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Abstract

Concentrations of DDTs, PCBs and HCHs were measured in sperm whales involved in two mass stranding events on the west
coast of Tasmania, Australia in February 1998. DDTs and PCBs were present in all samples analysed, while only three contained
HCHs. The relationships between organochlorines, sex, age and reproductive groups were marked by high variability. Differences in
organochlorine concentrations were observed between animals from the two stranding sites and discussed in light of the ecology of
this species. Concentrations of all pollutants were stratified throughout the vertical aspect of the blubber and possible reasons for
and the implications of this are discussed.

Concentrations of compounds were higher than those documented in this species in the Southern Hemisphere previously, al-
though were relatively lower than those documented in the Northern Hemisphere. However, comparisons were confounded by
spatial and temporal differences. Continued monitoring of marine mammals throughout this region in a co-coordinated, stan-

dardized manner is essential for establishing definite temporal and spatial variations in pollutant concentrations.
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1. Introduction

Pollution is one of a number of contemporary envi-
ronmental problems that face marine mammals (John-
ston et al., 1996). While the majority of man-made toxic
compounds are no longer produced in most developed
countries, they are still produced in developing nations
and are in use globally (Tanabe et al., 1994; Simonich
and Hites, 1995). Many of these pollutants, particularly
the organochlorines, are characterized by their chemical
stability and resistance to metabolic degradation. As a
result, they are readily taken up into food webs and
accumulate with increasing trophic levels.

Organochlorines are transported globally as a func-
tion of atmospheric circulation, primarily involving
movement from low latitudes to high latitudes, with the
open ocean serving as their ultimate repository (Iwata
et al., 1993; Tanabe et al., 1983). Their resilience and this
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form of transportation suggest that at least in the near
future, levels will not decline, but may eventually reach a
global equilibrium (Wania and Mackay, 1995) as pol-
lutants move away from source points. This has conse-
quences for those areas that are removed from the
sources of pollutant production and in the past have
been characterized by low pollutant concentrations,
such as the high latitudes and the Southern Hemisphere
in general.

Some cetacean species bioaccumulate organochlorine
pollutants as a result of their longevity, location towards
the top of the food chain, the ability of their blubber
layer to store up to 90% of whole body burdens and
their limited ability to metabolize many of these com-
pounds (Tanabe et al., 1981, 1988; Jepson et al., 1999).
Of these compounds, the polychlorinated biphenyls
(PCBs) and dichlorodiphenyltrichloroethane (DDT)
and its metabolites dichlorodiphenyldichloroethylene
(DDE) and dichlorodiphenyldichloroethane (DDD)
present the largest problem to marine mammals (Borrell
and Aguilar, 1993; Reijnders, 1994). These organo-
chlorines have been associated with deleterious effects
on the immune, endocrine and nervous systems of
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pinnipeds and cetaceans, resulting in disruption in
growth, development, reproductive impairment and resis-
tance to disease (Béland et al., 1993; Reijnders, 1994;
Reijnders and Ruiter-Dijkman, 1995; Ross et al., 1996;
Skaare et al., 2000). Deleterious effects on the immune
system and subsequent lowering of the ability to resist
disease have been suggested as possible factors involved
in mass mortality events and strandings (Aguilar and
Borrell, 1994a; Joiris et al., 1997; Jepson et al., 1999;
Tilbury et al., 1999). However, directly associating con-
taminant concentrations and toxicity is difficult due to a
number of confounding factors. Age, sex, the diet and con-
dition of an individual, individual and species-specific
ability to metabolize and excrete pollutants all have con-
siderable effects on concentrations (Evans, 2003). Many
samples used in pollutant studies have been
derived from single strandings, bycaught animals or
animals harvested in whaling operations. For a large
proportion of single-stranded animals, the cause of
death is unknown but may be associated with disease.
Consequently, concentrations of pollutants in these
samples may not reflect that of the healthy population
(Aguilar et al., 1999). Sex ratios and age structure are
often biased in bycaught animals and those from the
whaling industry, thereby hampering the identification
of patterns of pollutant concentrations throughout
populations. Mass-stranded animals are thought to be
largely free of biases associated with disease and there-
fore represent the best source of unbiased, comprehen-
sive samples. However, pollutant studies utilizing mass-
stranded animals (other than those associated with viral
epidemics) are sparse.

Oceanic species of cetaceans such as sperm whales
(Physeter macrocephalus), as part of open ocean eco-
systems distanced from point sources of pollutants, can
be regarded as removed from the short term changes in
pollutant concentrations typical of inshore areas (Agu-
ilar, 1985; Reijnders, 1986). Female sperm whales are
distributed in waters from the equator to around 40° S
(Rice, 1989), with individual groups ranging throughout
areas in the order of 600 x 600 nautical miles. Within this
area, they may move up to 55 nautical miles per day
searching for food (Jaquet et al., 2000). Differences in
the chemical profiles and concentrations of pollutants in
different water masses should be reflected in the pollu-
tant load of animals that feed in those areas (Aguilar,
1987; Aguilar et al., 1993). Therefore, concentrations of
organochlorine compounds in sperm whales should be
reflective of broad scale regional oceanic levels of pol-
lution unbiased by variable, localised concentrations of
pollutants close to point sources.

Three mass strandings of sperm whales on the west
and north coasts of Tasmania, Australia in 1998 (Evans
et al., 2002) provided a unique opportunity to investi-
gate (1) levels of organochlorines within this species,
thereby contributing to the sparse documentation of

these compounds in this region; (ii) variation in the
levels of these compounds with age and sex as well as
between stranding groups; (iii) the relationship between
blubber lipid content and concentrations of compounds
in this species and (iv) possible stratification of organo-
chlorines within the blubber across females and males
and the implications of any stratification to inter-study
comparisons in this species.

2. Materials and methods
2.1. Sample collection

Samples (n = 37) of 50-100 g blubber encompassing
the complete depth were collected from individuals in-
volved in two mass strandings in February 1998 (STR1:
Ocean Beach, Strahan, n» = 25 and STR2: Greens Pt.
Beach Marrawah, n = 12). These were part of a series of
three mass strandings of this species that occurred on
the west and north coasts of Tasmania in 1998 (Evans
et al., 2002; Fig. 1).

All samples were taken from the dorsal area in line
with the posterior insertion of the flipper between 48—72
h after death. All samples were wrapped in aluminium
foil, stored in ice on site and then frozen at —20 °C on
return to the University of Tasmania.

The sex and total length of all animals [tip of upper
jaw to deepest notch in fluke taken in a straight line
dorsally (Norris, 1961)] were recorded. Each individual

Greens Beach

Ocean Beach!

Fig. 1. Location of sperm whale strandings, Tasmania, Australia 1998.
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was assigned an age based on counts of the number of
growth layers in a tooth taken from that animal (Evans
and Robertson, 2001; Evans et al.,, 2002). Lactation
status was determined by applying pressure to teats and
through the identification of the presence of milk via the
in situ dissection of mammary glands.

2.2. Sample analyses

2.2.1. Stratification of samples

The lipid content of the blubber of sperm whales has
been found to vary with depth (Lockyer, 1991; Evans
et al., 2003). To investigate whether organochlorine
concentrations followed the same stratification patterns
as a consequence of their lipophillic nature, a subsample
(n = 10) of blubber samples from STR2 encompassing
the total depth of blubber were sectioned into three
parts following Lockyer (1991). These were then treated
as separate samples throughout the analysis.

2.2.2. Extraction of lipid fraction of blubber

Subsamples of each blubber sample were cleaned
(outer surfaces of the sample were removed) and
approximately three grams (mean: 2.9+0.3 g) were
weighed to £0.01 g. These were roughly chopped and
ground in a mortar and pestle with anhydrous sodium
sulphate and placed into a 125 ml Soxhlet apparatus to
which 80 ml of n-hexane was added for 4 h. Extracts
were transferred to a hot water bath and evaporated to
40 ml and then divided into two portions: 30 ml for
pollutant analysis and 10 ml to determine lipid content
(Evans et al., 2003).

2.2.3. Determination of blubber lipid content

The 10 ml extract was transferred to a previously
tared vial and the solvent evaporated under a stream of
N,. After returning to room temperature the total lipid
content of the sample determined gravimetrically. Lipid
content was expressed as a percentage of the wet weight
of the tissue after accounting for the division of the fat
extract volume.

2.2.4. Determination of organochlorine concentrations

Each 30 ml extract was cleaned using sulphuric acid
following the procedures in Murphy (1972). After phase
separation, the cleaned extract was concentrated to 1 ml
and 100 pl of an internal standard (tetrachlorobenzene
for the PCBs and deuterated PAH for the HCHs and
DDTs) was added. Each extract was analysed for p,p'-
DDT, p,p’-DDE, p,p’-DDD, a-HCH (benzene hexachlo-
ride, also known as hexachlorocyclohexane), B-HCH,
v-HCH (lindane) 3-HCH and the seven PCB congeners
identified on the ICES primary list (CBs 28, 52, 101, 118,
138, 153 and 180).

For the identification and quantification of PCBs,
each sample was injected into a Varian 3400 gas chro-
matograph with a 1079 split/splitless injector (injector
temperature 290 °C), equipped with an electron capture
detector (temperature 300 °C). The column was a
Chrompack CP58-60 column of 0.25 mm internal
diameter, 30 m length and a stationary phase CP-SIL §
CB low bleed with a film thickness of 0.25 um. Helium
was used as the carrier gas and the injection volume was
1 Wl with the injector operating in the splitless mode.
Temperature was programmed according to the fol-
lowing sequence: injection at 60 °C; oven held for the
first minute and then increased by 10 °Cmin~! to 300
°C. The oven was then held at this temperature for 10
min. The autosampler used was a Varian §200CX. PCB
congeners were selected from those present in Aroclor
1254 based on their relative peak size and isolation from
interfering peaks. PCBs in the samples were identified
using individual congeners and quantified using con-
geners in Aroclor 1254 and additionally with individual
congeners.

A Varian CP-3800 gas chromatograph with a 1079
split/splitless injector (injector temperature 290 °C) and
a Varian Saturn 2000 ion trap mass spectrometer were
used for the identification and quantification of p.p'-
DDT and it is metabolites and the four HCH isomers.
The column was a J&W DBS5MS column of 0.25 internal
diameter, 30 m length and a stationary phase DB5 low
bleed with a film thickness of 0.25 um. Column tem-
perature was initially 40 °C and was increased at 10 °C
min~! until it reached 290 °C where it was held for 8
min. There was a constant column flow of 1.0 ml min~!
and the autosampler used was a Varian 8200CX. Soft-
ware used for data analysis and calculations was the
Varian Saturn GC/MS workstation version 5.41.
Detection limits were 0.1 pgml~".

Standards containing the analytes of interest were
prepared at concentrations of 1, 10 and 100 pgml~'.
These were analysed at the same time as the samples
and were used to quantify the analytes by relative
retention times and mass spectral confirmation. Proce-
dural blanks were included in each run during the course
of analysis. Extraction efficiencies calculated by running
a series of spiked samples for all analytes were above
85%.

All materials used during the analytical process were
cleaned between each sample to prevent cross-contami-
nation. All concentrations are presented on the basis of
the extractable lipid content of each sample. Presenting
results on this basis accounts for at least part of the
heterogeneity associated with the nutritive condition of
the animals sampled and the methods used for lipid
extraction (Aguilar et al., 2002).

We found during analysis that the PCB congener
138 co-eluted with p,p’-DDT, and although longer
running times helped to separate out compounds, final
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concentrations were probably still biased to some degree
by the co-elution. Consequently, concentrations of this
congener were not used in statistical analyses.

2.2.5. Statistical analyses

Probability plots were used to test data for normality
and due to non-normality all organochlorine concen-
tration data were log-transformed. The relationships
between organochlorine concentrations on a wet weight
basis and blubber lipid content were investigated via
linear regression. Body mass is thought to influence
pollutant levels in individuals (Aguilar et al., 1999). In
order to investigate this relationship, length data were
used to calculate estimates of weight for all individuals
(W, = 0.006648L>'8;  Lockyer, 1981). Organochlorine
concentrations were regressed against estimated weight
and age to determine any possible relationships.

Because pollutants are known to accumulate in other
cetaceans with age (Aguilar et al., 1999), it was impor-
tant to account for possible age effects when testing for
differences between groups of animals (e.g. stranding,
sex). Differences between stranding groups were inves-
tigated using a multivariate general linear model (GLM)
with age as a covariate. Similarities in concentrations
between reproductive groups (non-lactating, lactating
and immature females), age groups and sexes were tes-
ted using a one-way Analysis of Similarity (ANOSIM).

Animals were assigned to age groups based on
approximate maturity of individuals (Lockyer, 1981;
Rice, 1989). These corresponded to (1) juvenile or

immature (female: < 13 years; male: <19 years; n = 5);
(2) sexually mature but not physically mature (female:
>13 < 30 years; male: > 19<35 years; n=9) and (3)
sexually and physically mature (female: >30 years; male:
>35 years; n = 20). Three animals were not aged and all
males were less than 23 years.

Concentrations of organochlorines were compared
between stranding groups via backwards stepwise dis-
criminant function analysis (DFA) using a Wilke’s
Lambda method at the 95% significance level.

To determine if pollutant concentrations were strati-
fied with depth throughout the blubber layer, log-
transformed data from the three strata were compared
using a repeated measures ANOVA.

Where concentrations were presented as ‘not detected’
(ND) the midpoint between zero and the detection limit
(0.1 pgml~") was used for statistical analyses.

3. Results

DDTs and PCBs were present in all of the 37 samples
analysed (Tables 1-3). XDDT concentrations ranged
from 0.2 to 9.4 pg/g~! lipid weight (mean=1.9+2.2)
while XPCB ranged from 0.3 to 3.3 pgg™! lipid weight
(mean=0.9+%0.6). YHCH concentrations were sub-
stantially lower than DDT and PCB concentrations,
ranging from below detection levels to 0.3 pgg~! lipid
weight (mean=0.0110.04). Both B- and 6-HCH iso-
mers were absent from or below detection limits in all

Table 1
Mean concentrations £ SD of HCHs in southern Australian sperm whales
N Lipid content (%) o-HCH B-HCH v-HCH 6-HCH YHCH
All 37 49.2+17.9 0.003£0.01 ND 0.01 £0.04 ND 0.01 £0.04
STR1 25 553+18.0 0.003£0.01 ND 0.01+0.1 ND 0.01£0.1
STR2 12 36.5+8.6 0.002£0.01 ND ND ND 0.002£0.01
All females 32 50.4+18.1 0.003£0.01 ND 0.01£0.1 ND 0.01£0.1
Female 3 56.8+£27.8 ND ND ND ND ND
age group 1
Female 4 49.1+30.2 ND ND ND ND ND
age group 2
Female 21 50.9+16.0 0.003£0.01 ND 0.01£0.1 ND 0.02£0.1
age group 3
Non-lactating 16 444+14.1 0.01£0.02 ND ND ND 0.01£0.02
females
Lactating 2 41.8£9.9 ND ND ND ND ND
females
All males 5 41.3%15.6 ND ND ND ND ND
Male age 2 44.6+26.9 ND ND ND ND ND
group 1
Male age 3 42.3%12.1 ND ND ND ND ND
group 2
Range 37 16.2-89.3 ND-0.1 ND ND-0.3 ND ND-0.3

All values in pgg™' lipid weight.
ND: not detected.
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Table 2
Mean concentrations + SD of DDTs in southern Australian sperm whales
N p.p’-DDD p.p'-DDE p.p'-DDT 2DDT p.p'-DDE/XDDT 2DDT/2PCB
All 37 0.2%0.2 1.0£1.0 0.7x1.2 1.9%£22 0.6+0.2 2.1%1.8
STR1 25 0.1%£0.1 0.7£0.5 0.4%0.6 1.2%£1.1 0.7£0.2 1.9%1.6
STR2 12 04£0.3 1.6x1.4 1.4£1.9 34+£3.0 0.5%0.1 2.7%2.1
All females 32 0.2%0.2 0.9%0.7 0.7£1.3 1.7£1.9 0.6£0.2 2.1%1.9
Female 3 03%0.4 1.3£1.4 0.3+0.4 19%1.6 0.6+0.2 22%1.4
age group 1
Female 4 0.1%£0.1 1.1£0.8 0.2%0.2 1.4%0.8 0.7£0.2 1.4%0.5
age group 2
Female 21 0.2%0.2 0.8%£0.6 09=%1.5 1.9%£2.2 0.6+0.2 24%22
age group 3
Non-lactating 16 0.2%0.1 0.8%0.5 0.5£0.7 1.5+1.2 0.6+0.2 1.8%1.5
females
Lactating females 2 04+0.3 1.5£0.6 3.6%3.8 5.5+4.7 0.3£0.2 7.0+1.6
All males 5 03%0.4 1.8%+2.1 1.0x1.1 3.1£3.6 0.7£0.2 2.1%1.0
Male age group 1 2 0.6%0.8 2.8%3.7 1.5%2.1 4.8+6.5 0.8%£0.3 1.7£1.7
Male age group 2 2 0.2£0.02 1.2£0.7 0.7%£0.1 2.1%£0.6 0.6£0.2 26104
Range 37 ND-1.1 0.2-5.4 ND-6.3 0.2-94 0.2-1.0 0.5-8.1
All values in pg g™ lipid weight.
ND: not detected.
Table 3
Mean concentrations = SD of PCBs in southern Australian sperm whales
N PCB28 PCBS52 PCB101 PCBI118 PCBI153 PCB180 2PCB
All 37 0.03£0.02 0.1£0.04 0.003£0.02 0.3+0.2 03£0.2 0.2%0.1 0.910.6
STR1 25 0.03£0.03 0.1£0.03 ND 0.2%0.1 0.2%0.2 0.2£0.1 0.7£0.3
STR2 12 0.04£0.01 0.04 £0.04 0.01£0.03 04%0.4 0.5%0.3 0.3%+0.1 1.3+0.8
All females 32 0.03£0.03 0.1£0.04 0.004£0.02 0.2%0.2 0.3£0.2 0.2£0.1 0.8£0.4
Female 3 0.03£0.02 0.1£0.1 ND 04%0.5 0404 0.2£0.1 1.0£1.1
age group 1
Female 4 0.05%0.05 0.1£0.1 0.02£0.1 0.2%0.1 04+0.4 0.3%0.1 1.0£0.6
age group 2
Female 21 0.03£0.02 0.04£0.03 0.001£0.01 0.2%0.1 0.3%£0.1 0.2%0.1 0.8+0.3
age group 3
Non-lactating females 16 0.04 £0.03 0.1£0.04 0.01£0.02 0.2%0.1 0.3+0.2 0.2£0.1 0.8+£0.4
Lactating females 2 0.03£0.01 0.02£0.03 0.02£0.02 0.2%0.2 0.3+0.2 0.2£0.1 0.7£0.5
All males 5 0.04 £0.02 0.1£0.03 ND 04%0.5 04+0.4 0.3%0.2 1.3£1.2
Male age group 1 2 0.04£0.03 0.1£0.1 ND 0.8£0.9 0.7£0.8 0.3£0.3 1.9£2.1
Male age group 2 2 0.04£0.01 0.04£0.03 ND 0.2£0.03 0.3%0.1 0.3£0.2 0.8£0.4
Range 37 0.01-0.1 ND-0.1 ND-0.1 0.1-1.4 0.04-1.2 0.1-0.6 0.3-3.3

All values in pgg™' lipid weight.
ND: not detected.

samples analysed. Of the DDT isomers and PCB cong-
eners, p,p’-DDE and the PCBs 28, 118, 153 and 180 were
present in all samples analysed.

3.1. Concentrations of pollutants with respect to weight
and age

Concentrations of p.p’-DDD, p,p’-DDE, the PCB
congeners 118 and 153 and XPCB were found to be
significantly negatively related to estimated weight only
amongst animals involved in STR2 (p,p’-DDD: »* = 0.5,
FLll = 92, P= 001, p,p/—DDEZ }’2 = 04, F]}]] = 62,
P =0.03; PCB118: r>=0.7, Fiq3 =23.1, P=0.001;
PCB153: =06, Fi =18.0; P=0.002; XPCB:

r? =0.6, Fi1; = 16.9, P = 0.002). Concentrations of all
organochlorines were not related to estimated weight
when only animals from STR1, all females and females
of age group three were included.

Concentrations of the PCB 101 were found to be
significantly negatively related to age amongst females in
age group three (”* = 0.3, Fj.19 = 6.0, P = 0.03). How-
ever, this organochlorine was only present above
detectable levels in only one animal and as a result, this
relationship cannot be regarded as accurate. In all other
whales, concentrations of all HCHs, DDTs and PCBs
were not related to age. An analysis of similarity with
pairwise tests demonstrated no significant differences
in organochlorine concentrations between age groups
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Table 4

General linear model (with age as a co-variate) results from comparisons of pollutant concentrations between sperm whales from the two stranding

sites

Compound All (d.f.=2) All females (d.f.=2) Female age group 3 (d.f.=2)
F-ratio P F-ratio P F-ratio P
v-HCH 0.4 ns 0.3 ns 0.3 ns
2HCH 0.4 ns 0.3 ns 0.3 ns
p.p’-DDD 1.9 ns 2.5 ns 0.5 ns
p.p’-DDE 5.0 0.01 1.2 ns 1.0 ns
p,p'-DDT 1.1 ns 0.9 ns 0.6 ns
2DDT 5.3 0.01 3.0 ns 2.0 ns
PCB28 2.2 ns 1.1 ns 0.7 ns
PCB52 0.1 ns 0.1 ns 0.04 ns
PCB101 33 0.05 3.7 0.04 3.7 0.04
PCBI118 8.1 0.002 7.4 0.003 4.2 0.03
PCB153 6.5 0.005 5.0 0.02 3.7 0.04
PCBI180 7.0 0.003 5.0 0.02 4.6 0.02
2PCB 8.9 0.001 7.7 0.003 49 0.02
p.,p’-DDE/XDDT 0.9 ns 1.7 ns 2.9 ns
2DDT/XPCB 2.6 ns 0.3 ns 0.6 ns

ns: not significant.

(Global R: —0.06; Sample statistic: 78.8%; 5000 ran-
domisations).

3.2. Concentrations of pollutants with respect to stranding
groups

When comparing organochlorine concentrations be-
tween the two stranding sites, the age of individuals was
found to have no effect (Fj.17 = 0.8, P = 0.6). Individ-
uals involved in STR2 contained significantly higher
concentrations of the DDT isomer p,p’-DDE and XDDT
and the PCB congeners 101, 118, 153, 180 and XPCB
(Table 4). When only females were included, similar
differences were observed in PCBs, however p,p’-DDE
and XDDT were not significantly different between the
two sites. Although y-HCH was either absent or below
detection limits in all animals involved in STR2, its
presence amongst individuals from STR 1 was also low: it
was only detected in one individual. There were no sig-
nificant differences in the ratios p,p’-DDE/XDDT and
2DDT/XPCB between individuals from the two sites.

Discriminant function analysis correctly assigned
89.2% of all cases on the basis of stranding site. Cross-
validation using a jackknife analysis also correctly as-
signed 89.2% of all cases to the correct stranding group.

3.3. Concentrations of pollutants with respect to sex and
reproductive group

The blubber from male sperm whales differed from
females in that no detectable concentrations of HCHs or
the PCB 101 were present (Tables 1 and 3). HCHs were
also not detected in the two lactating females (Table 1).
An analysis of similarity with pairwise tests demonstrated
no significant differences in organochlorine concentra-

tions between reproductive groups or sexes (Global R:
—0.04; Sample statistic: 71.0%; 5000 randomisations).

3.4. Concentrations of pollutants in relation to blubber
lipid content

Wet weight concentrations of organochlorines dem-
onstrated different relationships with blubber lipid
content across all groups of animals. The PCB congener
118 and XPCB demonstrated a positive relationship

25 4 12=0.3, F, 4o=40.4, P<0.001, n=91
(a) y=3.83x10"x+0.6
2.25 |
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Fig. 2. The relationship between blubber thickness (mm)
and total length (cm) in (a) female and (b) male southern Australian
sperm whales.



Table 5
Mean concentrations = SD of HCHs and DDTs in the outer, middle and inner strata of blubber in southern Australian sperm whales from STR2

Strata Group N Lipid o-HCH B-HCH v-HCH 8-HCH YHCH p.,p'-DDD p.p'-DDE p.p'-DDT 2DDT

content (%)

Outer All 10 35.7+142 ND ND ND ND ND 0.3+£0.3 1.2+1.2 1.1+£2.1 2.6+3.5
All females 7 357162 ND ND ND ND ND 0.3+£0.3 1.2+14 1.3+£2.5 29+42
Non-lactating 5 41.6x14.6 ND ND ND ND ND 0.2+0.1 0.7+£0.2 0.4+0.2 1.2+04
mature females
Lactating females 1 28.5 ND ND ND ND ND 0.2 0.9 0.5 1.61
Males 3 358+10.6 ND ND ND ND ND 0.2+0.1 1.0+0.5 0.6+0.3 1.8+0.9
Range 13.2-63.1 ND ND ND ND ND 0.1-1.1 0.4-4.4 0.1-7.0 0.6-12.4

Middle  All 10 47.7£10.7 ND ND ND ND ND 0.2+0.1 0.9+0.6 0.7+0.5 1.7+1.2
All females 7 493+12.3 ND ND ND ND ND 0.1+0.1 0.7+£0.4 0.6£04 1.4£0.8
Non-lactating 5 49.6+14.1 ND ND ND ND ND 0.2%0.1 0.7£0.4 0.5+0.2 1.3+£0.6
mature females
Lactating females 1 56.0 ND ND ND ND ND 0.1 0.3 0.2 0.51
Males 3 439%61 ND ND ND ND ND 0.2£0.2 13£1.0 1.0£0.7 2.5+18
Range 28.9-65.5 ND ND ND ND ND ND-0.4 0.3-24 0.2-1.6 0.544

Inner All 10 32.7+13.5 0.01%£0.02 ND ND ND 0.01+£0.02 04+0.5 14+1.2 23+5.6 4.0+£7.2
All females 7 30.6+10.7  0.01£0.03 ND ND ND 0.01£0.03 04%0.5 14t1.4 3.1x6.7 49+8.6
Non-lactating 5 32.5+11.7 0.02+0.04 ND ND ND 0.01£0.03 0.2+0.1 0.8+04 0.3+0.3 1.3£0.6
mature females
Lactating females 1 19.8 ND ND ND ND ND 1.6 4.6 18.2 24.3
Males 3 37.5+15.7 ND ND ND ND ND 0.1£0.1 1.3£0.8 0.4+0.3 1.8£0.4
Range 19.8-61.2 ND-0.1 ND ND ND ND-0.1 ND-1.6 0.4-4.6 ND-18.2 0.7-24.3

All values in pgg™! lipid weight.
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Table 6

Mean concentrations = SD of PCBs in the outer, middle and inner strata of blubber in southern Australian sperm whales from STR2

Strata Group N PCB 28 PCB52 PCBI101 PCBI118 PCBI153 PCBI180 2PCB
Outer All 10 0.1£0.02 0.1+0.1 0.04%0.1 0.4+0.2 0.4+0.2 0.3+0.2 1.3+04
All females 7 0.04£0.01 0.04£0.03 0.1%0.1 04%0.2 0.5%£0.2 0.3%0.2 1.3£04
Non-lactating mature 5 0.04+0.01 0.1+0.03 0.1+0.1 0.3+0.2 0.4+0.1 0.3+0.2 1.1£04
females
Lactating females 1 0.04 ND 0.1 0.5 0.4 0.3 1.4
Males 0.1£0.02 0.1+0.1 ND 0.4+0.2 0.4+0.2 04+0.2 1.3+0.5
Range 0.02-0.1 ND-0.2 ND-0.3 0.2-0.7 0.2-0.9 0.1-0.6 0.7-2.0
Middle All 10 0.02£0.02 0.02£0.03 ND 0.2%0.1 0.2£0.1 0.3%0.2 0.8+0.4
All females 7 0.02+0.02 0.02+0.03 ND 0.3+0.1 0.3+0.1 0.3+0.2 0.3+0.2
Non-lactating mature 5 0.03£0.02 0.03£0.03 ND 0.3%0.1 0.3%0.1 0.3%0.2 0.9%0.3
females
Lactating females 1 0.01 ND ND 0.2 0.3 0.1 0.7
Males 3 0.02+0.02 0.01%0.01 ND 0.1+0.1 0.2+0.1 0.2+0.2 0.5+04
Range ND-0.1 ND-0.1 ND 0.01-0.5 0.01-0.4 0.1-0.7 0.1-14
Inner All 10 0.03+0.03 0.01+0.02 ND 0.3+0.1 0.4+0.7 0.2+0.1 09+04
All females 7 0.04£0.03 0.01£0.02 ND 0.3%0.1 04£0.2 0.2+0.1 1.0x04
Non-lactating mature 5 0.04£0.04 0.01+0.02 ND 0.3+0.2 0.5+0.2 0.3+0.1 1.1+04
females
Lactating females 1 0.04 ND ND 0.4 0.6 0.3 1.2
Males 3 0.03£0.01 0.02£0.03 ND 0.2%0.1 0.3%0.1 0.3%0.2 0.8+0.3
Range 0.01-0.1 ND-0.1 ND 0.1-0.5 0.1-0.7 0.1-0.5 0.4-1.3

All values in pgg™! lipid weight.

ND: not detected.
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with blubber lipid content, while p,p’-DDD and p,p'-
DDE demonstrated a negative relationship with blubber
lipid content. Concentrations of p,p’-DDD demon-
strated a significant negative relationship with blubber
lipid content in all animals pooled (+> = 0.1; F 35 = 4.9;
P = 0.03). Individuals from STR1 demonstrated signi-
ficant positive relationships between the PCB 118
(> = 0.3; Fio4 = 10.3; P =0.004) and XPCB (* =0.2;
Fi24 =4.8; P=0.04; Fig. 2) and blubber lipid content
and a significant negative relationship with p,p’-DDD
(> = 0.2; Fi23; = 6.2; P = 0.02; Fig. 2), while those from
STR2 demonstrated a significant negative relationship
with p,p’-DDE (#? = 0.4; F;1; = 5.8; P = 0.04). Females
of age group three demonstrated a significant positive
relationship between PCB 118 (2 =0.2; Fj,3 = 8.2;
P =0.008) and PCB (> = 0.1; Fj,3 = 4.4; P =0.05)
and blubber lipid content, while all females pooled
demonstrated a significant negative relationship between
p.,p-DDD  and blubber lipid content (> =0.1;
F1‘31 = 40, P = 005)

3.5. Stratification of pollutant concentrations

The distribution of pollutant concentrations across
the vertical aspect of the blubber layer varied between
the groups of pollutants (Tables 5 and 6). While there
were exceptions, the general pattern of distribution for
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Fig. 3. Average concentration of (a) XDDT and (b) ZPCB in the outer,
middle and inner strata of blubber in southern Australian sperm
whales.

Table 7

Results of repeated measures ANOVA on the distribution of pollutant
concentrations throughout the blubber layer of southern Australian
sperm whales

Compound F-ratio (d.f.=9) P
o-HCH 1.0 ns
2HCH 1.0 ns
p.p’-DDD 72.0 <0.001
p.p'-DDE 1.0 ns
p.p’-DDT 5.5 0.04
2DDT 10.9 0.01
PCB28 318.2 <0.001
PCB52 32.4 <0.001
PCBI101 2.0 ns
PCBI118 139.3 <0.001
PCBI153 76.9 <0.001
PCBI180 131.3 <0.001
2PCB 2.0 ns

ns: not significant.

DDTs was inner strata>outer strata>middle strata
and the pattern for PCBs: outer strata>inner
strata > middle strata (Fig. 3). HCHs when present, were
only present in the inner most strata of the blubber layer
and the PCB congener 101 when present was only
present in the outermost blubber stratum. Distributions
of most compounds were significantly different between
the three strata (Table 7). Concentrations of a-HCH,
2HCH, p,p'-DDE, the PCB congener 101 and XPCB
were not significantly different between the three strata.

Small sample sizes prevented an investigation into
potential differences in stratification on the basis of
reproductive condition, age or sex.

4. Discussion

The results of this study highlight the complexity of
organochlorine accumulation in sperm whales. High
variability was associated with concentrations of all
organochlorines. Differences between stranding groups
support the potential for organochlorines as means of
discriminating social and thereby foraging groups of
sperm whales, and highlight diet as a primary influence
on organochlorine concentrations in this species.

4.1. Concentrations of with respect to weight and age

Typically across marine mammals, both males and
females tend to accumulate organic pollutants rapidly
during juvenile stages. As males age, accumulation slows
and attains a plateau in adults. Females, however
demonstrate a sharper slowing in accumulation, with
burdens stabilizing and even decreasing in older indi-
viduals (Aguilar et al., 1999). This difference in accu-
mulation has been attributed to the capacity for
lipophillic pollutants to be passed across the placental
membrane to the foetus during pregnancy, and through
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the transfer to dependent young via milk during lacta-
tion. Transfer of pollutants to the foetus varies between
species and has been reported to be in the order of 5-
15% of the total body burden of the mother (Duinker
and Hillebrand, 1979; Tanabe et al., 1980). Transfer
during lactation increases substantially and has been
reported to be in the order of 72-98% of the mother’s
body burden (Tanabe et al., 1980; Cockcroft and Ross,
1989). This increase is primarily associated with the
depletion of body reserves of fat, protein and minerals
to supply precursors for milk synthesis (Pond, 1984).
The magnitude of organochlorine transfer and therefore
overall patterns in lifetime accumulation, thereby de-
pends on the reproductive rate of the species and indi-
vidual, and the intensity of reproductive transfer
(Aguilar et al., 1999).

Relationships between pollutant concentrations and
age were absent amongst sperm whales in this study.
Large numbers of adult females, a lack of adult males
and high individual variation may serve mask any
relationships present across the animals in this study.
This may be further enhanced by the reproductive his-
tory of females in this study. Aguilar and Borrell (1994b)
proposed that the highest transfer of pollutants from a
mother to calf would occur during a female’s first
reproductive cycle. With continuing transfer of con-
centrations during successive reproductive cycles, the
overall burden in the female decreases and therefore, the
amount transferred also decreases. In such a scenario,
the first calf from a female would contain the highest
pollutant burdens of all of her offspring. The mean age
of females sampled was 34.6 = 14.8 year (0.75-60 year).
Female sperm whales are considered to be sexually
mature (but not physically mature) at around 10-13
years, although have been found to be pregnant as early
as 7 year (Best et al., 1984). Females in this study were,
for the majority, older than 20 year (90%) and therefore
are likely to have already given birth to their first calf,
thereby offloading the largest portion of their pollutant
burdens. Low numbers of juveniles and high individual
variation may serve to confound any distinct differences
between sexually immature and mature females and
further any variation in pollutant burdens within these
two groups of females.

Female sperm whales are well known for their gre-
gariousness, forming socially cohesive groups of 10-30
adult females and immature individuals. These groups
are themselves composed of dynamic associations
between mostly permanent units of 12-13 individuals
that may or may not be related to each other (White-
head et al., 1991; Whitehead and Kahn, 1992; Mesnick
et al., 2003), Preliminary genetic analyses support the
presence of smaller units comprised of related and
unrelated individuals in the stranding groups studied
here (Mesnick, 2001; Mesnick et al., 2003). The complex
social structure of sperm whales is fundamentally asso-

ciated with optimizing the survival of offspring through
communal defense and communal care of young (Best,
1979; Richard et al., 1996). These strategies serve to free
lactating mothers from supervisory roles over young,
allowing continual foraging and the costs of reproduc-
tion to largely be met by feeding thereby minimising
demands on energy reserves. A reproductive strategy
involving the continuous acquisition of energy through-
out the reproductive period, allowing adjustments in
energy acquisition in response to changes in energy de-
mands, and a prolonged lactation period, is typical of
that of income breeders (Jonsson, 1997). The opposite
strategy is the reliance on endogenous energy stores
during a reproduction period involving fasting and is
typical of the reproductive strategies of capital breeders
such as baleen whales and a number of phocid species
(Jonsson, 1997). The reproductive strategy of capital
breeders often involves high intensity, relatively short
lactation periods involving high energy transfer to
young, therefore allowing rapid growth and shorter
dependence periods (Oftedal, 1997). It could be assumed
that the two reproductive strategies would ultimately
result in different patterns of pollutant intake, metabo-
lism and offloading. Offloading of pollutants from in-
come breeding mothers to their young would be gradual
over a prolonged lactation period and would also in-
volve continual intake of further concentrations of
pollutants with feeding during the reproductive period.
The ultimate result of an income breeding reproductive
strategy and low fecundity as observed in sperm whales
may be essentially stable pollutant loads across adult
females within a group for which pollutant intake is
effectively the same (e.g., individuals in the same for-
aging group).

Differences in these two reproductive strategies may
result in differing patterns of pollutant intake, metabo-
lism and offloading. Offloading of pollutants from in-
come breeding mothers to their young may not become
significant until times during which continual foraging
cannot meet higher energetic demands associated with
lactation and stored energy reserves are therefore re-
quired to meet these demands. If body burdens of pol-
lutants are not substantial, fecundity is low and foraging
strategies serve to minimize demands placed on energy
reserves during reproduction, the overall effect of off-
loading of pollutants in females may not be obvious.
Without detailed information on the reproductive his-
tory of individuals, it is difficult to assess the effect of
reproduction on the relationships between age and
pollutant concentrations observed in this study.

Individuals from STR2 demonstrated a decrease in
the concentration of p,p’-DDD, p,p'-DDE, the PCB
congeners 118 and 153 and XPCB with estimated
weight. This was largely influenced by relatively high
concentrations in two immature animals (one female,
one male) in this dataset, particularly by a male aged five
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years, and much lower concentrations in the adult fe-
males involved in this stranding. The results observed
here therefore may be more associated with age, rather
than differences in the size of individuals.

4.2. Concentrations of pollutants with respect to sex

Males were distinctly different from females in their
lack of detectable quantities of HCHs and the PCB 101.
This may reflect differences in the intake, metabolism
and excretion of individual organochlorines between
sexes. However, both pollutants were not common in
detectable concentrations throughout all animals in this
study: HCHs were only detected in three animals and
the PCB 101 detected in two animals. Larger sample
sizes are required to establish whether this is indeed an
indicator of differential deposition of these organo-
chlorines between males and females. Aguilar (1983)
reported higher concentrations of p,p’-DDT, p,p’-DDE,
p.p'-DDD, XDDT and 2PCB in female sperm whales
but noted that age, reproductive status and fattening
condition could mask differences between sexes. Sexual
differences in diving ability, migratory habits and diet
have been suggested to account for different pollutant
inputs and subsequent patterns in pollutant burdens in
this species (Aguilar, 1983).

While females are largely restricted to waters north of
40° S, males range into higher latitudes, traveling as far
as the ice edge. Movements of males into polar, less
polluted waters (due to their greater distance from point
sources) and the confinement of females to more tem-
perate and tropical and more highly polluted waters
(due to their closer proximity to point sources; see Iwata
et al. (1993) for an overview of global organochlorine
distributions) would result in differing inputs and con-
sequently, differing overall burdens between sexes. Dif-
ferences in the diet of males and females in this area in
late summer have been observed (Evans and Hindell,
unpublished data) and may be reflective of different
foraging habitats between sexes. However, dietary
assessments were marked by high individual variability.
This variability, coupled with small sample sizes and a
lack of adult males makes it difficult to draw any con-
clusions on potential differences in organochlorine
concentrations between sexes.

4.3. Concentrations of pollutants with respect to stranding
group

As most persistent pollutants are incorporated into
the bodies of marine mammals via food (Aguilar et al.,
1999), differences in the concentrations of organochlo-
rines between the two stranding groups may reflect dif-
ferences in the composition of diet or in the location of
feeding grounds between the two groups. Analysis of the
recent diet of individuals revealed differences in the diet

between the two stranding groups (Evans and Hindell,
unpublished data), but was characterized by intra-group
variation, possibly the result of the presence of discrete
foraging units within each stranding group. The nature
of the associations between female sperm whale groups
has been postulated to be reflective of foraging associ-
ations, and the dynamics of these associations vary with
prey distributions and densities (Whitehead et al., 1991).

Although not statistically significant, differences in
the p,p/-DDE/XDDT (STR1: 0.7£0.2; STR2: 0.5+0.2)
and XDDT/XPCB (STR1: 1.9%1.6; STR2: 2.7+2.1)
ratios of the two stranding groups may indicate poten-
tial differences in the longer-term diet and movement
patterns of the two groups. The XDDT/XPCB ratio is
regarded as one of the most important for use in dis-
criminating different populations of animals because of
its sensitivity to distance from land and to trophic level
(Aguilar, 1984). This ratio is higher in water masses
closer to agricultural areas and lower in waters close to
industrialised areas. The DDE/XDDT ratio is based on
the process of conversion of DDT through a chief
metabolic pathway via dehydroclorination to its
metabolite DDE (Aguilar, 1984). This ratio therefore, is
dependent on the amount of time since the release of
DDT into the ocean and is indicative of differing release
chronologies between different areas (Aguilar, 1987).

The recent diet of these sperm whales demonstrated
that the diet of individuals from the two stranding
groups differed and suggests that there may have been
some segregation in the foraging of the two stranding
groups (Evans and Hindell, unpublished data). How-
ever, these differences were marked by high individual
variability and may be influenced by the distribution of
males throughout the dataset. Cephalopods distributed
throughout tropical and subtropical waters contributed
to the diet of individuals from STR1 to a greater extent
than they did to the diet of individuals from STR2, while
those distributed throughout more southerly waters
contributed to a larger extent to the diet of individuals
from STR2. If this is a reflection of the longer-term diet
of these animals, then individuals from STR1 may have
been exposed to more recent inputs of DDT due to
closer point source proximity. In the Southern Hemi-
sphere, the vast majority of the populated area is in
tropical and subtropical regions and levels of pollutants
in both the air and surface water reflect this distribution
(Iwata et al., 1993). Assessment of longer-term dietary
components through the use of techniques such as fatty
acid analysis may provide further insight into the diet of
individuals and in association, potential differences in
organochlorine accumulation.

The mean blubber lipid content of individuals in-
volved in STR1 (55.3£18.0) was significantly higher
than that of individuals involved in STR2 (36.5 % 8.6;
t3s = 3.32, P = 0.002). It is possible that mobilisation of
lipids, resulting in lower blubber lipid contents may have
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also contributed to the observed higher concentrations
of pollutant compounds remaining in blubber tissue of
individuals involved in STR2.

4.4. Concentrations of pollutants in relation to blubber
lipid content

Changes to pollutant concentrations as a result of the
mobilisation of lipids are thought to involve a combi-
nation of two processes: (1) pollutants leave storage sites
with the lipids to which they are bound, and pass into
the blood and onto to other tissues, or are excreted
resulting in tissue concentrations remaining constant; (2)
pollutants remain in the tissues (lipids are more readily
mobilised than lipophillic compounds), resulting in an
increase in concentrations relative to the amount of
lipids in the tissue (Aguilar, 1987; Aguilar et al., 1999).
These two processes result in an overall increase in
concentrations, but at a lower level than that which a
purely concentrative model would produce.

Different organochlorines were observed to demon-
strate different relationships between concentrations and
blubber lipid content. DDTs decreased with increasing
blubber lipid content, following the general pattern of
an increase in concentration with mobilisation of lipids
(Aguilar et al., 1999; see above), while PCBs increased
with blubber lipid content amongst individuals from
STR1 and in adult females. The relationship between
PCB concentrations and blubber lipid content observed
in this study is the opposite of that observed in cetaceans
elsewhere (Aguilar et al., 1999). Although this relation-
ship was statistically significant in adult females and
individuals from STR1 (which were dominated by adult
females), it was not a strong relationship and may have
been biased by small samples sizes and high individual
variability (Fig. 2).

Differences in the behaviour of individual compounds
to changes in lipid content may be the result of: (i) dif-
fering affinities of individual organochlorines to different
lipid groups, (ii) differing energetic utilization of lipid
groups and (iii) differences in the ability to metabolise
specific pollutant compounds. Concentrations of DDTs
and highly chlorinated PCBs have been reported to be
related to levels of triglycerides and non-esterified fatty
acids, while concentrations of less chlorinated PCBs are
reported to be related to levels of the highly polar
phospholipids (Aguilar, 1985; Kawai et al., 1988). Dif-
ferences in the rate and extent to which these lipids are
mobilised would result in differing behaviours of pollu-
tant concentrations associated with those lipids.

Both the diet and blubber lipid content of sperm
whales from these strandings was typified by high indi-
vidual variability (Evans and Hindell, unpublished data;
Evans et al., 2003), suggesting differences in the feeding
intensity and foraging success of individuals. Associated
with this, if differing foraging strategies are employed by

individuals (i.e. differences in the spatial distribution of
foraging individuals or differences in dive profiles), this
may be reflected in differing metabolic demands on
energy stores and therefore, individual variation in the
utilization of energy. Both factors would ultimately re-
sult in high individual variability in energy stores and
subsequently, on concentrations of organochlorines
and the exchange in these between the blubber, blood
and other organs.

Further studies involving larger number of animals
across all age and reproductive groups would serve to
establish the relationships of individual organochlorines
with lipid content and additionally the effects of gender
and individual variation on these relationships.

4.5. Stratification of pollutant concentrations

Differential deposition, or mobilisation, of pollutants
throughout blubber tissue appears to occur in this spe-
cies. Stratification of pollutant concentrations through-
out the blubber layer has been suggested in fin
(Balaenoptera physalus) and sei (Balaenoptera borealis)
whales (Aguilar, 1985; Aguilar and Borrell, 1990), but
has not been documented for this species.

Two interacting factors may contribute to the strati-
fication of pollutant concentrations: (1) lipid composi-
tion varies with depth throughout the blubber layer of
cetaceans, with inner layers containing longer-chain
unsaturated fatty acids and outer layers containing
medium-chain fatty acids (Ackman et al., 1975; Koop-
man et al., 1996), Individual organochlorines are re-
ported to demonstrate different affinities for different
lipids (Kawai et al., 1988; Guitart et al., 1996). As a
result, the distribution of pollutants may therefore re-
flect any differential distribution in concentrations of
individual lipids throughout the blubber layer. (2) Pol-
lutants are absorbed and released into the blood from
organs such as the liver and blubber following changes
in the ingestion and excretion rates of compounds
(Moriarty, 1984). The magnitude of this exchange is
dependent on the size of the vascular network supplying
each organ. The innermost layer of the blubber is ex-
posed to a much larger circulatory network than the
middle and outer layers. As a result, pollutants present
in the inner layer of blubber are more easily transferred
than those in the middle and outer layers and conse-
quently, are sites of greater pollutant concentration
variability (Aguilar and Borrell, 1994b). This exchange
may also be enhanced or diminished by the polarity of
individual compounds (Aguilar and Borrell, 1991).

Investigations into the stratification of pollutant
concentrations throughout the blubber layer found that
concentrations of DDTs were highest in the inner layer
of blubber, while those of YPCB were highest in the
outer layer of blubber. It must be noted that differences
in PCB concentrations between layers were small and
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Table 8
Mean concentrations  SD (range) of organochlorines in sperm whales elsewhere
Location Year Sex n DDT DDE DDD 2DDT 2PCB 2HCH v-HCH p.p-DDE/  XDDT/
2DDT 2PCB
South Africa® 1974 F 1 ND 0.4 ND 0.4 ND - - 1.0 -
M 11 04+04 0.4+0.1 0.01+0.02 0.8%+0.5 ND - - 0.6+0.2 -
(ND-1.3) (0.2-0.7) (ND-0.1) (0.3-1.9) 0.4-1.0)
South Africa®*  1976-1981 F 1 0.1 0.1 0.04 0.13 ND - - 0.7 -
M 1 ND 0.2 ND 0.2 ND - ND 1.0 -
South Africa®® 1978 U 1 - - - 1.0 - - - - -
South Africa®* 1986 F# 1 - - - 0.4 0.1 - - - 3.0
Australia®* U U 1 - - - 8.6 0.2 0.2 - - 53.8
Australia™ U U 1 0.6 0.1 0.6 1.2 - - - 0.1 -
F 1 0.2 0.1 0.5 0.8 - - - 0.1 -
California® 1968 F 4 0.01+0.01 3.8%0.5 0.5+0.1 43+0.6 - - - - -
(0.0-0.02) (3.3-4.4) (0.5-0.6) (3.8-5.0)
M 2 1.7£1.2 3.4+3.7 0.5£0.4 5.6+5.4 - - - - -
0.9, 2.6) (0.7, 6.0) 0.2, 0.8) (1.8,9.4)
West Indies™ 1971-1975 F 1 4.0 9.9 1.6 15.5 4.0 - - 0.6 3.9
M 1 0.2 0.8 0.1 1.1 0.7 - 0.7 1.6
Massachu- 1971-1975  F 1 3.7 4.6 0.6 8.9 2.1 - - 0.5 4.2
setts"*
Eastern North 1979-1980 F 6 2.7 4.0 0.5 7.7 15.6 - - -
Atlantic! M 8 1.2 2.9 0.5 5.1 9.9 - - -
Iceland! 1982 M 10 25+1.1 42%1.0 1.1+£0.2 7.8%+1.5 10.5+2.1 - - 0.5+0.1 0.8+0.1
Orkney Islands® 1994 M 3 33£0.9 7.1£1.9 0.8%£0.2 11.2£29 3.5+£1.0 0.1£0.02 0.1£0.02 0.6£0.03 32£0.2
(2.3-3.4) (5.3-9.1) (0.5-0.9) (8.1-13.9) (2.4-4.4) (0.1-0.14) (0.07-0.1) (0.61-0.66)  (3.0-3.4)
Wadden Sea® 1994 M 1 3.7 5.3 0.7 9.7 3.9 0.2 0.2 0.6 2.5
Netherlands* 1995 M 3 48+1.0 8.3+1.7 1.2+0.3 14.3%3.0 48+%1.2 0.2+0.01 0.2+0.01 0.6+0.01 3.0+0.1
(3.6-5.5) (6.4-9.7) (0.9-1.4) (10.9-16.5)  (3.5-5.7) 0.2-0.2) (0.18-0.19)  (0.58-0.59) (2.9-3.2)
Orkney 1994 M 11 - - - 2.7 1.1 - - - -

Islands'* (12-15.5)  (0.3-6.3)

£0S-98% (#00Z) 8§ uia|ng uonjjod UL [ [ 12 Supag -y



Scotland'*+ 1993-1995
Belgium!* 1994
Netherlands! 1995
Belgium™ 1994

Netherlands™ 1995

£ £ 2 & K

3.140.4
(2.7-3.5)
26+1.0
(1.6-3.6)

40407
(3.0-4.6)
44414
(2.9-5.7)

0.740.04
(0.6-0.7)
0.840.2
(0.5-1.0)

115
(11.4-11.6)
6.9
(5.3-12.7)

77+1.1
(6.4-8.9)
78+2.6
(5.0-10.3)

5.3
(3.9-5.6)
4.6
(3.0-16.4)
4.8
(2.8-4.9)
29403
(2.5-3.2)
32+1.0
(2.1-4.2)

0.0340.01
(0.02-0.03)
0.0240.01
(0.02-0.03)

0.5+0.03
(0.47-0.54)
0.640.02

(0.55-0.58)

27404
(2.2-3.1)
2.440.03
(2.4-2.5)

All concentrations pg g~ lipid weight except * pgg~' wet weight and * where not stated. © median instead of mean given. F: female; M: male; U: not stated. # uncertainty to identification of sex as

total length stated as 16.0 m.

4 Henry and Best (1983). ZDDT derived from p,p’ isomers of DDTs, XPCB quantified from four major peaks in Aroclor 1254 (congeners not identified).

b Cockeroft and Ross (1991). Does not state whether DDTs p.p’ or o, p’ isomers or how XDDT and XPCB were quantified.
¢Van Dyk et al. (1982). Does not state how XDDT was quantified.
dde Kock et al. (1994). Does not state how XDDT was quantified. YPCB was derived from the identification of congeners from standard congener mixtures (all congeners not identified).

¢ Kemper et al. (1994). Does not state whether DDTs p.,p’ or o, p’ isomers or how XDDT and XPCB were quantified.

f Anderson (1991). Does not state whether DDTs p,p’ or o, p’ isomers or how YDDT and XPCB were quantified.
£Wolman and Wilson (1970). ZDDT derived from o, p’ and p,p’ isomers of DDTs.
" Taruski et al. (1975). Does not state whether DDTs p.p’ or o, p’ isomers or how XDDT was quantified. ZPCB was derived from the sum of the heights of those peaks in the sample that matched

Aroclor 1254 and 1260 (congeners not identified).

P Aguilar (1983). DDTs shown are p,p’ isomers. XDDT derived from the sum of both p,p’ and o, p’ isomers. ZPCB was derived from the sum of the heights of those peaks in the sample that

matched Aroclor 1254 and 1260 (congeners not identified).

IBorrell (1993). DDTs shown are p,p’ isomers. YPCB was derived from the sum of the heights of those peaks in the sample that matched Aroclor 1254 and 1260 (congeners not identified).
KLaw et al. (1996). DDTs shown are p,p’ isomers. XDDT derived from the sum of both p,p’ and o, p' isomers. XPCB was derived from the sum of the ICES7 congeners.
"Wells et al. (1997). DDT derived from the sum of both p.p’ and o, p' isomers. PCB was derived from the sum of the ICES7 congeners.

™ Holsbeek et al. (1999). XDDT derived from the sum of both p,p’ and o, p’ isomers. XPCB was derived from the sum of the ICES7 congeners.
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not as distinct as those observed in DDT concentra-
tions. Overall concentrations of both DDTs and PCBs
were observed to be lowest in the middle layer of
blubber of individuals.

Stratification of lipids and constituent fatty acids in
harbour porpoises and fin whales suggests that the inner
region of the blubber is a more active site for lipid
deposition and mobilisation, while the outer layers of
blubber are more stable and lipids contained in these
layers are not readily mobilized (Ackman et al., 1975;
Koopman et al., 1996). Preliminary analysis into the
stratification of fatty acids in the blubber of sperm
whales in this study suggests that constituent fatty acids
follow similar patterns to those documented in other
species (Bedard, 1998). If the majority of lipid deposi-
tion occurs in the inner layers of blubber and the outer
layers are relatively stable sites, pollutants stored in the
outer layers of the blubber may not necessarily under-
take the same patterns in concentration changes dem-
onstrated by those pollutants stored in the inner layers
of the blubber. If lipids are not readily mobilized from
the outer layers of blubber and PCBs concentrate in
these areas due to constituent lipid preferences, the outer
layers of blubber may ultimately serve as pollutant reser-
voirs, concentrating PCBs. Further studies into the
distribution of organochlorines throughout the blubber
layer are required to ascertain whether greater concen-
trations of PCBs accumulate in the outer layer of
blubber and that therefore, DDTs and PCBs are dis-
tributed differently throughout the blubber layer in
sperm whales.

The presence of stratification in organochlorine con-
centrations suggests that no single section of the blubber
layer of sperm whales is necessarily more representative
of overall pollutant concentrations in this organ. This
must be considered when comparing concentrations of
pollutants between animals from different studies, par-
ticularly those based on samples from live whales ob-
tained with the use of biopsy darts. These sampling
methods do not penetrate the whole blubber depth in
large whales such as sperm whales, taking only a frac-
tion of the outer blubber layer, and therefore, may not
provide a comprehensive indication of the presence and
concentration of pollutants in blubber tissue. Compar-
isons from or with such studies must be undertaken with
care, in light of possible biases due to stratification.

4.6. Concentrations of pollutants in comparison to sperm
whales elsewhere

The overall mean concentrations of organochlorines
were relatively low compared to those documented in
this species in the Northern Hemisphere (Table 8).
However, some individuals demonstrated concentra-
tions of organochlorines comparable to, or above levels
found in a number of studies of sperm whales in the

Northern Hemisphere. Mean concentrations of com-
pounds were comparable or higher than those previ-
ously reported for this species in the Southern
Hemisphere. Differences in analytical techniques, lack of
gender specification, biases to adult males and presen-
tation of results without relation to lipid amounts con-
found comparisons. It has been well established that
differences in analytical techniques, the presentation of
results and differences in the life history and biology (e.g.
size, sex, age, diet, nutritive condition, health) of indi-
viduals can have significant effects on the ability to make
inter-study comparisons (Aguilar et al., 1999). Addi-
tionally, as observed in this study, different groups of
sperm whales from the same region can demonstrate
differences in organochlorine concentrations. Differ-
ences in the dietary composition and foraging areas of
groups are likely to result in differing intakes of organo-
chlorines and as a result, it is difficult to positively
identify temporal changes in organochlorine concen-
trations across large regions.

The highest concentrations of organochlorines in
sperm whales were those of DDT and its metabolites,
while concentrations of PCBs were considerably lower.
This is also been observed in the majority of sperm
whales studied elsewhere (Table 8). Concentrations of
PCBs exceeded those of DDTs only in animals from the
eastern North Atlantic and around Iceland (Aguilar,
1983; Borrell, 1993). This may be a reflection of global
pollutant inputs, atmospheric and oceanic transport of
pollutants and the metabolic capabilities of this species.
Striped and bottlenose dolphins and fin whales have also
been reported to have higher body loads of DDTs than
PCBs. Subsequently, it has been hypothesized that DDT
compounds are less easily metabolized than PCBs in
cetaceans (Aguilar and Borrell, 1994b). Of the concen-
trations of individual PCB congeners, individuals in this
study contained higher concentrations of the congener
153. This congener is highly bio-persistent (Van den
Berg et al., 1998) and a similar dominance of this con-
gener in PCB concentrations has been reported in a
number of cetacean species elsewhere including sperm
whales (Law et al., 1996; Holsbeek et al., 1999; Minh
et al., 2000). The position of and degree of halogenation
in PCBs and species-specific differences in the reaction of
metabolic enzyme systems to these pollutants determine
the rate and degree of metabolism of PCBs. This
therefore determines the excretion or bioaccumulation
of these compounds (Van den Berg et al., 1998). Pre-
ferential metabolism and elimination of PCBs has been
inferred in a number of cetacean species from occur-
rence patterns in pollutants between predators and their
prey, and the reactions of enzyme systems associated
with the metabolism of toxic compounds such as the
cytochrome P450 1A enzyme system (Kannan et al.,
1989; Tanabe et al., 1988; Ross et al., 2000). It is pos-
sible that this also occurs in sperm whales. Further
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research investigating the enzyme systems responsible
for the metabolism of organochlorines, such as the
cytochrome P450 family would provide greater insight
into congener specific metabolism in this species.

DDT and PCB concentrations in southern Australian
sperm whales were on the whole, less than those re-
ported to be linked with deleterious effects in other
marine mammal species (Béland et al., 1993; Ross et al.,
1996; Jepson et al., 1999). However, the intake, meta-
bolism, excretion and physiological reaction to pollutant
concentrations are species-specific (Reijnders, 1994) and
as a result, it is difficult to extrapolate the effects ob-
served in one species to concentrations of organochlo-
rines in another species. Additionally, a number of
organochlorines are reported to undergo multiple non-
additive interactions producing responses in mammalian
systems at lower concentrations than if introduced
individually (e.g. synergistic interactions between PCBs
and dioxins in the development of porphyria and
induction of cytochrome P450 enzyme systems and
thyroid hormone levels in rodents) (Van den Berg et al.,
1998). In vitro studies on sperm whale tissues could
serve to provide some indication of the effects of changes
in concentrations of individual organochlorines and any
interactive effects in organ systems.

Continued monitoring of concentrations of organo-
chlorines in oceanic species is essential in establishing
temporal trends in regional organochlorine concentra-
tions in cetaceans in the Southern Ocean. This can only
be realised through the coordinated execution of a
program in which associated life history, distribution
and migratory data (to account for local and regional
pollution influences) are collected. This information,
linked with toxicokinetic studies, will provide a better
understanding of the effects of such concentrations both
in the short and long-term on populations of cetaceans
in this area.
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