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Abstract Fish and piscivorous bird eggs collected in
2003 from Lake Maggiore (Italy), were analysed for
PCB and DDT contamination. Lake Maggiore has
been severely polluted by DDT through production of
the pesticide within its catchment. Although agricul-
tural application of DDT was banned in Italy in the
1978, industrial production continued until 1996,
with enough contamination of water and soil for
serious bioaccumulation in the lake biota. PCB and
DDT concentrations in a whitefish (Coregonus mac-
rophthalmus Nusslin 1882) were seen to be dependent
on season and fish age, but not on sex. The average
increase of the lipid-normalised concentration of
DDTs and PCBs was two-fold across season and also
across age, resulting in an overall increase of four
fold. The seasonal variation was related to the eco-
physiological cycle of the fish and to the contamina-
tion dynamic of the lake, while the effect of the fish
age was explained on the base of biomagnification-
related mechanisms. A fugacity model was applied to
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predict the age-dependent bioaccumulation potential
of PCBs, whose concentrations were rather stable in
recent years in the lake. Predicted values for com-
pounds with negligible biotransformation were in
good agreement with experimental data (calculated
vs. experimental mean difference of 14%), and a
relationship between the increase of experimental age-
dependent concentration and K, was observed. The
good correspondence between the predicted and the
measured values for most PCB congeners confirmed
the general inability of fishes to biotransform these
compounds. On the contrary, the importance of
biotransformation processes was recognised in birds;
eggs of a fish eating bird (Podiceps cristatus) from
the same area selectively bioaccumulated p,p’-DDE.
For PCBs, congener 149 appears to be completely
metabolized by the bird species, and congeners 95,
101, 132, 151 and 174 were reduced as well. The role
of the meta—para free position on at least one phenyl
ring of PCB congeners in biotransformation processes
was confirmed.

Keywords Food chain - Biotransformation - Fish
lipids - Distribution model - Whitefish - Coregonus sp.

1 Introduction
The extent to which organochlorine compounds

(OCs) impact top predators, man included, is not
completely known (Van den Berg et al. 1998; Rogan
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and Chen 2005). OC pattern and the levels of
individual pollutants may greatly change as functions
of the amount introduced into the environment, climate
and aquatic community species composition. More-
over, the extent of accumulation differs from species to
species due to differences in diet and metabolic
pathways (Drouillard et al. 2001). Additionally within
a species, there may be variability in accumulation
rates related to age, season, sex and the physiological
condition of the animal (Nakata et al. 1995).

The aim of this paper is to analyse this additional
variability within a pelagic fish, the whitefish (Cor-
egonus macrophthalmus Nusslin 1882) and the
possible biotransformation processes occurring in the
pelagic food web. The extent of these phenomena
greatly affects bioaccumulation according to the
concept of ‘selective bioaccumulation’ (Guruge and
Tanabe 1997; Henriksen et al. 2000). Although the
mechanisms and the extent of bioaccumulation are
mainly known (Gobas et al. 1988, Clark et al. 1990;
Gobas et al. 1993) and have been kinetically
measured (Drouillard et al. 2001; Paterson et al.
2007), the role of biotransformation is more complex
and incompletely understood even for such well-
known compounds as DDTs and PCBs (UNEP 2001).

The environmental transformation of DDT, whose
commercial product contains up to 85% of p,p'-DDT
and up to 20% of o,p’-DDT, with minor proportions
of DDD (both p,p'- than o,p’-) and other constituents
(ATDSR 2000), is well known. The metabolites/
parent compound ratio is considered a measure of
the ‘age’ of the contamination (Calamari et al. 1994),
and among the metabolites, p,p'-DDD is known to be
preferentially formed in the anaerobic condition of
sediments while p,p'-DDE is formed through aerobic
metabolism. Since the late 1970, when the agricultur-
al use of DDT was banned in most industrialized
countries, temporal changes in the metabolite/parent
compound ratio have been observed in many lentic
environments, such as the Great Lakes (de Vault et al.
1996; Renaud et al. 1999; Marvin et al. 2003). In
Lake Maggiore, which received the wastewaters of a
DDT plant up until 1996, the DDT relative compo-
sition in whitefish showed a 50% reduction in the
proportion of the parent compound from 1998 to
2003, the transformation being mostly to p,p’-DDD
metabolite (CIPAIS 2005). In 2003, the metabolite/
parent compound ratio in surface sediment was
around 20 (CIPAIS 2005).
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PCBs are a mixture of homologues and isomers
produced with different degrees of chlorination in
many countries; in Italy mainly Fenclor 54 and 60
mixtures (corresponding to Aroclor 1254 and 1260)
were produced and used (Breivik et al. 2002). In
animals several transformation processes have been
described. Generally much lower biotransformation
rates were observed in fish than in birds and
mammals (Boon et al. 1989; Buckman et al. 2004).
On the basis of the substitution pattern, three groups
of congeners were proposed by Boon et al. (1989):
those without a free chlorine meta—para position and
more than 1 ortho-Cl (persistent congeners); those
with a free chlorine ortho—meta position on at least
one of phenyl rings, and no more than 1 ortho-Cl
(potentially biotransformed); and those with a free
chlorine meta—para position on at least one of phenyl
rings, and more than 1 ortho-Cl (readily biotrans-
formed). Studies in birds showed that PCB congeners
containing a vicinal meta—para hydrogen substituent
on at least one phenyl ring can be classified as
‘readily cleared’ while ‘slowly cleared’ are those
congeners hindered at these positions (Bush et al.
1974; Walker 1990; Guruge and Tanabe 1997;
Drouillard et al. 2001). Tanabe et al. (1988) intro-
duced a metabolic index (MI) in order to assess
metabolic susceptibility for each PCB compound
relative to congener 180 based on the concentration
ratio in the diet to that in the organism. Several PCB
congeners, such as PCB 153, are highly recalcitrant to
metabolic attack; for them the major mechanism of
whole body elimination in rats has been demonstrated
to be fecal egestion of the parent compounds
(diffusive losses) (Wyss et al. 1982; Matthews and
Andersen 1975).

In this study, an Italian lake (Lake Maggiore)
recently polluted by DDT of industrial origin (Solca et
al 2006), was chosen for as case study to understand
the influence of season, age and sex on the PCB and
DDT bioaccumulation phenomena in whitefish. Con-
centrations were determined in fish tissues and
gonads. The OC profiles measured in fish were then
compared with those determined in the eggs of a
piscivorous bird, the great crested grebe (Podiceps
cristatus), living in the same area. OC data in bird
eggs were taken from CIPAIS (2005). We believe that
changes observed in predator—prey relationships, as
well as among age classes could provide very useful
indications of the metabolic transformations that are
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related to detoxification processes and/or production
of possible toxic metabolic intermediates.

2 Materials and Methods

Sampling Fish sampling was carried out in April, July
and November 2003, in a central area of Lake
Maggiore (Northern Italy). Benthic and pelagic gill
nets (mesh size between 32 and 55 mm knot to knot)
were set from late afternoon (5 pM.) to the following
morning (8 AM.). Fish were measured (total length
and total weight) and sexed by scale reading. Six fish
for each age class (from 1 to 6 years) and for each sex
were selected. Furthermore, mature gonads were
taken from ten males and ten females captured in
November. Samples were stored at —20°C until the
preparation step was performed. Sample character-
istics are reported in Table 1.

Sample Preparation Fish tissue was taken from the
dorsal portion of the fish, above the lateral line

between the head and the dorsal fin. The tissues of
six fish of the same age and sex were pooled together
and homogenized by a steel mixer in order to obtain a
single pooled sample. Similarly, a pool of ten fish
gonads for each sex was homogenized. All pooled
samples (tissues and gonads) were kept at —20°C until
they were lyophilized in an Edwards Minifast Mod.
01 freeze dryer.

Chemical Analysis Lipid content was determined
gravimetrically after Soxtec extraction (PBI Interna-
tional) with petroleum ether in triplicate. A sub-
sample of about 2 g was extracted in Soxhlet with
n-hexane-acetone 1:1 (Carlo Erba, Pesticide grade) for
OC determination. After the extraction, the samples
were concentrated by rotary evaporation to dryness and
then re-suspended in 5 ml of n-hexane. The same
volume of concentrated sulphuric acid (95-97%, J.T.
Backer, Deventer, The Netherlands) was added to the
extract and left to react for 24 h. The hexane layer
was cleaned on a Florisil column (4x0.7 cm Florisil).
The sample was eluted with 25 mL of n-hexane:

Table 1 Sex, age, season, dry weight (dw) and lipid content on the wet weight basis (% wet weight) of the analysed C.

macrophthalmus samples

Sample Type Sex Age Season dw (%) Lipid (% ww)
M3-Apr Fish tissues M 3 Apr 28.1£1.0 8.0+0.3
M4-Apr Fish tissues M 4 Apr 37.1+0.9 9.54+0.3
F3-Apr Fish tissues F 3 Apr 31.4£2.0 9.2+0.6
F4-Apr Fish tissues F 4 Apr 32.5+2.7 9.3+£0.8
M1-Jul Fish tissues M 1 Jul 35.8+3.0 12£1.0
M2-Jul Fish tissues M 2 Jul 37.8+5.5 12+£1.8
M3-Jul Fish tissues M 3 Jul 37.9+3.5 12£1.1
F2-Jul Fish tissues F 2 Jul 28.1+6.7 8.9+2.1
F3-Jul Fish tissues F 3 Jul 33.4+11 11+£3.6
F4-Jul Fish tissues F 4 Jul 35.1+1.5 11+0.6
MI1-Nov Fish tissues M 1 Nov 26.3+1.5 7.8+£0.5
M2-Nov Fish tissues M 2 Nov 33.6+5.9 10£1.8
M3-Nov Fish tissues M 3 Nov 21.2+1.8 10+£0.4
M4-Nov Fish tissues M 4 Nov 31.7+£2.0 10£0.6
F1-Nov Fish tissues F 1 Nov 24.7+0.8 7.2+0.2
F2-Nov Fish tissues F 2 Nov 30.1+3.0 9.2+0.9
F3-Nov Fish tissues F 3 Nov 40.8+6.2 13£2.0
F4-Nov Fish tissues F 4 Nov 38.0+3.7 13+1.3
F5-Nov Fish tissues F 5 Nov 33.2+1.1 9.9+0.5
F6-Nov Fish tissues F 6 Nov 39.7£5.7 12£1.8
Sperm Sperm Nov 7.5+£0.8 2.9+0.3
Eggs Eggs Nov 14.6+£0.9 4.4+0.2

Dry weight and lipid content values are followed by +standard deviation values.
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dichloromethane 85:15 v/v and adjusted to a volume
suitable for analysis. Cleaned extract (1 pl) was
injected into a Fison Top 8000 gas-chromatograph
equipped with a ®Ni Electron Capture Detection
(ECD), and with an on-column injector. A capillary
column CP-Sil-8 CB, 50 mx0.25 mm LD., film
thickness 1.2-2 pm was used with a temperature
program from 60°C to 180°C at 20°C min "', followed
by a run from 180°C to 250°C at 3°C min ', and a
further run from 250°C to 270°C at 2°C min .
Helium was used as the carrier gas (at 0.7 mL min "),
and nitrogen was used as the auxiliary gas for the
detector at about 30 ml min'. The detector temper-
ature was fixed at 330°C.

The following IUPAC congener numbers in elution
order were screened: 95, 101, 151, 149, 118, 132,
153, 138, 187, 183, 174, 177, 170, 180, 195, 201,
203, 194 and 206. The following DDT compounds
were analysed: p,p’-DDT, p,p'-DDE, p,p’-DDD, o,p'-
DDT, o,p'-DDE, o0,p'-DDD. Quantitative determina-
tion was performed as described in Bettinetti et al.
(2006). Good laboratory practices were tested on a
reference material (lyophilized mussels) kindly pro-
vided by IAEA (Monaco). Mean recoveries were
greater than 80% for PCBs and DDTs with a mean
variability of around 10%. The detection limit was 0.2
and 0.5 ng g ' dry weight for PCB congeners and
DDT compounds, respectively.

Brief theory of the modelling approach adopted In
order to model the bioaccumulation potential of
lipophilic compounds in fish of different age, the
fugacity approach of Campfens and Mackay (1997)
was adopted. Overall contaminant uptake from water
and food is described as

ff :fw ><Dw/(Dw + De +Dm+Dg> +fa
X Dy /(Dy + De + Dy + Dy) (1)

Cey _ Dwn/(Dwn + Dey + Dy +Dgn) + Dan/(Dwn + Den

Jw

Where: f;, f,, and f, are the fugacity values in Pa for
fish, water and food respectively; D,, and D, are
the D-values (flux parameters in moles per hour per
Pascal) for exchange with water and intake from
food respectively; D, Dy, and D, are the D-values
(flux parameters in moles per hour per Pascal) for the
losses for egestion, metabolism and growth dilution
respectively.

As C. macrophthalmus is a pelagic fish feeding on
zooplankton, the assumption of an equal-fugacity
between water and fish food was introduced (f,~f,)
according to Campfens and Mackay (1997). If so,
Eq. 1 can be simplified as:

ﬁ:DW/(Dw +De +Dm +Dg)

+ D,/ (Dy + De + Dy + Dg) (2)

If steady state conditions can be assumed, different
lipid-normalised concentrations in fish of different
age can be due to differences in their bioaccumulation
capability. In these conditions, considering fishes of
different age, the ratio of their lipid-normalized
concentrations must be equal to the ratio of their
fugacity and mathematically to the ratio between their
fugacity and water

Jn
Cfn :]ﬁ _ fi (3)
Cri fin %‘

Where: Cy, and Cy; are the lipid-normalized concen-
trations of fish ‘n’ year old and 1 year old; f;, and f
are the fugacity of fish ‘n’ year old and 1 year old; by
Egs. 2 and 3, the relative increase of the lipid-
normalized concentrations in fish between the year ‘n’
and the year 1 is equal to the ratio between their D-
values describing their input from water and food, as
follows

+ D + Dgn)

Cr B DWI/(DW] + D1 + Dy +Dgl) +Dal/(DWI + De;

4
+Dml+Dg]) ( )

The sub-script ‘n’ and ‘1’ in Eq. 4 indicate the age of
the fish to which concentrations and flux parameters
refer. For a detailed description and definition on what
D-values are and how they were calculated, the
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authors refer back to the publication of Campfens
and Mackay (1997). In the calculations of the D-
values for fish of different age specific biological data
of C. macrophthalmus were considered (Table 2).
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Table 2 Age specific physiological parameters considered for the model application

Organism Age class Wet weight Lipid Growth rate Consumption rate Assimilation
(2) fraction (day ™" (g g ' day™h efficiency

Zooplankton 0.001 0.02 0.04 0.3 0.6
Whitefish 1 100 0.08 0.00274 0.03 0.6

2 207 0.09 0.001416 0.03 0.6

3 307 0.1 0.000893 0.03 0.6

4 378 0.11 0.000515 0.03 0.6

5 433 0.12 0.000348 0.03 0.6

6 478 0.13 0.000258 0.03 0.6

Data for zooplankton and consumption rate and assimilation efficiency for whitefish are taken from Connolly and Pedersen (1988).
Wet weight lipid fraction and growth rate for whitefish were derived from the experimental values of the fish analysed in this work and

from others previously caught by the same authors.

As in the case of biomagnification (Campfens and
Mackay 1997), age-dependent bioaccumulation
occurs mainly when uptake from food dominates on
the uptake from water (D,>D,,). A second condition
for having an increase of the concentrations with the
fish age is that D, and thus D, (D, is related to D, by
the equation: D, = D,/Q where Q is the maximum or
limiting biomagnification factor, typically about 3 as
reported by Mackay 2001) will be more important
than D,,+D,, otherwise the major contaminant intake
in fish of increasing size will be hidden by the higher
metabolization capacity or dilution capacity of fish of
increasing mass. The age-dependent bioaccumulation
(increase of the lipid-normalized concentrations with
the fish age) can be view as a combination of an
increase of the food intake (increase of D,) and a
decrease of the growth dilution (decrease of D) for
fishes of increasing age, and it can occur when D, and
thus D, are more important than D,, Dy, and D,. In
other words, if losses by respiration, metabolism and
growth dilution will become predominant on the food
intake process, the age-dependent bioaccumulation do
not occur. In particular an high biotransformation rate
can reduce the contamination level in the animal as
well as the age-dependent bioconcentration phenom-
enon. By this assumption the age-dependent biocon-
centration can be view as an indication of a low
biotransformation rate in the animal. Following the
same approach of Arnot et al. (2008), biotransforma-
tion rate constants can be calculated as the difference
between two quantities, a field-measured increases of
the lipid-normalised concentrations of fish of different
age and a model-derived age-dependent bioaccumu-
lation factor estimated assuming no biotransforma-

tion. Because biotransformation reduces the age-
dependent bioaccumulation factor, a very low bio-
transformation rate, e.g. a half-life of 5,000 days, or
the absence of this output can be adopted to obtain for
each chemical the maximum age-dependent bioaccu-
mulation potential of a given compound (modelled-
derived maximum age-dependent bioaccumulation
factor). On the other hand, the field-measured ratio
of the lipid-normalised concentrations of fish of
different age will give an experimental bioaccumula-
tion potential that includes biotransformation. In this
way, the comparison between the maximum age-
dependent bioaccumulation potential (calculated val-
ue without biotransformation) and the field-measured
one (with biotransformation) can give a measure of
the intensity of degradation processes under field
conditions.

3 Results and Discussion
3.1 Lipid Trend

The lipid content is a trace variable for the eco-
physiology of the organism and it is a basic variable
for the comprehension of the distribution of the
considered contaminants, which preferentially parti-
tion into fat tissues. The lipid content in whitefish
samples (Table 1) was analysed and related to sex and
season as factors and to age as a covariate. Fish
collected during different periods of the year had
statistically different lipid content (P=0.023). The
same is true for fishes of different ages (P=0.016),
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while sex (P=0.59) does not explain any variability.
The mean percentages of lipids, adjusted for age as a
covariate, were 8.7, 11.5 and 10.1 based on wet
weight in April, July and November, respectively. A
seasonal cycle of the lipid content is expected in C.
macrophthalmus due to its eco-physiology (Berg &
Grimaldi 1965; Giussani & de Bernardi 1977). Fat is
stored roughly between April and September, then
mobilized to basic metabolism and gonads develop-
ment in October—March; gametes are spawned in
January—February. The increase of lipids with fish age
is a common behaviour in fishes and can be related to
the greater feeding ability of older fishes and to the
decreasing growth rate with the age (mean lipid
fraction and growth rate in whitefish from Lake
Maggiore are reported in Table 2). Between age class
1 and 6 the lipid content increases of nearly 50%,
while the growth rate decreases of one order of
magnitude.

Since lipid changes during the year and among the
age classes are expected to cause differences in the
contamination burden, OC concentrations in whitefish
were normalized on the lipid base (Table 3).

3.2 Season, Sex and Age Effect

PCB and DDT concentrations, expressed on a lipid
basis, were subjected to statistical analysis for sex and
season as factors and for age as a covariate (Table 4).
Significant differences (P<0.05) were found between
samples collected at different times of the year
(season effect) and between fish of different age
(age effect). By contrast, sex had no impact (P>0.14).

The mean PCB and DDT concentrations, adjusted
for age as a covariate, reveal a very similar seasonal
trend (Fig. 1), characterized by a minimum in the
summer and a slight increase in the autumn. The
highest concentration was measured in April when
lipid content was minimum. Paterson et al. (2007)
showed that in the over-winter period lipid reserves in
yellow perch (Perca flavescens) decreased consistent-
ly while no loss of PCBs occurred. PCBs body
burden was redistributed during lipid mobilisation
with a consequent increase of lipid-normalised con-
centrations. The depletion of lipid associated with
pre-spawning migration of sockeye salmon (Onco-
rhynchus nerka) causes an increase of PCB, PCDD
and PCDF concentrations (Debruyn et al. 2004). In
whitefish the overall increase of DDT and PCB
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concentrations from July to April is around two-fold,
while the lipid reduction is around 25%. Our observed
lipid depletion cannot explain alone the concentration
increase observed in early spring (April) in compar-
ison to the levels reached in summer. Other elements
must be taken into account. In April whitefish already
started to feed on newly growing plankton that can be
thought to be more contaminated than in summer
because of the typical contamination cycle of the lake.
In Lake Maggiore, a pollution peak was usually
observed in winter in the epilimnion waters, at the end
of the stratification period (Bettinetti et al. 2006) then,
in summer, the contamination levels decreased for
two reasons: higher volatilisation losses occurring in
summer (Jeremiason et al. 1994) and efficient
transport of contaminants from surfaces waters to
benthic regions by settling particles (Baker et al.
1991; Axelman et al. 1997; Dachs et al. 1999). By
these considerations, the contaminant inputs through-
out food (zooplankton) and water will be reduced in
summer (July) than in early spring (April). Beside
this, during spring—summer fishes show their maxi-
mum growth and a consistent dilution of the con-
taminants already present into their body and of those
coming from the new inputs is expected (Sijm et al.
1992). A similar pollution trend was observed by
Binelli et al. (2004) in Dreissena polymorpha.
Statistical analyses reported in Tables 4 show
no significant effect for sex (P>0.14). Moreover,
lipid normalised organochloride concentrations were
similar both in sperm and in eggs (differences <20%,)
and between gonads and muscle (the maximum
difference was of ~20% between gonad and muscle
concentrations of total PCBs). Russell et al. (1999)
described the maternal transfer of hydrophobic con-
taminants to eggs, showing that for oviparous
organisms (specially fish) lipid-adjusted concentra-
tions in eggs and maternal tissues were fairly close
(lipid normalized egg-to-muscle tissue concentration
ratio, EMR;, equal to 1). EMR; was independent of
the fish’s means of transferring lipid to eggs. Our data
confirmed this thesis, and also that the approximate
chemical equilibrium between contaminant concen-
trations in maternal tissues and eggs achieved in
ovogenesis also occurs in spermogenesis. Moreover,
the similarity of PCB and DDT composition in
gonads (sperm and eggs) and fish muscles (Fig. 2)
suggests the presence of a passive transport of lipid
between a fish and its gonad. From a quantitative



199

Water Air Soil Pollut (2009) 197:193-209

L9 01> 0ILY K4 98L°C 001 S0> L9 €L 't L9 O0F 0T €S €1 0T LT €IT €€ € €€C OF 1€ Lv €6 339
60S 01> ¥98°¢ Sel 08+°C 901 So> IT 1T €1 TS 95 €€ 8. TC TC TC €€T vy 85 L9T vy Ty 95 TII  wixdg
19 99 8SLT €LT 1LS°T 9T €T 61 ST 89 ST SOT €S €SI 8¢ SE€ #6 SSt 65 601 8yv 89 80T 80T ¥TI AON-9d
(544 3 080°C 181 SOv°1 8SI 81 IT ST €9 81 T8 Th LOT SE€ 8T S9 LOF +S 80T vLE 19 991 SLI LIT AON-SA
e 01> 968°1 191 626 8LI S0> 6L L9 S0> 08 8 0T 99 LI 81 ¥ LIT TE 65 861 9€ € €I TII AON-¥d
143 vy 06€°1 191 816 SPl I'T 8L 0L 9T ¥6 0S5 9T +9 €C TT S€ 961 LE L9 TIT 8¢ 0S STI 88  AON-€d
S91 01> 9.9 Sel L 96 90 T9 69 9T S8 € 0T SS 0T 81 Iy TOT 6C PLI 65T ¥9 9TI ¥IT SL  AON-TA
08 01> 0LS 001 oLy 0L 90 €S 8% 8T 99 £ 91 8¢ €1 LT 1€ Ovl 6T T8 9ST ¥T 0€ T8 S9  AON-14
499 9¢ €TIT Ll LETT SST S0> 16 88 ¢ I1 65 8T 6L ST YT IS vLT 6§ $0I SOE S¥ T6 OvI S8 AON-HIN
L8T ST 1S0°T L8] 69L Y9I  TI1 $9 19 81 +8 v 0T 6y 81 LI 8¢ T6I LE IL L6 6C TS OIl v8 AON-EIN
1283 Tl TeL'l vTl €0€°1 65 L0 T9 SS 0¢ 98 ¢ IT €S IC YT Tr 981 OF ¥E€I 91T €€ €8 801 IL AON-TIN
€6C €€ 89C°1 60¢ 026 (44! S0> ¥'6 T8 8T Y1 65 8T €L 9T 8T SS 08T 0S ¥9 SST Th 9% 8pI TII AON-TIN
€6t Ly 296°1 (414 ¥h0°T 19T 9T 88 T8 9¢ IT LS LT OL ¥T ST 0S 1IST v 6¥1 TST ¥€ €TI SIT 06 N[y
1+ € 096 L0T €6L il SO L9 9S TT SL LE 81 8 LI 1T 9¢ 6¥I vE 96 091 ¥T 9 08 6L mr-¢4
¥61 (" 66€ 6b1 (17472 €L 80 TS L¥ I'T €9 Ss¢ LI 6 91 It TE 6F1 ST LT HLI 81 91 ¥L 09 nr-z4
6b¢ T See’l 10T S6L 96 S0 S6 0L 81 0l ¥ €T SL IT LT 0S 91T v€ TS 61T It 8€ LEI 9L I[N
L8T 01> 1S0°T L8 69L S €€ ¥E¢ €T S0> ST ST €1 S€ T6 ¢l 81 ¥IT LI 95 SO 61 9¢ 8L 79 Inf-TN
0 01> 06T 0¢ 08 0T $0> 6S L€ S0> L€ 8 Ol ¥€ 8S HI 8 09 9T IS 99 SI €I 7€ 9T Inf-IN
011°1 ST LLOY sTe 9T €T 91 Y1 €l €% YT LS € 0SI 8¢ Ov 98 8LS IL S6 S9S 9L LL €8¢ 661 y-pd
L9S vy 88€°C €8¢ 6C¢°1 LET I'T €8 6L 1€ €1 LS 0€ ¥6 9T LT LS €¥E 6F 69 L8T 0S LS IST 81 1dv-¢d
08L Le 0v0°c 85t 09%°1 867  I'l I I €y 91 €L 9¢ 88 SE€ 9¢ €9 9IF 8S 08 ILv €Tl 85 061 LET Idy-pIN
10 ST SLLT LTE 850°T vEl 't €L 09 t¢ T1 TS 9T YL ¥T LT ¥S 6I€ 9y S9 LIE 6v L¥ 0€T 1€ Idv-¢IN
laa-4d paag-de gaa-4dd aaa-4o gaa-4dd gaa-4do 90t €0t 10T S61 6l L8 €81 081 LLI #LT OLT €SI ISI 6v1 8€1 TEI S8II 101 S6
sLada s10ua3u0d gDd
( wmw Su) uonenusouo)  ojdues
USIJoIyM Ul suonenuadouod syad pue sgDd € dlqel

pringer

A



200 Water Air Soil Pollut (2009) 197:193-209

Table 4 Statistical analysis
(GLM) of the PCBs conge- Compound Statistical significance (P)

ners concentration on lipid

basis for sex and season as Cov: age Factor 1: sex Factor 2: season Interaction
factors and age as a df=1 =1 df=2 df=2
covariate op-DDE 0.0013%* 0.81 0.0023%* 0.75
pp -DDE 0.00046%*** 0.51 0.0056** 0.053
op’-DDD 0.061 0.90 0.00002*** 0.12
pp -DDD 0.00024*** 0.60 0.0018** 0.057
op’-DDT 0.65 0.37 0.48 0.52
pp -DDT 0.00017*** 0.71 0.0019%* 0.0053**
¥DDTs 0.00012%*** 0.57 0.00073%** 0.046*
95 0.0091** 0.21 0.0003*** 0.40
101 0.0069** 0.14 0.00005*** 0.032*
118 0.026* 0.45 0.35 0.84
132 0.050 0.34 0.011%* 0.45
138 0.0024** 0.82 0.0047%* 0.81
149 0.14 0.62 0.47 0.91
151 0.0053** 0.54 0.0055%* 0.23
153 0.00080%*** 0.48 0.0021** 0.40
170 0.0013** 0.51 0.049* 0.52
174 0.019* 0.88 0.039* 0.54
177 0.0015%* 0.75 0.028* 0.59
180 0.00044*** 0.35 0.057 0.13
183 0.0004 1 *** 0.63 0.10 0.74
187 0.00032%** 0.88 0.079 0.79
194 0.0042%** 0.47 0.068 0.59
195 0.00016*** 0.21 0.068 0.88
201 0.00065*** 0.54 0.18 0.80
203 0.0015%* 0.87 0.53 0.59
206 0.12 0.94 0.62 0.56
*P<0.05; **P<0.01; YPCBs 0.0007*** 0.46 0.0046** 0.84
***P<0.001
2 DDTs 2 PCBs
7000 2400
2200
—~ 6000
= = 2000
g 5000 cf 1800
b o0
= £ 1600
S 4000 & 1400
= =
= g 1200
o 3000 =
%’ § 1000
© 2000 S 800
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1000 - 400
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Fig. 1 Seasonal variation of the PCBs and DDTs concentrations in C. macrophthalmus. Means are adjusted for age as covariate and
vertical bars denote 0.95 confidence intervals
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point of view, the spawning process causes a net
transfer of contaminants from adult females and males
to eggs and sperm, respectively. As different amounts
of the two gonad products are produced, a quantitative
difference is expected in the overall transfer between
female and male depending on the lipid content in eggs
and sperm and on their masses. In whitefish the gonad
mass, evaluated by the Gonadosomatic Index-GSI
(percentage ratio between the weight of gonad and
that of fish), was 3.4%=+1.4 (standard deviation) and
13%=3.5 (standard deviation) for male and female,
respectively (Giussani G., unpublished data). As the
lipid content is 2.9% and 4.4% in sperm and eggs,
respectively (Table 1), the contaminant burden trans-
ferred by females during the spawning process should
be 5.8 times that of males. Nevertheless, any
significant difference in pollutant levels was recog-
nizable between males and females in muscle tissues
in April (first sampling period after spawning). Two
reasons can account for this. The contaminant amount
transferred by female during reproduction is near 6
time that of male, but the total amount transferred in

'Q

ggg Q"

&g 8

Q
OC compounds

relation to the body burden is proportional to the GSI
for female (13%). This means a contaminant deple-
tion in female limited to a small percentage in relation
to the body burden, and, for this reason, a concentra-
tion differences after spawning between the two sexes
limited as well. The second reason deals with the
behaviour of this species after reproduction and the
elapsed time between spawning and our sampling
season (April). In this species males remain on the
spawning grounds more than females (Giussani,
unpub. data). Energy is provided by perivisceral fat
which is not completely utilized for the sperm
building in summer—autumn. On the contrary, females
which utilize completely perivisceral fat for the eggs
maturation, need to eat actively after spawning. As in
late winter—early spring water contamination is the
highest (Bettinetti et al. 2006), the uptake of con-
taminants through diet should be also higher for
females than for males, which are still on the
spawning grounds and do not eat.

‘Age’ effect on contaminant levels in whitefish
was found to be highly significant for almost all the
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compounds examined (Table 4). Mean concentrations
(adjusted for season as a covariate) revealed a similar
and clear increasing trend with age both at a class and
single compound level (Fig. 3). The ‘age’ effect has
been reported as a typical characteristic of highly
hydrophobic persistent compounds in fish (Schindler
et al. 1995). Two factors are mainly involved in the
increase of concentrations with age (Thomann and
Connolly 1984). The first depends on the input from
food: increasing the fish size will increase the amount
and the size of its prey (Volta 2005), and therefore
will increase the contaminant input to the gastrointes-
tinal tract and therefore the concentration increase in
the body tissues by the same mechanism which
explains biomagnification (gastrointestinal magnifica-

tion as described by Gobas et al. 1988, 1993). The
second element related to the increase of concen-
trations with age is growth rate, which decreases as
age increases. In the oldest fishes, as the growth
dilution gets lower, contamination gets high.

3.3 Age-Dependent Model

The combination of the above mentioned elements
gives the possibility to model the age-dependent
bioaccumulation process, as proposed by Thomann
and Connolly (1984). The concentration increases of
total PCBs and total DDTs in whitefish is two-fold for
an age interval between 1 and 6 years, much lower
than that predicted by the model of Thomann and

2 DDTs
10000
=~ 9000
Ry
o 8000
\éf 7000
& 6000
= so00f 0 b
=
§ 4000
£ 3000 1
1000
0
1 ) ; - : 6
Age (years)
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7. 1400 o
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& 1000 i
£ w0 £ 150 -
E 2oy Lo
g 200 : Sog
3 0 o] R ——
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55000
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£ oo al
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§ 1000 }}
s 0
@]

1 2 3 4 5 6
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Fig. 3 Effect of age on the total PCBs and DDTs concen-
trations in C. macrophthalmus and on the concentrations of
several single compounds (p,p’-isomers of DDTs and four PCB
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Connolly (1984), set up for lake trout. On the other
hand, trout have a longer lifespan than whitefish, and
change diet with size, from zooplankton to pelagic
fish, while whitefish are always zooplanktophagous.
Therefore, we developed an new model application
(see Materials and Methods section) derived from the
approach of Campfens and Mackay (1997). However,
the basic condition for applying this model is the
assumption of the steady-state at least in the time
span of the fish life (1997-2005). Apart from small
seasonal fluctuations, temporal trends in Lake Mag-
giore did not reveal any evident reduction in PCB
contamination from 1997 to 2005 (Binelli et al. 2004;
CIPAIS 2005), while a much greater variability was
observed for DDTs, especially in their relative
composition (Binelli et al. 2004; CIPAIS 2005). For
this reason, only PCB were chosen for testing the
model described in the Material and Method section.
By the model structure, the age-dependent bioaccu-
mulation process is expected to occur differently,
depending on the fish characteristics, the K, of the
compounds and the biotransformation process in the
animal. Without biotransformation, the age-dependent
bioaccumulation, as well as biomagnification, are
maximal, and for each species dependent only on
K,y Below a Log K, of 5, biomagnification does
not significantly affect bioaccumulation (Thomann
1989; Fisk et al. 1998), but between a Log K, of 5
and 7, biomagnification can account for increases in
concentrations of more than 1 order of magnitude
(Thomann 1989; Fisk et al. 1998). Therefore, age-
dependent bioaccumulation is expected to occur at the
same K, interval and to depend on it. In this way,
applying the developed model, an age-dependent
bioaccumulation potential based only on K, (without
biotransformation) can be calculated in whitefish for
each compound, obtaining a value that can be defined
as the ‘maximum age-dependent bioaccumulation
potential’ or ‘maximum age-dependent bioaccumula-
tion factor’ for that compound. It is called ‘maximum’
because it is calculated assuming no biotransforma-
tion, and it is called bioaccumulation factor because is
dimensionless, being the ratio between the lipid-
normalized concentration in fish of 6 year and that
in fish of 1 year (Cy/Cyy). Comparing these calculated
maximum age-dependent bioaccumulation factor
(without biotrasformation) with the experimental ones
(derived from the experimental concentrations mea-
sured in field), which include biotransformation phe-

nomena, the bioreactivity of each individual compound
can be derived. As explained in Section 2 and following
the approach propose by Arnot et al (2008), the
difference between the K,.-based age-dependent
bioaccumulation potential without biotransformation
(maximum value) and the experimental one, under
steady state conditions, can be view as a measure of
the biotransformation susceptibility of a compound in a
given organism.

Before evaluating the biotransformation rate of the
different congeners, the goodness of the model
application used was tested on congeners 138 and
153, chosen for their very low susceptibility to
metabolism. In Fig. 4 calculated (without biotransfor-
mation) and experimental relative increases for con-
geners 138 and 153 as functions of fish age are
shown. The model of Campfens and Mackay (1997)
predicts almost exactly the extent of the experimental
concentration increase of the two congeners. Exper-
imental and predicted relative increases from age
class first to the sixth were almost identical for
congeners 138 (2.8 and 2.7 respectively) and very
close for congeners 153 (2.7 and 2.5 respectively).
Relatively greater discrepancies were noticed for the
intermediate age classes. For these small differences,
uncertainties regarding the season-adjusted mean
concentrations can be considered. Nevertheless, the
results shown in Fig. 4 are fairly good and sufficiently
accurate to conclude that the model is able to predict
the age-dependent bioaccumulation process in white-
fish. In Table 5 the physico-chemical properties and
the relative increase of the experimental lipid-normal-
ized concentrations between year 1 and 6 are reported
for each congener, together with the predicted relative
increase without biotransformation (maximum age-
dependent bioaccumulation potential). For most of the
congeners of Table 5, the predicted relative increases
(without biotransformation) from the age class 1 to 6
were very close to the experimental ones, confirming
that the metabolic transformation of such highly
chlorinated PCBs by this fish is generally poor. The
mean difference between predicted (without biotrans-
formation) and experimental values was very low
(14%). These considerations support the conclusion
that for these pollutants, biotransformation processes
in whitefish are very limited, according to Buckman
et al. (2004). Plotting the experimental and predicted
(without biotransformation) relative increase values
versus Log K., data (Fig. 5), an obvious relationship
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Fig. 4 Measured and predicted relative increase of the concentration of the congeners 138 and 153 in C. macrophthalmus in function

to the fish age

is found for predicted values but also the experimental
ones seems to suggest an increasing bioaccumulation
potential related to K. The linear regression was
statistically significant (R*=0.35; n=19; P=0.008).
Even if several congeners seem to outstand the predicted
trend (both above than below the predicted trend), the
relationship between the experimental age-dependent

bioaccumulation and the K, values confirms, once
more, the low biotransformation susceptibility of
these congeners in whitefish and the discussed
analogies within the biomagnification process. The
major discrepancies between predicted and measured
data are evidenced in Fig. 5 with the indication of the
congener number. Basing on our data, we interpret

Table 5 Physico-chemical
properties (MW = molecular
weight; K, = n-octanol
water partition coefficient;
H = Henry’s constant) for
the PCB congeners, experi-
mental (Exp.) and modeled
(Mod.) relative increase
from the first age class to
the sixth in whitefish

#Hawker and Connell
(1988)

° Dunnivant et al. (1992)
°Li et al. (2003)

4This value was calculated
considering the concentra-
tion below the limit of
quantification equal to it.
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PCB MW (g mol ") Koy H (Pam’®mol ") Exp. increase  Mod. increase
congener

95 326.4 1.35%10% 30.6° 1.8 1.9
101 326.4 2.16x10% 24.1° 22 2.0
118 326.4 4.87x10% 14.5° 3.5 23
132 360.9 3.80x10% 20.5° 2.7 22
138 360.9 1.64x107¢ 30.1¢ 2.8 2.7
149 360.9 4.68x10% 24.0° 2.0 23
151 360.9 437x10% 28.7° 1.9 23
153 360.9 7.44x10% 19.8° 2.7 25
170 395.3 1.86x107® 8.85° 2.9 2.8
174 395.3 1.29x107® 17.13° 1.8 2.7
177 395.3 1.20x107 16.5° 25 2.6
180 395.3 1.45%x107° 8.13¢ 3.0 2.7
183 395.3 1.58x107 20.4° 2.9 2.7
187 395.3 1.48%107 20.5° 2.9 2.7
194 429.8 5.78x107° 4.40° 2.8 3.5
195 429.8 3.63%107® 12.0° 2.8 3.2
201 429.8 4.17x107® 13.2° 25 3.2
203 429.8 4.47x107® 14.2° 2.7 33
206 464.2 1.23x10% 8.8 3.9¢ 4.1
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them as mostly derived from the variability in the
field-measured data (see Fig. 3) than an indication of
an actual biotransformation capability. For this reason
we do not try to calculate the biotransformation rate
constant for the congeners which had an experimental
age-dependent bioaccumulation factor lower than that
calculated without biotransformation, even if it was
mathematically possible with a simple rearrangement
of equation 4.

3.4 Comparison of OC’s Patterns in Fish
and Fish-Eating Bird

Great crested grebe does not exclusively feed on
whitefish, but on the most available pelagic fish of the
lake (i.e. Piersma et al. 1988 Martinoli et al. 2003;
Gagliardi et al. 2007). Anyway, the pelagic fish
biomass in Lake Maggiore is constituted primarily
by whitefish, which is, therefore, a very probable prey
of great crested grebe.

The relative OC composition differences in fish
and bird eggs of Lake Maggiore are shown in Fig. 6.
The percentage differences (Fig. 6), obtained sub-
tracting to the mean percentage of each congener in
bird eggs the corresponding value in fish, were
statistically checked by #-test. Only congeners 138,
180 and 183 resulted not significantly different. The
disappearance of congener 149 in the great crested
grebe eggs collected in Lake Maggiore was the most
outstanding finding. In birds the biotransformation of
PCB-149 seems to be complete, resulting in no
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Fig. 5 Relationship between the measured and predicted
(without biotransformation) relative increase and K, values for
the single PCB congeners

residue transfer to eggs. The same congener was
metabolized in the common cormorant (Phalacro-
corax carbo) (Guruge and Tanabe 1997) and a
metabolite of PCB-149, a methylsulfonyl-substitute,
was found in birds (de Voogt et al. 1996). While
PCB-149 has a meta—para unsubstituted position in
one ring, congener 118 is hindered to those positions:
probably this is the reason why the relative proportion
of congener 118 in great crested grebe rose to above
15% from 5% abundance in whitefish. The finding
that birds are not able to metabolize congeners 118
and 105 was previously noted by Borlakoglu et al.
(1988) and Duinker et al. (1988). Also congeners 95,
101, 132, 151 and 174 were found in lower
proportions in the bird species than in fish. Despite
their difference in chlorination degree (from five to
seven chlorine atoms), these congeners have a meta—
para free-chlorine position. In particular congener
101 seems to be highly selectively metabolized by P.
cristatus (relative composition change from 12% to
2%). Congeners 153 and 138 were also predominant
in bird eggs collected in different part of the world,
together with congeners 180, 110 and 118 (Focardi et
al. 1988; Scharenberg 1991; Mora 1996; Guruge and
Tanabe 1997; Kunisue et al. 2003).

Looking at DDT compounds (Fig. 6), great differ-
ences are evident in the bird’s eggs pattern in
comparison to the one for fishes in Lake Maggiore.
Fish show a high capability to retain and bioaccumu-
late almost all DDT compounds. Birds, to the
contrary, show a very efficient biotransformation of
pp -DDT, p,p'-DDD and their o,p’ isomers, with a
selective high bioaccumulation of p,p’-DDE. Very
slow decreasing trends were observed for p,p’-DDE
over a 1971-2001 time interval (16% for year) by
Jorundsdottir et al. (2006). The same authors found
in guillemot (Uria aalge) eggs MeSO,-derivatives
of DDTs and PCBs that are even more persistent
than the parent compound and highly accumulable as
well because of their lipophilicity (only slightly
lower than the parent compound) and because of
their ability to bind specifically to proteins. Going up
the food chain, the probability of finding modified
patterns in comparison to the original mixtures,
becomes greater, not only for the capability of the
organism itself but also for that of the food chain that
supports it, and so the necessity to look for possible
metabolites that may be persistent and toxic becomes
greater as well.
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Fig. 6 Differences in the 20

relative composition of the 11853k
analysed PCBs and DDTs

compounds in fish and bird 151

eggs from Lake Maggiore.
Differences were calculated
as the relative composition
in bird eggs minus that of
fish. Data in bird eggs are
described in CIPAIS (2005)
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4 Conclusions

The case study of PCB and DDT pollution in Lake
Maggiore permits several observations about bioac-
cumulation. Sex differences in extent of bioaccumu-
lation are minor in whitefish, while season and fish
age are important for both DDTs and PCBs. Overall
differences in PCB and DDT concentrations in
whitefish vary by about four fold as a result of these
seasonal and age differences. These features must be
carefully taken into account in the planning phase of
monitoring studies and in the evaluation of exposure
levels for humans and wild life. The observed
seasonal trend has been shown to reflect the eco-
physiological cycle of the fish and the contamination
trends occurring in the water column during the year.

@ Springer

The increase of the lipid-normalized concentrations
with the increase of the fish age was interpreted by
the same fugacity model explaining biomagnification.
Two mechanism are involved: the increase of the
contaminant input in the gastrointestinal tract for fish
of increasing size, and the decrease of the dilution
process for fish of increasing age. The increase in
concentration from the age class 1 to class 6 was
predicted quite well, and the low biotransformation
susceptibility of such highly chlorinated congeners in
whitefish was indirectly derived for almost all the
analysed congeners. On the other hand, evidence of
selective biotransformation was observed in a fish-
eating bird by comparing the composition patterns of
its eggs with that of fish from the same environment.
Birds confirm themselves as highly metabolically
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active organisms, able to substantially change DDT
homologue and PCB congener profiles. A complete p,
p'-DDT and p.,p’-DDD metabolisation occurred as
well as a complete biotransformation of congener
149, and a partial reduction of congeners 95, 101,
132, 151 and 174. Biotransformation is a mechanism
of detoxification but also a source of new compounds
eventually toxic for the organism itself and for their
predators. Therefore, much more attention should be
directed to identifying possible metabolites, such as
MeSO,-derivatives, for their possible persistence and
toxicity to top predators.
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