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INTRODUCTION

Man-made pollutants such as polychlorinated bi-
phenyls (PCBs) have been identified world-wide in the
environment and particularly in oceans, which appear
to play the role of sinks for the accumulation of
organochlorine pollutants. Due to their high lipophilic-

ity as well as their resistance to physical, chemical and
biological degradation, PCBs bioaccumulate up marine
food chains (Muir et al. 1988). 

PCBs induce a variety of toxic effects, such
as immunotoxicity, neurotoxicity, carcinogenicity, dev-
elopmental impairment and reproductive problems
(Safe 1994, Ross et al. 1996, Bard 1999). Congeners are
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regularly between birth and weaning on the Isle of May, Scotland. The PCB profiles of the different
compartments of transfer consisted mainly of congeners 153, 138, 180, 187, 170 and 101, which made
up 85% of the total PCB burden. Outer blubber contained higher relative concentrations (R153) of
hepta-, octa-, and nona-chlorinated congeners (higher chlorinated congeners) than inner blubber, at
both early (≤5 d) and late (≥11 d) lactation. There was no change in the composition of the outer blub-
ber layer between early and late lactation, while in the inner blubber, there was a slight increase in
the R153 of higher chlorinated congeners at late lactation. In maternal serum, profiles changed to-
wards having a higher proportion of higher chlorinated congeners as lactation progressed, but in
milk, the PCB pattern stayed constant throughout lactation. Surprisingly, in pup serum profiles also
changed towards higher R153 of higher chlorinated congeners at late lactation compared to early lac-
tation, which was different to the pattern observed in milk. In all body compartments, higher propor-
tions of higher chlorinated congeners were associated with higher concentrations of total PCBs.
Maternal blubber and pup serum contained a higher R153 of higher chlorinated congeners than milk
and, to a lesser extent, maternal serum. Thus biomagnification of the higher chlorinated congeners
was recorded in pup serum. 
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metabolized differently, depending on the degree of
chlorination as well as on the structure of the molecule
(Safe 1994). This biotransformation occurs through
the activation of cytochrome P-450-dependent mono-
oxygenases. Non-planar congeners, such as PCB-153,
-138, -180, and -187, are the most persistent, and accu-
mulate in fatty tissues (Boon et al. 1994, Wolkers et al.
1998, Ross 2000). Metabolism and excretion rates of
PCBs decrease with the degree of chlorination (Safe
1994, Bard 1999). PCB-153, a di-ortho hexa-CB, is
extremely persistent and accumulates up the food
chain. It is present in all mammalian tissues and has
been chosen as a reference congener to evaluate the
metabolic or biomagnification index of the other con-
geners (Boon et al. 1994, Hugla et al. 1995, Wolkers et
al. 1998).

The general profile of PCBs in tissues is relatively
similar among marine mammals and is dominated by
PCB-153, -138 and -180 (Addison & Brodie 1987,
Law et al. 1989, Bacon et al. 1992, Hong et al. 1996,
Pomeroy et al. 1996, Kleivane et al. 1997,  Wolkers et
al. 1998, Andersen et al. 2001). However, inter-specific
differences are observed and have been explained by
the availability of PCBs in food as well as subsequent
biotransformation and enzyme-mediated metabolism
and excretion (Boon et al. 1994, Tanabe et al. 1994,
Mössner & Ballschmiter 1997, Bernt et al. 1999, Ross
2000, Andersen et al. 2001). 

Among the same marine mammal species, PCB pat-
terns can vary to some extent with tissue and age.
Indeed, the PCB profile changes from one tissue to the
other as a result of the physicochemical properties of
the different congeners and of the lipid composition of
the tissue considered. A lower proportion of highly
chlorinated congeners, which are more lipophilic and
less polar, has been noticed in seal blood, which con-
tains more polar lipids compared to blubber (Jenssen
et al. 1996, Bernhoft et al. 1997). Similarly, the selective
transfer of congeners through the milk, coupled with
preferential intestinal absorption and tissue storage, as
well as with low metabolism and excretion abilities,
explain why newborns present different PCB profiles
from their mothers (Bernhoft et al. 1997, Beckmen et
al. 1999). 

A pup receives its initial PCB burden in the womb,
and then a potentially large quantity of PCBs is
ingested by the pup through milk during lactation. The
composition of this burden in terms of congeners must
be taken into account to assess the possible impair-
ment that could be induced by an acute exposure to
PCBs during the early stage of life. This article is part
of a larger study on the dynamics of transfer of PCBs
from mother to pup in grey seals from the Isle of May
during lactation. The quantification of PCB transfer
from one body compartment to the other (maternal

blubber → maternal serum → milk → pup serum)
throughout lactation is presented in a companion
paper (Debier et al. 2003, this issue). The present paper
deals with the qualitative aspects of this transfer. The
relative concentrations of individual congeners com-
pared to the concentration of PCB-153 (R153) have been
followed throughout lactation. 

MATERIALS AND METHODS

Field techniques. The study was conducted on the
Isle of May, Scotland (56° 12’ N, 2° 32’ W), in November
1998 and 2000. All data on the mother-pup pairs
studied, as well as on the samples collected, are
presented in Debier et al. (2003). All animal handling,
as well as milk, blood and blubber collection, are 
described elsewhere (Debier et al. 2002, 2003). 

Chemical analyses. Sample preparation and PCB
analysis were performed as detailed in Debier et al.
(2003). Twenty-six congeners were measured (IUPAC
8, 18, 28, 44, 52, 66, 70, 87, 95, 101, 105, 110, 118, 128,
138, 149, 153, 156, 170, 180, 183, 187, 194, 195, 206,
209). 

Data analyses. Calculated values: In order to com-
pare the PCB profiles between body compartments
and throughout lactation in the same body compart-
ment, we expressed the concentrations of the different
congeners as a proportion of the appropriate concen-
tration of PCB-153, which is the most persistent and
thus generally the most abundant congener found in
biological tissues. We will refer to ‘R153’ or ‘proportion’
to describe this ratio. 
The relative biomagnification factor from prey/food
source to the consumer, referred to as ‘relative ratio’ or
Rrel(PCBx), is calculated by using the equation (Boon et
al. 1994): 

Rrel(PCBx) =  R153(PCBx) consumer � R153(PCBx) diet

In this case, milk was used as the food source and the
pup’s serum as the consumer, according to Beckmen et
al. (1999). Thus a Rrel(PCBx) significantly >1 (i.e. a 95%
confidence interval lower limit of >1) indicates bio-
magnification from milk to pup serum (Wolkers et al.
1998, Beckmen et al. 1999).

Statistical tests: Results were analyzed using the
GLM procedure (SAS/STAT 1990). The statistical
treatments were carried out on groups of congeners,
according to their degree of chlorination compared to
PCB-153. The first group is referred to as tetra- and
penta-CBs (PCB-52, -101, -110, and -118), which have
lower degrees of chlorination than PCB-153. The
second group is referred to as hexa-CBs (PCB-128,
-138, -149 and -156), which have the same degree of
chlorination as PCB-153. The third group is referred to
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as hepta-, octa-, and nona-CBs (PCB-170, -180, -183, 
-187, -194, -195, -206, and -209), which have higher
degrees of chlorination than PCB-153. The dependent
variable was the R153 of one of these groups of PCB
congeners.

Changes throughout lactation: Milk and serum
samples. Two variables were included in the model
analysis of variance: individual (mother or pup) and
age of pup. Age of pup was considered as a continuous
variable because milk and blood samples were col-
lected at different lactation stages. We used a 2-way
ANCOVA, crossed design. 

Blubber samples. Blubber biopsies were taken only
at early and late lactation for all females and were
divided into 2 layers (inner and outer blubber). Varia-
tions of R153 in the blubber were analyzed, using a
3-way mixed ANOVA, crossed design, with the follow-
ing factors: individual, stage of lactation (early or late),
and blubber layer (inner or outer). Stage of lactation
and blubber layer were combined into a single 4-level
factor, whose levels could then be compared pairwise,
using Bonferroni’s t-test for paired samples.

Comparisons between body compartments: The dif-
ferent compartments of transfer were compared. We
thus used the mother-pup pairs for which we had
analysed samples in all the compartments: maternal
inner blubber, maternal serum, milk, and pup serum.
We therefore focused on the samples of 2000, as blub-
ber biopsies were performed only during that breeding
season (Debier et al. 2003). PCB concentration varia-
tions in the blubber were analyzed using a 3-way
mixed ANOVA, crossed design, with the following fac-
tors: individual (mother-pup pair), stage of lactation
(early or late), and compartment. Stage of lactation and
compartment were combined into a single 8-level fac-
tor, whose levels could then be compared pairwise,
using Bonferroni’s t-test for paired samples. 

We will refer to ‘early’ and ‘late’ lactation for the
periods from Days 0 to 5 and from Days 11 to 20,
respectively. 

RESULTS

General PCB profiles

In each body compartment, the major congeners
were PCB-153, -138, -180, -187, -170 and -101. These
congeners accounted for more than 85% of total PCB
concentrations. Among the other congeners quanti-
fied, PCB-52, -118, -128, -149, -194, -195, -183 and -206
were found regularly in measurable amounts whereas
PCB- 95, -105, -110, and -156 could be quantified in a
few samples only. Congener 209, a deca-CB, has been
found in several samples and especially in blubber

samples. Only the most frequently encountered con-
geners are presented in the figures. 

Changes throughout lactation

Maternal blubber

The results of the ANOVA are presented in Table 1.
PCB-52 (a tetra-CB) was not quantified in inner and
outer blubber samples. There was a significantly
higher proportion of hepta, octa, and nona-CBs in
outer blubber than in inner blubber at both early and
late lactation (Table 1, Figs. 1 & 2). At early lactation,
the R153 of penta-CBs was higher in outer than inner
blubber, but this difference disappeared at late lacta-
tion. The R153 of hexa-CBs did not vary between inner
and outer blubber. The proportions of the different
groups of congeners did not vary significantly between
early and late lactation in either inner or outer blubber
(Table 1). The only exception was for the R153 of penta-
CBs, which decreased significantly between early and
late lactation in the inner blubber. A slight increase of
several hepta-, octa-, and nona-CBs, such as PCB-180,
was observed in the inner blubber (Fig. 1A).

Maternal serum, milk and pup serum

The results of the ANCOVA are presented in Table 2.
PCB-52 was detected in the serum samples but could
not be correctly quantified due to an interference with
the SPE-C18 column used for the PCB extraction from
the matrix (see Debier et al. 2003 for the method). The
R153 of hepta-, octa-, and nona-CBs increased between
early and late lactation in maternal and pup serum,
while it stayed constant in milk (Table 2, Figs. 1 & 2).
Concerning the other groups of chlorination, tetra- and
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Table 1. Halichoerus grypus. ANOVA of the effect of individ-
ual, time (early, 1, or late, 2, lactation) and blubber layer (inner,
IB, or outer, OB) on the R153 of PCB congeners in blubber. Cl
4–5 refers to tetra- and penta-CBs, Cl-6 refers to hexa-CBs
(other than PCB-153), and Cl 7–9 refers to hepta-, octa-, and
nona-CBs. For each group of congeners (each line of the
table), same letters are not significantly different (i.e. p > 0.05;
pairwise Bonferroni comparisons). p-values are given for the
differences between individuals. The interaction between in-
dividual and the factor-combining layer and period of lactation 

was not testable

Group of PCBs Individual IB 1 IB 2 OB 1 OB 2

Cl 4–5 <0.05 a b b b
Cl 6 <0.01 a a a a
Cl 7–9 <0.01 a a b b
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penta-CBs were found in higher proportions at early
lactation compared to late lactation in milk, while no
significant difference was noticed in the 2 other com-
partments of transfer (Table 2, Figs. 1 & 2). The R153 of

hexa-CBs did not change significantly throughout lac-
tation in maternal serum, milk and pup serum (Table 2,
Figs. 1 & 2).

PCB profile and total PCB concentration

The R153 of hepta-, octa-, and nona-CBs increased
with the rise of total PCB concentrations in all body
compartments. Correlation coefficients between the
R153 of hepta-, octa-, and nona-CBs and the concen-
trations of total PCBs were 0.68 (p < 0.01) in maternal
blubber, 0.90 (p < 0.01) in maternal serum, 0.78
(p < 0.01) in milk, and 0.74 (p < 0.01) in pup serum. The
high inter-individual variability in the PCB profiles
paralleled the variability in the total PCB concentra-
tions among individuals (Tables 1 & 2). 

Changes in PCB profile between body compartments

The results of the ANOVA are presented in Table 3.
The R153 of hepta-, octa-, and nona-CBs varied greatly
between compartments, especially at late lactation
(Fig. 3). Maternal inner blubber contained significantly
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Fig. 1. Halichoerus grypus. R153 of PCB congeners at early and late lactation in (A) maternal inner and outer blubber, 
(B) maternal serum, (C) milk, and (D) pup serum

Table 2. Halichoerus grypus. ANCOVA (p-values) of the
effect of individual and time (age of pup) on the R153 of PCB
congeners in maternal serum, milk and pup serum. Cl 4–5
refers to tetra- and penta-CBs, Cl–6 refers to hexa-CBs
(other than PCB-153), and Cl 7–9 refers to hepta-, octa-, 

and nona-CBs

Group of Individual Age of Interaction
PCBs (I) pup (A) (I × A)

Maternal serum
Cl 4–5 0.83 0.86 1.00
Cl 6 0.88 0.57 0.99
Cl 7–9 <0.01 <0.01 0.70
Milk
Cl 4–5 <0.01 <0.01 <0.01
Cl 6 <0.01 0.32 0.07
Cl 7–9 <0.01 0.18 0.93
Pup serum
Cl 4–5 0.20 0.66 0.84
Cl 6 0.54 0.32 0.80
Cl 7–9 <0.01 <0.01 0.03



Debier et al.: PCB profiles in grey seal mother-pup pairs

greater proportions of this type of congener than milk
and maternal serum, at both early and late lactation
(Table 3, Fig. 3). Proportions in maternal inner blubber
were, however, not significantly higher than in pup
serum. At late lactation, milk contained the lowest pro-
portion of hepta-, octa-, and nona-CBs (Table 3, Fig. 3).
The proportions of the hexa-CBs did not vary between
compartments at early lactation (Table 3, Fig. 3). How-
ever, at late lactation there was a greater R153 of hexa-
CBs in milk than in maternal inner blubber and mater-
nal serum (Table 3). The highest proportion of tetra-
and penta-CBs was found in milk (Table 3, Fig. 3): this
was significantly higher than in maternal and pup
serum at both early and late lactation, and higher than
in maternal inner blubber at late lactation. 

When only mother-pup pairs captured at Day 0 were
considered, the R153 of the different groups of congeners
were similar between mother and pup at Day 0 (Fig. 4A).
Conversely, at late lactation, hepta-, octa-, and nona-CBs
appeared to be present in higher proportions in pup
serum than in maternal serum (Fig. 4B). However, these
variations were not significant (p > 0.05).

Biomagnification from milk to pup serum

At early lactation, a Rrel(PCBx) significantly >1, indicat-
ing biomagnification, was observed for PCB-180, -187,
and -206 (range: 1.8 for PCB-180 to 4.4 for PCB-206),
while at late lactation, it occurred for PCB-170, -180,
-183, -187, -195, -194, -206 (range: 1.2 for PCB-183
to 7.6 for PCB-206). The other congeners (PCB-101, 
-110, -149, -118, -138, -128) presented a Rrel(PCBx) <1 at
both early and late lactation. 

DISCUSSION

Grey seal mothers in the UK fast during lactation.
Milk constituents are thus entirely derived from their

body stores. The fat content of the milk
comes mainly from the mobilization of
blubber, which also liberates PCBs in
the serum of the mother and then in the
milk. The general PCB pattern reported
in this study agrees broadly with exist-
ing literature on phocid seals (e.g.
Espeland et al. 1997, Kleivane et al.
1997). 

The PCB profile in grey seal tissues
during lactation appeared to vary, to
some extent, with time of lactation. The
main dynamics in the pattern was
observed for the R153 of hepta-, octa-,
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Fig. 2. Halichoerus grypus. R153 of groups of PCB congeners at
early and late lactation in (A) maternal inner and outer blubber,
(B) maternal serum, (C) milk, and (D) pup serum. The groups
have been formed according to their chlorination degree
compared to PCB-153. Cl 4–5 refers to tetra- and penta-CBs, Cl
6 refers to hexa-CBs other than PCB-153, and Cl 7–9 refers to 

hepta-, octa-, and nona-CBs. bl: blubber; l: lactation

Table 3. Halichoerus grypus. ANOVA of the effect of individual, time (early, 1,
or late, 2, lactation) and compartment of transfer (maternal inner blubber, IB;
maternal serum, MS; milk, M; pup serum, PS) on the R153 of PCB congeners. Cl
4–5 refers to tetra- and penta-CBs, Cl–6 refers to hexa-CBs (other than PCB-
153), and Cl 7–9 refers to hepta-, octa-, and nona-CBs. For each group of con-
gener (line of the table), same letters are not significantly different (i.e. p > 0.05;
pair-wise Bonferroni comparisons). p-values are given for the differences
between individuals. The interaction between individual and the factor combin-

ing layer and period of lactation was not testable

Group of PCBs Individual IB1 IB2 MS1 MS2 M1 M2 PS1 PS2

Cl 4–5 0.82 a,b b,c c c a a b,c b,c
Cl 6 0.05 a,b b a,b b a,b a a,b a,b
Cl 7–9 <0.01 a,b a c b,c c c b,c a,b
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and nona-CBs. The proportion of these highly chlori-
nated congeners increased significantly between early
and late lactation in maternal serum. Conversely, milk
levels remained constant. The absence of parallelism
between the dynamics observed in milk and maternal
serum suggests either the existence of a barrier at the
mammary gland against higher chlorinated PCBs or
that the lipid fraction present in the milk has a greater
affinity for the lower chlorinated PCBs. Surprisingly,
the PCB pattern in pup serum changed towards an
increase in the R153 of hepta-, octa- and nona-CBs
as lactation progressed. A selective absorption of
the higher chlorinated congeners across the gastro-
intestinal mucosa may occur, as suggested for PCB-180
in northern fur seal pups (Beckmen et al. 1999). This
phenomenon might also be explained by a greater
deposition of congener 153 in pup tissues compared
to the higher chlorinated congeners (hepta-, octa- and
nona-CBs). These congeners tend to accumulate in
serum with time, even without any modification in the
composition of the diet. The fact that hexa-CBs did not
exhibit a clear pattern, compared to PCB-153 (another
hexa-CB) in the different body compartments as lacta-
tion progressed, revealed that the degree of chlori-

nation was probably the major factor dictating the
dynamics of the R153 during lactation. 

In all compartments of transfer, including blubber,
the dynamics of total PCBs was accompanied by a
change in the PCB profile. Indeed, more contaminated
individuals presented greater relative amounts of
highly chlorinated congeners compared to less con-
taminated ones. A shift of the PCB pattern towards the
higher chlorinated PCBs in individuals having higher
total PCB levels has already been reported in the liter-
ature for non-lactating marine mammals (Heidmann
et al. 1992, Wolkers et al. 1998, Cleemann et al. 2000,
Andersen et al. 2001). The authors observed that the
degree of metabolisation appears to be a function of
the concentration. The induction of P-450 enzymes by
the higher PCB load is likely to leave only the most
recalcitrant congeners; most of these have a higher
chlorine content. In the present study, the parallelism
between levels of total PCBs and proportions of highly
chlorinated congeners could also be observed, in the
same individual, over the course of lactation, in mater-
nal and pup serum and, to a lesser extent, in the inner
blubber. Indeed, the total PCB concentration increased
with time of lactation in these compartments (Debier et
al. 2003). Accordingly, the PCB pattern in outer blub-
ber, which did not vary with time, corresponded to
constant values in total PCB concentrations between
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Fig. 3. Halichoerus grypus. R153 of groups of PCB congeners in
the different compartments of transfer: maternal inner blub-
ber, maternal serum, milk and pup serum at (A) early and (B)
late lactation. The groups have been formed according to
their chlorination degree compared to PCB-153. Cl 4–5 refers
to tetra- and penta-CBs, Cl 6 refers to hexa-CBs other than
PCB-153, and Cl 7–9 refers to hepta-, octa-, and nona-CBs

Fig. 4. Halichoerus grypus. R153 of groups of PCB congeners
in maternal serum and pup serum at (A) Day 0 and (B) late
lactation. The groups have been formed according to their
chlorination degree compared to PCB-153. Cl 4–5 refers
to tetra- and penta-CBs, Cl 6 refers to hexa-CBs other than
PCB-153, and Cl 7–9 refers to hepta-, octa-, and nona-CBs
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early and late lactation. In the case of milk, however,
no difference of pattern of these congeners was ob-
served between early and late lactation despite an
increase in the total PCB levels. This phenomenon
indicates that the concentrations of individual con-
geners increase in the same proportion as PCB-153, in
contrast to what was seen in the previous compartment
of transfer. It supports the assumption of a barrier
against the higher chlorinated congeners at the mam-
mary gland or a greater affinity of the lipids present in
the milk for the lower chlorinated PCBs. 

The composition of PCBs also differed between com-
partments, higher chlorinated congeners being en-
countered in relatively higher amounts in blubber and
pup serum compared to milk and, to a lesser extent,
maternal serum. Outer blubber, which is the most con-
taminated layer, also contained more highly chlori-
nated congeners than inner blubber, mainly at early
lactation. Lipid composition might certainly play a role
in the distribution of PCBs congeners between com-
partments. The higher proportion of highly chlorinated
congeners in inner blubber than in maternal serum has
also been reported in the literature, where it was con-
cluded that the higher the chlorination degree, the less
efficient the transfer from blubber lipid to serum lipid
(Addison & Brodie 1987). Indeed, the liposolubility of
PCBs increases with the degree of chlorination. The
lipid composition of serum is made of more polar lipids
compared to subcutaneous lipids, which are mainly
made of non-polar lipids (triglycerides) (Henderson et
al. 1994). In grey seals, the fatty acid composition in
milk has been shown to be different to that in maternal
blubber (Grahl-Nielsen et al. 2000), which might also
explain the higher proportion of lesser chlorinated
PCBs and the lower proportion of highly chlorinated
PCBs in milk, compared to the previous compartments
of transfer. This is, however, in contradiction to the
study of Addison & Brodie (1987) on grey seals, in
which the ratios of concentrations between milk lipids
and serum lipids were higher for PCB-180 and -153
compared to PCB-101 and -77.

Biomagnification in pup serum was noticed for
hepta-, octa-, and nona-CBs, while the contrary was
noticed for penta- and hexa-CBs. Due to the lack of
performance of the detoxification system of young ani-
mals, it would be surprising that these latter congeners
were metabolized and excreted. Less efficient absorp-
tion by the intestinal epithelium, or better deposition in
blubber or liver than the congener 153, and even more
than the hepta-, octa- and nona-CBs, might explain
this. Highly chlorinated congeners appear to form less
of the burden in blubber of pups compared to adults,
while less chlorinated ones are present in greater pro-
portions, as reported in Espeland et al. (1997) and in
Bernt et al. (1999). The authors that did not analyze the

blood compartment of the pups suggested a lower
transfer of higher chlorinated PCBs from mother to
pup, as well as inefficient metabolic abilities in pups, to
be responsible. However, this observation could also
be explained by a higher deposition of lower chlori-
nated compared to higher chlorinated congeners in
pup tissues, possibly because of the composition of the
lipids ingested, absorbed, transported and stored in
the pup itself. An analysis of the blubber composition
of nursing pups would be necessary in order to confirm
this hypothesis. 

When pup sera were compared to the sera of their
mothers, it appeared that the PCB pattern of newborns
was similar to that of their respective mothers. This
phenomenon suggests that the placental barrier does
not exert selectivity pressure against some categories
of congeners in grey seals. According to Juchau (1983),
all PCB congeners are indeed expected to pass across
placental membranes by simple passive diffusion, due
to their liposolubility, and molecular weight lower than
600. However, our results differ from those found in
striped dolphins Stenella coeruleoalba, for which the
concentration ratios in the blubber of the foetus com-
pared to that of the mother gradually decreased with
the increase in number of chlorine atoms (Tanabe et al.
1982). In grey seals, the PCB profile of pups then dif-
fered from their mothers following the ingestion of
milk. At late lactation, the higher chlorinated con-
geners were present in greater amounts in pup serum
compared to maternal serum.

Studies requiring blubber biopsies on nursing pups
coupled with analysis of the lipid composition of the
different body compartments would bring complemen-
tary information on the quantitative and qualitative
transfer of PCB from mother to pup during lactation.
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