graphical extent is low). As with the previous
steps, duration of any effect of the farm once
operations cease is expected to be negligible
(low). In total, the severity of food limitation
caused by the new long-line farm site on other
nearby farms is expected to be low, and the
probability that this step in the logic model will
occur is high. Our knowledge of the processes
involved in this type of interaction is good
enough that uncertainty for this prediction is
low.
7.

Marennes-Oléron Bay, where limitation of carrying
capacity has been demonstrated. Increased flushing rates would tend to dilute the concentration of
phytoplankton in the water body.
Modelling of food depletion in the long-line area has
shown that the actual current velocity and mussel
density would not result in significant food depletion,
even if the long line area was extended. At the local
scale of long-lines or bouchots, primary production
is negligible compared to the supply of food through
advection of phytoplankton and detritus by currents.
Simulations of particle movements and fluxes of
bivalve food demonstrated that the actual mussel
density and lease size had a minor effect on flows
of particulate organic matter and phytoplankton, and
that water exchange was high enough to support
the additional mussel production proposed.

New production will affect other areas.
When examining potential effects of a longline farm on larger areas, it is necessary to
examine the balance of primary production and
the effct of the farm on food concentrations in
a larger water body. Primary production varies
with meteorological conditions which act on the
fresh water and nutrients loadings, light intensity, water temperature and sediment resuspension, and inter-annual variability is probably
high. In Marennes-Oléron bay, a comprehensive
assessment of primary production showed that
primary production is driven by nutrient fluxes,
water mixing and light limitation due to turbidity
(Struski and Bacher 2006) and its role on carrying capacity has also been assessed (Bacher
et al. 1998). Although no comparable estimation
exists for Aiguillon bay, it is likely that it behaves
in the same way because of the similarities
between the two ecosystems – for example,
macrotidal bays, input from fresh water and
nutrients from rivers, sediment resuspension
due to currents and waves. Primary production
is therefore thought to be a limiting factor for the
carrying capacity if mussel production is based
solely on primary production at the scale of the
bay.
There is also evidence of a relationship between
phytoplankton concentration and mussel growth on
bouchot in Pertuis Breton (Dardignac-Corbeil 2004)
and in Marennes-Oléron Bay (Boromthanarat et al.
1988) and growth of suspended culture mussels
has been assessed in Pertuis Breton (Barillé 1996).
The effect of phytoplankton and turbidity on mussel
growth has been assessed by Garen et al. (2004)
who compared growth in suspended culture and
bouchot and showed that mussels on long-lines
exhibited the highest growth rate, probably due to
differences in immersion time.
Phytoplankton availability is therefore probably the
primary limiting factor for growth, but horizontal dispersion probably acts to dilute the available supply
of food. The hydrodynamical model implemented
in Pertuis Breton and the Marennes-Oléron Bay
showed that, in Pertuis Breton, tidal currents frequently exceed 50 cms-1. Compared to other ecosystems where mussel culture takes place, this intense
water movement favours the supply of food particles
to individual bivalves. However, the residence time
of water within the bay has not been accurately
estimated and is probably much higher than in
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Interactions between cultivated areas generally
occurs when the combination of water residence
time, shellfish standing stock and primary production limits food availability (Smaal et al. 1998;
Guyondet et al. 2005; Bacher et al. 1998). In Pertuis
Breton, long-lines and bouchots are operated in different areas, separated by a few kilometres, which
minimises the potential for interactions.
The likely degree of change (severity) is low and
limited to the area of the lease site and immediately
downstream of it. If the production were removed
any effect on the system is not likely to persist even
for a short period of time. The severity is therefore
Low. Probability that this prediction is correct is
high and the Uncertainty associated with this prediction is Moderate because of a lack of accurate
information on some physical parameters such as
flushing time. Even so, the variation in environmental forces that are evident in the existing conditions
are expected to be representative of the range of
environmental variation.
8.

Effect on carrying capacity
Mortality of mussels has been monitored at
both long-lines and bouchots, and mortallity
rates have been at acceptable levels. Given no
noticable effect of the new long-line farm on
food supply, an increase in mortality is unlikely
to occur. The Iack of food reduction on the farm
site, on nearby farms, or on the carrying capacity of the bay suggests that changes in carrying
capacity in the bay due to the new farm will be
very small if they occur at all. Furthermore, any
effect on the carrying capacity will be quickly
reversed should the farm cease to operate.
Therefore, the severity of effect on carrying
capacity will be low. The probability that this
prediction is correct is thought to be high. The
uncertainty associated with this prediction is
medium, as some of the physical processes
on which it is based (such as flushing times)
remain to be fully documented.
Results are summarised in Table 6.2.I. The final
rating for the Probability is assigned the value of
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the element with the lowest level of probability. The
final rating for the Severity (intensity of interaction)
is assigned the value of the step with the lowest
risk rating. The final rating for the Uncertainty is
assigned the value of the element with the highest
uncertainty level. The conclusion of the risk evaluation in both local and distant farms is that the risk
of change of carrying capacity is considered as low
with a medium uncertainty.

6.2.3.5

Risk estimation

In the earlier description of the potential expansion of farming activities, no special technologies were
identified as to be used nor were any specific regulatory
requirements mentioned that might reduce the effect of
the new farm from that which might be anticipated based
on the consequence assessment. For that reason, the
risk level identified in the consequence assessment is
the same as that for the risk evaluation. Should any of
the recommended risk management activities be undertaken, that level of risk may be modified.

6.2.4

Risk Management

Option evaluation in risk management addresses
what might be done to reduce the probability of a risk
being expressed, or to reduce the uncertainty in the prediction of the expression of a risk. The process therefore
identifies, for each step in the logic model, what could
be done to reduce the probability of it occurring. These
actions would directly mitigate possible effects. A further
contribution to increasing the effectiveness of the risk
analysis would be to reduce the uncertainty associated with predicting that the step will happen. Usually
this involves further research or development. Table
6.2.II identifies both mitigation measures and research
or development activities that could address the risks
arising from the additional filtration pressure of mussels
at a proposed new cultivation site.
Goulletquer and Héral (1997) noted that the shellfish industry was facing several internal and external
constraints affecting overall economic yield and sustainability. The development of an integrated coastal management plan for the Pertuis Charentais is likely to be a
major objective in the near future, not only to take into
account the requirements of sustainable aquaculture,
but also to include other users in the management of the
coastal area. Ervik et al. (1997) developed a comprehensive methodology, combining models and data collection, to minimise the effects of aquaculture in Norwegian
waters. General principles for the monitoring of aquaculture effects have been stated only recently by Fernandes
et al. (2001) who emphasised the role of whole-system
environmental assessments in developing frameworks
for the sustainable use of ecosystems – for example,
whether the effects of an activity on the environment
is unacceptable with respect to the objectives/needs of
producers, regulators and stakeholders and the desire to
be able to use maintain the uses of an area indefinitely.
They proposed a set of recommendations concerning
the implementation of a more focused approach to environmental monitoring to contribute to the management
of sustainable aquaculture.
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The effort in identifying and mapping sites suitable
for aquaculture, and monitoring existing sites, is therefore
key to mitigation and optimisation of shellfish aquaculture. Over the last 10 years there has been an increasing
development of Geographic Information Systems (GIS) and
models (see http://www.fao.org/fi/gisfish/index.jsp ). GISbased decision support systems (as advocated by Nath et
al. 2000) constitute a new generation of management tools.
Parker et al. (1998) organised physical characteristics, such
as bathymetry, bottom type, intertidal location, water currents, temperature, and planktonic concentrations into a GIS
to predict and map potential growth rates of juvenile shellfish for seeding sites. Similar tools were implemented by
Brown and Hartwick (1988), Arnold et al. (2000), Congleton
et al. (1999, 2003), and Vincenzi et al. (2006) for shellfish
and Pérez et al. (2002, 2003, 2005) for fish aquaculture.
Most GIS systems are based on maps of environmental data
and sometimes outputs from hydrodynamic models are
included (Congleton et al. 2003). The coupling of biological
models to these physical models will allow information and
advice on production to be derived (Bacher et al. 2003). This
will require additional research effort, and the application of
ecophysiological, hydrodynamic and ecological models.

6.2.5

Scope of the Risk Assessment

This case study examines some of the effects
of shellfish aquaculture at a specific site. The conclusions need be examined by stakeholders and shellfish
farmers, fishermen and regulators through a coherent
risk communication process. We did not seek to take into
account all the possible effects of a new shellfish development, and some uncertainties remain in the assessment. However, the example illustrates how the assessment of potential effects of filtration pressure on shellfish
carrying capacity might be undertaken. The output is
site-specific but the use of a standardised procedure has
several advantages. Any risk assessment must be seen
as a continuously evolving process which should take
into account new information and changes the input from
stakeholders and scientists. These changes can diminish
the uncertainty attached to the risk evaluation or refine
the definition of the risk. Information developed for one
assessment can also often be applied in other contexts
and sites and outputs of the risk assessment in one case
can bring valuable information to other assessments.
Eventually, the methodology leads to a management
plan to mitigate any undesirable effects revealed by the
risk evaluation, improvements in the good farm management practices and directs data collection and scientific
research to critical areas of uncertainty.
Other environmental consequences of shellfish
farming can be recognised, and are related to more
complex processes which all fall into the broad framework of Ecosystem Carrying Capacity, as defined by
Inglis et al. (2000). In a recent review, McKindsey et al.
(2006) emphasised the changes in the flow of nutrients
and materials due to shellfish culture. The shellfish
filter large amounts of water and remove suspended
particulate material. This can be partly excreted in dissolved form or repackaged and released as faeces and
pseudo-faeces. These generally differ from other seston
particles in aggregate size and shape, organic matter
content and cohesive properties. Sedimentation of these
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Table 6.2.I : Risk estimation based on the logical model.

Steps in the logic model
1. Mussel farming will
extend
2. Estimation of filtration
indicates that shellfish
pump an important volume of water
3. Calculation of food
depletion indicator shows
that food concentration
is decreased by shellfish
filtration
4. Growth is limited by
environmental conditions
in the new farm
5. Food depletion affects
individual growth within
the farm
6. Growth is limited by
environmental conditions
in areas distant from the
new farm
7. New production will
affect other areas
8. Change of productivity

Intensity/
degree

Geographical
extent

Permanence
or duration

Severity
(H,M,L)

Probability
(H,M,L)

Uncertainty
(H,M, or L)

Stage of
assessment

H

M

H

H

H

N

Release

H

M

H

M

M

L

Release

L

M

M

M

H

L

Exposure

M

M

H

H

H

L

Exposure

M

M

H

H

L

M

Effect

M

M

H

H

H

L

Exposure

L

L

L

L

L

M

Effect

L

L

L

L

L

M

Effect

Probability = H – High, M – moderate, L – Low, N – Negligible
Severity = H – high, M – Moderate, L – Low, N – Negligible
Uncertainty = H- Highly uncertain, M – Moderately uncertain, L – Low uncertain, N- Negligible.

particles is likely to occur when current velocity is low,
and organic matter would be expected to accumulate on
the sediment beneath the cultivation unit. In the field, significant increases in organic matter content and nutrient
enrichment have been observed around oyster tables
(Sornin et al. 1990), oyster reefs (Dame and Prins 1998),
mussel beds (Prins et al. 1998) and clam beds (Bartoli
et al. 2001). For instance, in Saldanha Bay (South
Africa), biodeposition rates in raft culture were reported
by Stenton-Dozey et al. (1999). Deposition beneath rafts
was attributed to high production of about 105 tonnes
wet wt biomass raft-1 yr-1, including mussels and associated fouling organisms. The sedimentation rate within
the farm was around 300 kg organic carbon m-2 yr-1 and
45 kg nitrogen m-2 yr-1. Chamberlain et al. (2006) also
estimated biodeposition fluxes due to cultivated mussels
in a lagoon in the Saint Laurence estuary (Canada). The
maximum biodeposit production recorded was 125.6 mg
d-1 ind-1. They extrapolated this measurement to estimate
the biodeposition rate from a mussel line as 26.4 kg
line-1 d-1 (365.8 m length; stocking density 575 mussels
m-1). The accumulation of this organic matter on the sediment would increase the oxygen demand of the bottom
sediments. In some cases, an effect on the environment
has been documented and motivated further studies in
order to predict when and where these effects would be
likely to occur (Chapelle et al. 2000). It has been noted
that the effect can be exacerbated by environmental
factors such as high temperature and slow current
speeds, which also increase oxygen demand and depletion in bottom waters. As a consequence, anoxia in the
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sediment might propagate into the water column and
lead to anoxia in the water surrounding cultivated shellfish, with strong adverse consequences for the stock. In
a very recent work, Bouchet (2007) showed some effect
of oyster culture on sediment quality and macrobenthos
communities in Marennes-Oléron Bay due to biodeposition, through processes of recycling of organic matter
leading to enhancement of microphytoenthis production,
subsequent temporary anoxia and consequential modification of macrobenthos abundance and diversity. The
ecological quality was estimated using the AMBI tool
which confirmed that the status of the site was medium.
There is no generally applicable statement of the
likely effects of shellfish aquaculture on the environment
and on the ecosystem carrying capacity. This is mostly
due to the recycling capacity of marine ecosystem linked
with the fact that shellfish cultivation is always a net sink
of nutrients, in contrast to fish aquaculture. Besides,
many findings associated with very high densities of
shellfish in bottom culture, or at sites with low current
velocity (< 20 cms-1) would not apply to suspended
culture in places like Pertuis Breton where the intense
water mixing will disperse biodeposition and decrease
the intensity of the aquaculture footprint on the sediment at the farm site. As a consequence, our example
of Risk Assessment is limited to simple cases where
our assumptions based on the predominance of food
transport and limitation of shellfish growth and production by phytoplankton are valid. More sophisticated tools
capable to assess the interactions between all or some
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L

H

L

6. Growth is limited by
environmental conditions in areas distant
from the new farm

7. New production will
affect other areas

H

H

M

H

Probability
(H,M,L)

5. Food depletion affects
individual growth within
the farm

2. Estimation of filtration
indicates that shellfish
pump an important volume of water
3. Calculation of food
depletion indicator
shows that food concentration is decreased by
shellfish filtration
4. Growth is limited by
environmental conditions in the new farm

1. Mussel farming will
extend

Steps in the logic model

Simulate and map current
velocity
Compute water residence time
and depletion due to filtration

•

Assess and monitor the mussel
scope for growth
Compute and estimate
residence time of particles over
the area in order to assess
interactions between cultivated
areas
Compute and estimate
residence time of particles over
the area in order to assess
interactions between cultivated
areas as a function of the
distance between the farms
Compute and estimate
residence time of particles over
the area in order to assess
interactions between cultivated
areas

•

•

•

•

•

Monitor environmental
parameters

Map existing cultivated areas
and assess standing stock and
productivity
Move new sites offshore
Replace existing sites
Define management options
and indicators of sustainability

•

•
•
•

•

Mitigation
(regulate/design/modified practices)

M

L

M

L

L

L

N

Uncertainty
(H,M, or L)

•

•

•

•

Retrieve bathymetry data and boundary conditions to implement a hydrodynamical
model coupled to simple ecophysiological and primary production models

Test and validate hydrodynamical model, residence time calculation and particles
trajectories

Retrieve bathymetry data and boundary conditions to implement a hydrodynamical
model coupled to simple ecophysiological models

Develop and test ecophysiological model to predict scope for growth as a function of
food availability

Map phytoplankton and turbidity with field surveys and/or satellite images
Retrieve bathymetry data and boundary conditions to implement a hydrodynamical
model
Estimate the change of hydrodynamics due to long-lines

•
•
•

Measure primary production and develop numerical model coupling hydrodynamics,
nutrient input, sediment resuspension and primary production

Define acceptable practices of management for a sustainable development of
aquaculture, including economic analysis and multi-agents agreement
Improve integrated management of the coastal area, including freshwater and land
use

•

•

•

Research/Development

Table 6.2.II : List of mitigation and research or development steps that could be done to improve the risk assessment linked to the identification of
new sites for shellfish aquaculture.

of the ecosystem components will have to be applied
(Chapelle et al. 2000; Pastres et al. 2001; Gibbs 2004).
The effect of larger scale effects due to other coastal
activities and environmental change will also have to
be taken into account (Marinov et al. 2007) and therefore this risk assessment methodology combined with
Integrated Coastal Zone Management, mapping and
modelling tools will be a great help for decision makers.

6.2.6

Literature cited

Arnold, W.S., White, M.W., Norris, H.A., Berrigan, M.
E. (2000): Hardclam (Mercenaria spp.) aquaculture in Florida, USA: geographic information
system applications to lease site selection.
Aquacultural Engineering 23, 203-231.
Aure, J., Strohmeier, T., and Strand, O. ( 2007):
Modelling current speed and carrying capacity
in long-line blue mussel (Mytilus edulis) farms.
Aquaculture Research, in press.
Bacher, C., and Gangnery, A. (2006): Use of Dynamic
Energy Budget and Individual Based models to
simulate the dynamics of cultivated oyster populations. Journal of Sea Research, 56, 140-155
Bacher, C. (1989): Capacité trophique du bassin de
Marennes-Oléron: couplage d’un modèle de
transport particulaire et d’un modèle de croissance de l’huitre Crassostrea gigas. Aquat.
Living Resour. 2, 199-214.
Bacher, C., Duarte, P., Ferreira, J.G., Héral, M., and
Raillard, O. (1998) : Assessment and comparison of the Marennes-Oléron Bay (France) and
Carlingford Lough (Ireland) carrying capacity
with ecosystem models. Aquat. Ecol. 31, 379394.
Bacher, C., Grant, J., Hawkins, A.J.S., Fang, J., Zhu,
M., and Besnard, M. (2003): Modelling the effect
of food depletion on scallop growth in Sungo
Bay (China): Aquat. Living Resour., 16, 10-24.
Bacher, C., Millet, B., and Vaquer, A. (1997):
Modélisation de l’impact des mollusques cultivés sur la biomasse phytoplanctonique de
l’étang de Thau (France): C.R. Acad. Sci. Paris,
Sér. III 320, 73-81.
Barillé, A.L. (1996): Contribution à l’étude des potentialités conchylicoles du Pertuis Breton. Thèse de
Doctorat. Université d’Aix-Marseille II, France.
312 p.
Barillé, L., Héral, M., and Barillé-Boyer, A.L. (1997)
: Modélisation de l’écophysiologie de l’huître
Crassostrea gigas dans un environnement estuarien. Aquat. Living Resour. 10, 31-48.
Bartoli, M., Nizzoli D., Viaroli, P., Turolla, E., Castaldelli,
G., Fano, E., and Rossi, R. (2001) : Impact of

GESAMP Reports and Studies No 76

Tapes philippinarum farming on nutrient dynamics and benthic respiration in the Sacca di Goro.
Hydrobiologia 455, 203–212.
Boromthanarat, S.and Deslous-Paoli, J.M. (1988):
Production of Mytilus edulis L. reared on
bouchots in the bay of Marennes-Oléron :
comparaison between two methods of culture.
Aquaculture, 72, 255-263.
Bouchet, V. (2007) : Dynamique et réponse fonctionnelle des foraminifères et de la macrofaune
benthiques en zone ostréicole dans les pertuis
charentais . Thèse Univ. Angers, 404 pp., http://
www.ifremer.fr/docelec/notice/2007/notice2582.
htm
Boyd, A.J., and Heasman, K.G. (1998): Shellfish
mariculture in the Benguela System: water flow
patterns within a mussel farm in Saldanha Bay,
South Africa. J. Shellfish Res. 17, 25–32.
Brenon, I., and Le Hir, P. (1999) : Modelling the turbidity maximum in the Seine estuary (France):
identification of formation processes. Estuarine,
Coastal and Shelf Science 49, 525-544.
Brown, J.R., and Hartwick, E.B. (1988): A habitat suitability index model for suspended tray culture of
the Pacific oyster, Crassostrea gigas Thunberg.
Aquacult. Fish. Manage. 19, 109-126.
Butman, C.A., Fréchette, M., Geyer, W.R., and
Starczak, V.R. (1994): Flume experiments on
food supply to the blue mussel Mytilus edulis
L. as a function of boundary layer flow. Limnol.
Oceanogr. 39, 1755-1768.
Campbell, D.E., and Newell, C.R. (19980: MUSMOD,
a production model for bottom culture of the blue
mussel, Mytilus edulis L. J. Exp. Mar. Biol. Ecol.
219, 171–203.
Carver, C., and Mallet, A. (1990): Estimating the carrying capacity of a coastal inlet for mussel culture. Aquaculture 88, 39-53.
Casas, S., and Bacher, C. (2006): Modelling the
bioaccumulation of metals in the mussel Mytilus
galloprovincialis. Journal of Sea Research, 56,
168-181.
Chamberlain, J., Weise, A.M., Dowd, M., and Grant,
J. (2006): Modeling approaches to assess the
potential effects of shellfish aquaculture on the
marine environment. DFO Can. Sci. Advis. Sec
Res. Doc. 2006/032, 54 p.
Chapelle, A., Menesguen, A., Deslous-Paoli, J.-M.,
Souchu P., Mazouni N., Vaquer A., and Millet B.
(2000) : Modelling nitrogen, primary production
and oxygen in a Mediterranean lagoon. Impact
of oyster farming and inputs from the watershed.
Ecol. Model. 127, 161-181.

ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE

105

Congleton, W.R., Pearce, B.R., Parker, M.R., and Beal,
B.F. (1999): Mariculture siting: a GIS description of
intertidal areas. Ecological Modelling 116, 63-75.

to the Mediterranean mussel, Mytilus galloprovincialis, reared in Thau lagoon (France):
Aquaculture 229, 289–313.

Congleton, W.R., Pearce, B.R., Parker, M.R., and
Causey, R.C. (2003): Mariculture siting - Tidal
currents and growth of Mya arenaria. J. Shellfish
Res. 22, 75-83.

Gangnery, A., Bacher, C., and Buestel, D. (2004b):
Modelling oyster population dynamics in a
Mediterranean coastal lagoon (Thau, France):
sensitivity of marketable production to environmental conditions. Aquaculture 230, 323-347.

Crawford, C. (2003): Environmental management
of marine aquaculture in Tasmania, Australia.
Aquaculture 226, 129–138.
Dame, R. F. (Ed.) (1993): Bivalve filter feeders in
estuarine and coastal ecosystem processes.
Springer-Verlag, Berlin, 579 p.
Dame, R.F., and Prins, T.C. (1998) Bivalve carrying
capacity in coastal ecosystems. Aquat. Ecol. 31,
409–421.
Dardignac-Corbeil, M.J. (2004) : La mytiliculture dans
le “Pertuis Breton”: synthèse des travaux réalises de 1980 à 1992. Annales de la Société des
sciences naturelles de la Charente-Maritime, 79
pp., www.ifremer.fr/docelec/doc/2004/publication-1911.pdf
Dowd, M. (1997) : On predicting the growth of cultured
bivalves. Ecol. Modelling 104, 113-131.
Duarte, P., Meneses, R., Hawkins, A.J.S., Zhu, M.,
Fang, J., and Grant J. (2003): Mathematical
modelling to assess the carrying capacity for
multi-species culture within coastal waters.
Ecological Modelling 168, 109-143.
Ervik, A., Hansen, P.K., Aure, J., Stigebrandt, A.,
Johannessen, P., and Jahnsen, T. (1997):
Regulating the local environmental impact of
intensive marine fish farming: I. The concept
of the MOM system (Modelling–Ongrowing fish
farms– Monitoring): Aquaculture 158, 85–94.
Fernandes, T.F.,
Eleftheriou, A., Ackefors, H.,
Eleftheriou M., Ervik A., Sanchez-Mata A.,
Scanlon T., White P., Cochrane S., Pearson T.H.,
and Read P.A. (2001): The scientific principles
underlying the monitoring of the environmental
impacts of aquaculture. J. Appl. Ichthyol. 17,
181-193.
Fréchette, M., and Bacher, C. (1998) : A modelling
study of optimal stocking density of mussel
populations kept in experimental tanks. J. Exp.
Mar. Biol. Ecol. 219, 241– 255.
Fréchette, M., Alunno-Bruscia M., Dumais J.F., Sirois
R., and Daigle G. (2005) : Incompleteness and
statistical uncertainty in competition/stocking
experiments. Aquaculture 246, 209-225.
Gangnery, A., Bacher, C., and Buestel, D. (2004a):
Application of a population dynamics model

106

Garen, P., Robert, S., and Bougrier, S. (2004):
Comparison of growth of mussel, Mytilus edulis,
on long-line, pole and bottom culture sites in
the Pertuis Breton, France. Aquaculture 232,
511–524.
Gerritsen J., Holland, A.F., and Irvine, D.E. (1994):
Suspension-feeding bivalves and the fate of primary production: an estuarine model applied to
Chesapeake Bay. Estuaries 17, 403-416.
Gibbs, M.T. (2004): Interactions between bivalve shellfish farms and fishery resources. Aquaculture
240, 267-296.
Gibbs, M.T. (2007): Sustainability performance indicators for suspended bivalve aquaculture activities. Ecological Indicators 7, 94–107.
Goulletquer, P., and Héral, M. (1997) : Marine molluscan production trends in France : from fisheries
to aquaculture, NOAA Tech. Rep. NMFS 129,
137-164.
Goulletquer, P., and Le Moine, O. (2002) : Shellfish
farming and Coastal Zone Management (CZM)
development in the Marennes-Oléron Bay and
Charentais Sounds (Charente Maritime, France):
A review of recent developments. Aquaculture
International 10, 507-525.
Grant, J., and Bacher, C. (1998): Comparative models
of mussel bioenergetics and their validation at
field culture sites. J. Exp. Mar. Biol. Ecol. 219,
21-44.
Grant, J., and Bacher, C. (2001): A numerical model of
flow modification induced by suspended aquaculture in a Chinese bay. Can. J. Fish. Aquat. Sci.
58, 1003-1011.
Grant, J., Curran, K.J., Guyondet, T., Tita, G., Bacher,
C., Koutitonsky V., and Dowd M. (2007): A box
model of carrying capacity for suspended mussel aquaculture in Lagune de la Grande-Entrée,
Iles-de-la-Madeleine, Québec. Ecol. Modelling
200, 193-206.
Grant, J., Bugden, G., Horne, E., Archambault, M.C.,
and Carreau M. (2007): Remote sensing of particle depletion by coastal suspension-feeders.
Can. J. Fish. Aquat. Sci., 64, 387-390.

ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE

GESAMP Reports and Studies No 76

Guyondet, T., Koutitonsky, V., and Roy, S. (2005): Effects
of water renewal estimates on the oyster aquaculture potential of an inshore area. J. Mar. Syst., 58,
35– 51.
Heasman, K.G., Pitcher, G.C., McQuaid, C.D., and
Hecht, T. (1998): Shellfish mariculture in the
Benguela system : raft culture of Mytilus galloprovincialis and the effect of rope spacing on
food extraction, growth rate, production, and
condition of mussels. J. Shellfish Res. 17, 3339.
Héral, M. (1993): Why carrying capacity models are
useful tools for management of bivalve mollusc
culture. In: Bivalve Filter Feeders in Estuarine
and Coastal Ecosystem Processes (Ed. R.F.
Dame): Proceedings of the NATO AR Workshop,
NATO ASI series G: Ecological sciences, 33,
455-477.
Herman, P.M.J. (1993): A set of models to investigate the role of benthic suspension feeders in
estuarine ecosystems. In: Bivalve filter feeders
in estuarine and coastal ecosystem processes
(Ed: Dame R.F.), Springer-Verlag, Berlin, 421454.

Effects of Shellfish Aquaculture on Fish Habitat.
CSAS Research Document 2006/011, 93 p.
Nath, S.S., Bolte, J.P., Ross, L.G., Aguilar-Manjarrez,
J. (2000): Applications of geographical information system (GIS) for spatial decision support in
aquaculture. Aquacult. Eng. 23, 233-278.
Newell, C.R., and Shumway, S.E. (1993): Grazing
of natural particulates by bivalve molluscs : a
spatial and temporal perspective. In : Bivalve
filter feeders in estuarine and coastal ecosystem
processes (Ed. R. F. Dame), Springer-Verlag,
Berlin, 579 p.
Parker, M.R., Beal, B.F., Congleton, W.R., Pearce,
B.R., and Morin, L. (1998): Utilization of GIS and
GPS for shellfish growout site selection. Journal
of Shellfish Research 17, 1491-1495.
Pastres, R., Solidoro, C., Cossarini, G., Melaku Canu,
D., and Dejak, C. (2001): Managing the rearing
of Tapes philippinarum in the lagoon of Venice:
a decision support system. Ecol. Modelling 138,
231–245.

Incze, L.S., Lutz, R.A., and True, E. (1981): Modelling
carrying capacity for bivalve molluscs in open,
suspended-culture systems. J. World Maricult.
Soc. 12, 143–155.

Pérez, O.M., Telfer, T.C., Beveridge, C.M.M., and
Ross, L.G. (2002): Geographical Information
Systems (GIS) as a simple tool to aid modelling of particulate waste distribution at marine
fish cage sites. Estuarine, Coastal and Shelf
Science 54, 761-768.

Inglis, G.J., Hayden, B.J., and Ross, A.H. (2000):
An overview of factors affecting the carrying
capacity of coastal embayments for mussel culture. National Institute of Water & Atmospheric
Research Ltd, Christchurch, New Zealand.

Pérez, O.M., Telfer, T.C., and Ross, L.G. (2003):
Use of GIS-Based models for integrating and
developing marine fish cages within the tourism
industry in Tenerife (Canary Islands): Coastal
Management 31, 355-366.

Karayücel, S., and Karayücel, I. (2000): The effect of
environmental factors, depth and position on the
growth and mortality of raft-cultured blue mussels (Mytilus edulis L.): Aquaculture Research,
31, 893-899.

Pérez, O.M., Telfer, T.C., and Ross, L.G. (2005):
Geographical information systems-based models for offshore floating marine fish cage aquaculture site selection in Tenerife, Canary Islands.
Aquaculture Research, 36, 946-961.

Kashiwai, M. (1995): History of the carrying capacity
concept as an index of ecosystem productivity
(Review): Bull. Hokkaido Natl. Fish. Res. Inst.
59, 81–101

Pilditch, C.A., Grant, J., and Bryan, K.R. (2001):
Seston supply to sea scallops (Placopecten
magellanicus) in suspended culture. Can. J.
Fish. Aquat. Sci. 58 (241–253.

Lauzon-Guay, J.S., Barbeau, M., Watmough, J., and
Hamilton D.J. (2006): Model for growth and survival of mussels Mytilus edulis reared in Prince
Edward Island, Canada. Mar. Ecol. Prog. Ser.
323, 171–1833.

Plew, D.R. (2005) : The Hydrodynamic Effects of Longline Mussel Farms. PhD Univ. Canterbury, 330
pp., http://digital-library.canterbury.ac.nz/data/
collection3/etd/adt-NZCU20060106.144622/

Marinov, D., Galbiati, L., Giordani, G., Viaroli, P.,
Norro A., Bencivelli S., and Zaldivar J.M. (2007):
An integrated modelling approach for the management of clam farming in coastal lagoons.
Aquaculture 269, 306-320.
McKindsey, C.W., Anderson, M.R., Barnes, P.,
Courtenay S., Landry T., and Skinner M. (2006):

GESAMP Reports and Studies No 76

Plew D.R., Spigel R.H., Stevens C.L., Nokes R.I., and
Davidson M.J. (2006): Stratified flow interactions
with a suspended canopy. Environ Fluid Mech,
6, 519–539.
Pouvreau, S., Bacher, C., and Héral, M. (2000) :
Ecophysiological model of growth and reproduction of the black pearl oyster, Pinctada
margaritifera: potential applications for pearl

ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE

107

farming in French Polynesia. Aquaculture 186,
117–144.
Pouvreau, S., Bourles Y., Lefebvre S., Gangnery A.,
and Alunno-Bruscia M. (2006) : Application of
a dynamic energy budget model to the Pacific
oyster, Crassostrea gigas, reared under various environmental conditions. Journal of Sea
Research, 56, 156-157.
Powell, E.N., Hofmann, E.E., Klinck, J.M., and Ray,
S.M. (1992): Modelling oyster populations. I. A
commentary on filtration rate. Is faster always
better? J. Shellfish Res. 11, 387-398.
Powell, E.N., Klinck, J.M., Hofmann, E.E., and Ray,
S.M. (1994): Modeling oyster populations. IV:
rates of mortality, population crashes and management. Fish. Bull., 92, 347-373.
Prins, T.C., Smaal, A.C., and Dame, R.F. (1998): A
review of feedbacks between bivalve grazing
and ecosystem processes. Aquat. Ecol. 31,
349–359.
Raillard, O., Deslous-Paoli, J.M., Héral, M., and
Razet, D. (1993): Modélisation du comportement nutritionnel et de la croissance de l’huître
japonaise Crassostrea gigas. Oceanol. Acta 16,
73-82.
Raillard, O., and Ménesguen, A. (1994): An ecosystem model for estimating the carrying capacity
of a macrotidal shellfish system. Mar. Ecol. Prog.
Ser. 115, 117-130.
Richardson, J., and Newell, C. (2002): Building a
model for sustainable west coast shellfish aquaculture production. Productive capacity study of
Gorge Harbour, Cortes Island, BC. Report of
Earth –Tec Canada Inc., 38 pp.
Roegner, G.C. (1998): Hydrodynamic control of supply
of suspended chlorophyll a to infaunal estuarine
bivalves. Estuar. Coast. Shelf Sci. 47, 369-384.
Rosenberg, R., and Loo, L.O. (1983): Energy-flow
in a Mytilus edulis culture in western Sweden.
Aquaculture, 35, 151-161.
Ross, A. H., and Nisbet, R.M. (1990): Dynamic models
of growth and reproduction of the mussel Mytilus
edulis L. Funct. Ecol., 4 (6), 777-787.
Scholten, H., and Smaal, A.C. (1998): Responses of
Mytilus edulis L. to varying food concentrations
: testing EMMY, an ecophysiological model. J.
Exp. Mar. Biol. Ecol. 219 (217-239.

Smith, A., Nikora V., Ross, A., and Wake, G. (2006):
A lattice Boltzmann-based model of plankton–
flow interaction around a mussel cluster. Ecol.
Modelling, 192, 645–657.
Sornin, J.M., Collos, Y., Delmas, D., Feuillet-Girard,
M., and Gouleau, D. (1990): Nitrogenous nutrient transfers in oyster ponds: role of sediment
in deferred primary production. Mar Ecol Prog
Ser 68,15–22.
Stenton-Dozey, J.M.E., Jackson, L.F., and Busby, A.J.
(1999): Impact of mussel culture on macrobenthic community structure in Saldanha Bay, South
Africa. Mar. Pollut. Bull. 39, 357–366.
Strohmeier, T., Aure, J., Duinker, A., Castberg, T.,
Svardal, A. and Strand, Ø. (2005): Flow reduction, seston depletion, meat content and distribution of diarrhaetic shellfish toxins in a
long-line blue mussel (Mytilus edulis) farm. J.
Shellfish. Res. 24, 15-24.
Struski, C. (2005) : Modélisation des flux de matières
dans la baie de Marennes-Oléron : couplage de
l’hydrodynamisme, de la production primaire et
de la consommation par les huîtres. Thèse Univ.
La Rochelle, 340 pp., http://www.ifremer.fr/docelec/notice/2005/notice554.htm
Struski, C., and Bacher, C. (2006): Preliminary estimate of primary production by phytoplankton
in Marennes-Oléron Bay, France. Estuarine,
Coastal and Shelf Science, 66, 323-334.
Van Haren, R.J.F. and Kooijman, S.A.L.M. (1993):
Application of a dynamic energy budget model
to Mytilus edulis (L.). Neth. J. Sea Res. 31,
119–133.
Verhagen, J.H.G. (1982): A distribution and population model of the mussel Mytilus edulis in
lake Grevelingen. 3rd International Conference
on State-of-the-art in Ecological Modelling,
Colorado State University, May 24-28, 1982,
373-383.
Vincenzi, S., Caramori, G., Rossi, R. and De Leo, G.
(2006) : A GIS-based habitat suitability model
for commercial yield estimation of Tapes philippinarum in a Mediterranean coastal lagoon
(Sacca di Goro, Italy). Ecological Modelling 193,
90–104.
Wildish, D. and Kristmanson, D. (1997): Benthic suspension feeders and flow. Cambridge University
Press, New York, 409 p.

Smaal, A.C., Prins, T.C., Dankers, N., and Ball, B.
(1998): Minimum requirements for modelling
bivalve carrying capacity. Aquatic Ecology 31,
423–428.

108

ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE

GESAMP Reports and Studies No 76

Annex. Box model
The box model couples food transport, food consumption by the mussel population and mussel growth at
the scale of a cultivated area. The concept is the same
as used by Bacher et al. (2003), except that food and
particulate matter concentrations are assumed to be
homogeneous within the cultivated area, which is represented as a single box. The transport equation is a mass
balance equation accounting for i) the exchange of water
between the box and the external part of the cultivated
area (Bacher, 1989; Raillard et al. 1994 ; Dowd 1997), ii)
sinks of particles due to consumption by filter feeders:

dC Q
N
= (C e − C ) − . f ( C , w)
dt 						
V
V

(1)

where C refers to either phytoplankton, organic
or inorganic particulate matter within the box, Ce is
the outside concentration, Q the exchange flow (m3 s1
), f(C,w) the individual food consumption, N the total
number of mussels, w the mussel tissue dry weight
(DW).
Food consumption was calculated using the ingestion rate of mussels rather than the filtration (see ecophysiological model below) since an important fraction
of the filtered particles is assumed to remain in the
water column as pseudofeces and would be reused by
mussels with the same efficiency.
Equation (1) was coupled to the following mussel
growth equation:

dw( x , t )

= g ( C , w, T )
						
dt

(2)

where T is the water temperature and g(C,w,T) is
the growth rate established from the ecophysiological
model of Grant and Bacher (1998). Briefly, the model
provides two food sources, phytoplankton and detrital
POC, where detrital POC=total POC-chlorophyll carbon.
Clearance rate (I h-1) of particles is a declining function
of TPM. Phytoplankton and POC are both cleared at the
same rate, and the proportion of the ingested mass that
is rejected as pseudo-faeces is related to turbidity using
a step function : no rejection at 0–5 mgl-1, 20% rejection at the pseudo-faeces threshold up to 10 mgl-1, 40%
rejection from 10–40 mgl-1, and peak rejection (85% of
ingesta) above 40 mgl-1. Phytoplankton is selected preferentially to detritus. In terms of ingestion, phytoplankton
and POC are maintained as separate quantities, each
with a defined absorption efficiency (AE), and absorption rates are summed to calculate total absorption. The
phytoplankton AE is assumed to be 80% and AE for
detrital POC is set at 40%. In contrast to other models
using gut capacity and gut passage time to limit ingestion (Scholten and Smaal 1998), daily ingestion can not
be higher than a constant value defined as the maximum
daily ingestion. The net energy balance is determined as
the difference between the rates of assimilation and respiration, and the balance is allocated between somatic
tissue and shell. The model predicts changes in both dry
tissue weight and shell weight. The respiration equation
was modified from Grant and Bacher (1998) to allow a
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better fit with observations. The model was also applied
to the ‘bouchot’ dataset for validation and, as a further
check, ecophysiological functions were compared to
measured values.
Long lines cover an area of 2.5 km2. They are
arranged in 20 blocks of 12 long lines each. 85 ropes
of 6 m length hang on each long-line and the whole
area contains about 240 106 mussels. We assumed that
mussels were homogeneously spread within the box and
that trophic conditions were uniform. Boundary conditions were defined for TPM, POM, and phytoplankton
concentrations from the field survey. Temperature timeseries were used as a forcing function.
The current velocity field was modeled using a
hydrodynamical model developed by Brenon and Le
Hir (1999) applied to Marennes-Oléron Bay. This model
solves Navier-Stokes equations with a finite difference
method using a rectangular grid (Struski 2005) and
predicts water height and current velocity. Water height
and tidal currents were simulated for one month to cover
a full spring-neap tidal cycle. To check the validity of the
model, we compared the simulated water height in La
Pallice harbour to available observations of water height
and we found good agreement. Maximum current velocity was mapped from this single simulation and showed
that long lines were located in a region of intensive
water exchange, with maximum current velocity over 1
m.s-1. Current velocity generally depends on tidal coefficient, and the maximum tidal currents varied between
0.5 and 1 m.s-1. In the long line area, the current direction lies along a northwest/southeast axis and intensive
exchange of water occurs at Pertuis Breton straight.
Particle trajectories were computed for one tidal
cycle at spring tides using the current velocity field from
the hydrodynamic model. Particles coming from the inner
part of the bay (Aiguillon bay) exit through Pertuis Breton
straight in the west or through La Pallice straight in the
south. Trajectories also show that the tidal excursion
is almost 10 km, which supports the concept of strong
water mixing in the inner part of the bay.
Current velocities and water height were used to
compute water exchange between the long line area
(box) and the outer part of the bay. Average water flow
entering and leaving the cultivated area was calculated
with the following equation:



QT = ∑ ∑ h ( x, y, t ) ⋅ U ( x, y, t) ⋅ N ( x, y ) ⋅ L  / n
t 

 x, y

Where U(x,y,t) is the current velocity vector at the
grid node (x,y) located at the box boundary, N(x,y) is the
vector normal to the lease boundary, h(x,y,t) is the water
height, L is the mesh size used in the hydrodynamics
model (500 m), n is the number of time steps used for
the computation. Due to mass conservation, half of total
flow enters the cultivated area and the exchange flow
was therefore given by:

Q = QT / 2
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Box volume was equal to :

V =





 x , y



∑  ∑ h ( x, y, t ) ⋅ L 2  / n
t

Where h(x,y,t) is the water height of the grid node
(x,y) located inside the box. Exchange flow was equal to
5.2 103 m3s-1 and volume to 2.37 107 m3 which yielded a
renewal time of 0.05 days.
Simulated and observed mussel growth is shown
in the following figure and illustrates the ability of the
model to accurately reproduce the growth patterns at
two different sites.

Comparison of simulated and observed shell weight of mussels reared on long-lines
and bouchot
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Equations, parameters and variables used in the ecophysiological model of mussel growth.
Equations
State variables
TPM
POM
CHL
DW
SW
Forcing functions
TEMP

Description
Total Particulate Matter (mg l -1)
Particulate Organic Matter (mg l -1)
Chlorophyll a
mussel Tissue Dry Weight (g)
mussel Shell Weight (g)

Parameters
chl2c=50
pom2c=0.38
CPHY=CHL·chl2c/1000
CDET=POM·pom2c-CPHY
Clearance rate
cr1=1.8
cr2=8.6 10 -3
cr3=0.67
if TEMP < 5
frtemp=e ((TEMP-5)·0.07)
elseif TEMP >5 & TEMP < 20
frtemp= 1
else
frtemp=e ((20-TEMP)·0.07)
end
CR=CR= (cr1 – cr2·TPM) ·(DW/0.7) cr3·24·frtemp
Filtration rate
FR=CR·TPM
if TPM < 5

Temperature (°C)
conversion from Chlorophyll a to Carbon (gC gChl -1)
conversion from POM to Carbon (gC gDW -1)
Carbon phytoplankton (mgC l -1)
Carbon detritus (mgC l -1)

frtemp=temperature effect

clearance rate (l d -1 ind -1)
TPM filtration rate (mg d -1 ind -1)
rej = rejection rate (no unit)

rej=0
elseif TPM >5 & TPM < 10
rej=0.2
elseif TPM >10 & TPM < 40
rej=0.4
elseif TPM>40
rej=0.7
end
Ingestion rate
IR=FR·(1-rej)
ir1=600
ir2=0.40
IRmax=ir1·DW ir2
IRTPM=min(IR,Irmax)
fq=0.8
IRPHY=IRTPM·CPHYT/TPM/fq
IRDET=IRTPM·CDET/TPM
Absorption rate
ARPHY=IRPHY·0.8
ARDET=ARDET·0.4
AR=ARPHY+ARDET
Respiration rate
r1= 6.55
r2= 0.454
r3=0.75
RER=(r1+r2·AR)·DW r1
Carbon budget and growth
Budget=AR-RER
alloc=0.58
w2c=0.4
s2c=0.08
if Budget>0
dDW=Budget·alloc/w2c/1000
dSW=Budget·(1-alloc)/s2c/1000
else
dDW=Budget/w2c/1000
dSW=0
end
Integration
dt=1
DW=DW+dDW·dt
SW=SW+dSW·dt
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TPM ingestion rate (mg d -1 ind -1)

TPM maximum ingestion rate (mg d -1 ind -1)
TPM ingestion rate (mg d -1 ind -1)
phytoplankton enrichment factor
PHYTO ingestion rate (mgC d -1 ind -1)
DETRITUS ingestion rate (mgC d -1 ind -1)
PHYTO absorption rate (mgC d -1 ind -1)
DETRITUS absorption rate (mgC d -1 ind -1)
total absorption rate
calibrated
calibrated
respiration rate (mgC d -1 gDW -1)
Carbon budget (mgC d -1 gDW -1)
tissue allocation rate - calibrated
conversion from DW to Carbon (gC gDW -1)
conversion from SW to Carbon (gC gSW -1)
dDW = dry weight variation (g)
dSW = shell weight variation (g)

time step (d)
dry weight (g)
shell weight (g)
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