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Abstract
Bioaccumulation of metal within an organism results from interactions between physiological
factors (growth, weight loss, absorption and accumulation), chemical factors (metal concentration,
speciation and bioavailability) and environmental factors (temperature and food concentration). To
account for such interactions in the mussel Mytilus galloprovincialis, we combined bioaccumulation
and Dynamic Energy Budget models. Field experiments were conducted to measure uptake and
elimination kinetics for two metals (Hg and Pb) in three Mediterranean sites with differences in
contamination levels and to calibrate the models. Metal uptake from water and from food was
considered separately. Metal elimination resulted from reproduction and/or from direct excretion.
Contributions of physiological variables, such as body size and tissue composition were quantified. By
combining environmental and biological data, the model provided an efficient bio-monitoring tool which
can be applied to various coastal environments. An application to the French bio-integrator network
(RINBIO) was carried out through inverse analysis and enabled to assess the real level of
contamination in water on the basis of contamination measured in mussels.
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Introduction

Several monitoring programmes (such as US Mussel Watch, French RNO and
RINBIO) are based on quantitative bio-indicator concept, using the ability of marine
bivalves (usually mussels) to concentrate and, under certain conditions, accumulate
contaminants in their tissues with respect to the ambient level. This technique is more
efficient than direct measurements in the water (Goldberg, 1975; De Kock and Van het
Groenewoud, 1985; Claisse et al., 1992; Andral et al., 2004). Nevertheless, interpreting
bio-monitoring data reveals some difficulties related to the contaminant dynamics,
possible changes in the environment (temperature, trophic conditions, contamination
level) and interactions with the physiology of the animals.
First, metal levels in tissues represent a time-integrated response to bioavailable
metal in food and water (Langston and Spence, 1995; Angelidis and Catsiki, 2002;
Boisson et al., 2003). To estimate each flow, comparative studies of food and
environmental contamination have been carried out in the laboratory, using tracer
techniques to label algae and seawater (Fowler et al., 1971; 1978; Fowler, 1982;
Borchardt, 1983; Clifton et al., 1983; Roesijadi et al., 1984; Borchardt, 1985; Lee et al.,
1998; Roditi and Fisher, 1999; Boisson et al., 2003). The differences observed in the
outcomes of these various studies outline the need for caution in predicting fluxes of
metals such as Hg or Pb based solely on data derived from laboratory experiments.
Experiments directly dedicated to metal kinetics of mussels in the natural environment,
by measuring contamination in water and food, have not been carried out to date.
In addition, the resulting bioaccumulation is influenced by external environmental
factors and internal biological processes (Rainbow et al., 1990; Wright, 1995; Lee and
Luoma, 1998; Lee et al., 1998). Environmental factors include salinity, pH, redox
potential, dissolved organic carbon, temperature and food availability (Bjerregaard and
Depledge, 1994; Sunda and Huntsman, 1998). Significant internal biological factors
include size, sex, sexual maturity, reproduction stages, and seasonal growth cycles
(Wang and Eckmann, 1994). For example, as a proxy for the growth rate, the variation in
tissue mass has been shown to produce large changes in metal concentrations in
tissues, which the monitoring system must cope with. However, the relative influences of
these biotic factors are not well documented, and the metal cycles within the animals not
fully understood. This knowledge is a prerequisite for modelling bioaccumulation (Luoma
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and Fisher, 1997) and for optimizing the use of bio-sentinel organisms in environmental
monitoring programmes. In order to overcome the weight variation influence, some
authors transformed metal concentrations into metal content for a virtual standard
mussel (Boyden, 1977; Cossa et al., 1980; Riget et al., 1997) and others sampled
mussels of uniform size (Popham and D'auria 1983; Andral and Stanisiere, 1999) or
proposed to express the metal concentration per unit of shell mass (Fisher, 1983). None
of these methods proved to be entirely satisfactory for monitoring purposes, owing to the
limitations inherent to standardization methods, i.e. the combined effect of ageing,
somatic growth and the reproduction cycle which cannot be easily distinguished.
However, the uptake/elimination model proposed by Kooijman and Van Haren
(1990) for organic micro contaminants like PAH’s (Polycyclic Aromatic Hydrocarbons)
and PCB’s (PolyChlorinated Biphenyls) has been designed to account for changes in the
physiological (feeding/lipid) conditions of the organism. It is based on the Dynamic
Energy Budget (DEB) model (Kooijman, 1986a; 1988; 1993; 2000) which describes
growth, energy dynamics and reproduction as a function of body size. This modelling
attempt suggests that bioaccumulation models could provide an appropriate tool to
analyse bio-monitoring data.
The first purpose of this paper was to show how the DEB-based model could be
applied to M. galloprovincialis to assess uptake-excretion kinetics for two high-priority
metals, namely Hg and Pb. We took account of contaminant uptake from the
environment, food concentration and excretion due to decontamination and spawning
and we assessed the influence of physiological variables, such as body size and tissue
composition on heavy metal kinetics. The model was calibrated and tested on field data,
using mussels and environmental surveys in different sites and transferring mussels
from clean to polluted sites. The second objective was to assess the real level of
contamination of water on the basis of contamination measured in mussels in the French
bio-integrator network (RINBIO). This innovative application of the model was carried out
using an inverse method. Unknown food and contaminant concentrations were
determined by fitting the simulated mussel growth and contaminant concentration to
measured values. Extending this method to RINBIO sites produced a map of
contaminant concentrations along the French Mediterranean coast.
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Methods

2.1
2.1.1

Field data
Bio-monitoring data
RINBIO sites were located along 1,800 km of French Mediterranean shoreline

(Fig. 1). The mussels were immersed for 3 months during their sexual dormancy period
(between March and July). The choice also minimised the effect of bio-fouling to keep
the moorings safe. The mussels came from an aquaculture farm in LanguedocRoussillon (Aresquiers site). The 97 RINBIO bio-integrator network sites were immersed
at the end of March, along 1800 km of French Mediterranean shoreline, and removed in
July 2000 (Goldberg, 1975; De Kock and Van het Groenewoud, 1985; Claisse, et al.,
1992; Andral et al., 2004). For each site, the mortality and several biometric parameters
(length, width and height of the shell) were recorded for 30 individuals at the beginning
and the end of the experiment. Several contaminants were measured in the mussels:
lead, cadmium, copper, zinc, mercury, chrome, nickel, arsenic,
dichlorodiphenyltrichlorethane (DDT, DDD and DDE), hexachlorocyclohexane (HCH),
polychlorobiphenyles (PCB), and polycyclical aromatic hydrocarbons (PAH). The results
were expressed in ng or µg of contaminants per gram of dry mussel tissue. Therefore,
these national and international monitoring networks provided a large database that
could be integrated in the DEB model to supply information about the nutritive quality of
the water and the actual contamination of sites.

2.1.2

Field experiment
Field experiments on uptake and elimination kinetics were conducted in three

Mediterranean sites selected on the basis of their contamination levels. Lazaret bay
(43°05.40’ N, 5°54.50’ E) is subject one of the “hot spots” of heavy metal concentrations,
particularly for Hg and Pb (Claisse 1989) (Fig. 1). Bages lagoon (43°04.70’ N,
003°00.00’ E) is particularly contaminated by cadmium (Claisse 1989) but not by Hg and
Pb. Furthermore, Bages lagoon is a mesotrophic site where significant variability of
trophic and physicochemical parameters is expected. This variability enabled us to
explore the growth kinetics, in comparison with those of Lazaret, which is an oligotrophic
site. Because of their respective contamination by Hg and Pb and their different trophic
environments, Lazaret bay and Bages lagoon are appropriate sites for understanding
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growth, bioaccumulation and related kinetics. In order to examine decontamination
kinetics, a third site was selected, in a particularly clean environment in Port-Cros
National Park (43°00.91’ N, 6°23.41’ E). In this site, metal contamination is very low or
even absent (Andral et al., 2004).
All mussels with 60 mm shell size were purchased from the same aquaculture
farm (Aresquiers site) located in a clean, open site on the coast. Mussels were put into
polyethylene net cages divided into three compartments containing 6 samples of 10 kg
each. The cages were immersed at 10-12 m depth and suspended on fixed rearing
structures (called “tables”) or on buoys by ropes. The mussels were transferred from a
clean to highly contaminated area, and then transferred back to the clean site. The
experiments were designed to explore the kinetics of Hg in mussels with simultaneous
measurements of metal concentrations in water and suspended particles, and
measurements of mussel biometry. It allowed us to simultaneously observe metal
accumulation and physiological changes in mussels. For the contamination experiments,
mussels were transferred for six months to two contaminated sites (Lazaret bay and
Bages lagoon), and fifty individuals from both sets were sampled fortnightly from mid
September 2002 to mid March 2003. An additional a transfer experiment was performed
between mid December 2002 and mid March 2003, in order to explore the reproducibility
of the experiment during a shorter period (Casas, 2005). At the end of these
experiments, the cages were transported in cool containers to the clean site (Port-Cros
Island) in order to examine the decontamination kinetics over three months (March 2003
to June 2003). Therefore, the experimental design included 4 populations equivalent to 4
datasets: population 1 was placed in Bages for 6 months then in Port-Cros for 3 months,
population 2 was put in Bages for 3 months then in Port-Cros for 3 months, population 3
was put in Lazaret for 6 months then in Port-Cros for 3 months and population 4 was
placed in Lazaret for 3 months then in Port-Cros for 3 months (Fig. 2).
For each fortnightly measurement, 30 mussels were collected on each site, were
separated and rinsed in seawater. Several biometric parameters were recorded: length,
width and height of the shell. At each site, samples were pre-processed according to
standardised procedures (Claisse et al., 1992). The mussels were opened alive and the
tissue was removed with a stainless steel scalpel. Shells were dried at 60°C for 48 h.
Mussel tissues were pooled, weighed and frozen in a cleaned 50 ml jar, then dried.
Dried tissues were analyzed using different techniques of atomic absorption
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spectrometry: Pb, Cd by flame atomic adsorption spectrometry; Hg by atomic
fluorescence. The detailed procedure is described elsewhere (Chiffoleau et al., 2002;
Cossa et al., 2002). Results were expressed in ng or µg of contaminants per gram of dry
mussel tissue.
Temperature, salinity, pH and dissolved oxygen of the surface water were
measured weekly in Lazaret bay, Bages lagoon and Port-Cros Island. Water samples
were also collected and taken to the laboratory to analyse suspended particulate matter
(SPM), chlorophyll-a, pheopigments, POC, ammonia (NH3), nitrate (NO3), nitrite (NO2)
and phosphate (Casas, 2005). During mussel sampling, water samples were also
collected and transported to the laboratory to measure the dissolved and particulate
concentrations of Hg and Pb.

2.2

Model simulations

2.2.1

DEB growth model

DEB models are based on simple assumptions about the rates at which the
organism acquires energy from its environment, and on the rules describing how
available energy is distributed between maintenance, growth and reproduction (Fig. 3). A
summary of the DEB-model is given below and the parameters are listed in Tables 1 and
2. The notation and symbols follow those in Kooijman (2000) whereby the following main
rules apply:
•

variables are indicated by symbols and lower case symbols frequently relate to
upper case ones via scaling;

•

quantities are expressed per unit of volume with square brackets []; per unit of
biosurface area with braces {};

•

rates have dots, indicating the dimension per time.

Environmental concentrations (e.g. food, contaminant) are noted with a single letter. The
dynamics of growth and reproduction were represented by differential equations of three
state variables: structural body volume V (cm3), energy reserves E (J) and energy
allocated to development and reproduction R (J).
For a single food source, assimilation energy rate is a function of food
concentration (X, mg.l-1) and is proportional to surface area of the structural body
6

volume, which corresponds to the part of tissue without gonads and reserves. It is equal
to:

p& A = {p& Am }⋅ f ⋅ V 2 / 3
with f =

X

(J.d-1)

[1]

and { p& Am } = (1 − ρ ) ⋅ { p& Xm } (J. cm-2 d-1)

X +X
K

where f is the functional response of assimilation to food concentration (dimensionless),

{ }

XK is the half saturation coefficient (μg pheopigment .l-1) and p& Am is the maximum
surface area-specific assimilation rate (J. cm-2 d-1), ρ is the loss due to digestion, { p& Xm }
is the maximum ingestion rate (J.cm-2.d-1).
Assimilation contributes to the dynamics of the energy reserves which are given by the
equation:

dE = p& − p&
A
C
dt

(J.d-1)

[2]

where p& C (J.d-1) denotes the energy utilisation rate.
Stored energy is mobilised from the reserves and is allocated to growth,
maintenance and reproduction. A fixed fraction (κ ) of energy used is allocated to
somatic maintenance and growth while the remainder (1 − κ ) is used for
maturation/reproduction and maturity maintenance. Maintenance has priority over
growth, so growth ceases when the food concentration is low. From this energy
allocation rule, it follows that growth investment is given by:

dV = κ ⋅ p& C −[ p& M ]⋅V
dt
[EG]

(cm3.d-1)

[3]

where [ p& M ] is the maintenance cost (J.cm-3.d-1), [EG ] is the volume-specific cost for
structure (J.cm-3), and κ (-) is the fraction of energy utilisation rate spent on maintenance
plus growth. Kooijman (2000) derived the following equation of energy utilisation from
theoretical considerations:

p& C =

⎛ [EG] ⋅ {p& Am }⋅ V 2 / 3
⎞
[E]
⎜⎜
+ [ p& M ] ⋅ V ⎟⎟
[EG] + κ ⋅ [E] ⎝
[Em]
⎠

(J.d-1)

[4]
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[ ]

where [E ] represents energy density ( [E ] = E , J.cm-3) and Em is the maximum energy

V

density in the reserve compartment.
Juvenile development (i.e. increase in state of maturity) and adult reproduction (i.e.
gamete production and spawning) correspond to 2 different stages in the individual life
history. The transition between juveniles and adults implies a change in the maintenance
rate. Kooijman (2000) introduced a threshold value of the structural volume VP which
marks the transition between development and gamete production and showed that:

(

)

dR = (1 − κ) ⋅ p& − 1 − κ ⋅ min(V, Vp) ⋅ [ p& M ]
C
dt
κ

(J.d-1)

[5]

Spawning was triggered at a given date corresponding to observations of dramatic
decrease of mussel dry mass. Following Pouvreau et al. (2006) we added an equation
that would allow the reproduction compartment to decrease when the maintenance cost
of the structural volume exceeds energy available for growth.
Shell length L (cm) was obtained from body volume using an allometric function:
1/ 3

V
L=
δm

(cm)

[6]

where δm is the shape coefficient.
Fresh tissue mass W (g) was obtained by summing the 3 variables E (J), V (cm3) and R
(J) after conversion into fresh mass. A specific mass d of 1 g.cm-3 was used to convert
volume into mass:

⎛
E
R ⎞⎟
⎜
W =d ⋅⎜V +
+
⎟
⎜
E
μ ⎟⎠
⎝
G
E

[ ][ ]

(g)

[7]

{ p& Am } and [ p& M ] are given for a temperature of 20°C, and temperature dependence is
defined by an exponential function based on the Arrhenius temperature of TA = 5800 K,
which would be approximately the same as a Q 10 factor of 2.67, as shown below:

⎧T
T ⎫
k&(T ) = k&1 exp ⎨ A − A ⎬ ⋅
⎩ T1 T ⎭

⎛
⎧T
⎧T
T ⎫
T
⎜1 + exp ⎨ AL − AL ⎬ + exp ⎨ AH − AH
⎜
TL ⎭
T
⎩ T
⎩ TH
⎝

⎫⎞
⎬ ⎟⎟
⎭⎠

−1

(-)

[8]
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where k& is a physiological rate (e.g. { p& Am } , [ p& M ]) at temperature T, k&1 the same rate at
the reference temperature T1 which has been set here to 293 K and TA is a speciesspecific coefficient, the so-called Arrhenius temperature (K). TL is the lower boundary of
tolerance range, TH the upper boundary of tolerance range, TAL and TAH the Arrhenius
temperatures (K) for the rate of decrease at both boundaries.
Parameter values were assessed from independent datasets on M. edulis by Van
der Veer et al. (2006) and are summarised in Tables 1 and 2. We assumed that the
same parameter values are valid for M. galloprovincialis, which is reasonable for 2
reasons: i) both species are cultivated in France and have similar growth rates and living
areas, ii) our modelling exercise showed a good agreement between observed and
simulated growth for M. galloprovincialis.

2.2.2

DEB bioaccumulation model
In addition to DEB equations, a model of heavy metal kinetics has been

established. Contrary to models used for organic compounds (Kooijman and van Haren
1990; van Haren, Schepers et al. 1994), which may be lipophilic, the specific partition is
not integrated between the aqueous fraction, the stored energy body compartment and
the structural volume compartment (Fig. 3). The chemical affinity of the xenobiotic is
incorporated. Uptake and elimination rates are both assumed to be proportional to the
surface area of the isomorphic animal V2/3 (Devillers et al., 1998) for a discussion on the
proportionality of ingestion with respect to the surface area). Uptake from water is
proportional to the surface area, because isomorphism links the surface area of gills, for
instance, to the total surface area.
Following the notations from Van Haren et al. (1994), the resulting differential
equation for the metal concentration (Cw) based on fresh tissue mass (mg.kg-1) is given
by:
2/3
dCw = (r&da ⋅ Cd + r&pa ⋅ f ⋅ C p ) ⋅ V − r&ad ⋅ Cw ⋅ V 2 / 3 − Cw ⋅ dW
dt
W
W
W dt

(mg.kg-1.day-1) [9]

where r&da and r&pa are the uptake rates for water (L.cm-2.day-1) and food (g.cm-2.day-1),

r&ad is the elimination rate constant (g.cm-2.day-1), V2/3 is the surface derived from the body
volume and W is the fresh tissue mass (g), Cd and Cp are the dissolved (µg.L-1) and
9

particulate (mg.kg-1) adsorbed metal concentrations which were interpolated from
measurements (see below).

2.2.3

DEB parameter estimation
Most of the DEB parameters were derived from other studies (Van der Veer et

al., 2006). Spawning time was imposed on the basis of observations and the initial
conditions of the three compartments (structural volume, reserves and reproduction
compartment) were unknown. The reserves compartment was estimated, the other two
were calculated from the fresh tissue mass and shell length. The shape and half
saturation coefficients were calibrated using food concentration and growth data from
the 4 experimental datasets. The calibration was carried out with an algorithm based on
the simplex method (Nelder and Mead, 1965) which consists in seeking the minimum of
a function defining the average difference between simulated (Ys) and measured (Yo) dry
tissue or fresh tissue mass:

∑ (Y Y− Y )
s

o

2

o

The 4 bioaccumulation datasets of Hg and Pb were used to calibrate the three metalspecific kinetic rates: r&da , r&pa and r&ad using the same method as that used for shape and
saturation coefficients.

2.3

Inverse analysis

The coupled DEB-bioaccumulation model was used to assess the level of water
contamination on the basis of the contamination measured in mussels with an inverse
method. Unknown food and contaminant concentrations were determined by fitting
simulated mussel growth and contaminant concentrations to measured values. By
extending this method to RINBIO sites, we obtained a map of contaminant
concentrations along the French Mediterranean coast. Growth measurements of initial
tissue mass and shell height at time t0, final tissue mass and shell height at time t+3months,
and water temperature were combined with the DEB model to estimate the functional
response (f) at each RINBIO site. In a second step, the initial and final metal
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concentrations measured in mussels were used to estimate the concentration of
contaminants in the water assuming no variation over time. In fact, there are two
unknown factors, which are the water metal concentration in dissolved and particulate
forms. Inverse analysis was first performed to obtain the uptake parameter U from the
model equation.

U = r&da ⋅ Cd + r&pa ⋅ f ⋅ C p
The dissolved (Cd) and particulate (Cp) parts could not be determined but, since RINBIO
measurements are carried out in summer under oligotrophic conditions, we assumed
that Hg and Pb dissolved fractions were the major source of contamination. The results
of Hg and Pb concentrations estimated by inverse analysis for Lazaret, Bages and PortCros were compared to the values measured during our contamination experiments.

3

Results

3.1

3.1.1

Field data

Hydrological and chemical data
During the contamination experiment the water temperature in both Lazaret and

Bages showed a decrease from respectively 22.9°C at the beginning of the experiment
to a minimum of 11.4°C in Lazaret bay and from 22.9°C to 3.6°C in Bages (Fig. 4a).
Chlorophyll-a and pheopigments showed variability in both areas with the highest
average concentration in Bages, of respectively 1.45 and 6.8 µg.l-1 versus respectively
0.5 and 0.82 µg.l-1 in Lazaret (Fig. 4b,c). In Lazaret, the significant peak on 11 October
2003 was related to a stormy event. The highest values of particulate matter were linked
to the resuspension of particles due to excessive wind, wave action and rain and no
seasonal cycle was detected. The changes in chlorophyll-a and pheopigment
concentrations ranged from maximum values of 3 and 3.79 µg.l-1 to a minimum of 0.025
µg.l-1 (Fig. 4b). In Bages, a major peak was observed for pheopigments (13 February
2003) after a wind/rain event. Due to this situation, chlorophyll-a and pheopigment
concentrations varied from maximum values of 20 and 57 µg.l-1 respectively, to almost 0
(Fig. 4c).
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Metal analyses in Lazaret water showed high levels of Hg and Pb (1.98 10-3 µg.l-1
and 0.1 µg.l-1 respectively). The dissolved Hg concentration in Lazaret increased during
the first period of the experiment then decreased slowly (not shown). Particulate Hg
followed the same changes. In parallel, the Pb dissolved concentration increased from
16.9 10-3 µg.l-1 to 20 10-3 µg.l-1 while particulate Pb remained at the same level after a
peak at the beginning (25 November 2003). Metal analyses in the water of Bages
showed low levels of dissolved Hg and Pb (0.48 10-3 and 19.85 10-3 µg.l-1, not shown).
Overall, the mean concentration of Hg in Lazaret was 4 to 6 times higher than in Bages,
and the Pb concentration was 5 to 7 times higher in Lazaret.
During the decontamination and in Port-Cros, temperatures varied from 13.5°
(mid March) to 23.5°C at the end of the experiment (Fig. 4a). Chlorophyll-a and
pheopigments remained almost constant, varying from 1.8 to ca. 0 for chlorophyll-a, and
from 1.96 to ca. 0 for pheopigments (Fig. 4d). Heavy metal levels (dissolved and
particulate) in water were low (not shown).
3.1.2

Mussel growth
In Lazaret, tissue mass slowly increased during the contamination experiment

until December. At that time, a sharp drop in tissue mass of about 43 % was observed
(Fig. 5), probably due to spawning. Tissue mass continued to slowly decrease during the
following winter. The beginning of the decontamination experiment corresponded to the
spawning period, showing a 26 % decrease in tissue. This was followed by a slow
growth phase from March.
In Bages, tissue mass quickly increased during the contamination experiment
until 21 November 2002. After that date, a sharp decrease was observed, with a mass
loss of about 36 %, due to reproduction (Fig. 5). Then a rapid growth phase was noted.
During decontamination experiment, the end of the spawning period was also observed
at the same time with a small loss (3%) followed by a growth phase. This limited mass
loss confirmed that the mussels were at the end of the spawning period when
transferred. After their transfer to Port-Cros, a short growth phase and rapid drop in
mass were observed (Fig. 5).
3.1.3

Hg accumulation
In Lazaret, the Hg accumulation curve resembled an asymptotic curve reaching

pseudo-equilibrium (Fig. 6). Over the 6 months of exposure, uptake was steady except
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between 9 and 16 December 2002, when a sharp rise in Hg concentrations in tissue,
from 0.3 mg.kg-1 to 0.45 mg.kg-1, was observed. Pseudo-equilibrium was reached after
110 days (0.5 mg.kg-1). During the 3-month experiment, the pseudo-equilibrium (0.42
mg.kg-1) was reached quite rapidly after 60 days. These two Hg accumulation curves
were similar and reached a saturation plateau at the same time.
In Bages, the Hg concentrations in tissue did not show a significant accumulation
(Fig. 6). The Hg concentration in tissue at the end of experiment (0.08 mg.kg-1) was
about 5 times lower than that of the contaminated site in Lazaret (0.45 mg.kg-1). A
change in concentration was observed in each location around December, 12th in
relation with a substantial loss of tissue mass due to the spawning period. The Hg
decontamination kinetics in the tissue of mussels transferred from Lazaret to Port-Cros
was significant, with 23 % decrease after 103 days. Consistent with the absence of Hg
contamination in Bages and Port-Cros, no Hg change in mussel tissue was observed
after mussels were transferred from Bages to Port-Cros.
3.1.4

Pb accumulation
In Lazaret the Pb accumulation kinetics curve during the first experimental period

(6 months) reached an asymptote around December 12th, after a significant increase
from 4.3 to 6.9 mg.kg-1 occurred (Fig. 6). During the second experimental period (3
months), the Pb concentration leveled out around the 30th day, with a concentration of
6.5 mg.kg-1. After this equilibrium, the following period was similar to the first, with a
large drop in the concentration (6 mg.kg-1).
In Bages, the Pb concentration remained constant, with a peak at mid-term
(December 2002, 1.5 mg.kg-1), reaching a final value of 0.8 mg.kg-1 which was slightly
higher than the initial value of 0.5 mg.kg-1. The Pb concentration was about 5 to 7 times
lower than those at the contaminated site of Lazaret Bay (Fig. 6).
After mussels were transferred from Lazaret Bay to Port-Cros, the Pb
decontamination was significant with a decrease of 40 % after 103 days (Fig. 6).
Consistent with the absence of Pb contamination in Bages lagoon, no Pb changes in
mussel tissue were observed after the transfer of mussels from Bages to Port-Cros and
concentrations stayed lower than 1 mg.kg-1.
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3.2
3.2.1

Model simulations
DEB growth model
After calibration of Xk and δm using the 4 growth datasets, the simulations fitted to

observed total mass with an average relative error lower than 9 % (Fig. 5). The
estimated shape coefficient, δm, was 0.25 and the estimated value of Xk 3.88 µg.l-1.
Functional response f varied from 0 to 0.35 in Lazaret and Port-Cros site and from 0 to
0.9 in Bages site, depending on pheopigment trends over time (not shown). This showed
that food concentrations could be limiting, especially in Lazaret and Port-Cros.
3.2.2

DEB bioaccumulation model
Calibration of the three kinetic rates ( r&da , r&da and r&da ) led to a model which was

well fitted to the observed kinetics of Hg ( r&da = 4.92 l cm-2 d-1, r&pa = 9 10-4 g cm-2 d-1 and

r&ad = 0.0156 g cm-2 d-1) and Pb ( r&da = 1.73 l cm-2 d-1, r&pa = 1.6 10-3 g cm-2 d-1 and r&ad =
0.0256 g cm-2 d-1). The goodness of fit of predicted Hg and Pb concentrations in mussels
was satisfactory (R2 = 0.93 for Hg and R2 = 0.73 for Pb). The model correctly translated
the differences in contamination between Lazaret, Bages and Port-Cros, and the
different periods of these kinetics: accumulation, spawning, concentration, dilution,
pseudo-equilibrium and decontamination. Some weakness in the Pb bioaccumulation
model was observed primarily on the 3 months of accumulation in Bages. Indeed, over
this period, the model underestimated the rapid accumulation, whereas the 3 other
kinetics were well reproduced.
Flow assessment confirmed the distribution of each part of the bioaccumulation
equation: flow of dissolved uptake, particulate uptake, elimination and the
concentration/dilution process due to starvation/growth periods of the mussel. The model
indicated higher input of Hg and Pb in their dissolved form rather than in particulate form.
This was due to the fact that the contamination site studied was a stable oligotrophic site
with low particle content. Concurrently, trophic conditions in Bages were better and low
levels of Hg and Pb limited the particulate flow.
3.2.3

Inverse analysis

For each site the f parameter was estimated from the variations in growth - values varied
between 0 (lower nutritive condition) and 1 (maximum nutritive condition). An east-west
gradient was revealed, with an increase in the functional response value (and thus,
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trophic quality) towards the West (Fig. 7). This gradient, contrary to that of temperature,
proportionally influences and directly forces mussel growth. Maximum values of
functional response over the RINBIO network were equal to 0.8 at Palavas (site number
15) and the minimum was ca. 0 (at eastward sites and lagoon sites) with an average of
0.25. A group of western open-sea sites (sites 2-22) had f values higher than 0.4; and a
second group, including the eastern open-sea sites (sites 23-49) and lagoon sites (sites
78-90), had f value under 0.2.
Inverse analysis applied to Hg and Pb concentration in mussels yielded dissolved Hg
concentrations in water which varied from a maximum of 2.1 10-3 µg.L-1 (Lazaret, site 31)
to a minimum of 0.18 10-3 µg.L-1 (Fréjus, site 40), with a mean value of 0.43 10-3 µg.L-1
(Fig. 7). Only 8 sites had a calculated concentration above 10-3 µg.L-1. The computed
dissolved Pb concentrations in water showed a maximum of 107 10-3 µg.L-1 (Lazaret,
site 31) and a minimum of 4.3 10-3 µg.L-1 (South Thau lagoon, site 83), with a mean
value of 20 10-3 µg.L-1. Only 4 sites had a calculated concentration higher than 40 10-3
µg.L-1.
Since the three experimental sites (Lazaret bay, Bages lagoon and Port-Cros Island)
belonged to the RINBIO network, we compared, predicted and measured values of Hg
and Pb concentrations in the water and found that the inverse analysis was accurate
(Table 3).
4
4.1

Discussion
DEB growth model
An existing DEB model to several existing datasets of environmental parameters

(pheopigments, temperature) and mussel growth in 3 Mediterranean sites was applied
and only two parameters were calibrated: the shape coefficient (δm), which was used to
convert fresh tissue mass to length, and the half saturation coefficient (XK)
corresponding to the food concentration for which the assimilation rate is half its
maximum value. Van der Veer et al. (2006) reported a value of 0.287 for the shape
coefficient for mussels not very different from our value (0.25), showing that our results
were consistent – it must also be noted that the differences we found are much lower
than differences between species (e.g. 0.165 for Crassostrea (Bacher and Gangnery,
2006-this issue) or 0.365 for Macoma (Van der Veer et al., 2006). As for the half
saturation coefficient Xk we found that a single value for the 4 datasets (Xk = 3.88 µg.l-1)
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would suffice to reproduce growth data. In a previous work (Casas, 2005), shape
coefficients were also estimated for the different sites and different food sources (SPM,
chlorophyll-a, pheopigment, particulate organic carbon) were tested but the use of
pheopigments as a single food source yielded the best simulations. However, a
correlation was found between Xk and pheopigment averaged on each site and period
(Casas, 2005) which showed that the influence of food concentration was not entirely
reproduced by our formulation and might be improved by combining other food sources
(Dowd, 1997; Rouillon and Navarro, 2003). However, the combination of several food
sources is a complex task and is difficult to determine in ecophysiological models (Barillé
et al., 1997; Grant and Bacher, 1998; Chavez-Villalba et al., 2002). Most often authors
consider a single food source (Ren and Ross, 2001) which can be justified under
oligotrophic conditions.
The four experimental datasets were characterised by low or null growth related to
low trophic conditions. Gangnery et al. (2004) reported much higher mussel growth in
another Mediterranean lagoon where mussel farming is supported by POM
concentrations around 1 mg.l-1 and chlorophyll-a concentrations around 1 μg.l-1
(Gangnery et al., 2004). Average chlorophyll-a was equal to 0.25 in Port Cros, 0.5 in
Lazaret and 1.45 in Bages. The same difference between sites were found for
pheopigments, and measurements of POC also confirmed that Bages had better trophic
conditions than the 2 other sites (Casas, 2005) in which carbon or phytoplankton
concentrations were too low to support mussel growth. When the DEB model was
applied to the growth experiments, we found that food was limiting growth – e.g. the
functional response was most often lower than 0.5. When compared to RINBIO
datasets, for which only mussel growth was measured, large differences in growth were
noted and the functional response varied from 0 to 1, with higher values on the western
side of the French Mediterranean coast.
Our attempts to use the DEB model revealed that application of the DEB model
would benefit from further validation. The same parameters as for M. edulis were kept
but it may be anticipated that the fraction of utilised energy spent on maintenance/growth
or the temperature ranges would differ since they are species-specific (Van der Veer et
al., 2006). On the other hand, we expect that growth of M. galloprovincialis is not very
different from M. edulis in temperate waters, and the fact that our model reproduced well
mussel tissue mass is encouraging. For shell length our model was not very accurate.
However, length was an additional variable which is not part of the DEB energy flowchart
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– i.e. length is derived from DEB state variables, but does not play any role in energy
flows or bioaccumulation. The only reason why length is kept as a variable of interest is
that it is often measured and used as an indicator of mussel growth or physiological
condition. Another issue is raised by the inter-individual growth variability we found in our
dataset, combined to low growth and low trophic conditions which are probably also a
reason why length changes were not always consistent with fresh tissue mass. Last,
simulations are sensitive to initial values of the reserve, body volume and reproduction
compartments and special attention has to be devoted to their estimation. In this context,
energy allocation between reproduction and growth would have to be further
investigated and we would recommend to measure accurately the reproduction effort in
order to validate the DEB model. Undoubtedly, the model might be improved in the
future by a thorough review of M. galloprovincialis ecophysiological parameters (with
respect to DEB concepts).
4.2

DEB bioaccumulation model
Growth and reproduction are the main biological factors influencing the

bioconcentration process. On one hand, spawning of mussels, corresponding to a
significant loss of mass (up to 40 % of the tissue mass here), combined with the
accumulation process, causes an abrupt increase in the Hg concentration in tissues. On
the other hand, growth counteracts Hg accumulation and its increase significantly dilutes
the Hg content in the organism. Our results showed that Hg and Pb uptake do not
proceed linearly over time in mussels, unlike many studies in other bivalves (George and
Coombs, 1977; Bjerregaard and Depledge, 1994; Wang and Eckmann, 1994). In our

r& ⋅V
⎛
model, the dissolved Hg uptake rate ⎜⎜ k&u = da
W
⎝

2/3

⎞
⎟ ranged from 1.9 to 3.3 L.g-1.d-1 ( r&da =
⎟
⎠

4.915 l.cm-2.day-1) and was close to laboratory measurements on Mytilus edulis – e.g. 5
l.g-1.d-1 (Thomann et al., 1995), 1.84-4.75 l.g-1.d-1 (Roditi and Fisher, 1999), and 2.3 l.g-

r& ⋅V 2 / 3 ⎞
⎛
⎟ varied
.d-1 (Roditi et al., 2000). Similarly, the elimination rate of Hg ⎜⎜ k&e = ad
⎟
W ⎠
⎝

1

between 0.006 and 0.01 d-1. This value is lower than the values obtained in laboratory
studies – e.g. 0.05 d-1 (Roditi and Fisher 1999; Roditi, Fisher et al. 2000). Finally, the
growth rate effect on bioaccumulation was equal to 0.002 d-1 (Thomann et al., 1995;
Roditi and Fisher, 1999; Roditi et al., 2000; Roditi et al., 2000). In our model, this rate
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⎛ 1 dW ⎞
⎟ and varied between a negative value of -0.015
was deduced from the relation ⎜⎜
⎟
⎝ W dt ⎠
d-1 (dilution effect) and a positive value of 0.046 d-1 (concentration effect). For Pb, the
dissolved uptake rate k&u varied between 0.6 and 1.14 l.g-1.d-1 which was comparable to
results from (Thomann et al., 1995) ( k&u = 1 l.g-1.d-1). In our study, the elimination rate fell
between 0.009 and 0.017 d-1, thus in accordance with values obtained in lab studies:
0.001 d-1 (Schulz-Baldes, 1977), 0.013 d-1 (Thomann et al., 1995), 0.019-0.028 d-1
(Fisher et al., 1996).
The uptake and elimination rate values calculated here were similar to lower
values found in laboratory studies. The effect of growth on bioaccumulation was the only
underestimated parameter. Uptake rates may be overestimated and growth effect
underestimated in lab studies, due to the short duration of experiments (15-30 days),
without reaching pseudo-equilibrium. Thus, only the first rapid period of uptake was
observed and the physiological condition was not taken into account.
4.3

Inverse analysis: monitoring tool
Application of the model by inverse analysis to monitoring data (RINBIO) showed

the usefulness of the DEB model as an operational tool. The model linked
concentrations in the living organism with that of the surrounding environment using an
explanatory method. It provided an evaluation of the effective chemical contamination on
sites which have different trophic conditions in the Gulf of Lions by accounting for
differences in physiological response. An integrated vision on the bioaccumulation
process, with its spatial and temporal variations, was thus used and yielded information
on the coastal contamination level. The successful reconstruction of Hg and Pb
concentrations in surrounding water at different sites with concentrations in tissues and
the measurement of growth encourage the implementation of the DEB-based model in
scenario simulation studies for management purposes.
Our inverse analysis stresses the various Hg and Pb contaminations of the
Mediterranean coast. Lazaret bay particular stands out with high contamination by
dissolved Hg (Hg = 2.1 10-3 µg l-1) and Pb (Pb = 107 10-3 µg l-1). This site is impacted by
intense maritime traffic and is defined as one of the “hot spots” of heavy metal
concentrations, particularly for Hg and Pb (Claisse, 1989). Use of Pb in antifouling paints
and petrol is still authorised by French legislation for ships over 25 m in length. This site
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should receive detailed attention seeing its high levels of contamination. Near this bay,
the concentrations in water predicted by the model sharply decreased (see site number
30, Hg = 1.3 10-3 µg l-1, Pb = 26.7 10-3 µg l-1) but remained high, showing the dilution of
the contaminants in the sea. The high contamination of this site is thus related to the
large input of contaminants from the harbour and industrial activities of the area and to
limited water exchanges with open sea.
Moreover, high dissolved Hg concentrations were predicted in some lagoon sites
(Hg > 10-3 µg.L-1). These potential contaminations should be consolidated by new field
measurements. Indeed, these lagoon sites could present significant changes in food
concentrations. One of this model's limits is that it does not consider particulate Hg
uptake. The inverse analysis should be validated with field studies of metal
bioaccumulation kinetics in contaminated sites which are rich in food concentration.
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Table 1. Main variables of the Dynamic Energy Budget model. Notation after Kooijman
(2000).
Unit

Description

V

cm3

Structural volume

E

J

Energy reserves

R

J

Energy allocated to development
and reproduction

W

g

Fresh tissue mass

X

µg l-1

Food concentration

Cd

µg l-1

Water metal concentration

Cp

mg kg-1

Food metal concentration

Cw

mg kg-1

Mussel metal concentration
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Table 2. Parameters of the Dynamic Energy Budget model. Notation after Kooijman
(2000).
Unit

Description

Value

Reference

TA

K

Arrhenius temperature

5800

Van der Veer et al. (2006)

T1

K

Reference temperature

293

TL

K

Lower boundary of tolerance

275

Van der Veer et al. (2006)
Van der Veer et al. (2006)

range
TH

K

Upper boundary of tolerance

296

Van der Veer et al. (2006)

range volume
TAL

K

Rate of decrease of lower

45430

Van der Veer et al. (2006)

boundary
TAH

K

Rate of decrease of upper

31376

Van der Veer et al. (2006)

boundary

ρ

-

Losses due to digestion

0.2

Kooijman, 2000

{ p& Am }

J.cm-2.d-1

Maximum surface area-specific

147.6

Van der Veer et al. (2006)

assimilation rate

[ p& M ]

J.cm-3.d-1

Volume specific maintenance

24

Van der Veer et al. (2006)

costs
[Em]

J.cm-3

Maximum energy density

2190

[EG]

J.cm-3

Volume-specific costs of growth

1900

µE

J.g-1

Energy content of reserves

6750

κ

-

Fraction of utilised energy spent

0.7

Van der Veer et al. (2006)
Van der Veer et al. (2006)
Casas (2005)
Van der Veer et al. (2006)

on maintenance/growth
m

Vp

-

Shape coefficient

calibration

cm3

Volume at start of reproductive

0.06

Van der Veer et al. (2006)

stage
XK

µg.L-1

Half saturation coefficient

calibration
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d

g.cm-3

Specific density

1

r&da

L.cm-2.day-1

Uptake rate from water

calibration

r&pa

g.cm-2.day-1

Uptake rate from food

calibration

r&ad

g.cm-2.day-1

Elimination rate

calibration
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Table 3. Comparison of dissolved trace metal concentration measured during
experiment and predicted by inverse method applied to the RINBIO network.

Location

Dissolved Hg, Water (10-3 µg.l-1)
measured

predicted

Min-Max

Dissolved Pb, Water (10-3 µg.l-1)
measured

Predicted

Min-Max
(mean)

Lazaret bay

1-3

2.1

19-190 (111)

107

Bages Lagoon

0.3-0.8

0.47

8-50

17

Port-Cros island

0.2-0.5

0.25

0.1-26

13
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Figure 1. Map of artificial mussel sites in the open sea (sites 2-49) and in lagoons (sites
80-90) of the French Mediterranean Sea (ns: site number in RINBIO
network). Description of 3 sites: Bages lagoon (43°04.70’ N, 3°00.00’ E, site
80), Lazaret bay (43°05.40’ N, 5°54.50’ E, site 31) and Port-Cros island
(43°00.91’ N, 6°23.41’ E, site 35) (C.Tomasino).
Figure 2. Schematic representation of the experimental design, made of 4 datasets
corresponding to different mussel population surveys. Populations were setup
at 2 different contaminated sites (Lazaret et Bages), and transferred to a
decontamination site (Port-Cros). For each contaminated sites, long (6
months) and short (3 months) time exposure were tested.
Figure 3. Schematic representation of the energy flow through an organism in the DEB
model (Kooijman, 2000), and contaminants bioaccumulation. 1: assimilation,
2: utilisation
Figure 4. Hydrological data during the mussel growth experiments.
a: temperature (°C) in three sites
b: chlorophyll-a and pheopigment concentrations (µg.l-1) in Lazaret bay;
c: in Bages lagoon and
d: in Port-Cros island.
Figure 5. Observed (closed symbols: long exposure; open symbols: short exposure)
mussel growth (fresh tissue mass, g) during contamination in Lazaret bay and
Bages lagoon (mid September to mid March) and during decontamination in
Port-Cros island (mid March to mid June), together with growth simulated
with the DEB model (lines).
Figure 6. Observed concentration of Hg (upper graph) and Pb (lower graph) (mg kg-1
dry weight) in Mytilus galloprovincialis during short (open symbols) and long
(closed symbols) contamination in Lazaret bay (square symbols) and Bages
lagoon (triangle symbols) and subsequent decontamination in Port-Cros
island together with DEB model simulation (line).
Figure 7. Mytilus galloprovincialis at artificial mussel sites in the open sea (sites 2-49)
and in lagoons (sites 80-90) of the French Mediterranean Sea (ns: site
number in RINBIO network). For locations see also Fig. 1.
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a: Measured dry tissue mass (g)
b: Estimated functional response (f, -).
c: dissolved concentration of Hg in water (10-3 µg.L-1),
d: dissolved concentration of Pb in water (10-3 µg.l-1),
Estimations are the results of inverse analysis by means of the DEB model.
for more information see text
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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