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This sample, taken in early September 2002 on the Auray study site, shows the first phenotypic differentiation observed between resistant oysters (above), which had spawned in July, and susceptible oysters (below), which had developed gonads but did not spawn this year.
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Preface

Large-scale mortalities of the Pacific oyster Crassostrea gigas (Thunberg) have been reported in all areas of the world where this species is cultivated. Though numerous studies have examined the problem, a strictly pathological explanation has not been found. Results of these studies, however, have suggested that there are complex interactions between the oysters, their environment and opportunistic pathogens. It was from this perspective that the multidisciplinary project Morest examined the question of oyster summer mortality in France. With 15 scientific teams working in seven different domains, Morest (‘MORtality ESTivale’) evaluated the possible causes and solutions for this recurring problem in oyster culture. The project, organized by the national institution Ifremer, ran from 2001 to 2006 and represented one of Ifremer’s largest ‘defi’ (challenge) projects.

This book brings together the principal results of the Morest project in eight chapters describing the factors implicated in summer mortality and a model of their interaction. The model, developed in the concluding chapter, describes the most probable situation in France and will help with the prediction and management of summer mortality problems in the future.

Interestingly, the genetic component was shown to be important (chapters 4 and 5). This opens up possibilities for improvement by selection, including selection for resistance to pathogens. Moreover several other factors of environmental or anthropogenic origin also play an important role in summer mortality events. The general conclusion describes which elements will be needed to make a risk assessment for each shellfish cultivation area. Recommendations are given for the prediction and management of summer mortality in different areas, based on this risk assessment analysis and results from large-scale experiments conducted at three study sites representing the principal shellfish farming areas in Brittany, Normandy and Marennes-Oléron.

The mechanisms of accumulated and essential interactions leading to mortality events are presented for a scientific audience interested in the health of cultivated livestock or natural populations of shellfish. The respective roles of the environment, physiology and genetics of oysters and opportunistic pathogens are thus shown. This model could be useful, wholly or partially, when considering other diseases or health problems in the animal kingdom.

The existence of these essential interactions has suggested new theoretical approaches to combating mortalities in the marine environment. It is possible to avoid mortalities by acting on some of these relationships. Diverse practical solutions which have been tested on the three study sites are thus proposed for the shellfish industry, together with propositions for a genetic selection strategy.

This work provides the basic elements needed to make risk analyses, which should be envisaged for each shellfish farming site, using the interaction model to see which solutions are the best adapted to each situation, to forecast risks and avoid mortality events.

Those working on the environment will find an example of the impact of catchment inputs on a coastal economic activity, and objective data which could be used to plan freshwater input management so as to harmonize the economic and environmental needs of terrestrial and maritime activities.

Work from this multidisciplinary study has been published and presented internationally and has been received with great interest by other oyster-producing countries throughout the world (China, Japan, Korea, USA, and countries of the European Union and Latin America). It should make an important practical contribution and serve as a reference in the decade to come for numerous scientific and technical studies.




Chapter 1

Evaluation of summer mortality risk factors in shellfish farming ecosystems


Authors: Ropert M., Mazurié J., Bédier E., Le Coz F., Soletchnik P.

Contributors: Blouin F., Bouchet V., Bouget J.-F., Fleury P.-G., Garcia C., Geairon P., Grangeré K., Knoery J.-R., Langlade A., Lefebvre S., Malestroit P., Malet N., Météo France, Misko P., Munaron D., Quiniou F., Rauflet F., Sauriau P.-G., Struski C., Sylvand B.
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The objective of the studies described in this chapter was to obtain a precise understanding of the relationship between oyster summer mortalities and the environment, by defining this relationship in terms of ‘environmental risks’ characterized since the beginning of the Morest project. Temperature, freshwater inputs (rainfall and catchment influences), trophic resources and the sedimentary compartment are all factors directly or indirectly implicated in processes that can cause mortalities of the Pacific oyster Crassostrea gigas (Thunberg). These ‘external’ influence factors were studied at various spatial and temporal scales (national, regional, localized sites; annual, monthly, fortnightly, daily, hourly, infra-hourly). Results are based on data collected by national measurement networks (Remora1, Rephy2, Repamo3 and Météo France), and field data obtained since the beginning of the Morest project at three study sites: bassin de Marennes-Oléron, rivière d’Auray and baie des Veys.


Monitoring bivalve mortalities at the national level

Two national networks, in place since the beginning of the 1990s, monitor and measure mortality in French oyster-growing areas.

(1) ‘Repamo’ is a network monitoring the health of bivalve mollusks (Garcia et al., 2003). Mollusk mortalities are reported by the professionals and are considered4 ‘abnormal’ if they affect more than 15% of cultivated stock over a maximum interval of 15 days. The study of abnormal mortalities within this network aims primarily to identify any infectious agents. The limitation of this network is that only reported mortalities are recorded.

(2) ‘Remora’, which has been developed since 1993 (Fleury et al., 2001), is a network that studies aquacultural outputs (growth–mortalities) of C. gigas, in the principal oyster-growing areas of the French coast. The localization and the nomenclature of the sites are presented below in section Pluviometric results at the national scale, page 16 and Figure 1.11. Each year, batches of 1- and 2-year-old oysters are distributed following the same methods at each of the sites. This network made it possible to study seasonal mortality of C. gigas from 1993 to 2003 for 2-year-old oysters and from 1995 to 2003 for 1-year-old oysters, on about 30 sites.

The ‘Remora’ network thus quantifies summer mortalities which reach or exceed 30% on a regular basis, identifying the sites and years where this occurs. ‘Repamo’ examines reported summer mortalities on a qualitative level. In 40–60% of reported cases in 2004 and 2005, a viral or bacterial infection was found, although only a few cases were reported per year over the whole of the French coastline (n = 21 in 2005). The specialized objectives of Repamo and Remora make it difficult to combine their results and comparisons should be considered with caution as the data were not initially gathered to provide an ‘epidemiological’ view of mortality. Treatment of these data can, however, give an initial overall picture of the phenomenon.




A historical analysis of oyster mortalities in France

In France, where C. gigas has been cultivated since the end of the 1970s, significant mortalities (> 30%) took place in 1976–77 in the bassin de Marennes-Oléron (Parache, 1989), then in 1982–83 in the bassin d’Arcachon (Maurer et al., 1986), in 1988 and June 1993 in Marennes-Oléron, in 1994–1995 in several sites of southern Brittany (Goulletquer et al., 1998) and in 1998, 2000 and 2001 in baie des Veys (Costil, 2005).

A good overview of C. gigas mortalities in France over a decade and for two age groups was obtained using the Remora database. Figure 1.1 presents mortality according to site (oyster-growing area) and year, for the two age groups (1 and 2 years), for each year since 1993 (2-year-old oysters) and 1995 (1-year-old oysters).
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Figure 1.1. Mortality rate of 1- and 2-year-old oysters on French coasts between 1995 and 2004 (1-year-olds) or 1993 and 2004 (2-year-olds). Coastal areas: baie des Veys (BV), Saint-Vaast-La-Hougue (SV), West Cotentin (CO), baie de Cancale (CA), Paimpol (PL), Morlaix (MX), Aber Benoit (AB), rade de Brest (BR), rivière d’Étel (EL), baie de Quiberon (QB), rivière d’Auray (AY), golfe du Morbihan (GM), baie de Penerf (PF), Pen-Bé (PB), baie de Bourgneuf (BO), Île de Ré (RE), north Marennes-Oléron (NM), south Marennes-Oléron (SM), bassin d’Arcachon (AR), l’étang de Thau (TH). See Figure 1.11 for the site locations. (Figure from Soletchnik et al., 2007, copyright Elsevier.)




The variance explained by year was 75% in the 2-year-old age group but only 30% in the 1-year-old age group (Table 1.1). In contrast, site effect was greater in the 1-year-old group (58% of the explained variance) than in the 2-year-old group (only 19%).


Table 1.1. Analysis of variance: means, probability and explained variance for mortalities of 1- and 2-year-old oysters.
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A significant correlation was found between mortalities of 1-year-old oysters and those of 2-year-olds (P < 0.0001), although this relationship is weak (R2 = 0.12, Figure 1.2). Different environmental factors seem to have the most influence on mortality in the different age groups: spatial variation (specificities of the growing areas) had a greater effect on mortality of 1-year-olds, and temporal variation (e.g. meteorology, etc.) had a greater effect on mortality of 2-year-olds.
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Figure 1.2. The relationship between mortality in 1- and 2-year-old oysters in each year–site combination (Remora).







Mortalities in the Morest study sites


Location of the study sites

The three study sites of the Morest project were located on the English Channel in baie des Veys, and on the Atlantic coast in rivière d’Auray (south Brittany) and in Ronce (south bassin de Marennes-Oléron) (Figure 1.3). In addition to the specific thermal characteristics of their latitude, the agitated nature of Channel waters vs. the more stratified nature of those in the Atlantic, and differences in the corresponding catchment areas, these three sites are also characterized by different cycles of oyster production and marketing.
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Figure 1.3. The three study sites in the Morest project: baie des Veys on the English Channel; rivière d’Auray in south Brittany and bassin de Marennes-Oléron (where Ronce is located) in Poitou-Charentes.







Characteristics of the study sites

The three study sites have specific socio-economic characteristics.

Baie des Veys5 has an annual production ranging between 8700 and 10,200 t, over a surface of approximately 160 ha. With its strong estuarine influence, baie des Veys has earned a reputation as a premium site for oyster fattening. A short production cycle (1–2 years) is usually practiced. More than 80% of the biomass farmed in baie des Veys is of marketable size (J. Kopp, pers. comm., 2006, Ifremer). Although this specificity of rearing, with a rapid turnover for a limited number of months, represents a strong point on the socio-economic level, it can make businesses vulnerable. When a large-scale mortality crisis struck the area in 2000 and 2001, severe economic damage was suffered very rapidly. Geographically, baie des Veys has a surface of 37 km2 and is located at the confluence of four water courses (Vire and Aure in the east and Douve and Taute in the west), which drain a catchment area of approximately 3500 km2. This feature illustrates the prevalence of estuarine influences within this ecosystem. Considering mean annual river discharge, the residence time of water masses is 4–5 days, and the turnover time is 7 days (K. Grangeré, pers. comm.). On the bathymetric level, the rearing area of the study site (Gefosse zone) is located at a mean depth of 3.2 m with a tidal range of approximately 8 m, representing a mean immersion time of 65% for the oysters.

‘Rivière’ d’Auray (rivière is a local name for a ria) represents the western part of the golfe du Morbihan. This gulf is a body of water with a surface of 115 km2, a depth of 4.4 m, and a volume of 510 million m3, strewn with small islands and opening to the ocean by an inlet 900 m in width. The rivière d’Auray itself represents 11.75 million m3. The tidal range lies between 4.5 m (landward) and 5 m (seaward). The tidal movements cause 50% of the water in the gulf to be renewed in 10 days (20 tides). Terrigenous influences arrive from a medium-sized catchment area (800 km2), whose two principal rivers flow into rivière d’Auray: the Loch (232 km2) and the Sal (94 km2). Broad intertidal surfaces (one third of the total surface) provided an area where oyster farming developed, first with flat oysters and then cupped oysters. Oysters were initially grown on ground plots but are now increasingly cultivated on raised racks or tables. A total of 4500 t of oysters is produced annually on concessions covering an area of 1635 ha. rivière d’Auray is devoted mainly to the ‘demi-elevage’ (rearing of oysters for only part of the cycle: between 6–9 months and 18–21 months). It is the part of the golfe du Morbihan where oyster farmers have reported the most mortalities of oyster spat, particularly over the last 10 years.

Bassin de Marennes-Oléron has an annual production ranging between 35,000 and 50,000 t and a cultivated biomass of 80,000 to 100,000 t. This oyster-growing area, the largest in France, is a site where reproduction takes place. The rearing cycle is complete: collection of oyster spat, growing-on, main growing and finishing in ponds. The oyster-growing area in the bay covers approximately 1800 ha and the ‘claires’ (ponds) 2500 ha. Although this basin has the highest production in France, its heavy load of filter feeders (i.e. farmed oysters and other bivalve competitors) mean that oyster growth is slow and the production cycle often takes 4 years. This characteristic of the site and the fact that mortalities primarily affect spat, means that it is less economically affected by oyster mortality events than other sites. This basin, delimited to north and south by the straights of Antioche and Maumusson, has a total surface of 190 km2. Bordered in the east by land and île d’ Oléron in the west, it has a complex and changing hydrodynamism giving residence times of water masses ranging between 7–12 days in the central part of the basin (oyster ‘parc’ area), down to only 1–3 days in the south of the basin (straights and Ronce study site) (Struski, 2005). Fresh water enters the basin in the northeast by the Charente and the south by the Seudre. The catchment area of the Charente represents approximately 10,000 km2.

Thus the ratios between the catchment area and water surface area of bassin de Marennes-Oléron, and between the water surface area and the oyster-growing area are respectively 52 and 11 approximately (or a ratio of 550 between the catchment area and the oyster-growing area). The mean depth of the study site (Ronce) is 3.2 m and the mean time of immersion approximately 60%.




Mortalities of oyster livestock grown on the three study sites

Mortality was measured at variable frequencies (seasonal in the Remora network to weekly in Morest) by exhaustive counting of live and dead individuals contained in one (Remora) or several (Morest) oyster bags. The results were then integrated on to seasonal and annual timescales (Figure 1.4).

Mortalities of oyster juveniles (up to 1 year old) were 4–20% at baie des Veys and Marennes-Oléron and 8–43% at Auray. For adult oysters (over 1 year), Marennes-Oléron had the lowest mortality (4–22%). At the two other study sites, cumulative mortality exceeded 40% in certain years.

The following points summarize the differences in mortalities between the study sites.

(1) Rivière d’Auray was characterized by high mortality rates in both juveniles and adults, baie des Veys was marked more by adult mortality, and bassin de Marennes-Oléron by juvenile mortality (Figure 1.1).

(2) Inter-annual variability was high on all sites as a result of variation of a climatic (general conditions on an annual scale), hydrological (local) or genetic (the batches reared) nature.

This dispersion of results also indicates high inter-annual variability and batch × environment interaction in the phenomenon of summer mortalities. This result has been underlined by differential mortality of a series of families in their first year at the three Morest study sites (Dégremont et al., 2005).
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Figure 1.4. Summer mortalities of diploid stocks (natural collection or hatchery produced) raised between 2000 and 2005 on the three study sites: bassin de Marennes-Oléron, rivière d’Auray and baie des Veys.
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Figure 1.5.Daily mortality rates (%/day) of all stocks studied in baie des Veys (the year that the study on each batch was started is given in brackets) during the Morest project between 2000 and 2006. Horizontal line : daily mortality thershold at 0.10%/day.




The inter-annual study of mortalities in baie des Veys6 showed that daily mortality rate (%/day) is a good indicator of periods and levels of summer mortalities (Figure 1.5). The amplitude of this rate now makes it possible to consider that below 0.1%/day, the result can be regarded as normal (background noise). When this threshold is passed, there are systematically significant losses for the summer period overall (in 2001 the recorded losses reached 60% in certain areas of the bay). Contrastingly, 2005 was different from the preceding 5 years, with a rate consistently below the threshold of 0.10%/day, and so summer mortality can be regarded as negligible for this annual rearing cycle.






Objectives of chapter 1

Among the environmental parameters influencing mortality, temperature and trophic resources appear to be the most important. The proximity of the sediment represents a third risk factor (Soletchnik et al., 1998, 2005). The intensity of rainfall, through leaching and freshwater input from the catchment, constitutes the fourth risk taken into account in this study.

The objective of this part of the study was to look at the relationship between mortality and these four ‘risk factors’ in situ, attempting to establish their hierarchy and degree of variation on different spatial and temporal scales. The physical, chemical or biological processes thought to be responsible were then analyzed and are described in later chapters.
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Even if extreme temperature conditions have sometimes been recorded at the same time as mortality events in C. gigas (Koganezawa, 1975; Mackin, 1961; Ventilla, 1984), the species is widely recognized for its tolerance to the amplitude of thermal variation. This is an important quality that has helped make this species the ‘world leader’ among cultivated oysters (Grizel, 1988; Smith et al., 1986).


Thermal characteristics of the study sites

From the beginning of the fieldwork (2000), temperature gradually became the subject of high frequency measurements at all study sites. To remove the influence of daily and localized variation related to the degree of exondation at low tide, the mean temperature of the water masses was calculated over 2 h around high tide (HT) to assess the thermal characteristics of the three ecosystems. Overall, the seasonal thermal amplitude was highest in the bassin de Marennes-Oléron followed by rivière d’Auray, whereas baie des Veys was characterized by the lowest annual thermal amplitude (Figure 1.6).
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Figure 1.6. Thermal profiles (mean temperature at high tide (HT) ± 1 h) of the three Morest study sites between 2000 and 2005.




Compared with bassin de Marennes-Oléron (the fastest warming site in spring), baie des Veys shows a thermal difference of about 2–3 ˚ C for the maximum in June. A similar, but less marked difference appears for rivière d’Auray (maximum 1.5 ˚ C in July–August). From August onwards, these inter-site differences decrease, and almost disappear by October. baie des Veys, on the English Channel, thus has a greater thermal inertia in spring than the sites on the Atlantic coast. The characteristics of rivière d’Auray make it an intermediate ecosystem: similar to Marennes-Oléron during spring, although different in summer and closer to baie des Veys in September.

Even though the dynamics of warming in spring are very different between the three study sites, on an inter-annual scale there is a great similarity in the evolution of temperatures (Figure 1.7).
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Figure 1.7. Inter-annual variability of maximum water mass temperature (mean at HT ± 1 h) at the three Morest study sites between 2000 and 2005.







Thermal dynamics and mortalities

The measurements collected over the 6 years of the project (2000–2005) make it possible to compare seasonal dynamics of mean water mass temperature (mean at HT ± 1 h) with observations on periods of summer mortality at the three study sites (Figure 1.8).
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Figure 1.8. Relationship between temperature and periods of mortality at the three study sites: baie des Veys (BDV) and bassin de Marennes-Oléron (BMO) 2000–2005, plus rivière d’Auray (Auray) 2002–2005. The orange horizontal line represents the thermal threshold of 19˚C; the colored zones indicate periods of mortality in the field (continued over).




The start of mortality events, in different sites as well as different years, is remarkably well synchronized with thermal dynamics. A time lag of 1.0 to 1.5 months is systematically observed for mortalities in baie des Veys compared with bassin de Marennes-Oléron and rivière d’Auray and could be related to the thermal difference observed in the water masses. Apart from 2005, when no significant mortality was recorded in baie des Veys, a close link appears to connect the temperature of 19˚ C with the start of the first mortalities (Table 1.2).
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Table 1.2. Mean temperatures of the water masses (HT ± 1 h) observed at the beginning of mortalities between 2000 and 2005, compared with maximum summer temperatures observed at the three study sites.
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Figure 1.9. Summer mortality of oyster stock over 18 months old on the three study sites, according to the maximum water temperature (mean at HT ± 1 h) reached in summer (2000–2005 for baie des Veys and bassin de Marennes-Oléron, 2002–2005 for rivière d’Auray).




There was no relation between the maximum temperature reached in the water column and the level of summer mortality of oysters of more than 18 months in any of the three sites (Figure 1.9).

The special case of 2005 (absence of significant mortalities in baie des Veys) (Table 1.2 and Figure 1.8) also shows that although the thermal threshold of 19°C has systematically been passed when these mortalities occur, 19˚ C does not automatically lead to abnormal mortality. Temperature alone should not therefore be regarded as...
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