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ABSTRACT: Oyster diseases have major consequences on fisheries and aquaculture. In France,
young Pacific oysters Crassostrea gigas are severely hit by the ostreid herpesvirus, whereas adults
suffer mortalities presumably caused by pathogenic bacteria. Here we investigated the origin and
spread of mortalities that affect both young and adult oysters, and we identified and compared
their risk factors. Mortality was monitored in 2 age classes of oysters deployed in early spring at
39 sites spread over a 37 km? surface area inside and outside of shellfish farms. Environmental
data obtained from numerical modelling were used to investigate risk factors. Mortality of young
oysters associated with ostreid herpesvirus occurred in the oyster farming area. Hydrodynamic
connectivity with oyster farms was associated with higher mortality risk, whereas chlorophyll a
concentration was associated with a lower risk. Adult oysters experienced 2 mortality events that
were associated with different risk factors. The first event, which occurred after deployment and
was probably caused by endogenous pathogens, was mainly associated with connectivity to chan-
nel rivers and salinity. The second mortality event observed at the end of the summer was mainly
associated with connectivity to oyster farms, suggesting pathogen transmission. The risk factors
involved in young and adult oyster mortalities were partly different, reflecting distinct origins.
Connectivity with oyster farms is a mortality risk factor for both young and adult oysters; thus, dis-
ease management strategies that focus on oyster farming areas will impact overall disease risk.

KEY WORDS: Aquaculture - Bivalve - Disease - Epidemiology and health - Ecological modelling -
Hydrodynamic connectivity

1. INTRODUCTION investigation of disease risk factors to improve farm
management.

A great deal of work has been done on OsHV-1 dis-
ease risk (Pernet et al. 2016). For instance, OsHV-1

disease outbreaks were associated with environmen-

Mortality outbreaks in Pacific oyster Crassostrea
gigas associated with diseases of complex aetiology
have increased during the last 10 yr worldwide

(Barbosa Solomieu et al. 2015, EFSA AHAW Panel
2015). In France, young oysters (less than 1 yr old) have
been severely hit by a microvariant of the ostreid her-
pesvirus 1 (OsHV-1 pVar) since 2008, whereas adults
have been facing the (re)emergence of the bacteria
Vibrio aestuarianus since 2012 (Azéma et al. 2017). The
economic costs and vulnerability of oyster farming
associated with increased mortalities have promoted
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tal factors, such as seawater temperature (Pernet et
al. 2012, 2015, Paul-Pont et al. 2013, Petton et al.
2013, Renault et al. 2014, de Kantzow et al. 2016,
Delisle et al. 2018), salinity (Fuhrmann et al. 2016),
pH (Fuhrmann et al. 2019), microbial communities
(Lemire et al. 2015, Petton et al. 2015b, de Lorgeril et
al. 2018), proximity to oyster farms (Pernet et al.
2012, 2014a, Pernet 2018) and hydrodynamic regime
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(Pernet et al. 2012, Petton et al. 2015a), as well as
with host factors such as age and size (Dégremont
2013, Paul-Pont et al. 2013, Petton et al. 2015a, Hick
et al. 2018), genetic background (Dégremont 2011,
Dégremont et al. 2015), life-history traits and physio-
logical status of oysters (Pernet et al. 2014b, Tamayo
et al. 2014).

In comparison, mortality risk factors for adult oysters
are far from being clear. Pathogens, environment and
physiological status of the host all interact in their
effects on adult oyster mortality (Samain & McCom-
bie 2008). More specifically, in temperate estuarine
ecosystems, mortality of adult oysters was associated
with the temporal increase in seawater temperature
during the warm season, freshwater outflow from
rivers and subsequent drop in salinity, and excessive
increase in nutrient and phytoplankton concentra-
tions, which induce metabolic disorders associated
with reproductive effort and stress (Delaporte et al.
2006, Royer et al. 2007, Soletchnik et al. 2007,
Bushek et al. 2012, Go et al. 2017). This agrees with
the fact that mortality events recorded along the
Atlantic coast of France between 1986 and 2015 usu-
ally occur several months after winters dominated by
the occurrence of positive North Atlantic oscillation
(NAO+) atmospheric regimes of circulation (Thomas
et al. 2018). The NAO+ is characterized by positive
anomalies in air temperature and rainfall and locally
translates into higher sea surface temperature, high-
er river flow and lower salinity and higher chlorophyll
concentration due to the intrusion of nutrient-rich
riverine waters (Thomas et al. 2018). Recent morta-
lities of adult oysters have often been associated with
V. aestuarianus (EFSA AHAW Panel 2015, Goudenege
et al. 2015, Parizadeh et al. 2018). Although growth,
life stage and persistence of V. aestuarianus are mostly
influenced by temperature and less by salinity (Vez-
zulli et al. 2015), there is no clear evidence that these
parameters influence infection and mortality risk of
the host (Barbosa Solomieu et al. 2015, EFSA AHAW
Panel 2015, Parizadeh et al. 2018).

Recently, Pernet et al. (2018) investigated how the
marine environment drives the spread of OsHV-1 by
using a broad-scale spatial epidemiology framework.
Spatial epidemiology involves the description and
analysis of geographical variations in disease to iden-
tify risk factors that could explain these patterns
(Elliott & Wartenberg 2004, Ostfeld et al. 2005). In
their study, Pernet et al. (2018) collected environ-
mental and oyster health data along an inshore—off-
shore gradient during an epizootic event and investi-
gated risk factors. They showed that mortality began
in the intertidal farming area, spread 2 km away from

the farming areas, and oysters at almost all sites were
subclinically infected by the virus. Increasing food
quantity and quality, growth rate and energy
reserves of oysters were associated with a lower risk
of mortality offshore, whereas increasing turbidity
and terrestrial inputs were associated with a higher
risk of mortality.

Our objective here was (1) to investigate the origin
and spread of mortalities that currently affect both
young and adult oysters and (2) to identify and com-
pare their environmental risk factors. We applied a
spatial epidemiology framework similar to that of
Pernet et al. (2018) in an estuarine ecosystem (Baie
des Veys, Normandy, France). The originality of our
study site is that (1) it is exposed to massive fresh-
water inputs coming from 2 channels that were pre-
viously associated with summer mortalities of adult
oysters (Samain & McCombie 2008, Grangeré et al.
2009), (2) it is dedicated to both oyster and mussel
farming, (3) annual mortality of young oysters is
among the lowest in France, while it is the highest for
adults (Fleury et al. 2015), and (4) it is free of wild C.
gigas, so there is no possible transmission of patho-
gens between wild and cultivated oyster stocks.

Mortality was monitored in 2 age classes of sentinel
oysters (young vs. adult) deployed at 39 sites spread
over a 37 km? surface area inside and outside of the
shellfish farms. High-frequency data of seawater
temperature, salinity, phytoplankton concentration
and hydrodynamic connectivity to oyster farms and
to the river channels were obtained from a 3D hydro-
dynamic model coupled with a biogeochemical model
and further used to investigate mortality risk factors.

2. MATERIALS AND METHODS
2.1. Study site

The Baie des Veys (BdV) is an estuarine ecosystem
located on the French coast of the English Channel
(Fig. 1 and see Ubertini et al. 2012). Briefly, BdV is
characterized by a macrotidal regime reaching a
maximum of 7 m during spring tides and an intertidal
area covering 37 km?. The mean depthis ca.4 m, and
current velocity can reach 3 m s™! during flood tides
and 1.5 m s~! during ebb tides. Four rivers flow into
the bay through 2 channels (Isigny, collecting the
Vire and Aure Rivers, and Carentan, collecting the
Douve and Taute Rivers), bringing massive fresh-
water inputs. Total mean discharge (for the 4 rivers)
was 43.3 m® s™! for the period 2000-2006 (Passy et al.
2016) and 38.7 m® s™! for the year 2014 (data available
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Fig. 1. Baie des Veys. Young (<1 yr) and adult Pacific oysters were deployed at 23 sites located outside shellfish farming areas

(Sites 1-23, black squares) and at 16 sites located within 2

bivalve farming areas (black circles), namely Grandcamp (Sites

24-33, 38 and 39) and Utah Beach (Sites 34-37)

at www.hydro.eaufrance.fr/). The BdV supports an
important shellfish farming activity concentrated in 2
areas: Grandcamp and Utah Beach (Fig. 1). Grand-
camp is mainly dedicated to Pacific oysters Crasso-
strea gigas, whereas Utah Beach equally supports
mussels Mytilus edulis and oysters (Gangnery et al.
2015). There is no natural oyster recruitment in the
BdV, so that the stock of oysters consists only of
farmed animals. In 2014, mean daily seawater tem-
perature and salinity varied between 7.9 and 21.3°C
and 25.9 and 34.6, respectively, in the Grandcamp
farming area (https://wwz.ifremer.fr/observatoire_
conchylicole/).

2.2. Sentinel oysters

Two age classes of oysters, i.e. young (<1 yr) and
adult oysters, were used as sentinels. The young oys-
ters were produced at the Ifremer experimental facil-
ities of Argenton in July 2013 according to a standard
procedure developed by Petton et al. (2015a). They

were descendants of a pool of genitors produced
under controlled conditions to minimize the influ-
ence of genetic and environmental parameters that
could affect host sensitivity to the disease (Petton et
al. 2015a, Le Roux et al. 2016). Before the experi-
ment, a subsample (n = 150 oysters) of the young
population was exposed to a thermal elevation from
12 to 21°C for 1 mo in cohabitation with new specific-
pathogen-free (SPF) oysters (Le Roux et al. 2016) to
reveal both disease expression and pathogen trans-
mission (Petton et al. 2015a). There was no oyster
mortality, OsHV-1 DNA was not detected by qPCR
(n = 50), and the vibrio load was <1 CFU mg™, so that
the young oysters could be considered SPF. At the
beginning of the experiment, these SPF oysters were
8 mo old, with a mean shell length of 18.2 mm and a
mean body mass of 0.75 g.

Adult SPF oysters were not available. Therefore,
the adult oysters were sourced from a natural spatfall
collection from Marennes-Oléron (France) in sum-
mer 2010 grown in BdV since 2011. Similarly to
young oysters, the adults were exposed to a thermal
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elevation at 21°C in cohabitation with SPF oysters.
The adults exhibited 38 % mortality after 30 d, sug-
gesting that they vectored pathogenic bacteria
because (1) the cohabiting SPF oysters also exhibited
mortalities, (2) there was an outbreak of Vibrio in
both adults and cohabiting SPF, and (3) OsHV-1
DNA was not detected in oysters (Petton et al. 2015b,
Parizadeh et al. 2018). At the beginning of the exper-
iment, the adult oysters were 42 mo old, with mean
shell length 75.7 mm and mean body mass 33.9 g.

2.3. Experimental design and sampling

Young and adult oysters were placed at 39 sites
well interspersed within the bay on 14-18 April 2014,
2 mo before the start of the annual OsHV-1 outbreak
(seawater temperature was around 11°C), and were
left until 9 September (young) or 16 October (adults)
(Fig. 1). Sixteen sites (Sites 24-39) were in the inter-
tidal farming areas while the other sites were off-
shore (Sites 1-23). At each site, young oysters were
placed into 13 small mesh bags (22 x 20 x 2 cm, 6 mm
mesh) containing 35 individual oysters, and the small
bags were gathered in 1 large mesh bag (90 x 45 x
8 cm, 10 mm mesh, Pernet et al. 2018), whereas adult
oysters were directly placed in 1 large mesh bag con-
taining 100 individuals. In the intertidal farming
area, the oyster bags were attached to 70 cm high
iron tables placed at a depth ranging from -2.17 to
0.49 m around chart datum. For the sites in the off-
shore area, oyster bags were suspended from surface
buoys to a depth of 2 m (Pernet et al. 2018). There-
fore, the oyster bags were kept at 2 m depth as long
as the water level was high. When the tide receded
and the water level was <2 m, the oysters remained
on the bottom.

Each site was visited 9 times (12—-15 May, 13-16 and
26-30 June, 12-18 and 27-29 July, 11-14 and 25-27
August, 9-12 September and 16 October) during
spring tides to measure oyster survival and collect
samples for pathogen detection analyses. The intertidal
farming sites were visited on foot at low tide, whereas
the offshore sites were visited by boat. The oyster bags
at Sites 14 and 15 (young and adult) and Sites 10, 12
and 16 (adults only) were lost during the experiment.

For young oysters, 2 small mesh bags (n = 70 individ-
uals) were collected on each date and brought back to
the laboratory to count dead and live individuals and
to collect samples. On 2 occasions, counting and sam-
pling were done directly in the field. For adult oysters,
live and dead animals were directly counted in the
field, and the dead ones were removed from the bag.

On 13-16 June, when the mortality outbreak among
young oysters began, 10 animals were collected at
each of 12 sites located in the farming areas of Grand-
camp (Sites 24, 28, 29, 31, 32, 39) and Utah Beach
(Sites 34 and 35) and outside the farming areas
(Sites 5, 10, 16, 22) for individual OsHV-1 DNA detec-
tion. On 9-12 September, when young oyster mortali-
ties had stabilized, 2 pools of 5 individuals were col-
lected at 6 of the 12 previously selected sites (Sites 5,
16, 22, 24, 35, 39) for OsHV-1 detection analyses. On
16 October, 6 adult oysters were collected at 18 sites
(Sites 2, 3, 5,9, 10, 18, 19, 20, 22, 24, 26, 28, 32, 34, 35,
37, 38, 39), where the number of living individuals
was sufficient to screen for Vibrio aestuarianus DNA.
Detection and quantification of pathogen DNA were
carried out by the Pole d'Analyses et de Recherche
de Normandie (LABEO, Saint-L0, France) using stan-
dard real-time PCR protocols (Martenot et al. 2010,
Saulnier et al. 2017). The OsHV-1 load was expressed
in viral genome units (GU) per 50 mg of oyster tissue
(wet mass). One GU corresponded to 1 viral particle
(Martenot et al. 2010). For V. aestuarianus, very few
animals were positive so that we only report the num-
ber of infected oysters.

2.4. Environmental parameters

In a previous spatial epidemiology study, environ-
mental parameters (temperature, salinity, fluores-
cence, turbidity and oxygen) were obtained from oc-
casional measurements at the vicinity of the oyster
bags using a multiparameter probe (Pernet et al.
2018). Here we proceeded differently because the
frequency of acquisition of the environmental data
was low, the residence time of seawater was short,
and it was not possible to obtain environmental data
in the intertidal zone at low tide. Instead we used a
validated 3D hydrodynamic Model for Applications
at Regional Scale (MARS-3D, Lazure & Dumas 2008)
coupled with a biogeochemical model (ECOMARS-
3D; fully described by Ménesguen et al. 2019) to
generate data at a high frequency (every hour) for
seawater temperature, salinity, chlorophyll a (chl a)
concentration (derived from phytoplankton) and
hydrodynamic connectivity to oyster farms and to the
mouths of the channel rivers at the 39 sites.

Briefly, the model extent is 49.34°/49.52°N and
1.30°/0.85° W. The computational grid is regular with a
horizontal spatial resolution of 200 m and a vertical dis-
cretization of 10 sigma layers. The biogeochemical
model is a ‘nutrients, phytoplankton, zooplankton
and detritus’ (NPZD) model that was previously de-



Gangnery et al.: Hydrodynamic connectivity and oyster mortality 497

veloped for the BAV (Grangeré et al. 2010). Mechani-
cal forcing was provided by the barotropic sealevel
oscillation at the marine boundaries coming from a
500 m resolution model covering the Bay of Seine
(Passy et al. 2016). Data for wind and atmospheric
pressure at the sea surface came from the Arpege sys-
tem of Météo-France with a 6 h time resolution. River
forcing was based on measurements carried out by
the Seine-Normandy River Basin Agency in the 4 trib-
utaries in 2014: daily discharges and monthly concen-
trations of nutrients (ammonium, nitrates, phosphates,
silicates), suspended matter and temperature. A model
covering the English Channel and the Bay of Biscay
at a spatial resolution of 4 km provided the marine
boundary conditions: salinity, temperature, nutrient
concentrations (ammonium, nitrates, phosphates, sili-
cates), suspended matter concentration, phytoplank-
ton (diatoms and dinoflagellates) and zooplankton
with a 4 d time resolution (https://marc.ifremer.fr/).
The model was calibrated and then validated against
the measured data (Supplement 1 at www.int-res.com/
articles/suppl/q011p493_supp.pdf; URL applies for all
supplements, supplementary figures and tables). Out-
put values were from the bottom layer for the sites in
the rearing areas and from the surface layer for the
others. Spatial and temporal variations in tempera-
ture, salinity and chl a concentration issued from the
model are available in the data repository at https://
doi.org/10.17882/62354.

We used a connectivity-based index that reflected
the potential of particles to move from (1) the channel
rivers (2 source sites, Carentan and Isigny) or (2) the
oyster farming areas (6 source sites for Grandcamp
and 2 source sites for Utah Beach; Fig. S3 in Supple-
ment 2) to the sampling sites (n = 39 destination
sites). Virtual particles were released as Eulerian
tracers from each source site at a flow of 1 unit s™! m™
during at least spring—neap tide cycle. Connectivity
between a source and a sampling site was evaluated
by the standardized median amount of tracer present
at the sampling site during the simulation period. For
farming areas, tracer quantities from all source sites
were firstly averaged before calculating the median
over time. Connectivity of the sampling sites with the
channel rivers was estimated during the winter
(between 29 January and 12 February, Table S1 in
Supplement 2). The underlying hypothesis is that
freshwater runoff during the winter is associated
with summer mortality of adults (Samain & McCom-
bie 2008, Grangeré et al. 2009). In contrast, connec-
tivity with the farming areas was estimated during 2
periods preceding mortality events, i.e. during the
spring for young and adult oysters (8 to 19 May) and

during the summer for adults only (1 to 15 August).
The hypothesis is that mortalities are due to patho-
gens originating from the farming areas (Pernetetal.
2012,2014b,2018). Fora comparison, and because oys-
ters were not deployed at the 39 sites in February, con-
nectivity with river channels was also estimated for
May and August. Values of connectivity are reported
in the data repository and are mapped in Fig. S4 in
Supplement 2.

2.5. Statistics

Cumulative and daily mortalities were calculated
for young and adult oysters for each site. For young
oysters, cumulative mortalities were fitted to a sigmoid
regression model to smooth the variations associated
with changes in sampling bags, and simulated values
were then used instead of observations (Supplement 3).
Associations between cumulative mortality of oysters
and environmental variables were tested using step-
wise (forward) generalized linear models (logit link).
Error distributions were binomial for adults and
quasi-binomial for young oysters. For young oysters,
smoothed mortality values were used instead of ob-
servations (Faraway 2016). For each model, environ-
mental variables were then selected based on
Akaike's information criterion (AIC) values obtained
from univariate models for adults, or using a likelihood
ratio test to compare the residual deviance between
the nested models for young oysters. The environ-
mental variables tested in the models were the con-
nectivity index (square root transformed) with farming
areas and river channels, temperature and salinity
(median of daily median) and chl a (mean of daily
mean). Median or mean values were chosen to maxi-
mize spatial variability and were calculated for the
whole study period for young and for Periods 1 and 2 for
adult oysters (see Section 3.1 for the definition of the
periods). All data are provided in the data repository.

Spatial structure of observed mortality was ana-
lysed though semi-variograms allowing quantifica-
tion of the spatial dependency and its partitioning
among distance classes (Legendre & Legendre 1998;
Supplement 4). Statistical models, e.g. spherical, ex-
ponential, Gaussian and Bessel, were fitted to semi-
variograms, and the best model was selected by cross
validation as described by McBratney & Webster
(1986). Briefly, each value of the 39 sites from which
the semi-variogram was computed was removed from
the dataset, and the value at that point was re-esti-
mated from the remainder by kriging. Finally, co-
kriging was used for predicting mortality and map-


https://www.int-res.com/articles/suppl/q011p493_supp.pdf
https://www.int-res.com/articles/suppl/q011p493_supp.pdf

498 Aquacult Environ Interact 11: 493-506, 2019

107 a \

0.8 ]

g
=
1
-
-

o
>
1
-
-

<

N
|
el

o
=)
|
]
|
I
)

o= [~ 0.0000

[~ 0.0004

~ 0.0003

~ 0.0002

~ 0.0001

Cumulative proportion of mortality at each site
TS
o
¥
v
™

o
'S
|
-
-
-
o
N

0.2 ]

T

0.003

Daily mortality (median among sites)

mortality events: the first began
just after deployment in the field
in May and lasted until July (Pe-
riod 1), and the second occurred
between mid-July and October
(Period 2, Fig. 2). We therefore an-
alysed cumulative mortality in Sep-
tember for young oysters and at
the end of Periods 1 and 2 for the
adults.

Mortality of young oysters was
concentrated at sites located within
the shellfish farming area of Grand-
camp or nearby (Sites 21-23) and
varied between 2 and 37 % (Site 22;
Fig. 3a). Mortalities were also re-
corded outside the shellfish area in
the center of the Bay (Site 5; 23%
mortality) and at the northwestern-
most site (37; 16 % mortality). Every-

0.002 s
where else, young oyster mortalities

v were below 15%. The range of the

\ best fitted semi-variogram to the
X oo mortality data was 1691 m (Table 1;
Fig. S7 in Supplement 4), indicating
that sites farther apart were not

I 0.000 spatially autocorrelated.

T T T T T T T T T

©
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Fig. 2. Cumulative mortality as a function of time for (a) young and (b) adult
Pacific oysters for each site (grey solid lines) and median daily mortality among
all sites (red dashed lines). For young oysters, smoothed data are plotted

ping. Co-variables were selected by the logistic
regression procedure and improved our mortality
predictions. Direct and cross semi-variograms were
first constructed before fitting a model of co-region-
alization. Parameters of simple semi-variogram mod-
els of mortality (type of the model, nugget, partial sill
and range) were used as initial values when fitting
coregionalization models. A cross-validation proce-
dure was again applied to estimate the accuracy of
our predictions.

These analyses were performed in R software (R
Core Team 2018) and maps were made in ArcGIS
software (ESRI, www.esri.com).

3. RESULTS
3.1. Oyster mortality

Young oysters exhibited a single mortality event
between June and July, whereas adults showed 2

0 & 1
3\)003 3\N‘\% )u\‘ﬂ'g NQ-\ Nﬁ‘l 58t

Mortality of adult oysters was
lowest in the farming area of Utah
Beach (Fig. 3b). Otherwise, there
was no clear spatial pattern of
adult mortality. However, the sep-
arate analysis of mortality events by period
allowed us to identify spatial patterns, although
the first mortality event was less clear than the
second. During the first period, mortalities were
high in the southwestern part of the bay (the
average of Sites 2, 5, 6, 8 and 13 was 62 %), medium
in the shellfish farming area of Grandcamp
(Sites 24-33, 38 and 39) and almost nil at Sites 7,
9, 14 and 18. The range of the best-fitted semi-
variogram to the mortality data was 2340 m
(Table 1; Fig. S8 in Supplement 4).

During the second period, mortalities of adult
oysters were concentrated in the shellfish farm-
ing area of Grandcamp and nearby. The average
mortality was 35%, and the maximum was 61 %
(Site 25, Fig. 3d). Mortalities were observed
outside the farming area at Sites 2 (48%) and 13
(40%). Everywhere else, mortalities were below
15%. The range value of the best fitted semi-var-
iogram model was 2922 m (Table 1; Fig. S9 in
Supplement 4).
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3.2. Pathogen detection

On 13-16 June, OsHV-1 DNA was almost sys-
tematically detected in young oysters held in the
farming area of Grandcamp where mortalities were
occurring (59 of 60 oysters sampled at 6 sites were
positive, Table 2). Outside the farming area, OsHV-
1 DNA was occasionally detected, reflecting that
mortalities were much rarer and more isolated (11
of 40 oysters were positive in 3 of 4 sites). In the
farming area of Utah Beach, OsHV-1 DNA was not
detected in young oysters while no mortality was

recorded. Therefore, the detection of OsHV-1 DNA
was associated with mortalities of young oysters
(ANOVA 92 p < 0.001, Supplement 5). On 9-12
September, after the mortality event, OsHV-1 DNA
was detected in young oysters sampled in the
Grandcamp farming area and outside at a much
lower level than in June, but still not in the animals
collected in the farming area of Utah Beach.

At the end of the experiment in October, DNA of
Vibrio aestuarianus was detected in tissues of adult
oysters at 2 of 18 sites in the farming area of Grand-
camp in only 1 of 6 oysters at each site (Table 2).
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Table 1. Coregionalization models of Pacific oyster mortality by ordinary co-kriging
with their parameter values and cross-validation results. Period 1: May to mid-July,

Period 2: mid-July to October

Beach) and salinity were the
strongest associated variables.
A map of predicted young

model sill (m)

Variogram Nugget Partial Range R2 (cross-
validation)

oyster mortality was produced
by co-kriging using connectiv-
ity to the Grandcamp farming

Mean RMSE

error

Young Exponential 0.011  0.013 1691 0.4
Adults Period 1 Bessel 0.023  0.041 2340 0.3
Adults Period 2  Spherical 0.016  0.035 2922 0.62

area and chl a as input vari-
ables (Fig. 4). The fit between
prediction and observation was

-2.6x 10 0.08
-4.1x10° 0.16
-48x107% 0.12

3.3. Association between environmental variables
and mortality risk

Connectivity to the Grandcamp farming area was
strongly associated with a higher risk of mortality in
young oysters. To a lower extent, chl a concentration
was associated with a lower mortality risk (Table 3).
Connectivity to the Utah Beach farming area and
channel rivers (February and May), seawater temper-
ature and salinity were not associated with mortality

moderate but highly significant
(R? = 0.40, Table 1). Predictions
reflect observations (Fig. 3a), as (1) a mortality out-
break occurred in the farming area of Grandcamp,
(2) cumulative mortality reached 30 % at many sites,
(3) no mortality occurred in the central part of the
bay, and (4) low mortality was observed at 1 site in
the northwestern part of the bay. Finally, the model
predicted low mortality in the southwestern part of
the bay, but this prediction was associated with high
standard error (data not shown), indicating poor krig-
ing reliability in this area due to lack of observations.

risk in young oysters. Connectivity to the
Grandcamp farming area and chl a con-
centration were selected by the stepwise
procedure in the multiple covariates lo-
gistic regression model (Table 3).

During the first period, connectivity to
channelrivers (both Carentan and Isigny),
temperature and chl a concentration were
associated with a higher risk of mortality
in adults, whereas increasing salinity was
associated with a lower mortality risk. Con-
nectivity to Grandcamp and Utah Beach
farming areas was not associated with
mortality risk in adults during this period.
Connectivity to a channel river (Carentan
only) and salinity were included in the fi-
nal regression model (Table 3).

During the second period, connectivity
to the Grandcamp farming area, the Isigny
channel and, to a lower extent, the
Carentan channel in August were associ-
ated with a higher risk of mortality in
adults. In contrast, connectivity to the
Carentan channel in February and the
Utah Beach farming area, salinity, chl a
concentration and seawater temperature
were associated with a lower mortality
risk. All variables except connectivity to the
Isigny and Carentan channels in August
were retained in the final regression model
(Table 3). However, connectivity to the
farming areas (Grandcamp and Utah

Table 2. Pathogen detection in young and adult sentinel Pacific oysters.
Prevalence indicates the number of positive individuals out of the total ana-
lysed. OsHV-1 load is expressed in viral genome units (GU) per 50 mg of oys-
ter tissue (wet mass); 1 GU corresponds to 1 viral particle (Martenot et al.
2010). Details of the sampling protocol are given in Section 2.3. —: no analysis

Site Young Adults
13-16 June 9-12 September 16 October
OsHV-1 OsHV-1 Vibrio aestuarianus
Prevalence  Quantity Quantity Prevalence
Outside farming area
2 - - - 0/6
3 - - - 0/6
5 3/10 1.98 x 10* 2.48 x 102 0/6
9 - - - 0/6
10 3/10 2.98 x 102 - 0/6
16 0/10 0 9.8 x 10! -
18 - - - 0/6
19 - - - 0/6
20 - - - 0/6
22 5/10 5.74 x 10° 0 0/6
Grandcamp farming area
24 10/10 6.99 x 107 4.94 x 10° 0/6
26 - - - 1/6
28 10/10 2.07 x 10° - 0/6
29 10/10 5.06 x 10* - -
31 10/10 2.96 x 107 - -
32 10/10 3.22 x 108 - 0/6
38 - - - 1/6
39 9/10 3.71 x 108 6.08 x 103 0/6
Utah Beach farming area
34 0/10 0 - 0/6
35 0/10 0 0 0/6
37 - - - 0/6
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Table 3. Results of uni- and multivariate generalized linear models for each combination of period and age class of oysters.
Variables were centred and standardized. Asterisks indicate significance: ***p < 0.001, **p < 0.01, *p < 0.05, *p < 0.1. AIC:
Akaike's information criterion. —: no calculation possible due to data smoothing

Variable Estimate SE P (>%) AIC
Young oysters — Whole period
Univariate models
Connectivity Grandcamp farming area (May) 0.65 0.14 1.75 x 1076+~ -
Chlorophyll a -0.56 0.16 2.69 x 1074*** -
Connectivity Utah farming area (May) -0.41 0.24 0.06* -
Connectivity Carentan Channel (May) -0.21 0.18 0.24 -
Connectivity Carentan Channel (February) -0.20 0.19 0.27 -
Salinity 0.15 0.19 0.42 -
Temperature -0.08 0.17 0.63 -
Connectivity Isigny Channel (May) -0.02 0.18 0.90 -
Connectivity Isigny Channel (Feb.) -0.01 0.18 0.95 -
Multiple covariates
Connectivity Grandcamp farming area (May) 0.49 0.16 1.54 x 1076*** -
Chl a -0.32 0.16 0.04* -
Adult oysters — Period 1
Univariate models
Connectivity Carentan Channel (Feb.) 0.53 0.038 <2.2 x 10716%#x 644
Salinity -0.44 0.035 <2.2 x 10716%*+ 694
Connectivity Carentan Channel (May) 0.46 0.038 <2.2 x 10716%»= 700
Temperature 0.20 0.036 1.37 x 1078+ 825
Chl a 0.18 0.038 9.18 x 1077*** 833
Connectivity Isigny Channel (Feb.) 0.09 0.036 0.01* 851
Connectivity Utah farming area (May) 0.06 0.035 0.08* 854
Connectivity Isigny Channel (May) 0.06 0.037 0.11 855
Connectivity Grandcamp farming area (May) -0.01 0.036 0.89 857
Multiple covariates
Connectivity Carentan Channel (Feb.) 0.40 0.05 <2.2 x 10716%*+
Salinity -0.20 0.05 1.93 x 1075*** 627
Adult oysters — Period 2
Univariate models
Connectivity Grandcamp farming area (August) 0.58 0.05 <2.2 x 10716%*+ 524
Connectivity Isigny Channel (Aug.) 0.74 0.07 <2.2 x 10716*x* 558
Salinity -0.57 0.08 2.83 x 10715*** 610
Connectivity Utah farming area (Aug.) -0.42 0.06 4.93 x 107H4++ 616
Connectivity Isigny Channel (Feb.) 0.45 0.07 3.4 x 107 *xx 628
Chl a -0.31 0.05 3.47 x 1079*** 637
Connectivity Carentan Channel (Aug.) 0.30 0.06 8.4 x 1078x** 644
Temperature -0.29 0.06 4.30 x 1076+ 651
Connectivity Carentan Channel (Feb.) -0.19 0.06 1.3 x 1073** 662
Multiple covariates
Connectivity Grandcamp farming area (Aug.) -0.39 0.12 <2.2 x 10716%*+
Salinity -2.98 0.28 2.53 x 1078***
Connectivity Utah farming area (Aug.) -0.02 0.13 1.68 x 10712***
Connectivity Isigny Channel (Feb.) 1.13 0.18 7.31 x 1076***
Chl a -0.51 0.11 5.71 x 1076***
Temperature 1.19 0.15 5.52 x 1073**
Connectivity Carentan Channel (Feb.) -2.12 0.25 <2.2 x 10716%»+ 331

Maps of connectivity and chl a concentration allowed
visualization of their spatial links with mortality
(Figs. S4 & S11 in Supplements 2 and 6, respectively).

Predicted maps of adult mortalities were also pro-
duced by co-kriging using connectivity to a channel

river (Carentan) and salinity for Period 1 and connec-
tivity to the Grandcamp farming area and salinity (i.e.
the 2 strongest associated variables) for Period 2. The
fits between prediction and observation were moder-
ate for Period 1 and good for Period 2 (R? = 0.30 and
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Fig. 4. Co-kriged maps of predicted Pacific oyster mortality
(young, and adults during Period 1 and Period 2). Co-kriging
variables were: connectivity to the Grandcamp farming area
(May) and chlorophyll a for young oysters; connectivity to the
Carentan channel (February) and salinity for adults during
Period 1; and connectivity to the Grandcamp farming area
(August) and salinity for adults during Period 2

0.62 respectively, Table 1). For Period 1, an important
cluster of mortality was predicted in the southwest-
ern part of the bay, outside the shellfish farming area
(Fig. 4) but in an area with very few sampling sites.
Sites 2, 5 and 6, located inside or at the border,
showed high mortality (Fig. 3c). This mortality
matched high values of connectivity to the Carentan

channel and low values of salinity (Figs. S4 & S12).
According to observations, mortalities were also pre-
dicted to a lesser extent in the southern part of the
BdV outside the farming area. This cluster corre-
sponded to intermediate values of salinity.

During Period 2, the highest mortality was pre-
dicted in the eastern part of the bay (Fig. 4), in agree-
ment with observations (Fig. 3d) and with a strong
correlation with connectivity to the Grandcamp farm-
ing area (Fig. S4). Localized mortality observed in the
western part (Site 2; Fig. 3d) was also predicted by
kriging and associated with a patch of very low salin-
ity (Fig. S13 in Supplement 6).

4. DISCUSSION

Mortality of young oysters was associated with the
detection of OsHV-1 DNA and occurred in the
inshore farming area at the eastern part of the BdV
where oyster density is the highest (Gangnery et al.
2015). This suggests that a high oyster density pro-
vides suitable conditions for an OsHV-1 outbreak, as
previously reported in a Mediterranean lagoon (Per-
net et al. 2014a,b) and along an inshore—offshore
gradient in Brittany (Pernet et al. 2018). This is con-
sistent with the general principles of population
dynamics of infectious diseases (Anderson & May
1979) that apply to marine organisms (McCallum et
al. 2004, Krkosek 2010). However, the transmission
model and host density thresholds above which
OsHV-1 can spread and be maintained in a host pop-
ulation are still unknown (Pernet et al. 2016).

Mortalities spread 1 km from the nearest farming
area, but OsHV-1 DNA was detected much farther
away (>3 km), suggesting that OsHV-1 particles may
be transported over long distances by seawater cur-
rents (Pernet et al. 2012, 20144, 2018). In support of
this hypothesis, we found that hydrological connec-
tivity to the Grandcamp farming area obtained from
a 3D hydrodynamic model was strongly associated
with mortality risk of young oysters.

The variogram range of mortality was 1.7 km, which
is consistent with previously reported values for the
Mediterranean Thau lagoon (1.5 km; Pernet et al.
2014b). Together, these results reveal that sample
locations separated by distances lower than 1.5-
1.7 km are spatially autocorrelated, whereas locations
farther apart are not. This geostatistical parameter
allows identifying space-time clusters of cases and
can be used for defining epidemiological units for
surveillance, monitoring or management (Peeler &
Taylor 2011).
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Oysters outside the Grandcamp farming area could
be infected without exhibiting mortalities. Similarly,
subclinical OsHV-1 infections of oysters were repor-
ted at offshore sites in Brittany, likely reflecting a
dilution effect of viral particles and reduced host
density (Pernet et al. 2018). Indeed, biomass of infec-
ted oysters and decreasing seawater renewal were
associated with higher mortality risk of young oysters
in the laboratory (Evans et al. 2015, Petton et al.
2015a), and there is a dose-response relationship
between OsHV-1 particle concentration in the sea-
water and young mortality (Paul-Pont et al. 2015, Pet-
ton et al. 2019).

Alternatively, subclinical infection of oysters off the
farming area were also associated with better envi-
ronmental and host conditions (Pernet et al. 2014b,
2018). For instance, lower mortality risk was associ-
ated with increased food quantity and quality, growth
rate and energy reserves of oysters offshore. It is gen-
erally assumed that an immune response is costly, so
that food availability likely enhances the immune re-
sponse and disease resistance of oysters (Sheldon &
Verhulst 1996, Lochmiller & Deerenberg 2000). In line
with this, we found that higher chl a concentration
(obtained from a biogeochemical model as a proxy for
food availability) outside the farming area was associ-
ated with lower mortality risk of young oysters. Also,
dry meat mass of young reared outside the farming
area was 2.5 times higher than that of young held in
the farming areas at the end of the study period (1.12
+0.15vs.0.46 £ 0.15 g, unpublished data).

Mortality risk of young oysters was lowest at Utah
Beach, which is used to farm mussels and adult oys-
ters and is located opposite to Grandcamp where
young oysters are raised. Similarly, the risk of OsHV-
1-induced mortality in the Mediterranean Thau la-
goon is lower in farming areas dedicated to mussels
and adult oysters than in farms dedicated to young
oysters (Pernet et al. 2014a). Together, this suggests
that the presence of young oysters increases the risk
of mortality associated with OsHV-1. However, the
contribution of adult oysters and mussels as a source
or sink of viral particles needs further investigation.

Mortality of young oysters began when seawater
temperature reached 16°C, confirming that tempera-
ture is a triggering risk factor (Pernet et al. 2012,
Renault et al. 2014). The spatial variability of seawa-
ter temperature was low and was not associated with
mortality risk of young oysters. Mean salinity varied
from 21.8 to 34.5 within the study area and occasion-
ally decreased to values as low as 5 for several min-
utes, but this parameter was not associated with mor-
tality risk of young oysters (data repository). This

confirms previous laboratory experiments which con-
cluded that reducing disease risk by means of low
salinity is unlikely in the field (Fuhrmann et al. 2016).

For adult oysters, the epidemiologic situation was
less clear than for young oysters. Indeed, adults were
not SPF and showed mortality after thermal elevation
in the laboratory, probably associated with endoge-
nous bacterial pathogens (Petton et al. 2015b,
Parizadeh et al. 2018). Also, they exhibited 2 tempo-
rally distinct episodes of mortality in the field, the
first of which occurred just after deployment. Consid-
ering the initial health status of these oysters, the first
mortality episode may reflect favourable conditions
to reveal an infection that was exacerbated by han-
dling stress (Lacoste et al. 2002, Ellis et al. 2011).
Finally, the proportion of Vibrio aestuarianus present
in adult oysters surviving at the end of the study was
low so that we were unable to determine whether it
was associated with the mortality. To identify the
pathogen(s) that caused the mortality, it would have
been necessary to perform more thorough analyses
during the mortality episodes, both on live and
moribund oysters, but we were limited by the large
sampling interval adopted in our study and the low
number of live oysters. Despite these biases and un-
certainties, determination of mortality risk factors
remains interesting because these mortality events
are typical of those occurring in the shellfish indus-
try, which relies on movements of oysters with un-
known aetiologies (e.g. Brenner et al. 2014).

During the first period, higher connectivity to chan-
nel rivers (Carentan) and lower salinity were associ-
ated with a higher risk of mortality in adults. High
mortalities of adult oysters in the southwestern part
of the bay were therefore associated with freshwater
inputs from the Carentan channel characterized by
lower salinity. These environmental risk factors may
have provided favourable conditions for infection.

The fact that freshwater input in estuarine ecosys-
tems was a mortality risk factor for adult oysters con-
firms previous studies and probably reflects the
interactive effect of decreasing salinity and increas-
ing temperature, nutrients and chlorophyll concen-
tration, which induced physiological imbalances of
the hosts and increased their susceptibility to patho-
gens (Samain & McCombie 2008). Recently, periods
of low salinity and high temperature coincided with
mass mortalities of unknown aetiology in cultivated
Crassostrea gigas in Australia (Go et al. 2017). Al-
though this species is considered to be both ‘euryha-
line' and ‘eurythermal’ i.e. it has a wide tolerance to
salinity and temperature changes (Bayne 2017), low
salinity can induce major physiological changes (e.g.
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Shumway 1977, Fuhrmann et al. 2018), and immune
functions are impaired, with direct effects on the via-
bility and activity of haemocytes (Gagnaire et al.
2006). Therefore, decreasing salinity may increase
oyster susceptibility to pathogens.

Concomitantly, freshwater inputs probably induce
changes in microbial communities living in association
with oysters (e.g. Herlemann et al. 2011). For instance,
both salinity and temperature affect the occurrence
and persistence of bacteria in the aquatic environment
(Vezzulli et al. 2015). The optimal salinity for the
growth of pathogenic strains of V. splendidus and V.
aestuarianus is approximately 20, which corresponds
to the mean values observed in the southwestern part
of the bay where adult mortality occurred.

The risk factors associated with adult mortalities
during the second period were partly different from
those associated with the first period. Connectivity to
the Grandcamp farming area was the main factor
associated with mortality risk of adult oysters during
the second period, suggesting that proximity to oys-
ter farms provides suitable conditions for mortality
outbreaks. This may reflect the transmission process
of infectious diseases as previously reported for
young oysters.

In our study, mortality of young oysters was similar
to those reported by the Ifremer oyster observatory
network in Grandcamp and elsewhere in France
(63.8 £9.1 %, Fleury et al. 2015). In contrast, mortality
of adult oysters was the highest recorded in France
and agrees with the oyster observatory network,
which reports 43.1 % mortality in 18 mo old oysters
and 70.6 % mortality in 30 mo old oysters at Grand-
camp (Fleury et al. 2015).

The risk factors involved in adult and young oyster
mortalities were partly different, which is consistent
with the fact that their origin was not the same. Mor-
tality risk of adult oysters was associated with con-
nectivity to channel rivers and salinity, whereas
young oyster mortality was not. Adult mortality was
thought to have been caused by pathogenic bacteria,
whereas mortality of young oysters was clearly as-
sociated with OsHV-1.

However, connectivity with oyster farms is a mor-
tality risk factor that is common to both age groups of
oysters. Therefore, disease management strategies
that focus on lowering infection in oyster-farming
areas, such as regulation of density and movements
of oysters, make sense. Particularly in the BdV,
where there is no natural recruitment of oysters,
effects of OsHV-1 could be reduced by temporarily
ceasing restocking and using oysters that are free of
OsHV-1 (Murray et al. 2012). This was observed for 4

consecutive years in a small bay area in France
where Pacific oysters do not recruit and growers use
animals only from nurseries that are free of OsHV-1
(P. Glize pers. comm. cited by Pernet et al. 2016).

Chl a was associated with lower mortality risk in
both young and adult oysters (in Period 2), suggest-
ing that food availability influences disease resist-
ance. Although chl a was not always included in mul-
tiple covariates regression models, it is likely a
universal risk factor that should be taken into ac-
count in disease control measures. In countries that
have adopted an ecosystem approach, bivalve farm-
ing generally relies on the ‘production carrying capa-
city', which consists of predicting the maximum sus-
tainable yield of cultured bivalves based on the
physical carrying capacity and the magnitude of pri-
mary production (i.e. oyster food source). In order to
mitigate pathogen spread and emergence, bivalve
aquaculture should consider density regulations for
farmed animals in a way that limits food depletion to
a threshold value that promotes growth and ener-
getic status of oysters.

To conclude, this study shows how spatial epide-
miology coupled with environmental models allows
us to better understand factors that govern the spatial
patterns and rates of spread of diseases. This is a
promising avenue for identifying and prioritizing dis-
ease risk factors. By providing a spatially explicit
framework in which disease mortality risk factors are
predicted from models (hydrodynamic connectivity,
temperature, salinity and chl a concentration), our
study offers perspectives for their application in the
management of marine diseases.
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