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ABSTRACT
LCA of bouchot blue mussel culture in Mont Saint-Michel Bay (France) was performed to identify impact hotspots of the activity. To better characterize potential positive effects on eutrophication and climate change, the chemical composition of the flesh and shell was analyzed. A small but potential mitigating effect on eutrophication was observed, reaching 1 kg PO4-eq. per tonne of “ready-to-cook” mussels. The potential carbon sink effect is influenced by hypotheses about the wooden stakes of the bouchots and about the fate of the shells,
associated to the management of discarded mussel and of the household waste. This effect barely compensates the climate change due to
the use of fuel for on-site transportation. In addition, environmental impacts of blue mussel culture depend on its production location, as a
function of mussel yields due to the marine currents combined with the distance to on-shore infrastructure.
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1. Introduction
Blue mussel (Mytilus edulis) culture yielded 207,918 tonnes of shellfish worldwide in 2010 (FAO 2012).
Blue mussel culture in France represents about 35% of world production (CNC 2012) and is performed using
two different techniques: long-line rafts and bouchots. Bouchot culture is currently the only type of mussel culture in Mont Saint-Michel Bay, which produces 10,000 tonnes of blue mussels annually. Bouchot culture consists of using wooden stakes sunk into the foreshore as a culture support for the mussels.
In the scientific literature, interactions between mussel culture and the environment have been studied mainly
from a nutrient-cycling perspective (Brigolin et al. 2009, Jansen 2012, Nizzoli et al. 2011, Richard et al. 2006) or
one assessing biodeposition and benthic effects (Chamberlain et al. 2000, Christenssen et al. 2003, Grant et al.
2012). Few authors have assessed environmental impacts of mussel culture with a broader viewpoint using holistic approaches. Thrane (2004) assessed energy consumption of mussel production in Denmark, Fry (2012) estimated a carbon footprint of longline mussel production in Scotland, and Iribarren et al. (2010a,b,c) performed
Life Cycle Assessment (LCA) of the longline mussel supply chain in Spain. Among these studies, the methodology used to establish an inventory differs and the inclusion of effects of mussels on nutrient and carbon cycling
in the marine environment varies.
Mont Saint-Michel Bay is located between Brittany and Normandy, two regions of high livestock production,
where water quality is regularly called into question due to overloading of nitrogen (N) and phosphorus (P)
caused by agricultural activities. Our study aimed to evaluate environmental impacts of bouchot mussel production in this context. In particular, we investigated its potential role in mitigating climate change by stocking carbon in mussel shells and potential eutrophication by extracting nutrients from the bay.

2. Methods
2.1. Goal and scope
LCA was performed to assess environmental impacts of Mont Saint-Michel mussels produced according to
the Appellation d’Origine Contrôlée (AOC) label, with the double objective of establishing an environmental
profile of the activity and highlighting potential impact hotspots. The LCA followed the main guidelines of the
ILCD handbook (JRC 2011), with a cradle-to-gate approach. Boundaries of the production system included spat
collection and transportation, the culture stage (including equipment use), and the processing and packaging
stage at the producer organization’s plant (Fig. 1). The distribution, marketing and consumption stages are not
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included in the study. The functional unit was 1 tonne of packed, “ready-to-cook” mussels at the producers’
plant.

Figure 1. Stages of the mussel-production system included in the LCA
2.2. Life cycle inventory
Six of the main producers, operating in two or three subareas of the bay (Center, East, Far East), were interviewed from spring to summer 2012. They produced 300-450 tonnes of mussels per year. Their practices are
regulated according to AOC specifications, which restrict the percentage of bouchots in use at the same time (5565% according to the area) and the maximum mean annual yield to 60 kg of mussels per bouchot. These rules
aim to preserve the productivity of the bay, and some producers have chosen to use only 50% of their bouchots
at the same time. Bouchots are square wooden stakes, 5-6 m long and 10 cm wide, sunk 1 m deep in the foreshore. The stakes are made of exotic woods, most often Lophira alata and Dinizia excelsa, and are expected to
last over 15 years. Bouchots are arranged in pairs of lines 100 m long and 25 m apart. The mussels must remain
a minimum of 8 months on the bouchots. The beginning of harvest season occurs once the mussels have reached
4 centimeters in length and meet criteria of condition index and taste. This usually occurs in the first half of July.
Mussels are harvested using hydraulic arms supported by amphibious boats, which scrape the whole mussel assemblage off, leaving the bouchots clean.
Water conditions in Mont Saint-Michel Bay are not suitable for natural reproduction of the blue mussel.
Therefore, spat collection starts in March in the Bay of Biscay, mostly in the Charentes region. We described
this stage using data provided by one producer, who is responsible for producing 300 km of seeded ropes each
year. Producers construct temporary wooden structures on the lowest parts of chosen beaches and then extend
ropes made from hemp or coconut fibers on these structures. The ropes remain in place for about two months before being brought to Mont Saint-Michel Bay by road.
Upon arrival, seeded ropes are coiled around free bouchots or laid out on temporary horizontal structures
built on the foreshore until new bouchots are available. Once mussels start growing, producers stabilize the
structure of the bouchot by progressively encasing each in 3-7 polypropylene nets, depending on the exposure of
their sites. To reach the culture sites, producers use tractors, small aluminum boats or amphibious boats. Specific
data collection on amphibious boats was performed at the main shipbuilding company.
After harvest, mussels are placed for at least 24 hours in an oxygenated purification pool. Water is pumped
from the bay into a lagoon shared by all shellfish producers in the area. Afterwards, mussels go through a de-
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clumper, which separates the mussels from each other and shreds the ropes and nets. They are then cleaned in a
brushing machine and calibrated, first mechanically, then by hand, to remove any other kind of waste (crabs, algae, broken mussels, etc.).
At this point, 20-30% of the production is discarded, mostly due to undersized mussels. These mussels are
currently spread over the tractor roads in the bay. This practice serves two goals: stabilizing the roads in the sand
and driving mussel predators away from the bouchots by giving them an easily available food source. Mussel
spreading is currently under heavy debate and may soon be discontinued.
Mussels may then be put in 5, 10 or 15 kg polypropylene bags of “traditional” mussels and put up for sale.
They may also pass through another machine that removes the byssus threads and be sold in 5, 10 or 15 kg polypropylene bags of “ready-to-cook” mussels, or 1 kg polypropylene trays of “ready-to-cook” mussels. LCA was
performed on each type of packaging. However, this paper shows the LCA results for “ready-to-cook” mussel’s
bags only. Organic waste from cleaning and processing stages and all other types of waste are buried at the local
landfill. Wastewater is returned to the ocean without any kind of treatment. All back ground data was extracted
from the ecoinvent v2.2 database (Swiss Centre for Life Cycle Inventories 2010).
Mussel shells are composed of CaCO3 and may be considered a carbon (C) sink if they are degraded slowly.
According to Fry (2012) and considering that coastal seawater is saturated in CaCO3 and that the Mont SaintMichel Bay is shallow, we treated spread mussel shells as C sinks. Since other shells are expected to join ordinary household waste, we examined common waste-management options in France. Since 44.4% of French
household waste ends up in landfills (ADEME 2008), we assumed that the shells of 44.4% of all mussels sold in
France would be buried and act as a C sink.
Spread mussel flesh was excluded from our calculations since it belongs to a short cycle and did not influence
overall nutrient balance of the bay. We calculated N and P exports based on the amount of mussel flesh present
in marketed mussels. We also assumed increased biochemical oxygen demand of the water released into the bay
due to organic-matter processing and bacterial decomposition of discarded mussels.
We estimated amounts of C, N and P in mussels (Table 1) based on Brigolin et al. (2009) and Chairattana et
al. (2012). With data from the former, we excluded mussel respiration, considered as a short cycle in the bay,
and calculated the amount of C sequestrated in mussel shells based on the balance of the remaining C flows. We
supplemented this analysis with data from Chairattana et al. (2012), who showed that part of mussel shells is
formed from dissolved CO2, (not included in Brigolin et al.(2009)).
Table 1. Estimated C content in the shell, and N and P contents in the flesh, per tonne of blue mussels in the life
cycle inventory.
Element in shell or flesh
C in shell from ingested C (Brigolin et al. 2009)
C in shell from dissolved C (Chairattana et al. 2012)
N in flesh (Brigolin et al. 2009)
P in flesh (Brigolin et al. 2009)

Per tonne of harvested mussels
198 kg C
18 kg C
4.17 kg N
0.38 kg P

2.3. Life cycle impact assessment
Impact categories were selected based on previous studies and guidelines in aquacultural LCA (Aubin et al.
2013; Pelletier et al. 2007): climate change (kg CO2-eq), acidification (kg SO2-eq) and eutrophication (kg PO4eq) were calculated using characterization factors of CML2 Baseline 2000 version 2.03 (Guinée et al. 2002). Energy use (MJ) was calculated according to the Total Cumulative Energy Demand (TCED) method, version 1.03
(Frischknecht et al. 2004). Water dependence (m3) refers to freshwater use and was calculated according to
Aubin et al. (2009). Calculations were performed with Simapro® 7.0 software.
2.4. Interpretation of results
Impacts of mussels at each production site for each producer were calculated independently (13 observations) and then aggregated. Variability in impacts was considered but not uncertainty due to foreground and
background data. Contributions of different production stages of the system to the impacts were studied.
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3. Results
Impacts of one tonne of ready-to-cook mussels varied according to production area and producer: acidification from 1.47-2.65 kg SO2-eq, eutrophication from -1.69 to -0.85 kg PO4-eq, climate change from -44.7 to 125.5
kg CO2-eq, TCED from 7666-12,866 MJ, and water dependence from 92-98 m3 (Table 2).
Table 2. Means and standard deviations (SD) of impacts calculated for 1 tonne of “ready-to-cook” mussels, depending on their location of culture within Mont Saint-Michel Bay.
Impact
Acidification (kg SO2-eq)
Eutrophication (kg PO4-eq)
Climate change (kg CO2-eq)
Total cumulative energy demand (MJ)
Water dependence (m3)

Center
Mean
SD
2.24
0.25
-1.09
0.27
37.49 70.37
11,360 1132
96.9
18.4

East
Mean
SD
2.29
0.26
-0.98
0.14
77.45 64.68
11,237 1599
96.7
18.7

Far East
Mean
SD
1.59
0.15
-1.24
0.32
-6.56 34.81
8285
1069
94.0
18.2

On-site transport was the main contributor to acidification and climate change impacts and a major one to
TCED (Fig. 2). The culture stage greatly decreased eutrophication and slightly decreased climate change. Wooden stakes decreased climate change as much as on-site transport increased it. Wooden stakes were also an important contributor to TCED. The cleaning and packing stage was the main contributor to water dependence and
a major one to TCED and eutrophication. The spreading of discarded mussels contributed markedly to eutrophication but slightly decreased climate change.

Figure 2. Contribution to environmental impacts of different stages of the production system of ready-to-cook
mussels in Mont Saint-Michel Bay

4. Discussion
Assuming the uptake of N and P by mussel production induces a negative value for eutrophication impact,
indicating a potential mitigating effect on water quality of the bay. Nevertheless, this favorable effect is low,
around 1 kg PO4-eq per tonne of “ready-to-cook” mussels, which should be compared to eutrophication impacts
of other agricultural products produced in the Mont Saint-Michel region (e.g. 14 kg PO4-eq per 1 tonne of pig
live weight (ADEME 2013)). This result indicates a small but potential ability of mussel production to decrease
eutrophication impacts due to livestock production at the territory level. This type of complementarity activity is
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also developed, for example, in integrated multi-trophic aquaculture for salmon production (Barrington et al.
2009).
Estimated climate change impact in this study showed high variability. On average, climate change impact is
decreased first by the sequestered C in wooden stakes, then the spreading of discarded mussels, and then the burial of sequestered C in mussel shells in landfills. All of these processes, however, have high levels of uncertainty.
Inventories from the ecoinvent database used to model exotic wood production are standard ones, and estimates
of the wood’s C sink effect are debatable. From this ecoinvent methodology, CO2 assimilation is based on 49.4%
of woods’ C content. The percentage of household waste put into landfills may vary greatly depending on region and time period. Finally, the spreading of discarded mussels is about to be forbidden in Mont Saint-Michel
Bay. In our case study, mitigation of climate change impact mainly compensates CO2 emissions due to on-site
transportation. At best, the bouchot blue mussel culture of Mont Saint-Michel Bay can be considered to produce
little or no climate change impact but not as a C sink. Uncertainty analysis needs to be performed to assess the
robustness of this conclusion.
In our study, impacts varied greatly according to the geographic location of bouchot sites. Two competing
factors may explain this: mussel yield is higher in the Far East of the bay (due to ocean currents) than in the two
other sites, but the Far East is further from on-shore infrastructure, and fuel consumption due to on-site transportation is a major contributor to impacts. As a consequence, we can observe negative values in eutrophication and
climate change in the Far East area, where the production yields are the highest, inducing the highest nutrient uptake, and where the C fixing in shell over-compensate the CO2 emissions of the rolling stock. This result has led
the mussel producers’ organization to revise their transportation strategy and the location of infrastructure.

5. Conclusion
Considering the chemical composition of mollusk flesh and shells to better describe their extractive capacity
in the environment influences estimates of eutrophication and climate change impacts calculated with LCA. Results show a potential mitigating effect of blue mussel culture on water quality. A C sink effect due to mussel
shell calcification was not confirmed, but a methodology that includes the composition and fate of shells during
production processes and after consumption was developed. A similar approach should be performed on other
production systems, other mollusks, and in other regions.
The bouchot culture of mussel is a low-impact activity, but fuel consumption to transport workers and mussels is a key point to analyze. Different environmental impacts in different locations suggest that efforts to render
LCA increasingly spatially-explicit should be continued.
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