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Abstract :
In the context of global change, increasing mariculture production has raised particular concerns
regarding its environmental impact and sustainability. Molluscs and particularly blue mussel account for
a significant part of this total production. Although blue mussels are considered as pretty resilient to
environmental disturbances, we report in this study an unprecedented mussel mortality event that
occurred during the winter 2014 in the Breton Sound. 9000 metric tonnes of mussels were lost and
mortality rates up to 100% were recorded at some farming areas. Through a coupling approach, the
present work aimed to better understand the potential environmental drivers associated to those
mortalities. Firstly we analysed long-term in situ and satellite data from environmental monitoring
networks (available since 1998) to characterize the variability of seawater masses of the sound during
the winter of 2014. Secondly we used modelling simulations to study the possible relationship between
seawater hydrodynamics and observed spatio-temporal patterns of mussel mortalities. From January to
April 2014 at the long-line culture site where mortalities started, seawater temperatures ranged from 8.3
to 13.3 °C (10.2 ± 0.8 °C). Salinity and turbidity values showed successive and short drops (below 16;
29.3 ± 2.3) and numerous peaks (above 70 NTU; 17.4 ± 13.4 NTU) respectively. Winter conditions of
2014 were encountered along the entire French Atlantic coastline and linked to the sixth highest positive
North Atlantic Oscillation (NAO +) index computed since 1865. These particular environmental
variations characterized the winter of 2014 but also others whereas no comparable mussel mortality
rates were reported. Exact causes of the 2014 mortality event are still unknown but we showed these
Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive
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environmental variations could not alone be responsible. These likely affected the sensitivity of the blue
mussel populations that were already weakened by early spawning. Meanwhile, these may have
facilitated the apparition of a pathogenic strain of Vibrio splendidus isolated on moribund mussels at that
time. Our modelling simulations suggested that this pathogenic strain could spread through
hydrodynamic patterns and drove the observed mussel mortalities. If repeated over the coming years
particularly under climate change, mussel mass mortality events could question about the resilience of
this species.

Highlights
► A significant French production area lost 9000 t of blue mussels in winter 2014. ► We studied
potential environmental drivers linked to those unprecedented mortalities. ► This winter 2014 had the
sixth highest NAO + index since 1865. ► Such conditions characterized other winters without
comparable mortalities in the area. ► Hydrodynamic connectivity participated to specific mortality vector
diffusion.

Keywords : Mytilus edulis mortalities, Climate change, Breton sound, Long-term monitoring,
Hydrodynamic modelling, Vibriosis

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive
publisher-authenticated version is available on the publisher Web site.
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1. Introduction
Globally, marine ecosystems are among the most valuable and heavily used natural systems
(Staudinger et al. 2012). They provide many ecosystem services including shoreline
protection, tourism activities, seawater filtration, nursery grounds, food from fisheries and
aquaculture (MEA 2005, Ruckelshaus et al. 2013). Worldwide, aquaculture has grown rapidly
and currently represents the fastest growing sector of the food industry. It increases at a rate of

PT

approximately 8 % per year since the 1970’s (McKindsey et al. 2011, FAO 2013). Global
mariculture production is now close to 40 % of total aquaculture production. 75 % of

RI

mariculture results from shellfish production with molluscs (i.e., mussel, oyster, and abalone)

SC

accounting for 71 % of the total production (Bouwman et al. 2013). This increased production
and the associated issues have raised concerns regarding interactions between mariculture and
local environments (Black 2001). Several studies have aimed to understand the role of bivalve

NU

farming in terms of ecosystem services and also environmental impact and sustainability
(Davenport et al. 2003, Holmer et al. 2008). For example, enhanced locali ed iodeposition

MA

(Mattsson and Lind n 1983), seawater column filtration (Troost et al. 2009), and nutrient and
oxygen exchange modifications (Richard et al. 2007) as a result of the presence of bivalve
farms are commonly addressed. Disease transfer and hitchhiking species are also major

D

concerns (McKindsey et al. 2007). Similarly the wider ecological effects including the novel

Lallias et al. 2015).

PT
E

habitat emergence from exotics or/and aquaculture escapees are studied (Forrest et al. 2009,

Europe currently produces approximately 800,000 tonnes of molluscs. This represents 24 %

CE

of the overall EU aquaculture production in mass and approximately 50 % in value (Robert et
al. 2013). Annual French production accounts for approximately 160,000 tonnes of bivalves

AC

with nearly 50 % of the oyster Crassostrea gigas (79,000) and 48 % of mussels (Mytilus
edulis and M. galloprovincialis: 77,000 issued from aquaculture) (Agreste 2014). French
oyster production has undergone a drastic decline from 108,000 to 80,000 tonnes over the last
ten years due to epizootic events (Samain et al. 2007, Nicolas et al. 2007, Agreste 2014,
Pernet et al. 2012, 2016). Despite a 5.4 % increase in mussel production along the French
Atlantic coastline since 2001, a particular decrease in Mytilus edulis growth performance has
been recorded, especially in 2011 (Rodriguez 2013).
During the winter of 2014, unprecedented mass mortalities of Mytilus edulis occurred in a
coastal inlet of the mid-French Atlantic Ocean, the Breton Sound. 9,000 metric tonnes of
mussels were lost and mortality rates up to 100 % were recorded at some farming areas. This
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mortality event had important economic consequences since this area shelters important blue
mussel farming sites with an overall marketed production representing 8,705 tonnes or 12 %
of the total French volume (Agreste 2014). This rearing area also plays a critical role for spat
collecting operations at a national level and sustains the spat supply to several other French
rearing areas.
This 2014 event was particularly surprising since Mytilus edulis was so far considered as a
resilient cultivated species and sustainable aquaculture production. Contrarily to the Pacific

PT

oyster Crassostrea gigas culture, very few mass Mytilus edulis mortalities occurred along the
French Atlantic coast and specifically over the Breton Sound until this winter of 2014. For

RI

example, the parasite M. intestinalis induced mortality rates up to 100 % locally at off-bottom

SC

culture sites in 1960 and 1961 (Brienne 1964). Mussel production declines have been related
to abnormal hydroclimatic conditions, such as in the spring of 1989. Abundant rainfall and

NU

sudden salinity variations with values below 13 characterized this spring, leading to reduced
growth rates rather than mussel mortality (Dardignac et al. 1990). Similarly, strong summer
sunshine radiation associated with dry winds, particularly during emersion periods, induced

MA

reduced mussel spat survival during heat waves in 1989, 1990 and 1991 (Dardignac and Prou
1995). Massive mussel declumping from off-bottom culture sites due to a weakened byssus

D

by high seawater temperatures (above 25°C) were also observed during the heat wave in the
summer of 2003 (Robert and Le Moine 2003). Eventually, in 2011 during the third hottest

PT
E

spring since 1976, low mussel production characterized the entire French Atlantic coast
without a significant mortality rate (Rodriguez 2013).
At the global scale, few mass mortality events were reported in farmed mussels too

CE

(Eggermont et al. 2014). Munford et al. (1981) attributed a Mytilus edulis mass mortality
event in Italy to a trematode infection. In the spring of 2001, 10,000 metric tonnes of mussels

AC

were lost in the Oosterschelde estuary (Netherlands) due to a combination of high river
discharge, strong northerly winds and the transport and sedimentation of a Phaeocystis bloom
(Peperzak and Poelman 2008). Earlier, Dutch mussel volumes were significantly impacted by
the high abundance of the parasite copepod Mytilicola intestinalis during the autumn and
spring of 1949 and 1950, respectively (Meyer and Mann 1951).
Because of its singularity, the blue mussel mass mortality event observed in winter 2014 in
the Breton Sound led to preliminary consulting studies (Béchemin et al. 2014, Garcia et al.
2015, François 2015). These latter suggested two potential causes of mortality (i) the
existence of particular environmental conditions in winter and (ii) the apparition of a
pathogenic organism that oth could weaken mussels’ populations and lead to o served
4

ACCEPTED MANUSCRIPT
mortalities. A pathogenic Vibrio splendidus bacterial strain was specifically detected in 80 to
100 % of the analysed mussels in the sound at that period (Garcia et al. 2015, François 2015).
We proposed in this work to study more in details the potential environmental drivers
associated to the specific spatio-temporal patterns of mussel mortalities. Firstly, through an
original coupling approach, we described and characterized the sub-surface seawater masses
(from January to April 2014) using in situ measurements from Ifremer monitoring networks
and satellite-derived chlorophyll a and non-algal suspended particulate matter. We

PT

statistically compared the specific environmental conditions from the winter of 2014 to larger
temporal scales using a multi-decade time-series of in situ and satellite data available since

RI

1998. Secondly, through 3D hydrodynamic model simulations, we discussed the potential

SC

links between field observed patterns of mussel mortality rates and the existence of a
pathogenic organism (Vibrio splendidus in that case) that could have spread progressively

NU

from one culture site to others. In conclusion, a plausible scenario endorsed by the different
observations and in situ-satellite-modelling approach was developed.

MA

2. Materials and methods
2.1. Study site

D

The Breton Sound represents a coastal area inlet of the Poitou-Charentes region located on the

PT
E

French Atlantic coast between the Ile de Ré and the continent (Fig. 1). The sound is
characterized by a mean surface and volume of 425 km2 and 4,920 million m3, respectively
(Stanisière et al. 2006, Soletchnik et al. 2015). Nearly 20 % of this 13.8 meter-deep coastal

CE

bay correspond to intertidal areas. It allows the settlement of both off- ottom (“ ouchots”)
and long-line (“filières”) mussel culture farms (4.5 km2 in total) where blue mussels have

AC

been farmed since the 13th and 20th centuries respectively. Off- ottom farms (“ ouchots”)
consist in rows of wooden poles where mussels are grown directly on it (Fig. 1); they’re
deployed perpendicularly to the shore and stuck in the sandy/muddy bottom within the gently
sloping intertidal strip. Long-line farms (“filières”) consist in long-line systems with dropper
sleeves or mussel socks (Garen et al. 2004). The Breton Sound is under the influence of a
main watershed of 4,074 km2. The Lay and the Sèvre Niortaise Rivers, with mean discharges
of 14 and 44.4 m3 s-1, respectively, represent the main freshwater inputs to the sound
(Soletchnik et al. 2015) (Fig. 1). It also receives significant external inputs from the Loire and
Gironde Estuaries at the north and south, respectively, depending on hydrodynamic and
meteorological forcing (Soletchnik et al. 2015). Semi-diurnal tides from the Atlantic Ocean

5
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enter the sound by openings between 2 and 10 km long (Fig. 1). Along with winds and river
discharges, this determines the general circulation and renewal time of seawater masses. The
renewal times for the Breton Sound are generally above 85 days compared to solely 2 to 18
days for the Marennes-Oléron Bay further south (Stanisière et al. 2006, Ascione Kenov et al.
2015).

2.2. Sampled seawater stations and in situ data

PT

Two main stations were monitored during the present study to permit spatial and temporal in
situ data comparisons in the sound: Station A, associated to a long-line mussel culture site in

RI

the centre of the sound where the mortalities first appeared, and Station C up north of the

SC

sound associated to off-bottom farms reached by mortalities later (Fig. 1 and Table 1).
Phytoplankton communities and related water column variables (sub-surface ~ 0.50 m

NU

seawater temperature, salinity, chlorophyll a concentration and turbidity, Table 1) were
evaluated via the French Phytoplankton Monitoring Network REPHY (Ifremer) at least twice
a month (Belin and Raffin 1990).

MA

High frequency measurements of temperature and salinity were also done at Station A
through the regional monitoring network SAPERCHAIS. The in situ sub-surface seawater (~

D

0.50 m) values were recorded every 10 minutes from January until April 2014 with a STPS

PT
E

sensor (NKE Instrumentation) (Table 1 and Fig. 2).

2.3. Satellite-derived products and associated stations
Satellite-derived products (sub-surface seawater temperature, turbidity, chlorophyll a and sea

CE

surface irradiance) were estimated at four stations inside the Breton Sound, Stations A and B
described above and Stations C and D at the east of the sound associated to off-bottom culture

AC

sites reached by mortalities too (Figs. 1, 2 and 3 and Tables 1 and 2).

2.3.1. Ocean colour data
Chlorophyll a was obtained from the Ifremer OC5 algorithm tuned for the coastal seawaters
investigated in this study (Gohin et al. 2002, Gohin 2011).
The semi-analytical model was used to retrieve non-algal suspended particulate matter (SPM)
from satellite reflectance as described in Gohin et al. (2005) and Gohin (2011). The
phytoplankton effect on the absorption and backscattering properties was approached through
a preliminary estimate of the chlorophyll concentration by the OC5 algorithm (Gohin et al.
2002). The non-algal SPM was estimated from the radiance at λ = 555 nm or λ = 670 nm
6
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depending on the SPM level retrieved (4 gm-3). Turbidity was derived from chlorophyll a and
non-algal SPM using the formulation provided in Gohin (2011). SeaWiFS, MERIS
(MEGS8.1) and MODIS reflectance are the most up-to-date products available from the space
agencies in 2012. Since 2012, the MODIS products are the current L2 products available
through subscription to the OceanColor NASA/GSFC Centre. Daily-interpolated images of
chlorophyll a and turbidity were used (Saulquin et al. 2011) (Fig. 2 and 3 and Tables 1 and 2).

PT

2.3.2. The Sea Surface Solar irradiance (SSI)

RI

The SSI is the solar irradiance (in Watt m-2) that reaches the Earth surface in the λ = 0.3-4 μ
m band. The processing chain for deriving SSI from the data of MSG (METEOSAT Second

SC

Generation) satellites is fully described in the SSI Product Manual and available on the OSI
SAF web server (EUMETSAT 2013). The validation of the SSI products provided by the OSI

MA

2.4. The Hydrodynamic model MARS3D-PC

NU

SAF is described in Le Borgne et al. (2006) (Fig. 2).

The tri-dimensional MARS3D modelling approach was used to better understand seawater
hydrodynamics associated to the mussel mortality event of the winter of 2014. The MARS3D

D

model solves the primitive equations that are well suited to describe ocean dynamics at the

PT
E

required spatial and temporal scales (Lazure and Dumas 2008). It was developed by Ifremer
and implemented and validated on the Breton Sound (MARS3D-PC) for the present study
following Stanisière et al. (2006) and Bernard (2011). The model was discretized into 500 m
by 500 m horizontal cells (Fig. 4). The vertical discretization was performed in a sigma

CE

coordinates framework, which provided 40 vertical layers that were tightened close to the
bottom and to the surface to catch the boundary layer dynamics. The MARS3D-PC model

AC

relied on 1030 by 461 meshes and extended from the Vilaine Bay in the north to the Spanish
coast in the south. It then took into account all of the potential runoff (daily mean discharges
from Hydro Bank for Vilaine, Loire, Lay, Sèvre Niortaise, Charente, Seudre, Gironde, Leyre
and Adour, Fig. 4). The air-sea exchanges were computed based on the bulk formulae and
meteorological

analysed

fields

(ARPEGE

and

AROME

MeteoFrance

systems).

Meteorological outputs along the open boundaries came out as a wider model (MANGA,
Lazure et al. 2009) and tidal forcing was estimated from the SHOM CST France database.
Initial and boundary conditions came out in the MANGA 2500 Ifremer model covering the
run simulations from January 1st (to allow a numerical stabilization of the model) to April 1st,
2014, under realistic conditions.
7
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With regards to hydrodynamic simulations, one tracer (named a) located in the Breton Sound,
was released at Station A on March 9th, 2014, the day before the first blue mussel mortality
was reported at this long-line culture site (Béchemin et al. 2014). The simulated tracer was
used to assess the possible relationship between hydrodynamics and the spatio-temporal
patterns of mussel mortalities observed that winter of 2014. It behaved as a conservative,
dissolved tracer and was injected at a rate of 1000 kg m-3 s-1 over eight days. All of these
parameterizations were chosen to better assess seawater dynamic effects on mussel mortality

PT

trends in March of 2014. We also assumed here the possible relationships with a pathogen
organism dispersion (i.e. Vibrio splendidus strain). Biological aspects of the pathogen were

RI

not considered on purpose but were discussed later in the study. To quantify the mortality

SC

trends and the hydrodynamic connectivity among the mussel sites of the sound, daily mean
concentrations (kg m-3) of the simulated tracer a were computed until the end of March, 2014,

NU

at the four stations associated with mussel culture mortalities, i.e., Stations A (long-line
systems), B, C and D (off-bottom systems) (Figs. 1 and 5).

MA

2.5. Mortality rate estimates and pathogenic organism monitoring
The Competent Authority (DDTM) estimated the blue mussel mortality rates four times

D

through March 2014, i.e., days 10, 17, 27 and 28 at the different mussel culture sites of the
sound at each time, i.e., Stations A, B, C, and D (Fig. 1 and the result section). One to three

PT
E

samplings of approximately 1.5 kg each were weighed. A second weighing was conducted
after the removal of live mussels and a mean loss rate was estimated for each sampled station

CE

(Fig. 1).

2.6. Statistical tools

AC

Data post-processing (graphs and statistics) was performed using the GraphPad Prism version
6.00 software (La Jolla California USA, www.graphpad.com) and Statgraphics Centurion
XVI. The Shapiro-Wilk test was used to test the normality of the data (p-value below 0.05).
Non-parametric tests using Mann-Whitney and Kruskall-Wallis (p-value below 0.05) were
performed to detect significant differences in the seawater masses’ parameters among the
stations, methodologies and winters (Table 2). To investigate the temporal variability in the
Breton Sound, 17 winters’ records from 1998 to 2014 at Station A were analysed and used to
perform a principal component analysis (Fig. 3). QGIS and MATLAB software were used to
post-process netcdf files from the MARS3D outputs (Figs. 4 and 5).

8
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3. Results
3.1. Blue mussel mortality estimates
In early March of 2014, highly significant Mytilus edulis mortality rates first appeared in the
centre of the sound at Station A (88 to 100 % - 10/03/14, Fig. 1). Then, in mid-March and in
the same sector, mortalities spread up north at Station B where high rates were also reported
(90 to 100 % - 17/03/14) (Fig. 1). Eventually in late March of 2014, the mortalities shifted to

PT

the eastern part of the sound and reached Stations C and D showing lower but still important
rates (50 to 80 % - 27/03/14 and 34 % - 28/03/14, respectively). One could notice that

RI

mortalities already started in mid-March at Station C though in lower rates (16 % - 17/03/14).
By month’s end, only asic or routine mortalities elow 10 % were o served in the Antioche

SC

Sound in the south.

NU

3.2. Winter 2014 environmental variations and spatio-interannual comparisons
The surface seawater physico-chemical parameters obtained from in situ measurements and

MA

satellite data at Station A showed important environmental variations (Fig. 2 and Table 2).
The temperature values ranged between 8.3°C (19/01/14 at 04:00) and 13.3 °C (13/03/14 at
14:10) and averaged 10.2 ± 0.8°C between January and March 2014 (Fig. 2A and Table 2). In

D

January, the seawater temperature exceeded 10 °C for twenty days. The high frequency in situ

PT
E

measurements revealed large salinity variations ranging from a maximum of 32.6 (04/02/14,
20:30) to a minimum of 16.0 (07/03/14, 16:50) (average of 29.3 ± 2.3). Particularly, several
successive and short (15 min.) salinity drops were observed. For example, these drops

CE

occurred on February 17th at 23:40 and the February 23rd at 02:30 with values of 16.5 and
20.4, respectively (Fig. 2A). Large variations in turbidity levels were also noticed (range: 1-72

AC

NTU, Table 2) with numerous peaks at the end of January and February 2014 (values above
70 and 55 NTU, respectively, Fig. 2B). Two phytoplankton blooms occurred at Station A on
February 6th and March 22nd with chlorophyll a concentrations of 4.5 and 11 µg L-1,
respectively (Fig. 2C). These blooms were mainly due to the diatom Skeletonema costatum
development with increasing sea surface irradiance at the end of February (values above 200
w m-2, Fig. 2C and Table 2).
With regard to the spatial variations, the east was generally more turbid than the west of the
sound in the winter of 2014 (Kruskall-Wallis test, p<0.05; Table 2). The turbidity values were
significantly higher at Station C than values measured at Station A (66.5 ± 65.3 and 17.3 ±
13.4 NTU, respectively; Table 2). Similar chlorophyll a concentrations were observed with

9
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mean values of 2.5 ± 2.0 and 2.8 ± 1.9 µg L-1 reported at Stations A and C, respectively.
Regarding temporal variations observed at Station A, the ACP analysis showed that subsurface seawaters of the winter of 2014 were not significantly different from other winters
between 1998 and 2014. The winter of 2014 corresponded to the second least salty, warmest,
most chlorophyll a-enriched and most turbid winter (Fig. 3). The winter of 2001 appeared
more singular with particularly large freshwater inputs.

PT

3.3. Hydrodynamic simulations in the northern sound during March 2014
Hydrodynamic simulations showed that the tracer a released at Station A on March 9th, 2014,

RI

was rapidly transported and diluted by the seawater masses during the first few days (Fig. 4).

SC

March 12th, 2014, the tracer a moved to the eastern part of the sound and reached the offbottom sites at Station C in low concentrations (0.08-0.12 kg m-3, Fig. 4). Then from March

NU

14th to 16th, 2014, the tracer reached the off-bottom sites up north at Station B in higher
concentrations (close to 0.80 kg m-3) whereas concentrations remained low and close to 0.08
kg m-3 at Station C (Fig. 4). At that time (17/03/2014), the estimated mortality rates reached

MA

90 to 100 % at Station B and around 16 % at Station C (Fig. 1 and 4). After March 18th, the
tracer moved outside of the northern sound to reach the north coastline. Meanwhile, it
progressed to the eastern part before entirely overlaying the off-bottom sites at Stations C and

D

D around March 20th-22nd in still low concentrations (0.08-0.23 kg m-3, Fig. 4). March 22nd,

PT
E

2014, the tracer moved out of the sound to the south in low concentrations by the La Rochelle
Strait (Fig. 4). Mussel mortality rates at Stations C and D were reported later than the tracer
arrival in this area.

CE

The diffusion model simulation outputs at each station in the sound associated with seawater
height variations is presented in Figure 5. March 12-13th the highest concentrations were
3

AC

logically predicted at Station A (the closest site from the tracer release point) with 1.40 kg m. From March 12th to 18th, the tracer a slightly appeared at Station C with very low

concentrations (0.1-0.2 kg m-3, Fig. 5). Then, from March 16th to the end of March, predicted
concentrations increased to a higher extend at Station B (0.65 kg m-3, Fig. 5). March 18th, the
estimated concentrations slightly increased at Station C and D (0.3-0.4 and 0.1-0.2 kg m-3,
respectively, Fig. 5) though they were estimated to be three times lower compared to Station
B. In late March 2014, still important but lower mortality rates were reported in the eastern
off-bottom sites of the sound (50-80 % and 34 % at Stations C and D respectively, Fig. 1 and
5).

10
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4. Discussion
4.1. Validity of the modelling approach methodology
Base on the timing of the observations, we used a modelling approach to study potential
seawater hydrodynamic effects on spatio-temporal mussel mortality patterns during March of
2014. We focused on purpose on potential hydrodynamic drivers rather than integrating
pathogens’ iology elements to the present approach. Indeed, little is known about marine

PT

bacterial pathogens. The Vibrio splendidus group in particular Vibrio splendidus-related
strains and their interactions with farmed aquatic animals are still poorly studied (Le Roux

RI

and Austin, 2006; see cited references). However, we assumed that this pathogen was

SC

potentially dispersed by hydrodynamics. Indeed, characteristics of the aquaculture
environment such as hydrodynamic connectivity, mixing and/or confinement of waters are
often addressed in bivalve disease epidemic studies (Salama and Murray 2011, Leguerrier et

NU

al. 2006, Bacher et al. 2016 and others). Béchemin et al. (2014) carried out an ex-situ
experiment placing together in the same bath moribund and healthy mussels collected in

MA

winter of 2014 in the Breton Sound. This experiment led to the death of the healthy mussels
showing that a pathogen transmission by water was possible. We recognize that, bivalve age,
origin, farming practices and life history traits are other important factors potentially implied

D

in transfer of diseases related to mortalities (Pernet et al. 2012). The Breton Sound is a

PT
E

significant rearing area that sustains spat supplies to several other French rearing areas.
Despite the regulatory framework at the international and national levels, mussel transfers
from/in the Breton Sound could also be a potential vector of pathogen transmission.

CE

Eventually, Vibrio splendidus was shown to accumulate notably in the gonad of adult oysters.
Sugumar et al. (1998) suggested that brood stock could be the source and a transmission way

AC

(vertical transmission).

In our hydrodynamic simulation, the tracer a was then used as a point source of potential
pathogen to reproduce further dispersion within the sound, taking into account water
advection and dilution/mixing. The hydrodynamic model provides the footprint of the tracer
plumes that may describe the worst situation; indeed, a large injection rate of tracer was used
since the quantity of pathogens that could be released into the seawater column was unknown.
We decided to choose an injection rate of 1000 kg m-3 s-1 over a time period of eight days
(from the day before the first mortalities were reported). This injection rate allowed us to
mimic as best as possible the seawater hydrodynamic movements at that period, knowing the
number of days (i.e. 4-6 days) between the beginning and the end of mortalities at one site and
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the take-over to another site. It was also chosen to take into account pathogen biological
aspects using this time period of tracer injection based on T90 (i.e. the time needed to decrease
90 % of pathogen quantity in the field) values found in the literature. For example, Pernet et
al. (2012) in the Thau lagoon estimated a value of five days to model ostreid herpesvirus 1
(OsHV-1) transmission into Crassostrea gigas oysters. Salama et al. (2011) showed that T90
values ranged from 8 to 65 days were appropriated to explain fish virus transmission among

PT

farms.

4.2. Blue mussel mortality observations and the winter of 2014 environmental

RI

characterization

SC

The spatio-temporal evolution of farmed mussel mortalities in the Breton Sound in March
2014 was based on in situ estimates and monitoring. The latter could have solely been done

NU

during four days in March 2014 and then could lead to some uncertainties. Lupo and Prou
(2016) showed that adapted monitoring programs of shellfish mortality were necessary to
improve early detection and investigation of outbreaks of emerging infectious diseases using

MA

the 2014 event as a case study. However, a spatialisation of the mortality intensity was
observed; a progressive spatio-temporal dispersion of the mortality rates occurred, first at the

D

long-line culture site (Station A), before reaching the off-bottom sites in the north (Station B)
and to the east of the sound (Stations C and D). Such high mussel mortality rates were never

PT
E

specifically reported in the Breton Sound. Between 7,000 and 9,000 metric tonnes of mussels
were lost that winter with a volume far above losses previously noticed (Brienne 1964,
Dardignac et al. 1990, Robert and Le Moine 2003, Rodriguez 2013, see introduction section).

CE

Robert et al. (2015) at the end of Spring 2014 confirmed the cumulative mortality rate
estimated through March field samplings. Actually, they reported mortality rates reaching 100

AC

% in the Breton Sound (in particular, 100 and 96 % at Stations A and C, respectively). In
contrast, the mortality rates did not exceed 10 % outside of the sound (in the southern sound)
or in the north over the French coast.
We found that winter environmental 2014 characteristics were influenced by the positive
North Atlantic Oscillation (NAO+) index as described by Cassou (2004). The sum of Autumn
2013 and Winter 2014 had the third highest NAO index since 1865 (Hurrell 2014). This might
be responsible for the significant climate variability observed along the French Atlantic
coastline with regard to wind regimes, temperatures, rainfalls and pressure fields. The satellite
data analysis over the 1998-2014 period showed a singular anomaly of suspended particulate
matter (close to 10 mg L-1) in March 2014 along the whole Atlantic coast (Gohin et al. 2015).
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High temperature values, turbidity peaks and salinity drops were consequently measured
along the French coast and recovered in the seawater masses of the sound in March (Fig. 2
and 3). Interestingly, the winter interannual comparisons since 1998 at Station A showed
these particular environmental variations characterized 2014 but also other winters whereas
no comparable mussel mortality rates were reported (Fig. 3 and the results section). However,
mortalities were observed nearby under similar conditions for the Pacific oyster Crassostrea
gigas, for example, in the Marennes-Oléron Bay in 1976-77, 1988 and 1993 (Héral et al.

PT

1978, Bodoy et al. 1990, Lodato 1997), in the Arcachon Bay in the 1980’s (Maurer et al.
1986) and in western Brittany and Normandy in 1994-95 and 2001 (Goulletquer et al. 1998,

RI

Fleury et al. 2003, Costil et al. 2005). These oyster mortalities were generally correlated with

SC

high winter temperatures and rainfall under positive NAO+ regimes without any mussel
mortalities. Then, those particular environmental variations likely affected the sensitivity of

NU

the blue mussel populations in winter 2014 in the sound but could not alone explain the
observed mussel mass mortality event.

MA

4.3. Potential environmental influence on mussel mortalities and culture site specificities
Under these particular environmental variations, we reviewed the different factors that could

D

lead to mussel weakness and mortalities. In the winter of 2014, it is unlikely that mussel
mortalities resulted from declumping from their supports from byssus weakening. Such

PT
E

mortalities occurred in summer 2003 for instance and were characterized by a seawater
temperature above 25°C (Robert and Le Moine 2003). Conversely, it has been shown that
byssus production increased in the winter with enhanced hydrodynamic conditions (Young

CE

1985). With regard to the salinity decline, Dardignac et al. (1990) showed experimentally that
periods of several days with seawater salinity values below 15 were necessary to induce

AC

mussel mortalities. Then, the combined effects of salinity drops, turbidity peaks and seawater
height amplitude variations during that particular winter probably weakened the blue mussel
populations. In this case, more energy could have been allocated to byssus production,
particle sorting and food ingestion (Bennet-Clark 1976, Barillé et al. 1997). Robert et al.
(2015) measured during the winter of 2014 the lowest flesh indices since 2001 at the different
mussel culture sites in the sound (Walne and Mann quality indexes of 131 and 78 at Stations
A and C, respectively). This then supported the negative effect of high turbidity values on
blue mussels.
On the other hand, the negative effects of particular winter environmental conditions as those
observed in 2014, on mollusc reproduction have previously been studied (see Costil et al.
13
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2005, Samain et al. 2007 for the Pacific oyster Crassostrea gigas). In the Magdalen Islands
(southern Gulf of St. Lawrence), Myrand et al. (2000) suggested that blue mussels at long-line
culture sites paid a high reproductive cost. It was particularly true as soon as the major
spawning occurred concomitantly with stressful environmental conditions such as high
seawater temperatures (from 20 to 13°C). In the Breton Sound the winter mussel spawning
event that can occur with lower seawater temperatures above 9-10°C was probably a key
factor as well (Lubet 1959, Boromthanarat 1986). The 2014 annual survey of larvae

PT

abundance conducted in the sound observed early mussel spawning in February 2014
(CREAA 2014). The twenty days in January with temperature above 10°C at the long-line site

RI

likely led to an early mussel spawning and then weakening at this specific location (always

SC

immersed).

NU

4.4. Potential pathogen apparition/dispersion and mussel culture site hydrodynamic
connectivity

Preliminary consulting studies on the 2014 mortality event suggested the existence of
(Vibrio splendidus) that

MA

particular winter environmental conditions and the apparition of a pathogenic organism
oth could weaken mussels’ populations and lead to o served

D

mortalities. Vibrio species has long been considered as an environmental organism without
pathogenicity. They are common in seawater (Thompson et al. 2005) and different related

PT
E

strains have been associated to deaths in gorgonians, shrimps, fish and mainly molluscs such
as Crassostrea gigas (see references cited in Le Roux and Austin 2006, Saulnier et al. 2011).
However, Vibrio splendidus was never directly associated to blue mussel Mytilus edulis

CE

mortalities. During the Breton Sound’s winter outbreak of 2014, the bacteria belonging to the
clade Vibrio splendidus were isolated on moribund mussels, and some isolates used in

AC

pathological trials specifically induced mortality in live mussels. Between March and April
2014, a pathogenic Vibrio splendidus bacterial strain was detected in 80 to 100 % of the
analysed mussels in the sound (Béchemin et al. 2014, Garcia et al. 2015, François 2015). This
is the first time Vibrio splendidus clade isolates were directly associated with severe mussel
mortalities in this geographical area. In the winter 2014 context of particularly high winter
temperatures, mussel metabolism (ingestion and reproduction) was likely enhanced as a result
of maturation and early spawning leading to an overall physiological weakness. Lambert et al.
(2007) and Nicolas et al. (2007) showed that the Pacific oyster Crassostrea gigas
reproduction period was at a greater risk due to decreasing immune defences. Meanwhile,
those specific environmental conditions could favour the apparition of this Vibrio splendidus
14
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bacterial strain that was inactive at lower temperature, eventually inducing mussel mortalities
such as those observed in the sound.
In this work, we tried to understand if the Vibrio splendidus clade, once appeared through the
seawater column at the long-line site, could have spread toward other mussel culture sites
(off-bottom sites) and led to the observed mortality patterns. Based on the timing of the
observation, we ran a hydrodynamic simulation using a conservative tracer to explore the
connectivity of the sound, which could explain the timing of the spread of the disease (see

PT

references in 4.1.). Although not a definitive demonstration, the modelling simulations
corroborated the progressive dispersion of mortality rates over time and space observed in

RI

March 2014 in the sound. It is interesting to notice that the tracer displacement simulations

SC

slightly differed from the observed mortality patterns. Indeed, from Station A (long-line site
initially reached by mortalities), the simulated tracer reached Station C (off-bottom sites to the

NU

east of the sound) faster than Station B (off-bottom sites up north) whereas significant
mortalities were reported at Station B before C. Leguerrier et al. (2006) and Bacher et al.
(2016) developed coastal connectivity concepts in bays and estuaries on the eastern coast of

MA

Canada also interested in shellfish aquaculture, i.e. residence times, transfer time and rate.
The idea in our case study would be that from Station A and under the influence of seawater

D

hydrodynamics at that period, the low pathogen quantities reaching the off-bottom sites to the
east of the sound (Station C) would probably be not enough to trigger a mortality event.

PT
E

Meanwhile, the main pathway for the pathogen would be to move around the sound especially
toward the off-bottom sites up north of the sound (Station B) with high quantities. This time,
Vibrio splendidus quantities would probably be enough to be able to induce mortalities.

CE

Applying coastal connectivity concepts from Leguerrier et al. (2006) and Bacher et al. (2016),
it would mean that Stations A and C would be connected with a short transfer time but a low

AC

transfer rate. To the contrary, Stations A and B would be connected with a somewhat longer
transfer time but a much higher transfer rate. As discussed before (see 4.1. section), physical
separation and hydrodynamic connectivity between cultivated and/or wild stocks are
generally key factors to consider when developing a disease management plan to further limit
disease expansion (Viljugrein et al. 2009, Salama and Murray 2011, Bacher et al. 2016).
Work is still on progress regarding these hydrodynamic-pathological linked aspects of the
winter 2014 mortality event. Very recently, a studied carried out by Benabdelmouna and Ledu
(2016) reported heavy genomic abnormalities (GA) associated with blue mussel mortality
outbreaks observed in March of 2014 in the sound. They particularly showed that mussel
cultivated stocks with high GA% values presented high mortality levels. To the contrary
15
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mussel stocks with low GA% values and no genomic abnormalities presented low mortality
levels. Interestingly, these latter stocks were either isolated or from the southern sound where
no mortality occurred. The authors advanced a possible hydrodynamic transport of a causative
pathogen agent of mortality transmissible between individuals. They also highlighted an
unexpected and unusual fragility of blue mussel populations that winter in the Breton Sound.

5. Conclusion

PT

This case study based upon measured data and field observations, represents a likely scenario
that involves the combined effects of different factors leading to the severe mussel mortality

RI

event of the winter of 2014 in the Breton Sound (Fig. 6). First, particular meteorological

SC

conditions (NAO+ regime) characterized by several stormy and rainy events occurred over
the period along the entire French Atlantic coastline. High temperatures, turbidity peaks and

NU

salinity drops were observed, particularly at the long-line site where mussel mortalities first
appeared (“environment”, Fig. 6). Those conditions likely influenced blue mussel sensitivity
at this specific culture location, where mussels were always immersed and might have already

MA

een weakened y an early spawning event in winter of 2014 (“host”, Fig. 6). This particular
overall situation potentially facilitated the apparition of a pathogenic strain of Vibrio

D

splendidus bacteria (Béchemin et al. 2014), acting as a “point source” at the long-line site
where high densities of blue mussels were farmed. Moreover, the strong coastal

PT
E

hydrodynamic connectivity allowed mussel mortality vector diffusion from this site to others
(“pathogen”, Fig. 6). The 2014 environmental conditions that allowed the pathogen to appear
are complex and still unknown. In marine systems, environment-host-pathogen interactions

CE

drive disease outbreaks. Any balance change of these components can shift the system toward
higher disease prevalence (Burge et al. 2014). In a lesser extent, this outbreak was also

AC

observed in 2015 and 2016 in the same area and up north over the French Coast. This
demonstrates the need to better understand the complex interactions among environment-hostpathogen over coastal aquaculture sites. Under major climate change those interactions can
alter the likelihood of disease outbreaks (Snieszko 1974, Burge et al. 2014).
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Figure captions
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Fig. 1. A map of the Breton Sound with studied stations. Station A (-1.3769, 46.2781);
Station B (-1.3897, 46.3320); Station C (-1.2339, 46.2731) and Station D (-1.2000, 46.2475).
The stations that were studied were chosen precisely at the different mussel culture sites
reached by mortalities (long-line: Station A, off-bottom: Stations B, C and D) in the sound
and where network-monitoring data were available (see Table 1). Off-bottom sites are
intertidal and 3 to 4.5 meters high; mussels are kept under 4 to 6 meters deep. Long-line
culture sites are located in areas of 10 to 15 meters deep and are suspended under 1 to 2
meters of water.
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Fig. 2. The sub-surface seawater parameters measured at Station A where mortalities first
occurred (01/01-31/03/2014). (A) Temperature (T, °C) and Salinity (S); (B) Turbidity (TU,
NTU, log scale); (C) chlorophyll a concentration ([Chl a], µg L-1) and Irradiance (I, W m-2). T
and S were measured every 10 minutes by a STPS probe (NKE) (STPS; the black points
correspond to daily averages); T, TU, Chl a and I daily mean values were estimated by
satellite image analysis (SAT); T, S, TU, and Chl a were measured by REPHY every 2 weeks
(REPHY). The vertical dashed line corresponds to the beginning of the mortality event at
Station A (09/03/2014).
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Fig. 3. A loading plot of the principal component analysis (PCA) (total explained variance =
85.99 %). It was realized with winters’ mean data measured at Station A over 17 winters
(1998-2014) and it shows functions of the four measured factors (4 variables) and the
correlations between the variables: Turbidity (TUR, NTU; SAT), chlorophyll a concentration
(CHL a, µg L-1; SAT), Temperature (TEMP, °C; REPHY) and Salinity (SAL; REPHY). The
horizontal axis explains 72.29 % of the variability and the vertical axis explains 13.71 %.

AC

Fig. 4. The evolution of the daily mean concentration (kg m-3) of the simulated tracer a in the
Breton Sound released at Station A on March 9th, 2014. Simulations were performed with the
MARS3D-PC model (resolution 500 meters; 1030 × 461 meshes, top-left corner) using a
dissolved and conservative initial bottom flux.
Fig. 5. (A) Mean concentration (kg m-3) evolution of the simulated tracer a in the Breton
Sound at Stations A, B, C and D during March of 2014 (Fig. 1). Each curve represents the
tracer concentration estimated at each station over time. (B) The seawater height computed at
Station A and according to the mean sea level (MARS3D, FES 2004). Time step: two hours.
Fig. 6. Overview scheme: environment/mussel/pathogen interactions in the Breton Sound in
winter 2014 (modified from Snieszko 1974).
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Table 1. The environmental parameter database characteristics of the studied stations in the
Breton Sound (see Figs. 1 and 2). SAPERCHAIS: regional monitoring network; REPHY:
French Phytoplankton Monitoring Network; Satellite: satellite-derived products (temperature,
turbidity, chlorophyll a and sea surface irradiance); MARS3D: tri-dimensional hydrodynamic
model.

Parameters

Time step

A, B, C, D Blue mussel mortality
rates (%)

Period
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PT

Stations

1 to 3 samplings per day
for each station each day

10/03/14

Network/Project
DDTM17 and
85

17/03/14
27/03/14

A

Temperature (°C)

NU

28/03/14

10 min.

01/01 to
31/03/2014

SAPERCHAIS

1992-2014

REPHY

1 mean value per day

1998-2014

Satellite

2 hours

01/01 to
31/03/2014

MARS3D

Salinity
Temperature (°C)

2 to 4 measurements per
month

Salinity

Turbidity (NTU)
Temperature (°C)

PT

A, C

ED

Chlorophyll a (µg L-1)

MA

A, C

CE

Turbidity (NTU)

Chlorophyll a (µg L-1)

AC

Irradiance (w m-2)

A, B, C, D Seawater height (m),
tracer (kg m-3)
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Stations
(REPHY, STPS, SAT)

C

STPS min. 10.2±0.8

(8.3—13.3) n=10929

STPS day

10.2±0.8

(8.7—11.7) n=76

SAT

10.0±0.6

(8.9—11.7) n=88

REPHY

10.2±0.5

(9.7—11.2) n=7

STPS min. 29.3±2.3

(16.0—32.6) n=10929

STPS day

(25.3—32.0) n=76

29.3±2.0

REPHY

ED

SAT
29.3±2.1

STPS min.
STPS day

17.4±13.4 (1.4—72.0) n=88

CE

SAT

(26.2—32.1) n=7

PT

TU (NTU)

NU

S

A

REPHY

10.0±0.8

(8.7—12.1) n=89

10.3±0.7

(9.8—11.4) n=7

25.1±2.7

(20.8—28.5) n=7

MA

T (°C)
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Table 2. The surface seawater parameters measured at Stations A and C from January 1 to
March 31, 2014. T: temperature, S: salinity, TU: turbidity, Chl a: chlorophyll a and I:
irradiance. Average ± standard deviation; range (between brackets); n (number of values). See
Figure 1. and Table 1 for station information. No significant differences were found between
the different sources of data except for turbidity values between REPHY and the satellites
(Mann-Whitney and Kruskal Wallis tests, p-value: 0.05). No significant inter-station
differences were noticed with REPHY data; the turbidity values estimated from the satellites
at Station A were found to be significantly different from Station C (Kruskal Wallis tests, pvalue: 0.05). It is important to notice that each station was affected differently by mussel
mortalities (see Fig. 1.).

66.5±65.3 (7.7—358.1) n=87

13.0±8.0

(5.2—28.1) n=7

19.2±8.3

(8.9—31.5) n=7

SAT

2.5±2.0

(0.8—10.5) n=89

2.8±1.9

(1.0—10.9) n=89

REPHY

2.6±3.8

(0.5—11.2) n=7

3.9±5.6

(0.8—16.6) n=7

AC

Chl a (µg L-1) STPS min.
STPS day

SSI (w m-2)

STPS min.
STPS day
SAT

96.9±58.1 (15.2—221.7) n=86

96.4±57.7 (17.0—223.9) n=86

REPHY
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