these tumors (Lipscomb et al., 2000; King et al., 2002).
In conclusion, our ﬁndings support previous studies
demonstrating exposure of California sea lions to relatively high levels of organochlorines (DeLong et al.,
1973; Lieberg-Clark et al., 1995; Kajiwara et al., 2001),
and suggest that these chemicals, especially PCBs, may
play a role in the multifactorial etiology of carcinoma
in these sea lions. They could be aﬀecting carcinoma
prevalences by acting as immunosuppressive agents or
through genotoxic mutation and tumor promotion.
While the ﬁndings suggest that there is a relationship between neoplasia and exposure to OCs in California sea
lions, caution is warranted when interpreting lipophilic
contaminant data on stranded marine mammals. Further studies are needed to investigate the dynamics of
OC partitioning in lipid compartments associated with
weight loss, as well as studies on the temporal changes
in exposure of sea lions to these compounds during their
development.

Acknowledgments
We thank our NWFSC colleagues in the Environmental Assessment Program for the organochlorine

37

analyses of tissues and Susan Chivers, Kelly Robertson
and Kerri Danil of the National Marine Fisheries ServiceÕs (NMFS) Southwest Fisheries Science Center and
Debbie Fauquier of The Marine Mammal Center for
the aging of the animals investigated in this study. We
thank Dr. John Reif from the Department of Environmental Health at Colorado State University for discussions on the statistical evaluation of the data and Dr.
Kimberlee Beckmen for her interest in developing the
project. We also thank the Arthur and Elena Court Nature Conservancy for their support and Dr. Tracy Collier, Dr. Margaret Krahn and Mark Myers for their
review of this manuscript. This study was supported
by the NOAA FisheriesÕ Marine Mammal Health and
Stranding Response Program and a grant from the Ecology of Infectious Disease Program [joint Fogarty International Center and US National Institute of Health
and National Science Foundation (No. DEB-0094919)].

References
Addison, R.F., Brodie, P.F., 1977. Organochlorine residues in maternal blubber, milk, and pup blubber from grey seals (Halichoerus
grypus) from Sable Island, Nova Scotia. Journal of the Fisheries
Research Board of Canada 34, 937–941.
Aguilar, A., 1987. Using organochlorine pollutants to discriminate
marine mammal populations: a review and critique of the methods.
Marine Mammal Science 3, 242–262.
Aguilar, A., Borrell, A., 1988. Age- and sex-related changes in
organochlorine compound levels in ﬁn whales (Balaenoptera
physalus) from the Eastern North Atlantic. Marine Environmental
Research 25, 195–211.
Aguilar, A., Borrell, A., 1994. Abnormally high polychlorinated
biphenyl levels in striped dolphins (Stenella coeruleoalba) aﬀected
by the 1990–1992 Mediterranean epizootic. Science of the Total
Environment 154, 237–247.
Aguilar, A., Borrell, A., Pastor, T., 1999. Biological factors aﬀecting
variability of persistent pollutant levels in cetaceans. Journal of
Cetacean Research Management special issue 1, 83–116.
Bay, S.M., Zeng, E.Y., Lorenson, T.D., Tran, K., Alexander, C., 2003.
Temporal and spatial distributions of contaminants in sediments of
Santa Monica Bay, California. Marine Environmental Research
56, 255–266.
Beckmen, K.B., Blake, J.E., Ylitalo, G.M., Stott, J.L., OÕHara, T.M.,
2003. Organochlorine contaminant exposure and associations with
hematological and humoral immune functional assays with dam
age as a factor in free-ranging northern fur seal pups (Callorhinus
ursinus). Marine Pollution Bulletin 46, 594–606.
Beland, P., DeGuise, S., Girard, C., Lagace, A., Martineau, D.,
Michaud, R., Muir, D.C.G., Norstrom, R.J., Pelletier, E., Ray, S.,
Shugart, L.R., 1993. Toxic compounds and health and reproductive eﬀects in St. Lawrence beluga whales. Journal of Great Lakes
Research 19, 766–775.
Bergen, B.J., Quinn, J.G., Parrish, C.C., 2000. Quality-assurance study
of marine lipid-class determination using Chromarod/IatroscanÒ
thin-layer chromatography-ﬂame ionization detector. Environmental Toxicology and Chemistry 19 (9), 2189–2197.
Brouwer, A., Reijnders, P.J.H., Koeman, J.H., 1989. Polychlorinated
biphenyl (PCB)-contaminated ﬁsh induces vitamin A and thyroid
hormone deﬁciency in the common seal (Phoca vitulina). Aquatic
Toxicology 15, 99–106.

38

G.M. Ylitalo et al. / Marine Pollution Bulletin 50 (2005) 30–39

Brown, D.W., McCain, B.B., Sloan, C.A., Tilbury, K.L., Pierce, S.M.,
Burrows, D.G., Chan, S.-L., Landahl, J.T., Krahn, M.M., 1998.
Status, correlations, and temporal trends of chemical contaminants
in ﬁsh and sediment from selected sites on the Paciﬁc Coast of the
USA. Marine Pollution Bulletin 37 (1–2), 67–85.
Burnham, K., Anderson, D., 1998. Model Selection and Inference. A
Practical Information-Theoretic Approach. Springer-Verlag, New
York.
Coltran, R., Kumar, V., Collins, T., 1999. Robbins Pathologic Basis of
Disease, sixth ed. W.B. Saunders, Philadelphia, PA, pp. 260–327.
Conolly, J.P., Glaser, D., 2002. p,p 0 -DDE bioaccumulation in female
sea lions of the California Channel Islands. Continental Shelf
Research 22, 1059–1078.
Debier, C.A., Pomeroy, P.P., Dupont, C., Joiris, C., Comblin, V., Le
Boulegne, E., Larondelle, Y., Thome, J.-P., 2003. Quantitative
dynamics of PCB transfer from mother to pup during lactation in
UK grey seals Halichoerus grypus. Marine Ecology Progress Series
247, 249–256.
DeGuise, S., Lagace, A., Beland, P., 1994. Tumors in St. Lawrence
beluga whales (Delphinapterus leucas). Veterinary Pathology 31,
444–449.
DeGuise, S., Martineau, D., Beland, P., Fournier, M., 1995. Possible
mechanisms of action of environmental contaminants on St.
Lawrence beluga whales (Delphinapterus leucas). Environmental
Health Perspectives 103, 77–78.
Delbeke, K., Teklemariam, T., de la Cruz, E., Sorgeloos, P., 1995.
Reducing variability in pollution data: the use of lipid classes for
normalization of pollution data in marine biota. International
Journal of Environmental Analytical Chemistry 58, 147–162.
DeLong, R.L., Gilmartin, W.G., Simpson, J.G., 1973. Premature
births in California sea lions: association with high organochlorine
pollutant residue levels. Science 181, 1168–1170.
DeSwart, R.L., Ross, P.S., Vedder, L.J., Timmerman, H.H., Heisterkamp, S., van Loveren, H., Vos, J.G., Reijnders, P.J.H.,
Osterhaus, A.D.M.E., 1994. Impairment of immune function in
harbour seals (Phoca vitulina) feeding on ﬁsh from polluted waters.
Ambio 23, 155–159.
Faroon, O.M., Keith, S., Jones, D., De Rosa, C., 2001. Carcinogenic
eﬀects of polychlorinated biphenyls. Toxicology and Industrial
Health 17, 41–62.
Gauthier, J.M., Dubeau, H., Rassart, E., Jarman, W.M., Wells, R.S.,
1999. Biomarkers of DNA damage in marine mammals. Mutatation Research 444, 427–439.
Girard, C., Lagace, A., Higgins, R., Beland, P., 1991. Adenocarcinoma
of the salivary gland in a beluga whale (Delphinapterus leucas).
Journal of Veterinary Diagnostic Investigation 3, 264–265.
Glauert, H.P., Robertson, L.W., Silberhorn, E.M., 2001. PCBs and
tumor promotion. In: Robertson, L.W., Hansen, L.G. (Eds.),
PCBs: Recent Advances in Environmental Toxicology and Health
Eﬀects. The University Press of Kentucky, Lexington, pp. 355–371.
Gulland, F.M.D., Trupkiewicz, J.G., Spraker, T.R., Lowenstine, L.J.,
1996. Metastatic carcinoma of probable transitional cell origin in
66 free-living California sea lions (Zalophus californianus), 1979 to
1994. Journal of Wildlife Diseases 32, 250–258.
Hall, A.J., Law, R.J., Wells, D.E., Harwood, J., Ross, H.M., Kennedy,
S., Allchin, C.R., Campbell, L.A., Pomeroy, P.P., 1992. Organochlorine levels in common seals (Phoca vitulina) which were victims
and survivors of the 1988 phocine distemper epizootic. Science of
the Total Environment 115, 145–162.
Hall, A.J., Kalantzi, O.I., Thomas, G.O., 2003. Polybrominated
diphenyl ethers (PBDEs) in grey seals during their ﬁrst year of
life—are they thyroid hormone endocrine disrupters? Environmental Pollution 126 (1), 29–37.
Harmon, M.R., Gottholm, B.W., Robertson, A., 1998. A summary of
chemical contaminant levels at Benthic Surveillance Project sites
(1984–1992). National Oceanic and Atmospheric Administration
Tech Memo, NOS ORCA 124. 630 pp.

Howard, E.B., Britt, J.O., Simpson, J.G., 1983. Neoplasms in marine
mammals. In: Howard, E.B. (Ed.), Pathobiology of Marine
Mammal Diseases, vol. II. CRC Press, Boca Raton, pp. 95–107.
Jenssen, B.M., Haugen, O., Sormo, E.G., Skaare, J.U., 2003. Negative
relationship between PCBs and plasma retinol in low-contaminated
free-ranging gray seal pups (Halichoerus grypus). Environmental
Research 93, 79–87.
Jepson, P.D., Bennett, P.M., Allchin, C.R., Law, R.J., Kuiken, T.,
Baker, J.R., Rogan, E., Kirkwood, J.K., 1999. Investigating
potential associations between chronic exposure to polychlorinated
biphenyls and infectious disease mortality in harbour porpoises
from England and Wales. Science of the Total Environment 243/
244, 339–348.
Kajiwara, N., Kannan, K., Muraoka, M., Watanabe, M., Takahashi,
S., Gulland, F., Olsen, H., Blankenship, A.L., Jones, P.D., Tanabe,
S., Geisy, J.P., 2001. Organochlorine pesticides, polychlorinated
biphenyls, and butyltin compounds in blubber and livers of
stranded California sea lions, elephant seals, and harbor seals
from coastal California, USA. Archives of Environmental Contamination and Toxicology 41, 90–99.
King, J.E., 1983. Seals of the World, second ed. Cornell University
Press, Ithaca.
King, D.P., Hure, M.C., Goldstein, T., Aldridge, B.M., Gulland,
F.M.D., Saliki, J.T., Buckles, E.L., Lowenstine, L.J., Stott, J.L.,
2002. Otarine herpesvirus-1: a novel gammaherpesvirus associated
with urogenital carcinoma in California sea lions (Zalophus
californianus). Veterinary Microbiology 86, 131–137.
Kleivane, L., Espeland, O., Ugland, K.I., Skaare, J.U., 1995. Seasonal
variation of organochlorine concentration in harp seal (Phoca
groenlandica). In: Blix, A.S., Wallo, L., Ulltang, O. (Eds.), Whales,
Seals and Man. Elsevier Science B.V., Amsterdam, pp. 629–639.
Krahn, M.M., Moore, L.K., Bogar, R.G., Wigren, C.A., Chan, S.-L.,
Brown, D.W., 1988. High-performance liquid chromatographic method for isolating organic contaminants from tissue
and sediment extracts. Journal of Chromatography 437, 161–
175.
Krahn, M.M., Ylitalo, G.M., Buzitis, J., Sloan, C.A., Boyd, D.T.,
Chan, S.-L., 1994. Screening for planar chlorobiphenyl congeners
in tissues of marine biota by high-performance liquid chromatography with photodiode array detection. Chemosphere 29, 117–139.
Krahn, M.M., Burrows, D.G., Stein, J.E., Becker, P.R., Schantz,
M.M., Muir, D.C.G., OÕHara, T.M., Rowles, T., 1999. White
whales (Delphinapterus leucas) from three Alaskan stocks––concentrations and patterns of persistent organochlorine contaminants
in blubber. Journal of Cetacean Research and Management 1 (3),
239–249.
Krahn, M.M., Ylitalo, G.M., Burrows, D.G., Calambokidis, J.,
Moore, S.E., Gosho, M., Gearin, P., Plesha, P.D., Brownell,
R.L., Blokhin, S.A., Tilbury, K.L., Rowles, T., Stein, J.E., 2001.
Organochlorine contaminant concentrations and lipid proﬁles in
eastern North Paciﬁc gray whales (Eschrichtius robustus). Journal
of Cetacean Research and Management 3 (1), 19–29.
Kuehl, D.W., Haebler, R., 1995. Organochlorine, organobromine,
metal, and selenium residues in bottlenose dolphins (Tursiops
truncatus) collected during an unusual mortality event in the Gulf
of Mexico, 1990. Archives of Environmental Contamination and
Toxicology 28, 494–499.
Lackovich, J.K., Brown, D.R., Homer, B.L., Garber, R.L., Mader,
D.R., Moretti, R.H., Patterson, A.D., Herbst, L.H., Oros, J.,
Jacobson, E.R., Curry, S.S., Klein, P.A., 1999. Association of
herpesvirus with ﬁbropapillomatosis of the green turtle Chelonia
mydas and loggerhead turtle Caretta caretta in Florida. Diseases of
Aquatic Organisms 37, 89–97.
Lee, J.S., Tanabe, S., Umino, H., Tatsukawa, R., Loughlin, T.R.,
Calkins, D.C., 1996. Persistent organochlorines in Steller sea lion
(Eumetopias jubatus) from the bulk of Alaska and the Bering Sea,
1976–1981. Marine Pollution Bulletin 32 (7), 535–544.

G.M. Ylitalo et al. / Marine Pollution Bulletin 50 (2005) 30–39
Lieberg-Clark, P., Bacon, C.E., Burns, S.A., Jarman, W.M., LeBoeuf,
B.J., 1995. DDT in California sea-lions: a follow-up study after
twenty years. Marine Pollution Bulletin 30, 744–745.
Lipscomb, T.P., Scott, D.P., Garber, R.L., Kraﬀt, A.E., Tsai, M.M.,
Lichy, J.H., Taubenberger, J.K., Schulman, F.Y., Gulland,
F.M.D., 2000. Common metastatic carcinoma of California sea
lions (Zalophus californianus): evidence of genital origin and
association with novel gammaherpesvirus. Veterinary Pathology
37 (6), 609–617.
Ludewig, G., 2001. Cancer initiation by PCBs. In: Robertson, L.W.,
Hansen, L.G. (Eds.), PCBs: Recent Advances in Environmental
Toxicology and Health Eﬀects. The University Press of Kentucky,
Lexington, pp. 337–354.
Martineau, D., Lagace, A., Beland, P., Higgings, R., Armstrong, D.,
Shugart, L.R., 1988. Pathology of stranded beluga whales (Delphinapterus leucas) from the St. Lawrence estuary, Quebec,
Canada. Journal of Comparative Pathology 98, 287–311.
Martineau, D., Lair, S., DeGuise, S., Lipscomb, T.P., Beland, P., 1999.
Cancer in beluga whales from the St. Lawrence Estuary, Quebec,
Canada: a potential biomarker of environmental contamination.
Journal of Cetacean Research and Management 1, 249–265.
Mawdesley-Thomas, L.E., 1974. Some aspects of neoplasia in marine
mammals. Advances in Marine Biology 12, 151–206.
McKinnell, R.G., Carlson, D.L., 1997. Lucke renal adenocarcinoma,
an anuran neoplasm: studies at the interface of pathology, virology,
and diﬀerentiation competence. Journal of Cell Physiology 173,
115–118.
Mearns, A.J., Sherwood, M.J., 1976. Ocean wastewater discharge and
tumors in a southern California ﬂatﬁsh. Progress in Experimental
Tumor Research 20, 75–85.
Morrison, C.M., Leggiadro, C.T., Martell, D.J., 1996. Visualization of
viruses in tumors of rainbow smelt Osmerus mordax. Diseases of
Aquatic Organisms 26 (1), 19–23.
OÕHara, T.M., OÕShea, T.J., 2001. Toxicology. In: Dierauf, L.A.,
Gulland, F.M.D. (Eds.), CRC Handbook of Marine Mammal
Medicine, second ed. CRC Press, Boca Raton, pp. 471–520.
OÕShea, T.J., 1999. Environmental contaminants and marine mammals. In: Reynolds, J.E. III, Rommel, S.A. (Eds.), Biology of
Marine Mammals. Smithsonian Institution Press, Washington,
DC, pp. 485–564.
Payne, M.R., 1987. Population size and age determination in the
Antarctic fur seal Arctocephalus gazella. Mammal Review 8, 67–73.
Reijnders, P.J.H., 1986. Reproductive failure in common seals feeding
on ﬁsh from polluted coastal waters. Nature 324, 456–457.
Ridgway, S., Reddy, M., 1995. Residue levels of several organochlorines in Tursiops truncatus milk collected at varied stages of
lactation. Marine Pollution Bulletin 30 (9), 609–614.
Ross, P.S., DeSwart, R.L., Reijnders, P.J.H., van Loveren, H., Vos,
J.G., Osterhaus, A.D.M.E., 1995. Contaminant-related suppression of delayed-type hypersensitivity and antibody responses in
harbor seals fed herring from the Baltic Sea. Environmental Health
Perspectives 103 (2), 162–167.
Ross, P.S., DeSwart, R.L., Timmerman, H.H., Reijnders, P.J.H., Vos,
J.G., van Loveren, H., Osterhaus, A.D.M.E., 1996. Suppression of
natural killer cell activity in harbour seals (Phoca vitulina) fed
Baltic Sea herring. Aquatic Toxicology 34, 71–84.
Ross, P.S., Ellis, G.M., Ikonomou, M.G., Barrett-Lennard, L.G.,
Addison, R.F., 2000. High PCB concentrations in free-ranging
Paciﬁc killer whales, Orcinus orca: eﬀects of age, sex and dietary
preference. Marine Pollution Bulletin 40 (6), 504–515.

39

Schilderman, P., Mass, L., Pachen, D., de Kok, T., Kleinjans, J.,
Schooten, F., 2000. Induction of DNA adducts by several
polychlorinated biphenyls. Environmental and Molecular Mutagenesis 36, 79–86.
Scholin, C.A., Gulland, F., Doucette, G.J., Benson, S., Busman, M.,
Chavez, F.P., Cordaro, J., DeLong, R., Vogelaere, A.D., Harvey,
J., Haulena, M., Lefebvre, K., Lipscomb, T., Loscutoﬀ, S.,
Lowenstine, L.J., Marin III, R., Miller, P.E., McLellan, W.A.,
Moeller, P.D.R., Powell, C.L., Rowles, T., Silvagni, P., Silver, M.,
Spraker, T., Trainer, V., Van Dolah, F.M., 2000. Mortality of sea
lions along the central California coast linked to a toxic diatom
bloom. Nature 403, 80–84.
Simms, W., Jeﬀries, S., Ikonomou, M., Ross, P.S., 2000. Contaminantrelated disruption of vitamin A dynamics in free-ranging harbor
seal (Phoca vitulina) pups from British Columbia, Canada, and
Washington State, USA. Environmental Toxicology and Chemistry 19 (11), 2844–2849.
Sloan, C.A., Adams, N.G., Pearce, R.W., Brown, D.W., Chan, S.-L.,
1993. Northwest Fisheries Science Center Organic Analytical
Procedures. In: Lauenstein, G.G., Cantillo, A.Y. (Eds.), Sampling
and Analytical Methods of the National Status and Trends
Program, National Benthic Surveillance and Mussel Watch Project
1984–1992, vol. IV. Comprehensive Descriptions of Trace Organic
Analytical Methods, pp. 53–97. NOAA Coastal Monitoring and
Bioeﬀects Assessment Division, Oﬃce of Ocean Resources Conservation and Assessment. NOAA Tech. Memo., Silver Spring,
NOS ORCA 71.
Tanabe, S., Tatsukawa, R., Maruyama, K., Miyazaki, N., 1982.
Transplacental transfer of PCBs and chlorinated hydrocarbon
pesticides from the pregnant striped dolphin (Stenella coeruleoalba)
to her fetus. Agricultural and Biological Chemistry 46, 1249–1254.
Tanabe, S., Sung, J.K., Choi, D.Y., Baba, N., Kiyota, M., Yoshida,
K., Tatsukawa, R., 1994. Persistent organochlorine residues in
northern fur seal from the Paciﬁc Coast of Japan since 1971.
Environmental Pollution 85, 305–314.
Tilbury, K.L., Adams, N.G., Krone, C.A., Meador, J.P., Early, G.,
Varanasi, U., 1999. Organochlorines in stranded pilot whales
(Globicephala melaena) from the Coast of Massachusetts. Archives
of Environmental Contamination and Toxicology 37, 125–134.
Wise, S.A., Schantz, M.M., Koster, B.J., Demiralp, R., Mackey, E.A.,
Greenberg, R.R., Burow, M., Ostapczuk, P., Lillestolen, T.I., 1993.
Development of frozen whale blubber and liver reference
materials for the measurement of organic and inorganic contaminants. Fresenius Journal of Analytical Chemistry 345, 270–
277.
Ylitalo, G.M., Buzitis, J., Krahn, M.M., 1999. Analyses of tissues of
eight marine species from Atlantic and Paciﬁc Coasts for dioxinlike chlorobiphenyls (CBs) and total CBs. Archives of Environmental Contamination and Toxicology 37, 205–219.
Ylitalo, G.M., Matkin, C.O., Buzitis, J., Krahn, M.M., Jones, L.L.,
Rowles, T., Stein, J.E., 2001. Inﬂuence of life-history parameters
on organochlorine concentrations in free-ranging killer whales
(Orcinus orca) from Prince William Sound, AK. Science of the
Total Environment 281, 183–203.
Ylitalo, G.M., Yanagida, G.K., Hufnagle Jr., L., Krahn, M.M., in
press. Determination of lipid classes and lipid content in tissues of
aquatic organisms using a thin layer chromatography/ﬂame ionization detection (TLC/FID) microlipid method. In: Ostrander,
G.K. (Ed.), Techniques in Aquatic Toxicology, vol. 2. CRC Press,
Boca Raton.

