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Abstract:

Experiments were performed on juvenile sole in controlled conditions in the aim of understanding how
the biology of common sole may affect the accumulation and dilution of Polychlorinated biphenyls
(PCBs). The fish were raised in optimal conditions and divided into two tanks: one control tank and
one PCB tank. 4 PCB congeners were added to food for 3 months in the PCB tank; the soles were
subsequently fed unspiked food for 3 months. Growth (length and weight) and PCB concentrations
were monitored in both tanks and juvenile sole growth was not significantly affected by PCBs in our
experimental conditions. We used the Dynamic Energy Budget (DEB) theory to model sole biology
and paid special attention to model calibration through the wide use of data from the literature. The
model accurately reproduced fish growth in both tanks. We coupled a bioaccumulation model to
reproduce the concentration dynamics of the 4 PCB congeners used. This model did not require
additional calibration and was dependent solely on the growth model and PCB concentrations in food.
The bioaccumulation model accurately simulated PCB accumulation in fish, but overestimated PCB
concentrations in fish during the dilution phase. This may suggest that in addition to PCB dilution due
to growth, PCB concentrations decreased due to other PCB elimination mechanisms. Finally, we
discussed potential improvements to the model and its future applications.
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1. INTRODUCTION

The use of mechanistic models to evaluate and predict individual responses of living
organisms to environmental disturbances and the impact of these disturbances on population
dynamics is of considerable interest (Alunno-Bruscia et al., 2009). These models are already
used for various marine research purposes, such as the reconstruction of food conditions for
bivalve species (Freitas et al., 2009), the prediction of anchovy spawning duration according
to environmental conditions (Pecquerie et al., 2009) and the analysis of contamination levels
in hake from various study zones due to dietary evolution, according to hake length and
various hake bolus contamination levels in each zone (Bodiguel et al., 2009). Mechanistic
models can thus be used to resolve issues relating to organism feeding, growth, reproduction
and contamination from the individual to the trophic level, and specifically for persistent and
bioaccumulable contaminants in living organisms, like PCBs.

Polychlorinated biphenyls (PCBs) are synthetic organic chemicals forming a family of
209 congeners used for numerous industrial applications and in particular in the electrical
power industry. PCBs are characteristic of chronic contamination from urban and industrial
sources. They are highly stable, hydrophobic and persistent. They thus represent typically
bioaccumulable compounds. They have been detected in all environmental compartments at
concentrations ranging from picograms per litre in oceanic water to milligrams per
kilogramme in the fatty tissue of marine mammals (Abarnou and Loizeau, 1994). These
compounds provoke a wide range of toxicological responses depending on the position of
their chlorine atoms (Ahlborg and Hanberg, 1994). In Europe, the use of PCBs for everyday
applications has been prohibited since 1979. Recent studies have shown that the
concentrations of seven PCB congeners have decreased in five fish species since 1997 in the
Baltic Sea, with different patterns according to congeners and fish species (Szlinder-Richert et

al., 2009). However, results of a chemical contamination monitoring program of the French
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coastline (RNO — French mussel monitoring network) highlighted the high levels of persistent
organic contaminants in estuaries. Coastal and estuarine ecosystems are highly productive
areas and contribute largely to the economic value of marine environments (Costanza et al.,
1997).

Flatfish use coastal habitats during the critical juvenile period, when their movements
are limited (Koutsikopoulos et al., 1995; Riou et al., 2001). Their benthic lifestyle and the fact
that their nurseries are located in coastal estuarine zones make them particularly vulnerable to
chronic and accidental pollution (Mole and Norcross, 1998; Able 1999; Smith and Suthers,
1999). Common solesplea solea l) are found from the coasts of Norway to Mauritania.

This highly-commercial benthic species is present throughout the coasts of France, including
the English Channel and Mediterranean coasts. Various investigations have reported the
effects of oil exposure on juvenile sole (Claireaux et al., 2004) and of specific PCB congeners
on larvae (Foekema et al., 2008), but, to the best of our best knowledge, no studies to date
have focused on the bioaccumulation patterns of PCBs and their effects on juvenile sole.

Empirical approaches in aquatic systems often use the bioaccumulation factor (BAF),
defined as being the ratio between compound concentrations in the organism and in its food
(Hofelt and Shea, 1997; Ivanciuc et al., 2006). However, this method does not provide any
insight into how these factors will evolve during the organism'’s lifetime, or how
bioaccumulation processes differ according to species. Modelling is therefore necessary to
understand how bioaccumulation differs according to organism physiology. Several authors
have developed bioaccumulation models describing PCB behaviour in aquatic food webs
(Thomann and Connolly, 1984; Loizeau et al., 2001; Bodiguel et al.; 2009, Rashleigha et al.,
2009). However, this approach requires adequate knowledge of the environment, which
impacts growth and reproduction. This often proves difficult, especially if we are unfamiliar

with the study organism food to which the PCBs are bound. We therefore performed our
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experimental study in controlled conditions, using measured food and PCB inputs, in order to
assess juvenile sole growth and PCB bioaccumulation.

The main purpose of this study was to calibrate a mechanistic model of sole growth
and couple it to a PCB bioaccumulation model in order to understand how growth may affect
PCB accumulation. This phase is necessary (1) if the model is to be used for subsequent in
situ investigations, to assess nursery quality, or for predicting PCB elimination from the
environment and (2) to incorporate the impact of contaminants on physiological responses.
We chose the Dynamic Energy Budget (DEB) theory (Kooijman, 2000) to describe sole
growth, in view of its genericity and mechanistic rules. This theory has been widely applied to
and validated on an individual level for various marine organisms, ranging from bacteria
(Eichinger et al., 2009) to bivalves (Pouvreau et al., 2006; Bourlés et al., 2009) and fish (van
der Veer et al., 2001; Bodiguel et al., 2009; Pecquerie et al., 2009) and on the ecosystem level
for a number of organisms (Maury et al., 2007; Grangeré et al., 2009). This model was
calibrated and used for the study of sole by van der Veer et al. (2001). However, various
uncertainties remain as regards its calibration, in particular as the study focused only on
females and the majority of model parameters were deduced from [Riéceohectes
platessa) biology. We paid specific attention to model calibration, which was performed using
large amounts of data from the literature. Model simulations were compared to juvenile
growth data from our experiments and to published in situ growth curves, covering the entire
sole life cycle. The bioaccumulation model was coupled to the energy allocation model. This
approach was first used for the in situ study of PCB bioaccumulation by Bodiguel et al.
(2009) and showed promising results. We compared PCB concentrations measured in sole
throughout the course of the experiment to bioaccumulation model predictions. In our

conclusion, we put forward various assumptions that may explain the discrepancies found
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between model simulations and measurements, and presented future improvements and

applications for the model.

2. MATERIAL AND METHODS
2.1. Experiment design

Our experiments were performed on juvenile sole (G0) obtained from a farm (Solea
BV, Netherlands). The fish showed very low levels of PCB at the outset: [CB105] = 078 ng.g
of wet weight, [CB118] = 1.9 ng-gof wet weight, [CB149] = 2.0 ng’gof wet weight and
[CB153] = 4.1 ng.g of wet weight.

The sole were raised in optimal conditions in terms of temperature (19°C),
oxygenation (> 80%), fish density (~ 2kg?nphotoperiod (12:12) and foodd libitum)
(Table 1) (Imsland et al., 2003; Schram et al., 2006). PCBs were artificially added to fish food
(DAN-EX 1362, Dana Feed®, Horsens, Denmark) in order to investigate the bioaccumulation
properties of PCBs and their potential effects on sole. In view of the very low solubility of
PCBs in water, we were obliged to coat them with solvent (iso-octane: 160 ml for every 4 kg
of food granules) before incorporating them in the food. After coating, the granules were
evaporated under a nitrogen jet to remove the maximum amount of solvent. Contamination
efficiency was then measured for each congener (measured concentration vs theoretical
concentration). The initial group of sole was separated into 2 tanks with equivalent fish
densities (Table 1): one control tank (C) and one PCB tank. Mean initial lengths were 12.4 +
1.4 cmand 12.0 = 1.3 cm for the C and PCB tanks respectively; mean initial weights were
19.2 +6.1 gand 16.0 + 4.6 g for the C and PCB tanks respectively (Table 1). We selected the
four PCB congeners most commonly found in the environment: CB105, CB118, CB149 and
CB153. Concentrations in food were measured for each congener (see Table 1). The

experiment lasted 6 months overall, comprising a 3-month contamination period and a 3-
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month non contamination period in the PCB tank: after feeding the sole with spiked granules,
we subsequently studied their decontamination dynamics by feeding them unspiked granules

coated with the same amount of solvent.

2.2. Measurements
We monitored sole growth in both tanks through individual biometric measurements

of total length IL in cm) and total wet weighty, in g) on sampling days O, 4, 8, 28, 56, 84

(last day of feeding with spiked food), 88, 91, 98, 112, 140 and 168 (Table 1).

We divided the fish from the PCB tank into 3 groups of 4 to 11 fish on each sampling
day due to analytical constraints. We then took liver, gonad and muscle samples from each
group. We quantified PCB in muscle only to estimate whole fish concentrations. PCB
measurements in liver and gonads were used to monitor PCB distribution according to
exposure time (outside the scope of this study). The collected organs were frozen at -80°C,
dried, then ground to obtain a fine homogeneous powder. Water content was estimated on the
basis of weight loss after freeze-drying. To perform PCB quantification, a precisely-weighed
amount of powdered material (typically around 2 g for muscles) was solvent-extracted with a
hot Soxhlet extraction device (Soxtec) for 1.5 hours using a hexane:acetone mixture (80:20).
The solvent was then carefully and entirely evaporated using a rotavapor. The residue was
weighed to assess the total lipid content of each muscle group (Bodin et al., T2@07).
extracts were cleaned prior to final instrumental analysis using gas chromatography with an
electron capture detector on a HP 5890 series Il equipped with a CP-Sil19 capillary column in
the optimal conditions described by Jaouen-Madoulet et al. (2000) and Bodiguel et al. (2009).
PCBs were individually quantified using a standard solution.

We also performed independent experiments to quantify PCB in muscle, liver, gonads,

digestive tract, kidney and carcass (corresponding to the remains of the animal) of individual
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sole fed with PCB-spiked food according to the same protocol (data not shown). PCB
concentrations (ng:gof wet weight) were calculated as the sum of PCB quantified in each
tissue type divided by sole total wet weight. PCB concentrations (o lipids) were also
calculated for each tissue type and showed equivalent values notwithstanding tissue type. We
therefore assumed that PCB concentrations (hofdjpids) were homogeneous throughout

all tissues. On the basis of this result, we established a relationship between total lipids (%)
and lipids in muscle (%) in order to calculate total PCB concentrations’(afjvget weight,

required for modelling purposes) from PCB quantified in muscle {nof ¢jpids) as follows:

. %TL
[CB }fish :[CS}M 1000

%TL =5.17Ln( %LM) + 0.8 R°=0.82

where[CB*]ﬂ’Sh represents the total concentration (ffgpfjtotal wet weight) of the congener

CB* (* = 105, 118, 149, or 153)
[CB*]M represents the concentration in muscle (h@fgipids) of the congener CB*

(* = 105, 118, 149, or 153)
%TL is the percentage of total lipids

%LM is the percentage of lipids measured in muscle

2.3. Model description

We used the DEB theory (Kooijman, 2000) to model sole growth. Our model was
mostly based on a previous model used for flatfish, including the common sole (van der Veer
et al., 2001). Model notations and state variables are summarised in Tables 2 and 3
respectively; Table 4 provides a full parameter description.

The DEB theory is based on the concept that animals comprise three compartments or

state variables: structural volumé }, energy reservesy) and energy reserves allocated to
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reproduction ;) (Table 3). Within the DEB framework, fluxes are represented by the
notationp., whereby- represents the associated process (Table 2). F¥9ds(ingested 0, )
as a function of organism surface area [eq. (2)] and assimilatgdr( the reserve

compartment E). Assimilation and ingestion are differentiated according to assimilation

efficiency (yg, ) [Table 4 and eq. (3)]. The energy reserve is stordsl,iand is considered as

the difference between assimilation and mobilisation [eq. (4)]. A fixed proporipof(the

mobilised reserve[f. ) is used for growth of the structural volumé); Maintenance p,, )
systematically has priority over growth of the structural volumg)([Fig. 1 and eq. (5)]. The
complementary proportiorlt «) is used for development or reproduction, by providing
energy taE; . Maturity maintenance(f, ) systematically has priority over growth of the
reproduction buffer p;) [Fig. 1 and eq. (6)]. We took the juvenile and adult stages of sole

only into account, in accordance with our data sets. The switch from juvenile to adult is a

function of the maturity volumeM,, wherep represents puberty). According to the DEB
theory, the energy spent on juvenile development is spent on reproduction in adults
(Kooijman, 2000, p. 87). The energy allocated to reproduc(’[bﬂ/() p. ) therefore results in
an increase in gonad wet weight in adult fish only (WdenV,). For juvenile sole\ <V,),
we stated that the energy allocated to development f(mmk() p. ) serves to increase the

level of complexity, and consequently does not result in a weight increase. This is modelled

by implementing a costx(;) of 100% for energy transfer frof; to gonads. When sole are
adult (v >V,), energy allocated t&, results in an increase in gonad wet weight with a cost
Kg. Energy in gonads is converted to gonad wet weight using an energy-weight converter

(Table 4). We used a conversion factor from total wet weight to egg nunelggr$o(

estimate egg production. Maturity maintenancqé)js=[ pM] min(\/P,V), meaning that it is
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proportional to actual volume when the sole are juvenile and to maturity volume when they
are adult: in juvenile soles, maturity maintenance associated with complexification must
increase in proportion to volume, whereas complexification is complete in adult fish, hence
justifying a constant maturity maintenance value from this point onwards. Equations 2-8
describe the sole growth model in full. In the DEB theory, parameters shown in square
brackets [ ] are volume-specific; parameters shown in standard brackets { } are surface area-

specific (Table 2).

Dy :{ po} f Ve (2) (Kooijman, 2000; van der Veer et al., 2001)
pA = yEX pX (3)
dE_ . .
dat Pa~ Pc (4)
dv _ & p.—[bu]V
- = - Lt &4 @ 5
dt [E] ©)
dE; _ /. - Py
o - K)(Dc Kj (6)
ByEX { po} V—1/3+[ pM]
Pe = [E.] (7)
) [E],«
E V
b, =[ by ] min(\%, V) ®

Rates are influenced by the environment. For instance, food influences ingestion (and

thus assimilation) fluxes via the variable food density,(which ranges from 0 to 1, is

dimensionless and quantifies food availability. Temperature influences ingestion and
maintenance rates. We used the Arrhenius correction function to simulate the impact of

temperature on these rates:

9)

10
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whereTA is the Arrhenius temperature
T1 is the reference temperature at which the rate has been estimated

T is the actual temperature

b is the rate[(py] or{ po}) at the actual temperatufe

Pery) IS the rate at the reference temperafite

2.4. Comparison of model outputs and data
The model state variables do not correspond to measurable quantities. In order to

determine how structural volume relates to length, we used the dimensionless shape
coefficientd (Kooijman, 2000, p. 23V =(J L)3 whereV is the structural volume (chn

and L is the modelled total length (cm) (Table 3).

The energy reserve compartmdntis expressed in energy in the model (Table 3). As
lipids are very rapidly mobilised after the start of starvation experiments on common sole
(Richard et al., 1983), we stated that a large proportida &f composed of lipids. We

therefore used an energy-weight conversiongothat was slightly lower than the energy-

weight conversion for lipidsz,. =30000J.g™ (Table 4) and obtained the reserve weight

using the following formula¥; :E :
He

The reproduction buffeE, is also energy-based (Table 3). We considered that in

adult sole, this compartment relates to gonad wet weilgh} &nd is converted to weight with

the energy-weight parametets,. for females andy,, for males:W; :5. Different
He:

gonad conversions were used as we presumed that female gonads had a higher lipid content

and thus a higher energy-weight conversion value (Table 4).

11
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The total wet weight\{, of an individual is the sum of the three DEB compartments
after their conversion to weighty, =V + W, + W, (Table 3), wheré/ represents volume
with a density of 1 g.cii(van der Veer et al., 2001). After calculatiif), , we estimated the
number of eggs produced by the sole by dividijg by theeggparameter, corresponding to

the number of eggs per 1 g of wet weight (Table 4).

2.5. Model calibration
2.5.1. Calibration strategy

Data on juvenile growth from our experiments were insufficient for accurate
calibration of the DEB model. We therefore utilised numerous data sets from the literature
and a small number of observations from our data sets to calibrate the biological parameters
of the DEB model. Once parameterisation was done, we estimated food d@rsitthe
value that best fitted our juvenile wet weight growth curves.

We initially estimated parameter values related to the volume-length relationship,
ingestion, assimilation, maintenance and temperature impact on the basis of laboratory-
controlled experiments. These parameters were individually calibrated using one data set for
each process (see below). We then used these estimated parameter values to numerically
calibrate the remaining parameters on the basis of the complete growth curves (length and
weight of juveniles and adults) of soles collected in Douarnenez Bay (French Atlantic Coast)
(Deniel, 1981). This author also provided information on length at maturity and egg

production, hence enabling us to calculate\lpe(cnf) andeggparameters.

2.5.2. Shape coefficiedt

12
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The shape coefficient was estimated from C tank data=as"— W’V . Itis often assumed

that reserve weight is negligible in comparison to structural we¥gtis thus equivalent to

V with a density of 1 g.cthand may be used to estimale(van der Veer et al., 2001).

However, for greater accuracy, we used\tije — L relationship for thinner individuals to

estimate) , so that reserve weight really was negligible in those individuals. The slope of

versud. was therefore equal @ in these individuals.

W e
L

2.5.3. Maximum specific ingestion ra{texm} and Arrhenius temperature TA

We used daily food intake data as a function of length in young sole eshhditum

with fresh mussels at a constant temperature in different tanks (from 10 to 26°C) (Fonds and

Saksena, 1977) to estima{tpo} andTA (see their Fig. 1). We used a conversion factor of

18750 J.g of dry weight to convert the weight of ingested mussels into energy (Fonds et al.,

1989) and assumed that mussel water content was 80%. We hence obtained daily ingested

energy (p, ) by multiplying the weight of ingested mussels by 3750 dfgvet weight. We

used data from all tanks to estim{n}exM} andTA simultaneously using equations (2) and

__ b TA TA
O (b} == andlpd o B X p( Tj whereT1= 283K

is the reference temperature (Table @), is the daily food intake converted into energy (J.d

), f =1 (ad libitum), L values were provided by the data ahdvas estimated previously.

2.5.4. Assimilation efficiency,

13
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We used different assimilation efficiency values depending on whether environmental
(natural food) or experimental (artificial food) data were usedirFsitu applications (Deniel
data, 1981), we assumed that = 0.8, as the overall loss in faeces is often supposed to be
20% on average in wild fish (van der Veer et al., 2001). For experimental applications, we

estimated that/., was the ratio between metabolisable food energy and total food energy

(DAN-EX 1362, Dana Feed®, Horsens, Denmark).

2.5.5. Maintenance ratpp,, ]

We used standard metabolic rate (SMR) data (Lefrancois and Claireaux, 2003) to
estimate the maintenance dabg] . SMRsupports maintenance activities such as ventilation
and osmoregulation and corresponds to the oxygen consumption of a resting, fasting, and
non-maturing fish (Fry, 1971). It therefore adequately matched the maintenance rate defined
by the DEB theory. SMR measurements (nfk@*.h*) were converted into energy values
(J.cm.d™) using the energy balance of respiration, which provides a true reflection of energy
consumption. We used the value of the thermal coefficient of oxygen (19.8 kJ), the chemical
properties of dioxygen and a density of 1 g dior structural volume to obtain a conversion

factor of 0.7 for the transformation of SMR measurements into energy values:
[ Py ] (sem?.a2) = 0.7 SMR(mgo?kgnY) . Lefrancois and Claireaux (2003) measured SMR for
temperatures ranging from 4°C to 26°C (see their Fig. 2b), which allowed the simultaneous

estimation off p,,| andTAwith their data set.

2.5.6. Kappa k) estimation

In DEB models, the following relationship applies when organisms reach their

maximum length () and maximum reserve densitfg/(V :[ Em]) in a given

14
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environmentL =« f ———— (Kooijman, 2000; van der Veer et al., 2001). Using the

[pu]
growth curves of sole from Douarnenez Bay (French Atlantic coast) (Deniel, 1981), we
estimated food densityf() as being the ratio between the mean maximum lengths (after
inflection of the growth curve) of the data set and the maximum length ever observed (70 cm,

http://www.fishbase.ord/ We obtained a value off =0.70, which we considered as constant

for this data setL,, (mean values after the inflection of the growth curve) for males and

females were deduced from the same growth curves, allowiagtimation from the previous

equation for each sex.

2.5.7. Maturity volume\(, ), number of eggs per gram of wet weight (egg), costs of structure
([Es]). and maximum energy densify,|)

Some DEB parameters, such as volume at first matitygnd number of eggs per

gram of wet weightggg, correspond to biological quantities. Their values were taken from
Deniel (1981). Because sole for this data set were collected from Douarnenez Bay, we took
into account annual and sinusoidal temperature variations at that sampling site. We supposed
that temperature varied between 8°C and 18°C in bottom waters (Quiniou, 1986); this
variation was taken into account in the calibration process.

Spawning was not mechanistically modelled, as the processes regulating spawning are
mostly unknown. It was estimated that sole hatched once a year in Douarnenez Bay, on
approximately February(Deniel, 1981). We therefore considered that sole hatched every

365 days once they reached their maturity volume. Hatching was simulated via arEgmpty
Finally, [E;] and[E,,| were estimated using the least squares regression method against

growth and reproduction data from Deniel (1981), taking into account all values of previously

15
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estimated parameters and environmental fact@sd temperature). Little information is

available on male growth (only total length data) compared to female growth, but the DEB

theory supposes thfE;] and[E, | values are identical for both sexes (Table 4). We

calculated the sum of square deviations as being the sum of square deviations between
simulated and observed male lengths, female lengths and female total wet weight divided by
10 (to standardise the sum of weights with the sums of lengths). Due to the very low number
of observations available on female wet weight, we also used female total wet weight

estimated from the size-weight relationship given by Deniel (1981).

2.5.8. f estimation from experimental data

As all parameters were calibrated using independent data sets and our experimental
observations were only used to estimate shape coefficient, the only parameter that remained to
be estimated was food density, (t was estimated for each tank by using a regression routine
between modelled and measured total wet weights, using previously estimated parameters.
We considered it as the meiavalue obtained with male and female simulations (as

experimental sex determination was not possible).

2.6. The bioaccumulation model

The bioaccumulation model was built on the basis of the following three principles:
(1) as PCBs were included in food and are lipophilic, the only potential PCB source in the
model was food. As the soles came from a farm, they showed very low PCB concentrations at
the outset of the experiment; the values provided in 2.1 were utilised as initial conditions for
the model; (2) due to the lipophilic nature of PCBs, they were bound to the reserve
compartment - mainly composed of lipids - after assimilation; (3) as experimental growth

curves did not show any significant differences between both tanks (see 4.4), we did not add

16
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any PCB impact on sole physiological functions. PCBs were not therefore metabolised in the
model and accumulated in the reserve compartment only (Fig. 1).

PCB kinetics are a function of the assimilation flyx, { and of two parameters [eq.

(10)], which were measured experimentally: PCB concentrations in[f@B’a} given in
f

Table 1 and the energy content of fogd § mentioned on food bags (Table 4). PCB

concentrations in fish[CB*} ) were finally estimated by dividing the previously estimated
fish

PCB quantity at each time interval by the total wet weight [eq. (11)]:

dCBtish [CB j|f

= . 10
ot 7 Pa (10)
* CB:ish
|:CB :| = (11
fish
3.RESULTS

3.1. Calibration

We plotted shape coefficient values againgalues and estimatedl as being the

13
slope of the Iine\/\% = f (L) for the thinner fish from the C tank, assumed tdisgdefrom

the smallest third (Fig. 2). We obtained a valu&ef0.204 (Table 4). We estimate{dpo}
and TA at the reference temperatureeB3 K using a regression routine against
experimental data on the daily food ingestion of juvenile sole (Fonds and Saksena, 1977). We

obtained values of 460 J.chd™* and 4700 K for{ pXM} and TA respectively (Table 4). The

TA

ﬁ—gj for the 5 temperatures used in the experiments

plotof {p, } ¢y X Py} EXP (

17
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showed very good agreement with the mean experim{sp};{&ll} (Fig. 3a).y., was
estimated at 0.8 for in si@applications and as the ratio between metabolidabtkenergy
(17211 J.g8) and total food energy (21612 3)dor experimental applications. We also
obtainedy., = 0.8 (Table 4). The maintenance r{alp;-;,,] was estimated at 18.1 J ¢ri*
using data on SMR (Lefrancois and Claireaux, 2003) at the reference temperat@83TK.

These data were obtained from experiments conducted at 6 temperatures (4°C to 26°C) and

thus allowed a second estimate of TA at 4400 K, i.e. very similar to our estimate ithade w

TA TA

ingestion data. We simulated the equafigy ](T) =[ hy ](m exp(ﬁ—?j with this

estimated TA value and obtained a very good concomitance \pighirwental data on SMR
(Fig. 3b). We finally used an intermediate value for TA (4550 K), between the estimates made

from ingestion data and SMR data. Using this value, we also obtained good coherency

between eq. (9) and experimental datz{l mm} and[ pM] at different temperatures (Fig. 3a

and b). Using the maximum length equation and previously estimated parameter values, we
obtainedk values of 0.64 and 0.70 for males and females ré&sphc

Length at first maturity was found to be 15 cm and 23 cm for males and females
respectively (Deniel, 1981), giving, values of 29 cfiand 103 crivfor males and females
respectively with our estimatedl value (Table 4). The value of tkggparameter was 550

eggs.d of wet weight (Deniel, 1981E;| and[E, | were calibrated using the previously

estimated parameters and by searching the minimum square deviation between model outputs

and growth curves from Deniel (1981). The map of square deviations between model outputs

and the data exhibited numerous potential valuefHg} and[E,,| , with values ranging
from 5000 to 8000 J.cthfor [E,] and[E,] values ranging from 3000 to 7000 J&(not

shown). For this reason, we finally tO{)Ec] =7000 J.crif as in van der Veer at al. (2001)
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and estimategiE, | , using this[E;] value, as the least square deviation between model

outputs and growth curves. We then obtaifiEg] = 2903 J.crif (Table 4).

3.2. Model application for in situ conditions

Model simulations coincided well with in sidata on male and female total lengths
(Fig. 4a) and female total wet weight (Fig. 4b). The oscillations obtained during total weight
simulations were due to spawning, which occurred every 365 days. Reproduction was less
accurately simulated by the DEB model: gonad weight was slightly overestimated for a given
total weight during the juvenile phase and the model did not reach maximum observed gonad
weights (Fig. 4c). Modelled annual egg production exhibited good agreement with
observations, but did not reach the maximum observed levels (Fig. 4d). Maturity (defined
here as the start of the increase in gonad weight and first egg production) occurred at 2 years
for the modelled females (Fig. 4c and d). Model simulations showed that males also reached
maturity in their 2° year (simulations not shown). As little information was available on
reproduction, including maturation, ovarian development and spawning we did not attempt to
improve parameter calibration for this part of the model. Reproduction did not match in situ
observations but this did not affect subsequent results, as the experiments were based on

juvenile fish (age GO) that had not started reproducing.

3.3. Model application for experimental conditions

As fwas estimated as the mean value obtained with amaléemale simulations, we
therefore presented the data as a single group of individuals and compared them with both
simulations (Fig. 5 and 6). We obtainedhfues of 0.68 for the C tank and 0.74 for the PCB
tank. With the exception of these values, we used exactly the same parameter values as those

for simulations on Deniel (1981) data. As the last parameter was calibrated on total wet
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weight data for each tank, the model simulations showed a very good match with weight data
for both the C (Fig. 5b) and PCB tanks (Fig. 6b). The model slightly overestimated total
length measurements in both tanks, but did not exceed observed standard deviations (Fig. 5a

and 6a).

3.4. Bioaccumulation model simulations

As PCB measurements were performed on each sampling day on three groups of fish
(4 to 11 individuals per group and 1 measurement per group), we compared model outputs to
the values of the three PCB concentration measurements (Fig. 7), rather than to a mean PCB
concentration, which is meaningless over three values. We observed highly scattered PCB
concentrations (Fig. 7), hence justifying this approach. In order to understand how this scatter
influenced model comparison with experimental observations, we also compared measured
total wet weights and [CB153] (ng‘gvet weight) for each group to their modelled values
(Fig. 8).

The bioaccumulation model coupled to the growth model was applied to each PCB
congener included in food; the only difference between the models being congener
concentration in food (Table 1). PCB measurements on the 3 groups of fish were less
scattered during the accumulation phase versus the non contamination phase. The model
properly reproduced the accumulation phase between days 0 and 84, when concentrations of
each PCB congener increased, but overestimated the non contamination phase from day 84 to
168, when concentrations of each PCB congener decreased (Fig. 7a to d). The regression
between simulated and measured concentrations of all congeners showed a good correlation
(y=1.10 x, R=0.78) when we focused on the accumulation phase, whereas this correlation

was poorer for the non contamination phase (y=1.05x)B7) (Fig. 9a). The relationships
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between measured and simulated PCB during the non contamination phase showed equivalent
slopes for all PCB congeners (Fig. 9b).

The model respected the relative concentrations of each PCB congener: the
concentration of CB153 in food was approximately twice that of CB149 and CB118, which
were twice that of CB105 (Table 1). We found the same proportions in modelled PCB
concentrations; at the end of the contamination phase (84 days), measured concentrations
peaked at 94 ng’gwet weight for CB105, 183 ng’dor CB118 and CB149, and 348 nd.g
for CB153 (Fig. 7a to d). As modelled males systematically had a lower total wet weight than
females (Fig. 6b), simulated PCB concentrations in males were systematically higher than in
females (Fig. 7). Unfortunately, as the fish were grouped for PCB concentration

measurements, we were unable to make a comparison with observations.

4. DISCUSSION
4.1. Parameter values

We used the same model as that developed for four flatfish species by van der Veer et
al. (2001), but improved it on several points. Firstly, contrary to the previous model that
focused specifically on females, we took both males and females into account and used
different values for certain parameters that we considered as being different in each sex
according to the DEB theory(Vp and reproduction costs). This distinction is relevant when
dealing with contaminants (see next paragraph). Secondly, in the previous model,
reproduction occurred from year one onwards (van der Veer et al., 2001, Fig. 7), whereas in
our version, reproduction was only possible when fish reached a given length (corresponding
to Vp), corresponding to year two for both sexes. It is generally reported that maturity is
reached at 3-4 years for female sole and 2 years for males (Deniel, 1981; Bromley, 2003).

However, when model outputs were analysed in greater depth, we observed that males
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reached their maturity volum& /() at 1.26 years, versus females at 1.96 years, hence just

before their third year. Consequently, a slight change in initial conditions or parameter values
would lead to a mature age for females in accordance with the literature.

In addition to these small changes to the model design, we paid particular attention to
the estimation of parameter values. We used the most widely-available data from the literature

and calibrated several parameters independently. Some parameter values were taken directly

from van der Veer et al. (2001y,, (for in situapplications only) an{IEs] . Others differed

just slightly with this studyd, [E, | and[ p,,| and some were clearly different, with

differences ranging from 25 to 500% fer, TAandVp (Table 4). In our investigation, we
accounted for environmental variations by taking into account variable temperatures in the
calibration process when dealing withsitu data. The model with updated parameter values
matched better to in silata than the simulations performed using the prsvimodel (van

der Veer et al., 2001, Fig. 7), in particular because our model outputs were compared to a
larger number of observations, such as total wet weight, and the model was applied and
partially validated on an independent data set on the basis of experiments in controlled
conditions. We concluded that the parameter values used in our study represented sole
biology better than previously estimated parameters.

Model application to our juvenile growth curves did however show a slight
overestimation of length data in both experimeitslues were calibrated on wet weight
data, which was consequently more accurately simulated than length. According to the
equation we used to estimate total wet weight in function of length, reserve and gonad
weights, length mismatches may be due to the fact thatwakie was slightly
underestimated, or that reproduction, for instance, was not well formulated in the model.

Nevertheless, model simulations globally matched experimental data well.
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4.2. Bioaccumulation modahd potential PCB elimination

The advantage of our bioaccumulation model is that it did not require any additional
calibration as it depended directly on the growth model and on PCB concentrations in food,
which were measured. Model outputs showed PCB concentrations to be systematically higher
in males than in females of the same age. In solex thalue was lower in males than in
females, leading to slower growth in males. Consequently, at the same age and with identical
food density, males weighed less and therefore showed higher contaminant levels than
females. In sittsampling has shown that PCB concentrations in Earopeke are also
higher in males than in females of the same length (Bodiguel et al., 2009). The eskmated
value was also lower in males for this species. As a result, when males and females of the
same length were compared, the males were found to be older and had accumulated more
contaminants, resulting in higher PCB concentrations.

As no PCB effect was observed on growth measurements (see 4.4), contaminants only
bioaccumulated and were not excreted in the model; consequently, the decrease in PCB
concentrations in the model simulations was due to contaminant dilution through growth
alone. PCB gquantities remained constant from the time we ceased to administer spiked food,
whereas the fish continued to grow, leading to decreasing concentrations of all congeners.
Thus, if sole are capable of shifting from a contaminated to a “healthy” nursery in the natural
environment, juvenile growth clearly constitutes a means of decontamination. Nevertheless,
although model simulations accurately reproduced the increase in PCB concentrations during
the accumulation phase (days 0-84), they overestimated measured PCB concentrations during
the non contamination phase (days 84-168): the regression between simulated and measured
concentrations of all congeners showed a good correlation when we focused on the
accumulation phase, whereas this correlation was poorer for the non contamination phase.

This overestimation of PCB concentrations during the non contamination period could
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suggest that growth dilution was not the only route of decontamination for sole in our
experiments and that other mechanisms of PCB elimination are present in this fish species.
PCB elimination from fish body has already been suggested by several authors. In a similar
study on seabasPBicentrarchus labrakinvolving 10 PCB congeners, including CB105 and
CB118, the generic model used also overestimated total body concentration of PCB within a
factor between 1.5 and 7 times of the measurements (Antunes et al. 2008). Our results showed
that the relationships between measured and simulated PCB during the non contamination
phase exhibited equivalent slopes for all PCB congeners. This could suggest identical
elimination rates for each congener, without necessarily meaning the elimination processes
are identical. However, CB153 is recognized as a highly persistent and stable PCB, making its
elimination nearly impossible. Several studies reported its elimination from fish tissue. In an
experimental study on mulleM{gil cephalu}, Antunes et al. (2007b) demonstrated a
decrease of 95% of CB153 concentration in muscle and of 50% in liver in 249 days of
experiment after providing unspiked food to fish. As fish mean weight decreased during the
experiment, this decrease in CB153 concentration can not be due to dilution by growth.
CB153 elimination has also been demonstrated on another flatfish species (flounder,
Platichthys flesus where CB153 quantity exponentially decreasedimttion of elimination
time (Goerke and Weber, 2001), as well asSorsolegBoon, 1985). Contrary to our results,
which suggested identical elimination rates among the 4 PCB congeners tested, both earlier
investigations on flatfishes demonstrated that lower levels of chlorination and also number
and type of unsubstituted vicinal positions favoured elimination. Nevertheless, it has to be
noted that PCB administration, mixture and concentrations were clearly different among
studies, which certainly affects accumulation and elimination patterns.

Our observations also revealed a higher dispersion of measured PCB concentrations

during the non contamination phase versus the contamination phase. This dispersion may be
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due to differences in PCB elimination mechanisms between the sexes. For example, on
sampling day 140, when group 2 comprised males only and groups 1 and 3 comprised a
mixture of males and females, measured PCB concentrations were up to twice as high in
groups 1 and 3 versus group 2 (Fig. 8b). This experimental result countered our model
expectations of higher PCB concentrations in males due to lewelues and thus lower

weights. Nevertheless, as observed wet weights were not clearly different between the 3
groups (Fig. 8a), this difference in PCB concentrations could not originate from weight
differences. We can hence conclude that males showed lower PCB concentrations as they
have a better capacity to eliminate PCBs. Unfortunately, this comparison was only feasible on
this particular sampling day, as sex differentiation was only possible from sampling day 112
onwards, and all other groups from day 112 onwards comprised a mixture of both sexes. Our
conclusion contradicts that of Bodiguel et al. (2009) who reported higher measured PCB
concentrations in male hakes. It has been shown that PCB elimination rates in sardines may
differ according to sex and to the considered PCB congener (Antunes et al., 2007a), hence
making the analysis of these results more complicated. However, PCB elimination processes
may also differ according to species.

Comparisons between model simulations and observations proved to be complicated,
as the model described an average individual and, for analytical convenience, PCB
measurements were obtained with grouped fish. We hence calculated PCB concentrations
according to the mean weight of the group; however, if two fish of very different weights
were sampled from the same group, the measured PCB concentration of that group would not
be representative of the individual fish or of the mean of the 2 fish. For example, the mean
weights of 2 groups on sampling day 168 were different: 54 + 23 g for G1 and 63 + 15 g for
G2, and the measured concentration of congener CB153 was twice as high for G1 than for G2

[255 compared to 124 ng-@f wet weight respectively; G1 (crosses) and G2 (squares) in Fig.
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8]. Each group comprised 8 fish for PCB measurements; however, weights ranged from 36 to
107 g in G1 and from 47 to 87 g in G2. This data scatter, mainly due to initial variations in
reared sole and to individual variations in feeding, may also have contributed to the
difficulties encountered in relating biometric data to PCB measurements in our study. We
therefore suggest using tagged fish to obtain individual growth curves. This approach is
currently used in similar experiments. We will then obtain individual simulated growth curves
by estimating a value fdrfor each fish, as was done in this study for eaok.tThis resulted

in a higher value for the PCB tank=£0.74) compared to the C tarfk.68), suggesting that

fish raised in the PCB tank ate more (compared to uncontaminated fish) to compensate for
energy costs associated with PCB elimination and would explain why growth curves were
identical in both tanks. Nevertheless, individual growth curves would be easier to interpret.
This approach would also be of major interest for the study of bioaccumulation, as the exact
concentrations of each congener would be known in any fish at any given time, hence

facilitating comparison with model predictions.

4.3. Model improvements

The growth model accurately fitted the growth curves obtained from isaityling
as well as from experiments in controlled conditions using the same parameter set. However,
experimental data only concerned juvenile sole; as a result, longer experiments are needed to
fully validate the sole growth model. In our study, male and female data could not be
differentiated. Experiments on adults are necessary to validate the parameters that differed
between the sexes, suchasin addition, we only obtained a small amount of information on
reproduction, mainly focusing on females. Several studies have focused on the various aspects
of sole reproduction. These studies (1) have described the factors influencing maturity (de

Veen, 1976; Ramsay, 1993), (2) have helped to determine the effect of temperature on
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spawning (Deniel, 1981; Devauchelle et al., 1987; Rijnsdorp et al., 1992; Vinagre et al., 2008)
and (3) have determined spawning duration (Deniel, 1981; Anonyme 1992). This information
could be reproduced mathematically to improve knowledge on energy allocation to
reproduction and used to calibrate the parameters associated with this function. Nevertheless,
our study provided promising results; it showed that the same model can be applied to
different situations and encouraged the development of additional applications for the energy
allocation model. Using the DEB theory is advantageous as, once the model is fully validated,
we will be able to compare model parameters with other fish species and compare the
mechanisms governing contaminant accumulation and elimination in different organisms.

We showed that our model failed to reproduce PCB concentrations during the non
contamination phase, probably because it did not take into account a process of PCB
elimination from the organism. More experiments are needed to understand the processes
responsible for this PCB elimination from fish tissue, which should then be incorporated in
the model. Fonds et al. (1995) revealed that PCBs were present in the eggs of female dabs in
different proportions to those supplied in food. This suggests that different PCB congeners are
assimilated with different efficiencies and eliminated through a variety of processes, due to
their different chemical properties and structures. It has indeed been shown that the
assimilation and excretion of PCBs depend on their lgg(6ctanol-water partition
coefficient). This could easily be accounted for by adding a new module in which, for
example, assimilation efficiency is a direct function of the IggWalue of the congener, as
has already been done in various modelling studies on contaminant kinetics (Thomann et al.,
1992; Antunes et al., 2008; Baas et al., 2009; Jager and Kooijman, 2009). The same effort
should be made to model PCB elimination from fish tissue. Although we suggested that sole
were able to excrete PCBs, our growth curves did not reveal any significant differences

between the C and PCB tanks. This indicates that elimination occurred either without any cost
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for sole, or that the use of optimal conditions for our experiments enabled a sort of "cost
compensation”. Further investigations are therefore necessary to identify what processes are
responsible for this potential PCB elimination and what costs it implies for sole.

Another route of PCB elimination is reproduction. Contamination experiments on
adults are necessary to measure the elimination of PCBs during spawning, then compare the
results with model predictions. Bodiguel et al. (2009) demonstrated that PCB concentrations
measured in female hakes in the Gulf of Lions were lower and more scattered than those
found in male hakes. They modelled this phenomenon by allowing PCB elimination during
spawning, whereby the degree of decontamination was higher in females due to the high lipid

content of eggs compared to male sperm. This type of model could also be tested for sole.

4.4. Effects of PCBs on growth

The comparison of growth rates from the C and PCB tanks showed that the
administration of PCB congeners CB105, CB118, CB149 and CB153 at the given
concentrations and during the 3-month exposure period did not affect juvenile sole growth.
Similarly, PCB contamination did not markedly affect dab growth (Fonds et al., 1995) or
Arctic charr growth (Jgrgensen et al., 1999) during laboratory experiments. PCBs have been
found to have no impact on lipid deposition and mobilisation (Jgrgensen et al., 1999). In our
study, however, it appeared that the lipid weights of fish in the PCB tank were higher than
those in the C tank (data not shown); however, little data on lipids was acquired for the
control experiment, so our conclusion should be taken with precaution. Previous studies have
indicated that PCB components can be redistributed among fish organs according to exchange
equilibria (Boon et al., 1984; Antunes et al., 2008), with a possible contaminant exchange
between muscle and liver in mullet, and that PCB elimination processes may differ according

to organs (Antunes et al., 2007b). Our results contradict a previous study that showed
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significantly lower growth in contaminated sole (Boon, 1985); however, this study used a
different mixture of PCBs in different concentrations, which may explain the variations in

results.

5. CONCLUSION

Our study allowed a considerable improvement of DEB parameterisation. Consistency
between experimental observations and model simulations during the contamination phase
confirmed that bioaccumulation is related to feeding and growth, whereas discrepancies
between observations and model during the non contamination phase can not be explained by
the dilution effect alone and suggested the existence of other elimination mechanisms of
PCBs. However, the variability of responses in measured PCB concentrations implies to
consider individual growth monitoring. This approach is currently used in similar and longer
experiments, and will also enable to differentiate mechanisms of PCB accumulation and

elimination between sexes.
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Table 1. Conditions in each experimental tank and concentrations of each PCB congener

included in sole food. C and PCB are control and Polychlorinated biphenyl tanks respectively.

Tank name C PCB
Initial conditions

Fish density (kg.m) 2.3 1.8
Initial length (cm) 124+1,4 120+1,3
Initial total wet weight (g) 19,2+6,1 16,0+ 4,6
Physico-chemical parameters

Temperature 19°C 19°C
[O2] >80% >80%
Photoperiod light:dark (h) 12:12 12:12
Food

amount ad libitum ad libitum
composition no solvent, no PCB + solvent + PCB
[PCB] ng.g" of food

[CB105] 0 228
[CB118] 0 454
[CB149] 0 420
[CB153] 0 888

M easur ements

Biometry

Total length L(cm) X X
Total wet weight\y (Q) X X
Number of fish per sample 33+14 34 +13

Sampling days

0, 4, 8, 28, 56, 84, 88, 91, 98, 112, 140, and 168

Chemical analysesin muscle

CB* (ng)

Number of fish per sample

X

triplicates (3 groups)
41011
fish/measurement
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Table 2. Symbols and notations used in the growth and bioaccumulation models for sole.

Symbol  Units Description
Notation
D, J.d Flux of compound *
{} J.cm™ Surface-area-specific
parameters
[ J.cmi® Volume-specific
parameters
Processes
X Ingestion
A Assimilation
M Maintenance
G Growth
C Mobilisation/Catabolism
J Maturity
R Reproduction
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1 Table 3. Symbols, units, values and description of state and forcing variables used for sole
2 growth and bioaccumulation models. The last column shows the formulae used to compare

3 model outputs and data. Please refer to Table 4 for parameter description.

Symbol Units Value Description Comparison with
data
State variables
cm’ Structural volume , - (5 L)3
E Reserve energy E=pu W,
Er Reproduction buffer E, = . W,
* Quantity of CB* in
CBrn N0 fish
* Concentration of *
8, ngg CB* in fish e8] - B
fish
L cm Total length L= VY3
N
We g Weight of reserve E
WE =
He
We g Weight of gonads =
W, =—&
He+
Wiy g Total wet weight W, =V+W + W
Forcing variables
f - Deniel (1981): 0.70 Food density
C tank: 0.68
PCB tank: 0.74
T K  Deniel (1981): 281<T<291Temperature

(= 8°C<T<18°C)
this study: 292 (= 19°C)

10
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1 Table 4. Description, units, values [compared with those of van der Veer et al. (2001)] and

2 route of parameter estimation used for sole growth and bioaccumulation models.

Symbol Units Value Valuein van der Description M ean of estimation / Source
Veer et al. (2001)
male female male female
o - 0.204 0.192 Shape coefficienfalue of the slope of
WrT]/3 =f (L) this study (Fig.
2)
{ Py} J.cm?d? 460 305 Ingestion rate at Daily food ingestion
reference experiments at 5 temperatures,
temperature Fonds and Saksena (1979)
T1 K 283 283 Reference Fixed
temperature
TA K 4700 8500 Arrhenius Daily food ingestion
temperature experiments at 5 temperatures
(10 to 26°C) (Fig. 3a), Fonds
and Saksena (1979)

4400 SMR measurements at 6
temperatures (4 to 26°C) (Fig.
3b), Lefrancois and Claireaux
(2003)

YVex - 0.8in situ 0.8 Assimilation van der Veer et al. (2001)
0.8 for efficiency Ratio between metabolisable
experiments and total energy of food
[ pM] J.cmid?t 18.1 20.8 Maintenance rateSMR at 6 temperatures (4 to
at reference 26°C), Lefrancois and
temperature Claireaux (2003)
[Ec] J.cm® 7000 7000 Costs of growth  van der Veer et al. (2001)
[E ] J.eni® 2903 2500 Maximum Numerical optimisation on
" storage energy growth data, Deniel (1981)
K - 0.64 0.70 0.9 Fraction of Maximum length equation
mobilised
reserve used for
growth
Vp cm?® 29 103 12 24 Volume at first Literature, Deniel (1981)
maturity
e J.g* 30000 37000 Energy to weightFixed
reserve
conversion
U J.g* 20000 25000 - Energy to weighFixed
gonad
conversion
U J.g* 21612 - Energy to weight Food bags
food conversion
Kn - 0.8 0.2 0.9 Costs of Fixed
reproduction
€gg g' 550 4950 Number of eggs Literature, Deniel (1981)
in 1g of wet
weight
Lm cm 44.3 48.9 - Maximum lengtiGrowth data, Deniel (1981)
[CBY, ng.g* See table 1 - Concentration of Measured, this study

CB*in food
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FIGURE CAPTIONS

Figure 1. Diagram of the sole growth model and PCB distribution (grey ellipses) in the model.
Ellipses are proportional to assimilation efficiency (Table 4). The square boxes indicate state
variables, the round boxes indicate sources or sinks. The grey arrows and boxes represent
reproduction not taken into account in the bioaccumulation model. Energy fluxes through an
organism arejp, = ingestion,p, = assimilation,p. = reserve utilisationp,, = maintenance
(structural volume),p; = growth, p, = maturity maintenancep, = development or

reproduction. See Tables 2 and 3 for descriptions of notations and state variables.

Figure 2. Representation of (shape coefficient) values as a function of sole length

). The graph represents tideestimation for each sampled fish from the control (C)

(5=
L

tank. Because thé value was then used to convert the modelled volume (structure without
reserve) to length, we usel values from thinner fish only, assuming these values to be in
the lower third. The circles (0) represent fish which were not used fstimation as they
were assumed to comprise structure and reserve. The crosses (+) represent fishdused for

estimation. The slope of the solid line for these soles is 0.204.

Figure 3.{ po} (@) and[ pM] (b) variations as functions of temperature. The crosses (+) or

crosses * sd represent experimental valus{spggJ} and[ pM] estimated from Fonds and

Saksena (1977) and Lefrangois and Claireaux (2003) respectively. We used the formulae

Px

f (JL)? and[ pM] (2em3.01) = 0.7 SMR(mgo?kgtn'l)  t0 estimate experimental values

{ po} =

(see sections 2.5.3 and 2.5.5). The solid lines (-) represent model simulations estimated with
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, i TA TA ; : , .
By = By exp(ﬁ—?j , wherebyp, ;, is the rate{(po} or [ p,]) at the actual

temperaturel [eq. (9)] and with the estimated MAlue for each experiment (Table 4). The
dashed lines (--) represent simulations of the same equation with an intermediate value of

TA=4550 K. Temperatures are in degrees Kelvin in th@dtae but in Celsius in the figures.

Figure 4. Model simulations versus sole growth and reproduction data (Deniel, 1981) for total
length (a), total wet weight (b), gonad weight (c) and annual egg production (d). The circles
(o) and transverse crosses (x) represent data for females and males respectively. The solid (-)
and dashed (--) lines represent model simulations for females and males respectively. The
vertical crosses (+) represent female wet weight estimated using the size-weight relationship
given by Deniel (1981). Model simulations for reproduction (c and d) were obtained with one
model output per yeany, just prior to reproduction, and compared to reproduction data given

by Deniel (1981), represented by vertical crosses (+).

Figure 5. Growth in length (a) and weight (b) for juvenile sole reared in the control tank. The
crosses (+) represent measured mean lengths or weights + standard deviation. The solid (-)
and dashed lines (--) represent model simulations for females and males respectively. The

growth model is described by eq. (2-8). Descriptions of state variables and parameter values

are shown in Tables 3 and 4, respectively.

Figure 6. Growth in length (a) and weight (b) for juvenile sole reared in the PCB tank. The
crosses (+) represent measured mean lengths or weights + standard deviation. The solid (-)
and dashed lines (--) represent model simulations for females and males respectively. The
growth model is described by eq. (2-8). Descriptions of state variables and parameter values

are shown in Tables 3 and 4, respectively.
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Figure 7. Kinetics of the concentrations (nfaf wet weight) of 4 PCB congeners: CB105

(a), CB118 (b), CB149 (c), and CB153 (d) as measured in sole tissues (+) from the PCB tank
and simulated by the bioaccumulation model [eq. (10 - 11)] coupled to the growth model [eq.
(2-8)] for females (solid lines) and males (dashed lines). The 4 PCB congeners were included
in food (Table 1). Each cross represents one PCB measurement on a group of fish (three

replicates at each sampling time).

Figure 8. Model simulations for male sole (dashed lines) compared to experimental data on
total wet weight (a) and [CB153] (ng‘gvet weight) (b) of sole from the PCB tank.

Experimental data are represented as the mean * standard deviation of PCB measurements for
each group. Each symbol (opor +) represents the same group for total wet weight and

[CB153] at a given sampling time. For better visibility, the symbols o and + have been shifted
by - and + 2 days respectively from the sampling day. Model simulations are the same as

those shown in Figs. 6 and 7.

Figure 9. Comparisons between measured and simulated concentratiod®fwegegweight)

of all PCB congeners during the contamination (+) and non contamination (o) phases. For
each comparison, we plotted regression lines (by forcing the 0 crossing) to check the accuracy
of the fit, and obtained the following relationships and correlation coefficients: y=1.10 x
(R?=0.78, solid line) for the contamination phase and y=1.05xQ87, dashed line) for the

non contamination phase (a). Focus on the comparisons between measured and simulated
PCB concentrations (ngaf wet weight) in the non contamination phase for each PCB
congener: CB10%§, CB118 (x), CB149 (0) and CB158)( We also plotted regression lines

(without forcing the O crossing) and obtained the following relationships and correlation
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coefficients: y=0.33 x + 54.1 (R0.56, dashed line) for CB105, y=0.32 x + 107.86<R54,
solid line) for CB118, y=0.34 x + 98.4 180.55, dashed-dotted line) for CB149 and y=0.36 x

+208.9 (B=0.52, dotted line) for CB153 (b).
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Figure 2 (Eichinger et al., 2010)
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1 Figure 3 (Eichinger et al., 2010)
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Figure 4 (Eichinger et al., 2010)
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Figure 6 (Eichinger et al., 2010)
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Figure 7 (Eichinger et al., 2010)
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8 (Eichinger et al., 2010)
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Figure 9 (Eichinger et al., 2010)
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