Ecophysiology of Brown Ring Disease in the Manila
clam Ruditapes philippinarum, experimental and
modelling approaches.
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Chapter 1

Introduction

1.1 The Manila clam

1.1.1 Systematic position and synonymy

The Manila clamRuditapes philippinarunfAdams & Reeves, 1850), belongs
to theVeneridagRafinseque, 1815) and its systematic position is detaided b
low. A synonymy list is given in Tab. 1.1.

Phylum Mollusca
Class Bivalvia (Linné, 1758)
Order Veneroideg Adams & Adams, 1857)
Family Veneridag(Rafinseque, 1815)

1.1.2 Geographic distribution

Fig. 1.1 shows the actual distribution of the Manila clam. eTpecies is
native to the Indo—Pacific and its original distribution amanged from the
Kuril islands (52°N, 150°E) in the Northern Pacific ocean &kiBtan ( 30°N,
65°E) in the Indian ocean (Fig. 1.1). The Manila clam was sghently
introduced to Hawaii in 1929 (Yap, 1977), and ten years |atecidentally to
the North-West coast of the United States. Naturally estaddl populations
are now present from Oregon to British Columbia.

Between 1972 and 1975, the species was also introduced cd-end
at the end of the 70’s also in Great Britain (Flassch and Lgrimr1992) for
aquaculture purposes, because of its higher growth ratpa@d to the Euro-
pean carpet shelRuditapes decussatuSince 1988, natural populations have
colonised most embayments along the French Atlantic coksday, natural
populations are found on the South coast of Great Britaimiptueys et al.,
2007), all along the French, and Spanish Atlantic and Meaditean coasts
(mainly in the Adriatic sea) (Laruelle, 1999; Cesari andiBadto, 1990). This
species has also been reported from different other placdeeiworld: Nor-
way (Mortensen and Strand, 2000), California, Marocco,idianCesari and
Pellizzato, 1990), Israel and Tahiti (Ponurovsky and Yakpl992).

1
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TAB. 1.1: Synonymy of the Manila clam (from Laruelle, 1999; Kim, 1994)

Genera Species
Ruditapes philippinarum
semidecussata
Tapes philippinarum
semidecussatus
denticulata
indica
grata
quadriradiata
violascens
japonica
bifurcata
Venerupis philippinarum
japonica
semidecussata
Venus semidecussatus
semidecussata
japonica
tesselata
Amygdala semidecussata
philippinarum
ducalis
japonica
Paphia bifurcata
philippinarum
Protothaca bifurcata

1.1.3 Biology and ecology

The bivalve Ruditapes philippinarum(Fig. 1.2) is an infaunal filter feeder that
mainly lives in shallow embayments and estuaries. It is &blkelerate tem-
porarily freshwater at low tide and the bathymetric disttibn of the species
ranges from high spring tide levels to a few meters deep restbtidal zone.
This species can be found in various sediments: coarse sand, muddy
gravel, mud and iZostera noltiibeds. As attested by its wide geographic dis-
tribution (Fig. 1.1) the thermal tolerance range of the ses wide and the
optimal growth temperature ranges from 20°C to 24°C (Sotidst al., 2000).
The Manila clam buries a few centimeters into the sediméssiphons are
attached over most of their length and only detached at fdlimmiers at their
extremities (1.2 B); this characteristic allows to distirgh this species from
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FiGg. 1.1 Geographic distribution oRuditapes philippinarungfrom
Cesari and Pellizzato, 1990; Kim, 1994, Laruelle, 1999)black the
original distribution. In grey areas where introduced gapon have
developed.

the European carpet shell claRuditapes decussatwghich has unattached
siphons. As most infaunal bivalves, the Manila clam filteegav at the water—
sediment interface, rendering the estimation of its magdfsource complex
(Flye-Sainte-Marie et al., 2007a). This point will be fugthdiscussed in sec-
tion 2.4.

R. philippinarumis a gonochoric species. As in most venerids its gonad is

a diffuse organ within the visceral mass. Although exceygtican be found in
cold waters (Drummond et al., 2006a), gametogenesis iatedt when water
temperature rise over 12°C (Laruelle et al., 1994; Laryé®99; Mann, 1979;
Park and Choi, 2004; Ngo and Choi, 2004) and lasts for 2 to Stimioefore

the first spawning events occur(Laruelle, 1999; Devaueh&B90). Spawning
periods vary geographically (Devauchelle, 1990). Along fEnench Atlantic
coast, a major spawning event occurs in late August—beginoi September
(Robert et al., 1993; Goulletquer, 1989a; Laruelle, 199@)ia this case all in-
dividuals of the population spawn synchronously. Depemdin the environ-
mental conditions several asynchronous “partial spawnewgnts can occur
between May and the end of August (Laruelle, 1999; Calve@320During

these partial spawning events, only a fraction of the gooatent, correspond-
ing to the mature ovocytes, is released (Laruelle, 1999%e2a003). These
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Fic. 1.2 The Manila clamRuditapes philippinaruman infaunal bi-
valve. A: Internal and external shell. B: Note the presenicevo
attached siphons.

events seem inefficient in terms of recruitment (Calvez 3200 environmen-
tal conditions are favourable a late spawning event cdrostiur at the end of
the autumn (Goulletquer, 1989a).

The Manila clam,R. philippinarum is meroplanctonic: as in most bi-
valves, gametes are released in the water column whergzggitin and larval
development takes place. Fertilized eggs are aboyt7@h diameter (Pron-
nier, 1996), reach the D—larvae stage after 24 to 48 hoursn(ldied Pelizzato,
1990; Jones and Sanford, 1993; Calvez, 2003) and startdafephytoplanc-
ton. Planctonic life lasts for 10 to 15 days (Jones and Sdnf#93; Calvez,
2003) during wich larvae are passively dispersed in the w&alvez, 2003).
Larval life takes end at the pediveliger larvae stage (200 Jones and San-
ford, 1993) at which larvae passively sediment and fix to thwssate (Jones
and Sanford, 1993). Calvez (2003) showed an active substeddction pro-
cess during settlement; in which post-larvae prefer sandy muddy sub-
strates. For this reason, highest densities of juvenile$38:m) are generally
found in sandy areas (personal observation)

Although gonadal tissue can be observed im&b—individuals under fa-
vourable conditions (personal observation), first ganetegis generally oc-
curs at 20nm (Laruelle, 1999). Maximum length (Von Bertalanffy maximum
length L., ) has been estimated betweenm and 50mm on the french
Atlantic coast (Robert et al., 1993 and personnal data) eNlegless 6&vm—
specimen have been observed in British Columbia (QuayldBaudne, 1972)
and in Norway (Mortensen and Strand, 2000) and | own pergoad@7mm
Norwegian specimen. Maximal length of the species can teussbimated as
approaching 70 to 8@vm.
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1.2 The Brown Ring Disease

1.2.1 History

The high commercial value, its high growth performance avidrance in
terms of sediment quality, salinity and temperature mageManila clam
a target species for aquaculture. After its introductiorFiance during the
70s (Flassch and Leborgne, 1992), Manila clam culture bedaoreasingly
widespread along most of the Atlantic coast embaymentsackien bay (Robert
and Deltreil, 1990), bay of Marennes—Oléron (Goulletqu&89a) and the
Aber basin (Finistére) (Flassch and Leborgne, 1992). Batvgering and sum-
mer 1987, high mortalities occurred in the Aber basin celiuclam beds. At
that time, this site was the first production site of Francgli@d et al., 1989;
Flassch and Leborgne, 1992). Mortality was associated avitharacteristic
symptom: a brown deposit on the peripheric inner shelldlépdiet al., 1989;
Fig. 1.3) giving to the disease its name: Brown Ring DiseaBee occur-
rence of these symptoms, associated with mass mortalityswlasequently
reported all along the French Atlantic coast: in the Marsa@déron bay in
1988 (Goulletquer et al., 1989a), and in the Arcachon bay9iB91(Robert
and Deltreil, 1990). The mortalities considerably conitéa to the decline of
venerid culture; an activity which has today disappearecthfthe Aber basin
(Paillard, 2004b).

1.2.2 The pathogerVibrio tapetis

The pathogenic agent causing Brown Ring Disease was fitatésbat Landéda
(Northern Finistére, France) and was shown to be a bactefitstnamed/ib-
rio Predominant 1 (VP1) and subsequently renandiuxlio tapetis (Paillard
and Maes, 1990; Borrego et al., 1996b). This bacterium Igsldm the family
of Vibrionaceaeand its systematic position is shown below:

Phyllum Proteobacteria(Stackebrandet al., 1986)
Class Gammaproteobacteria
Order Vibrionales
Family Vibrionaceae(Véron, 1965)

1.2.3 Symptoms and diagnosis

The main symptom of Brown Ring Disease is the brown deposithernpe-
ripheric inner shell which is generally observed betweerpdllial attachment
and the shell edge. Itis essentially composed of conchitiisnorganic matrix
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secreted by the mantle as a base for the calcification pr¢Pesitard et al.,
1989). In the disease, this conchiolin is melanized (Rdilld4992) and its
biochemichal composition seems different from organiemadmatrix (Goul-
letquer et al., 1989a).

CDS 1 2 3 4 5 6 7
0
€
(o)
L
o
€
>
(V5]
microscopic visible by bare eye

Fic. 1.3 lllustration of the classification scale of BRD symptoms
established by Paillard and Maes (1994). Symptoms can heraas
bare eyed at CDS=2 and higher. The brown deposit takes dicati
place on the inner shell at CDS=4 and more.

Stages of BRD development and recovery can be assessediby stacro-
scopic symptoms according to the Paillard and Maes (1994}ification sys-
tem illustrated in Fig. 1.3. This scaling method takes irtocaint the extent,
the position and the thickness of the brown deposit. Fiegjest are character-
ized by the presence of conchiolin spots surrounded by ahzdteadhering
to the inner shell. These stages (Conchiolin Deposit St&gs 1 et 2) are
nearly invisible to the bare eye (Fig. 1.3). More intensgeasaare signaled by
a macroscopic deposit and its extent increases with diskasgopment. At
stage CDS 3 and higher the brown deposit is clearly visiblthbyare eye and
at stage CDS 4 and higher the brown deposit takes a signifidace on the
inner shell (Fig. 1.3). When the deposit is thick, the outdd of the mantle
can present some lesions (Paillard, 1992; Paillard et@®4)1 During disease
recovery, the clam is able to cover the symptomatic browrsiepy deposit-
ing new calcified layers (Paillard, 1992). Four Shell Ref#rges (SRS) have
been described (Paillard and Maes, 1994). The brown depeasitcification
process begins by the apposition of calcified concretioRS($). At SRS 2 et
2.5 calcified plates recover partially the brown deposit samir is complete
at SRS 3.
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Shell D. Colonisation of the clam tissues
and death

Gills

Mantle C. Colonisation of the central extrapallial

compartment

Central
extrapallial
fluid

Peripheral B. Colonisation of the peripheral extrapallial
extrapallial < compartment

fluid )
Periostracal /
lamina PO : .
A. Colonisation of periostracal lamina

FIG. 1.4 Progression stages of Brown Ring Disease in the dRam
philippinarum (modified after Paillard, 2004b).

1.2.4 Progression of the disease

Disease progression has been reviewed in Paillard (200tb]saillustrated
in Fig. 1.4. According to this author, the initial procesghe attachment of
the pathogelv. tapetisto the periostracal lamina (Fig 1.4 A), but disease may
develop only after penetration of the pathogen into theagsitial compart-
ment. Modalities of entry o¥. tapetisinto the fluids are poorly known. Fol-
lowing Paillard (2004b) “In favourable conditions for thatpogenV. tapetis
colonisation provokes some alterations and rupture of énmgtracal lamina
which allows the penetration of bacteria into the extraglfluids”. This crit-
ical point will be further discussed in chapter 5. Periphesdrapallial fluids
are first infected (Fig 1.4 B) and depending on the progreshefdisease,
central extrapallial fluids can subsequently be colonised {.4 C). The in-
teraction between the bacterium and the mantle induce timeat®on of the
brown deposit. At this stage of disease progressibmapetiscan be consid-
ered has a microparasite. If tissue lesions ocddrgpetiscan penetrate into
the hemolymph and colonise the tissues, provoking the dedtie individual
by a generalised septicemia (Allam et al., 2002c; Paillad®4b).

1.2.5 Impact on the host

The most obvious symptom of BRD is of course the brown dejiesé section
“ Symptoms and diagnostic”1.2.3) systematically assediatith an alteration
of the periostracal lamina (Paillard and Maes, 1995a). Alkell deformations
can be observed during disease development (Paillard).188Rough tissue
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lesions are not systematically observed in the first steg@digrd et al., 1994),
alterations of the digestive diverticula, which presermgaheration signs, can
be observed at more advanced stages (Plana and Le Pennéc,P1&8a,
1995). At these stages, the mantle edge presents someslddiesguama-
tion and hypertrophia of the mantle epithelium; Paillaré92; Paillard et al.,
1994; Paillard and Maes, 1995a).

Experimental contamination with tapetisnduces an increase in the num-
ber of circulating hemocytes in the hemolymph (Paillardlgt1®94; Allam
et al., 2000a, 2006; Paillard, 2004b). This is interpretec anobilisation of
hemocytes towards the infection site (Paillard et al., J994 decrease in
phagocytic activity of hemocytes (Allam et al., 2002b; Afiand Ford, 2006)
and an increase of the dead cells (hemocyte) percentaga{4it al., 2000a;
Allam and Ford, 2006; Allam et al., 2006) have also been aleskrLeucine
aminopeptidase activity in the hemolymph is also affectpdnuan experi-
mental bacterial challenge (Oubella et al., 1993, 19946198n increase of
hemocyte concentrations in extrapallial fluids is obsemataturally infected
clams suggesting a mobilisation of immunocompetent celisitds the most
infected site (Allam, 1998; Allam and Paillard, 1998; Allanal., 2000a,b).

Field observations showed that burrowing activity is dasesl in highly
diseased individuals, which are often found at the sedirseriace (Goullet-
quer et al., 1989a; Paillard, 1992).

In natural conditions disease development is associatddandecrease of
the condition index (ratio between total flesh dry weight ahdll dry weight)
(Goulletquer, 1989a; Paillard, 1992; Paillard et al., J9%xperimental in-
fections induce a weight loss and a decrease in flesh glycogecentration
(Plana, 1995; Plana et al., 1996), the main energy storag@aand in mol-
luscs (see reviews in: Gabbot, 1976, 1983; Lucas, 1993}hA#le observation
suggest that BRD development affects the host’s energytala point which
will be developed in Part Ill.

1.2.6 Disease modulation by environmental factors

Although Brown Ring Disease was first observed massivelindwpring and
summer 1987 (Paillard et al., 1989; Paillard, 1992), field Eboratory stud-
ies showed the positive effect of low temperature on the Idpweent of this
disease (Maes, 1992; Paillard et al., 1997, 2004). Thisdeses subsequently
considered as a “cold water disease” (Maes, 1992; Pailteait],1994; Allam
et al., 2000b; Paillard, 2004a,b). The map in Fig. 1.5 indisadhe different
locations where the disease has been observed in Manila dlhenlocations
are distributed along the French Atlantic coast, in Ireldandsreat Britain, in
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Spain and in Italy (Paillard et al., 1994; Allam et al., 200Qlastro et al., 1996;
Novoa et al., 1998; Paillard, 2004b; Lassalle et al., 200d; gersonal obser-
vations). Symptoms have recently also been observed in &obut have
not yet been attributed tdibrio tapetiswith certainty (Paillard et al., submit-
ted). The disease was reported in the Northern Adriaticlsalg)(in 1990, but
the disease did not spread and disappeared after the sunondrariPaillard
et al., 1994). This distribution shows the “Northern ché&ecof Brown Ring
Disease. Until recently, BRD had only be reported from theoean coast,
but has recently also been reported in South Korea, in tlggnatidistribution
area of the Manila clam (Park et al., 2006b).

60°N

500

a0°

Fic. 1.5 Map of the different locationse() where Brown Ring Dis-
ease symptoms have been reported in the Manila cRmphilip-

pinarum(following Paillard, 2004b; Paillard et al., submitted;dsalle
et al., 2007 and personal observations )

Temperature seems thus to be one of the major environmectak$ con-
trolling disease development. The pathogenic ag¥ittiio tapetis has an
optimal growth temperature of around 20°C (Maes, 1992; Have, 2005).
High temperatures inhibW. tapetisgrowth and no growth is observed over 27
- 30°C (Maes, 1992; Haberkorn, 2005). Since temperaturegeap7°C can
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be lethal for this bacterium, Maes (1992) suggested thabsexe of BRD—
affected clams to this temperature could be curative. Tinilsa also showed
that between 15 and 21°C the intensity of disease develdpiménversely

correlated to temperature. The influence of temperatureyomp®m devel-

opment and on immune parameters has subsequently beesdshydPaillard

et al. (2004). These authors suggest that the temperatiluerines the de-
velopment of Brown Ring Disease by modulatigtapetisgrowth but also
by modulating the host’s immune response and recovery psese Following
these authors the “optimal temperature” for the develogroéthe disease is
near 14°C.

Annual extreme temperatures seems to explain the geogedpépartition
of the disease (Paillard, 2004a). An epidemiological spaleng the French
Atlantic coast (from the Aber basin in the North to Noirmeutin the South)
indicated that the prevalence minima were found on the ditergvtempera-
tures were lowest in winter (Paillard et al., 1997). Follogithese authors,
temperatures under’@ can inhibitV. tapetispathogenicity, and absence of
disease development in the South of France and in the Adseaa could be
explained by the higher summer temperatures which riseea®8%C (Paillard
et al., 1994, Paillard, 2004a), temperature being suddep reduce growth
and in some extent lethal ¥ tapetis(Maes, 1992).

In natural populations, a seasonal pattern is not systeafigtiobserved,
especially when prevalence and intensity are low (see Chaaillard, 2004a).
Nevertheless, the evolution of disease prevalence follawsnnual pattern
(Paillard et al., 1997; Paillard, 2004a): generally BRD pyoms increase to-
wards the beginning of the spring and decrease towards thertsieg of sum-
mer (Paillard et al., 1997; Paillard, 2004a). Low tempeeguluring the rising
phase of prevalence have been invoked to explain this pgteaillard et al.,
1997, 2004, Paillard, 20044a,b) but an alternative hypashsal be discussed
in chapter 5.

The effects of salinity on BRD development has poorly beestdeed. A
laboratory study however, showed that low salinities (urtfE%o) can favour
the development of this pathology and negatively affectdeé—related hemo-
cyte parameters (Reid et al., 2003).

Finally, sediment grain—size distribution significantlijeats Brown Ring
Disease (Paillard, 2004b). In natural populations dis@asealence is posi-
tively correlated to the abundance of big sediment grairss point will be
discussed in chapter 5.
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1.3 Objectives and thesis outline

Diseases development results from interactions betweegrihironment, the
host and the pathogen. The environment might influencerissgon of the
pathogen to the host as well as pathogen and host physidiayglopment of
the pathogen within the host may depend on the environmeaotalitions, but
also on the efficiency of the host defence system which iseady controlled
by the environment through host physiology. The aim of troskais to provide
a better understanding of these complex relationshipsanctise of Brown
Ring Disease. The interplay between host energetics ardsisdevelopment
are specially emphasized.

The work originally begun with the development of a modelatiésng the
interaction between the environment, the host and the gaththat provided
a synthesis of the state of art about BRD. This model is pteden the first
part of the manuscript. Chapter 2 presents the constryct@libration and
simulations of an individual growth model of the Manila clabased on the
scope for growth concept. In chapter 3, the development ai@ehdescribing
the interactions between the environment, the host andatiegen, based on
the model described in chapter 2, is presented.

The second part of the thesis presents field observatiorfisrmed to better
understand the influence of the environment on both the deferlated sys-
tem of the host and on the development of BRD, and to validaeariodel.
Results of field monitoring of hemocyte parameters, envirental parameters
and disease in the Manila clam population of the Gulf of Mioani are shown
and discussed in chapter 4. Chapter 5 presents an hypotbetig first step
of the infection : the entry o¥ibrio tapetisinto the extrapallial compartment.
Chapter 6 compares the assumptions of the model descritmthjier 3 with
the field observations.

In the third part of the thesis, the impact of the BRD develeption the energy
budget of the Manila clam is studied. Chapter 7 presentsftbete of disease
development on the filtration activity and the respiratiaterof the host. Ef-
fects of the disease on maintenance costs of the Manila darassessed in
chapter 8 by both experiments and a model based on Dynamig¥EBadget

(DEB) theory. Chapter 9 will describe data and methods used &egtima-

tion of the parameters of the Manila clam energy budget mpridented in
chapter 8.

Finally, Chapter 10 discusses the results obtained dunisgtiesis work.
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Chapter 2

An individual growth model of the Manila
clam

Ecophysiological dynamic model of individual growth ofRuditapes
philippinarum

Aquaculture(2007), 266, 130-143.

Jonathan EvE-SAINTE-MARIE, Fred EAN, Christine RILLARD , Susan
FoRrb, Eric POWELL, Eileen HOFMANN and John KINCK.

Abstract

A bioenergetics model of the Manila clafRditapes philippinarujnwas built

to simulate growth, reproduction and spawning in culture:fishery field sites
in Marennes—Oléron Bay (French Atlantic coast). The mosdalriven by

two environmental variables: temperature and food supphe food supply
and the clam’s filtration rate determine soft tissue coaditndex, which in

turn drives clam growth and reproduction. The model wadcatied and then
validated using two independent data sets.

This paper discusses the difficulty of comparing experimetdta and in-
dividual model outputs when asynchronous spawning evexis an the stud-
ied population. In spite of this difficulty, the simulatioreproduce the typical
pattern of growth and reproduction of the Manila clam.

Simulations showed that water column chloroplayioncentration is not
a perfect estimator of food resources for a near bottom ssgpefeeder such
as the Manila clam and emphasize the lack of knowledge aRaditapes
philippinarumnutrition.

The individual growth model presented in this paper will beegrated
into a numerical population model describing the host-giggaenvironment
relationship in Brown Ring Disease, caused by the bacte¥ilorio tapetis

Keywords: Model; Individual growth; Energy balance; Reproductiéopd
input; Brown Ring Disease.
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2.1 Introduction

The Manila clam Ruditapes philippinaruwas introduced for aquaculture
purposes to France between 1972 and 1975 (Flassch and bebd@p?2). In
France, this venerid culture became increasingly wideshrand since 1988
natural populations have colonized most embayments aload-tench At-
lantic coast, resulting in a fishery of ca 1500 tons in the @tforbihan at
the end of the 1990sR. philippinarumis often affected by high mortalities
in late winter, which considerably limit aquaculture andhéges production.
These mortalities were first associated with unfavourabléerenmental fac-
tors such as low trophic resources, cold temperatures ansdlinity (Goullet-
quer, 1989b; Bower, 1992). Later, they were attributed twBr Ring Disease
(BRD), a bacterial disease induced by the pathogimio tapetis (Paillard
etal., 1989; Paillard and Maes, 1990), in conjunction watl tondition index
and low biochemical reserves (Goulletquer, 1989a). BR@m@ssion in clams
andV. tapetisstrategies for infection have been described in depth biaRai
et al. (1994) and Paillard and Maes (1994). Infections magrigtically occur
any time of the year, but BRD development may be modulatednviran-
mental conditions (Paillard et al., 2004) and clam’s dedesgstem (Allam
and Paillard, 1998; Allam et al., 2000b). In addition thesthars showed that
BRD development is modulated by the energy balance of tma.cla

As afirst step in developing a numerical model describinghthst—patho-
gen—environment relationships in BRD, this study presém@sndividual eco-
physiological model of growth and reproduction of the Mardlam. The aim
is to describe the variability in energy balance for an irdimal without BRD
as a function of the two main environmental factors presutoemntrol BRD
development : the trophic resources (Goulletquer, 1988a)lze temperature
(Paillard et al., 2004).

2.2 Materials and methods

2.2.1 Basic concept and state variables

The model is based on a the widely applied (see review in Bah@f8) scope
for growth (SF'G) concept. TheS F'GG concept assumes that energy or matter
gained by food acquisition is equal to the energy or mattst flor mainte-
nance, growth and reproductiofF'G can be calculated as follows according
to Lucas and Beninger (1985):
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SFG =Gg+ Sg+ Sh=Cons — (Pp+ Fp+ Resp+U)

where: Gg is gonadal growthSg is somatic growth;Sh is shell growth;
Cons is consumption (retained organic mattePp is pseudofaeces produc-
tion; F'p is faeces productionResp is respiration and/ is urea and amino
acid excretion.

If SFG < 0, energy or matter is mobilized, firstly from gonad, then from
somatic tissue, and the clam loses weight while using enezggrves. If
SFG > 0, energy or matter gained is partitioned into shell, soma, go
nad. Partitioning among those three compartments is d@drboth by envi-
ronmental parameters (quantity and quality of food, termfoee, salinity, .. .)
and by endogenous factors such as genotype, size and gyysadlcondition
(see e.g. Shafee and Lucas, 1982; Lucas, 1993; GoullettR&9a; Pérez Ca-
macho et al., 2003).

The conceptual design is described in Fig. 2.1. The strecad formu-
lation of this model is based on the Hofmann et al. (2Q@&ycenaria merce-
naria growth model. The two state variables are the shell lengthtlaa total
flesh weight including somatic weight and gonadal weight.

2.2.2 Environmental factors

Three data sets (Fig. 2.2) were extracted from Goulletdl@89a), a survey of
Manila clam aquaculture in the Marennes-Oléron basin @hrdttlantic coast,
see Fig. 2.3):

1. a time series from Nole station (March 1984 to Septemb8&6) f
chlorophyll a (Chla) concentration was used for calibration. Temper-
ature (’; °C) was obtained from the same study site during a 1986 sur-
vey;

2. two time series, one from Nole station and the other froledu station,
both extending from March 1985 to May 1986, were used for rheale
idation. Both consisted af'hla concentration and temperature series.

Data from all time series were linearly interpolated to abtdaily values
when necessary.

In order to evaluate trophic resourcéshla concentration was converted
to ingestible dry organic matter (trophic resout€eod, g L~! ) to take into
account the pseudofaeces production step, following theate:
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FiG. 2.1 Schematic of the conceptual clam growth model

Food = Chla x FoodCoef f

where FoodCoef f in ¢ DW pg~!' Chla is the coefficient that converts
C'hla to ingestible dry organic matter.

2.2.3 Physiological mechanisms formulations

Net Production

Net production of dry organic mattePget; g day~') was calculated with the
following equation, which reflects energy gain from assatidn and loss due
to respiration:

Pnet = Ingest x Assim — Resp

Food acquisition Using data from literature (Goulletquer et al., 1989b; Goul
letquer, 1989a), the filtration rate of aglDW individual was estimated as a
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Fic. 2.2 Environmental data sets used for calibration and valiati
interpolated from Goulletquer (1989a). Data sets A and B@mekre

used for the calibration at Nole station. Data sets B and @& wseed

for validation at Nole and data sets D and E were used foratidid at

Lilleau station.
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FiG. 2.3 Location of the the two stations studied by Goulletquer
(1989a) in Marennes-Oléron basin (Atlantic coast, Franse)e (A),
an estuarine station and Lilleau (B), an oceanic station.

function of temperature using the following empirical etijpr

Filtp(T) = —5.621073 x T? 4+ 0.18 x T — 0.30 (2.1)

Filty in L h~ ! reaches its maximuni{iltr(16) = 1.16 L h~') at 16 °C.
Filtration rate was estimated as a function of dry weighti{; (1) in
mL min~1) following the empirical equation:

Filtw (W) = a; x WY (2.2)

with ay = 20.049 andbf = 0.257.

Using equations (2.1) and (2.2), filtration rate was finakpressed as a
function of individual weight and temperatur€4t; L day~') following the
equation:

Filtp(T)
Filtr(16)

with a; = 20.049 andbf = 0.257 being two adjusted allometric parame-
ters.

Filt(W,T) = ay x W x ) x 1.44
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Ingestion {ngest; g day~") of dry organic matter can be then calculated
according to the equation:

Ingest = Food x Filt

Assimilation Amino acid and urea excretion is very low compared to other
parameters and was thus omitted from the model. Therefssandation was
considered equal to absorption. Assimilation ratd”j was estimated as a
function of weight according to a Michaelis—Menten formtida:

AE| x W
Ki+W

whereAEy, = 0.1 and AE; = 0.6 are the minimum and maximum ad-
ditive assimilation rates respectively, ahty = 2.74 g is the half-saturation
constant. Assimilation4ssim; g day~') was then calculated following :

AFE = AEO —+

Assim = AE x Food x Filt

Respiration Respiration was also calculated, using data from Gouléatqu
et al. (1989b) and Goulletquer (1989a), as a function of txatpre for a 1-
g DW individual as

Respr(T) = —4.75107" x T? +2.021072 x T 4 2.43 1072 (2.3)

Respr (ml Oy h~ ') reaches its maximumRespr(21) = 0.24 ml Oy h™1
at 21 °C. Respiration for individual clams was estimatedifieeight (Respy
in Cal day~! ) following the empirical equation:

Respw (W) = a, x WP (2.4)
wherea, = 27.88 andbr = 0.85.
Using equations (2.3) and (2.4), respiratidRep; g DW day~') was
finally expressed as a function of weight and temperatuteviiahg the equa-
tion:

Resp(W,T) = (a, x W x Respr(T)/Respr(21)) x 2.177 1073

with 2.177 10~3 being the coefficient to convert caloriesgd V.
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Condition index

In bivalve studies, condition index is usually the ratiovbe¢n shell and dry
flesh weights (see review in Lucas and Beninger, 1985). Immdel a condi-

tion index, based on variation of total flesh weight insiderinal shell volume,

like that used in oyster studies (Lawrence and Scott, 19823, calculated as
follows:

W —W,
Wmax - Wo

where the relationship between the mean flesh weighi @nd the shell
length L) is

C =

W, = a, x L%

anda, = 8.52 10~7 andbo = 3.728. The values were, andbo were
evaluated using a composite data set (Paillard et al., dispeld datayn =
921, r2 = 0.904),

and

Winaz = Gom X Lt

wherea,,, = 1.70 1076.
C is related to the shell weight-based condition ind€X( using a linear
relationship:C' = 0.0124 x CI — 1.0562 (n = 558, 72 = 0.95).

Length growth

The organic matrix is only 2 to 3% of shell weight of the Marglam (Goul-
letquer and Wolowicz, 1989) and generally accounts for andynall fraction

of SFG in bivalves (Thompson, 1984; Dame, 1996; Pouvreau et &0QRn
the present model, energy allocation to shell growth was tmitted. There-
fore, shell length growth ratégrowthRate (day~") is a Michaelis—Menten
function of condition index@) and is saturated as a function of the maximum

length L):
Lmax - L % C - CS
Lmam Kl +C — CS

wheredl, is maximum daily growth ratd, is the individual length,,,q:
is the maximum clam length; is the half saturation constant ang is the

LgrowthRate(L,C) = dl, x
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minimum value ofC for LgrowthRate > 0. Parameters of the Michaelis—
Menten equation were evaluated using a composite datase{Goulletquer,
1989a) in Marennes—Oléron Bay.

Resources allocation to reproduction

As in most venerids, the gonad Bf. philippinarumis a diffuse organ in the
visceral mass. This is the main reason why rules specifyirgpriorities
for resource partioning by the Manila clam have not beennsitely studied
(Laruelle, 1999; Laruelle et al., 1994; Calvez, 2003). Hesveavailable infor-
mation was used to make assumptions concerning energytdioc Most of
the information is based on various condition index andohagiical studies,
as well as recent investigations using enzyme-linked inoaarbent assays
(ELISA) to quantify egg weight (Park and Choi, 2004; Ngo artb{C2004).
The gonad is almost never developed in clams less than 20 rhohvs as-
sumed to be the minimum size for reproduction (Laruelle 91 @xlvez comm.
pers).R. philippinarumis known to have a reproductive period extending from
March-April to October on western European and Korean sodihis corre-
sponds to a period when water temperature rises above 121iCh g con-
sidered as the minimum temperature allowing gametogefiesiselle et al.,
1994; Mann, 1979; Park and Choi, 2004; Ngo and Choi, 2004hd@ion in-
dex and histological studies showed that most of net praaluds allocated
to reproduction from mid-June to the end of October (LasjelB99; Calvez,
2003). This phenomenon is observed at all stations moulitoyeghose authors
along the French Atlantic coast and occurs when conditiole3ris above a
threshold value.

Reproductive effortRepE f f is the adimensional fraction of net produc-
tion allocated to gonadal tissueBepF f f becomes positive, and gametogen-
esis possible, when clam length is above a minimiluength RepMin = 20
mm; Laruelle, 1999) and temperature is above a minimiam{p RepMin =
12 °C; Laruelle, 1999; Park and Choi, 2004; Ngo and Choi, 2004niV
1979). Below those threshold®epEff = 0. Above the thresholds, re-
production effort is calculated as a function of tempemtgcording to

T—-13.38

1
RepEff = RepEf frras X g X (1 + tanh( 7

)

with RepE f farqe, the maximum fraction of net production allocated to
the gonad.
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Gamete release

Factors triggering spawning are also not well known or istezly studied
in R. philippinarum for the same reasons mentioned for resource allocation.
Spawns occur from May to October (Laruelle, 1999; Goulletqi989a; Men-
eghetti et al., 2004). Spawnings and rapid rematuraticr aftawning are ob-
served during the whole breeding period. Individuals aré syachronized
during the first spring maturation of gametes, which is dategl to temper-
ature increase, but this synchrony may be lost during suiesggspawnings
(Laruelle et al., 1994; Toba et al., 1993; Meneghetti et 2004). Asyn-
chronous partial spawnings occur from end of May until thd ehAugust.
During these partial spawnings events, only a fraction efdgbnad content,
corresponding to the mature ovocytes, is released. The spawwning is ob-
served in late August or September, when almost all indalgluelease their
entire gonadal content. Under good environmental conditidate spawning
events can occur until end of October (Goulletquer, 198%auélle, 1999;
Calvez, 2003). In the model, partial and major spawning &vare distin-
guished according to the following criteria:

» a clam is ready for a partial spawning event if its conditindex and
gonado-somatic index (gonad to flesh weight ratio, GSI)irélaeshold
values ParIC and ParGS1, respectively). After the partial spawning
event, the condition index drops to a valuéuf PostIC') corresponding
to the weight lost by gamete release.

« aclam is ready for a major spawning event if its GSl is abbeethresh-
old value GpawnRatio) and it has experienced a minimal number of
days of gametogenesis, which is evaluated as 119 days froaththe
temperature definitively rises above 12°C.

Threshold values for spawning events were estimated usitagsets from
Calvez (2003) for the Gulf of Morbihan.

2.2.4 Parameter evaluation and model adjustment to experien-
tal data

Most of the parameters of the model were first estimated frobfighed values
for individuals without BRD symptoms ( Table 2.1), howevegme of the
parameters could not be evaluated this way and were evdlbgtadjusting
the model to experimental data (calibration data set at)Nole
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2.2.5 \Validation

Once parameters were evaluated, the model was then validsiteg one data
set from Nole station and one from the Lilleau station. Ciydnyll a and tem-
perature time series are shown in Fig. 2.2. Both data setsoaneGoulletquer
(1989a) (see section 2.2).

For both calibration and validation, the fit between expental and mod-
eled results was ascertained using a linear regressionghrthe origin for
each state variable (length, weight and condition indexje $lope of regres-
sion line of modeled'sexperimental values was compared td-1egt) and the
coefficient of determination was calculated.

2.3 Results

2.3.1 Model evaluation

Results of a simulation after adjustment of the model to erpental field data
are shown in Fig. 2.4. This simulation was obtained usingtrameter values
in Table 2.1. For all state variables, the slopes of the esjpa lines between
observed and simulated values were not significantly diffefrom 1 -test,
p-value> 0.05).

The simulated length trajectory of a standard individudlbfeed that of
the average length observed in the field (Fig. 2.4A). Lengtwth was al-
most completely explained by the modef (= 0.98). Simulated dry weight
(Fig. 2.4B) and condition index (Fig. 2.4C) were also closdi¢ld observa-
tions, even though coefficients of determination were logvér= 0.77 and
r?2 = 0.66, respectively). These lower values can be attributed tcsime-
lated spawning pattern: the model simulated partial spagvevents at days
140 and 153 (end of May and begining of June respectivelyaw8mg at this
time was not noted by Goulletquer (1989a), who collectedddim set used
to calibrate and validate the model, but they are in accaravith observed
spawning patterns on the French Atlantic coast (Larue8891Calvez, 2003).
A major spawning was simulated at day 230 (late August) attte where
this gamete release was observed in the field by Goulletqi9&94).

2.3.2 Model validation

Nole

Validation simulations at Nole station are shown in Fig..Z7%r length and
weight, the slopes of the regression lines between obsamnvedimulated val-
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TAB. 2.1: Optimum values of the parameters of the model.

Parameter Explanation Value Unit Evaluated from

Filtp(16) Maximum of theFT'(T') function (at 16°C) 1.16 Lh~T Goulletquer et al. (1989b); Goulletquer (1989a)
af Allometric coeff. of the eq. relating filtration rate to DW 20.049 no unit Goulletquer et al. (1989b); Goulletquer (1989a)
bf Allometric exponent of the eq. relating filtration rate to DW 0.257 no unit Goulletquer et al. (1989b); Goulletquer (1989a)
AEy Minimum additive assimilation rate 0.1 no unit Goulletquer et al. (1989b)

AFq Maximum additive assimilation rate 0.6 no unit Goulletquer et al. (1989b)

Ka Half-sat. const. of the M.-M. eq. relating assim. rate to DW 2.74 g this study

Respr(21) Maximum of theRT'(T") function (at 21°C) 0.24 ml Oy h=1 Goulletquer et al. (1989b); Goulletquer (1989a)
ar Allometric coeff. of the eq. relating respiration rate to DW 27.88 no unit Powell and Stanton (1985)

br Allometric exponent of the eq. relating respiration rat®©w 0.85 no unit Powell and Stanton (1985)

ao Allometric coeff. of the eq. relating average DW/) to length 851.88 109 no unit Paillard (unpublished data)

bo Allometric exponent of the eq. relating average DW() to length ~ 3.728 no unit Paillard (unpublished data)

Qom Allometric coeff. of the eq. relating max. DWA(;,,42) to length 1703.76 10~  no unit Paillard (unpublished data)

Lmaz Maximum clam length 60 mm Mortensen and Strand (2000)

dlo Maximum length growth rate 0.0045 day~" Goulletquer (1989a)

K Half-sat. const. of the M.-M. eq. relating to length growth rate 0.123 no unit Goulletquer (1989a)

Cg Minimum value ofC for Ry, ¢ > 0 -0.45 @9) no unit Goulletquer (1989a)

LengthRepMin  Minimum clam length for reproduction 20 mm Laruelle (1999), Calvez (unpublished data)
TempRepMin Minimum temperature for reproduction 12 °C Laruelle (1999)

ParGSI GSil threshold value for partial spawning 0.30 no unit this study

ParlC Condition index threshold value for partial spawning 0.50 (125) no unit Calvez (2003)

ParPostIC condition index value after a partial spawning event 0.23 (104) no unit Calvez (2003)

SpawnRatio GSI threshold value for principal spawning 0.42 no unit Park and Choi (2004)

C2F Chla to dry ingestible org. mat. conversion coeff. at Nole statio 0.2552 g DW ug=!  this study

C2F Chla to dry ingestible org. mat. conversion coeff. at Lilleautista  0.3432 g DW ug=!  this study

Condition index values are expresed in the model conditidex () experimental equivalent value§’() are shown in parenthesis.
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FiIG. 2.4 Results of the adjustment of the model to experimental data
of Goulletquer (1989a) for (A) length (mm); (B) weight (g DV&hd

(C) condition index. Continuous lines: model output. Cessét):
observed data points. The arrow indicates the date wherkengpa
was observed by Goulletquer (1989a). Time (days) is couinted

the 1st of January 1984.

ues were not significantly different from f-test, p-value> 0.05). The simu-
lated length trajectory (Fig. 2.5A) was close to observeta dad the coeffi-
cient of determination was very high’( = 0.95). Simulated trajectories for
weight (Fig. 2.5B) and condition index (Fig. 2.5C) were aisar the observed
data; two partial spawnings were simulated at days 154 afid 1&ruelle
(1999) and Calvez (2003) showed that partial spawningscediasynchrony
of gonadal state, resulting in increased variability oftfleseight within a co-
hort. The two large standard deviations for weight in thedfghta between
days 154 and day 187 tend to confirm the occurrence of suchnapgsy

During the whole gamete release period, from day 150 (latg) Maday
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FiG. 2.5 Results of the validation of the model using temperatuce an
Chla times series at the Nole Sation for length (A), weight (B) and
condition index (C). Continuous lines: model output; cessét): ob-
served data points; errorbars indicate standard devi&tiofield data
(Goulletquer, 1989a). Standard deviations for conditimex were not
available. Time (days) is counted from the 1st of Januaryp198

240 (begining of September), the simulated trajectoryrgee from observed
data because of spawnings. The importance of the pringgaalising in the

fall induced a divergence of the model compared to obseratal drhese di-
vergences induced lower coefficients of determination betwsimulation and
field data for weight4? = 0.63) and condition index:¢ = 0.78). For con-

dition index, slope of the regression line between expentaleand modeled
data was 0.84 and significantly different fromtitést, p-value< 0.05). Nev-

ertheless, for both weight and length, simulations werdiwithe observed
standard deviation range.
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FIG. 2.6 Results of the validation of the model at Lilleau for length
(A), weight (B) and condition index (C). Continuous line®ghmodel
output, crosses (+) show observed data points and erromudicate
standard deviation for field data (Goulletquer, 1989a)n&ed devi-
ations for condition index were not available. Time (dagsgounted
from the 1st of January 1985.

Validation simulations for the Lilleau site are shown in Fig6. For all
state variables, the slopes of the regression lines betoleserved and sim-
ulated values were not significantly different fromtitést, p-value> 0.05).
The simulated length trajectory followed closely the olsedrvalues at Lilleau
(r? = 0.89) and lay within standard deviation range (Fig. 2.6 A). Cdindi
index was well explained by the modef(= 0.72) and the weight simulation
was better explained than in the Nole validation simulatioh= 0.77). Like
the Nole simulation, the first gamete emissions were siradlat the end of the
spring (day 144, late May) and continued during the summbe Simulated
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principal spawning occured at day 227 (mid August), whicls wansistent
with the observation of Laruelle (1999) and Calvez (2003)the coast of
Brittany, France. In early summer, many (8) partial spagsiare simulated
which are not described in the field dataset of Goulletque89a), thus result-
ing in underestimates of both weight and length growth. Bafehese partial
spawnings are in accordance with Laruelle (1999) and Cq2@@3) obser-
vations. A simulated late spawning event occured at day 2888 Qctober).
This gamete release event was noted in the field data set de@mer (1989a)
who emphasized that at Lilleau station the reproductioorefvas higher than
at Nole, which is consistent with the model simulation.

2.4 Discussion

Shell growth

An important and original aspect of this model, which is dedi from the
Hofmann et al. (2006) hard clam growth model, compared teroifdivid-

ual growth models based on the Scope For Growth conceptBarilé et al.,

1997; Grant and Bacher, 1998; Pouvreau et al., 2000; Havekias, 2002;
Gangnery et al., 2003; Fréchette et al., 2005), is that tiondindex drives
both net production division and length growth. In most scd@r growth

models of bivalves, length is calculated from weight thiowmn allometric
equation. In present study weight and length are two statablas indepen-
dently calculated. Such a formulation for the Manila clatovaéd uncoupling
of length growth increments and weight growth incrementsisTs in agree-
ment with observations of Lewis and Cerrato (1997)Mya arenarig which

showed that shell growth could be uncoupled from somatievtiro Simula-
tions were in a very good agreement with field data as the caaftiof correla-
tion values were very high-t = 0.89 at Lilleau and-? = 0.95 at Nole). This
formulation also allowed our model to simulate post-spagrshell growth
stops, which were shown by Garcia (1993Rndecussatus

Weight, condition index and reproductive patterns

For both Nole and Lilleau sites, the simulated reproductiaéern deviated
somewhat from field observations. The aim of most studiesrowty of R.
philippinarumis to assess the best cultivation strategy for maximizirogvij.
Most often, authors monitor the evolution of biologicaliahtes (length, weight
and condition index are among the most common) of a set of gemepusly
sized individuals (i.e. a cohort — Maitre-Allain, 1982; Bydet al., 1980;
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Goulletquer et al., 1987; Goulletquer, 1989a; Robert ¢t18193). On each
sampling occasion, all individuals in the sample are sactifo assess those
variables and an average length, weight or condition indevaiculated. Us-
ing such a method, one obtains the trajectory of the averagghiy length and
condition index of a cohort through time. It is often said ®the trajectory
of an "average individual" (i.e. an individual that has aggr physiological
features), although no real individual trajectories amived in such a data
set.

The occurrence of asynchronous events, like partial spaysnimay in-
duce a difference between the trajectory of an "averageithdal” and the
trajectory of the average of a cohort. In order to explais thifference, two
theoretical cases are hypothesized both of which lead tGdhee average—
cohort—weight time series (Fig. 2.7).

Individual trajectories Cohort average trajetory
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Fic. 2.7. Two hypothetical cases of the inter-individual variaili
of spawning strategy in a cohort. Case 1: the cohort is coeto$
individuals presenting similar spawning efforts, with keacdividual
spawning four times, but not simultaneously. The individuajecto-
ries graph shows the evolution of weights of two individu@entin-
uous and dotted lines). Case 2 : the cohort is composed ofidRdi
uals presenting different spawning strategies. One clagslvidu-
als spawns four times (continuous line in individual trégeies) and
the other doesn’t spawn at all (dotted lines in individuajdctories).
In both cases, because of the asynchronous spawnings, ¢hegav
weight of the cohort may remain constant.
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» Case 1 is a situation where all individuals of the cohortendne same
spawning behaviour: each individual spawns with a highdezgy, as
shown by the individual weight trajectories. If these spggsa don’t
occur simultaneously in all the individuals of the coholte taverage
weight of the cohort may remain constant.

» Case 2 is a situation where the cohort is composed of twcskafichdi-
viduals: some of them spawn with a high frequency and ther athes
don’'t spawn at all. As in case 1, if spawnings, when they g not
synchronous, the average weight of the cohort may also recoaistant.

In both cases, one may obtain the same evolution of averaggtyvbow-
ever, the weight variance will be higher in case 1. It is ingiole, however,
to make assumptions about the behavior of individuals artistinguish be-
tween the two cases just by examining the mean and varianttes afeight
of the cohort. Processes of reproduction in bivalves arehnmugre complex
than these two examples; however, these two theoreticakdligstrate that
if asynchronous events occur in a cohort, the average toajeof the cohort
doesn't allow any assumption about individual behavior.

Consequently, simulations of individual variables caneasily be com-
pared to observed data when asynchronous events occunwittdhort. Try-
ing to fit a model simulating the evolution of mean weight @& ttohort when
asynchronous partial spawning events occur would not dlechihese events
thus resulting in a large underestimate of the reproduaiivtput because it
does not take into account the peak reproductive outputdifioluals clams.
In such a case, a high value of the coefficient of correlatien {ending toward
1) between simulated and field data may actually reveal a gpoesentation
of individual behavior. This points out (1) the difficulty sbmparing mod-
eled to observed data during the reproductive season aritdg2)ifficulty of
evaluating quantitatively the reproductive output of avetage individual”.

For all these reasons, deviations of the model from obsemeight and
condition index values during the gamete-emission seappraa relevant:
they explain the lower values of the coefficients of deteatiom obtained for
weight and condition index in the validation simulationsNatle (> = 0.64
and0.77, respectively) and at Lilleaut = 0.77 and0.71, respectively); they
also explain the weak value of the slope of regression lirnevdxen observed
and modeled condition index at Nole. During the spawning@eagoodness
of fit of the simulated weight and condition index can’t beidated: poor fit
could be attributed to both (1) high variability among iridival weights and
condition indexes or (2) poor model representation of thvidual energy
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balance. Thus the model should be validated outside of redactive sea-
son. When excluding the main spawning season (i.e. from nagt ¥ mid
September), simulations of both variables were very closieg observed data;
coefficients of determination calculated for weight werghleir (> = 0.86 at
Nole and0.84 at Lilleau) and the slopes of the regression lines between ob
served and simulated values were not significantly diffiefeam 1 (t-test, p-
value> 0.05) for all state variables. This indicates that our nhquieperly
estimates the Manila clam energy balance under forcing tmpéeature and
trophic resource.

Several population dynamics models have been built foriega which
use bioenergetic equations to simulate bivalves standoud sransfers among
size classes (Powell et al., 1992; Hofmann et al., 1992).y Hne not indi-
vidually based. This strategy allows a direct comparisamveen the model
outputs and the experimental data means. Neverthelesqréisent study
clearly shows that observation at the cohort (or the pojaulascale may hide
some individual-scale processes. As individuals can beidered the basic
entity of populations (Kooijman, 1995), the individualage processes influ-
ence populations processes. This problem of scale tramsferemphasized
by Kooijman (1995). The Manila clam model has been developexider to
build a population dynamics, individual-based model fwilog that developed
by Hofmann et al. (2006) foMercenaria mercenaria This strategy permits
accounting for the influence of individual-scale processtethe population
level.

Trophic resource

The problem of estimating food resources available to suspe feeding bi-
valves is well known and recognized as a major problem in tingebivalve
energetics (see e.g. Bayne, 1998; Grant and Bacher, 1988)Manila clam
uses food resources available at the sediment-wateranterand may have a
very complex diet : it is known for filtering prey items as dise as bacteria,
picocyanobacteria (Nakamura, 2001) and diatoms, as welkgiic particu-
late organic matter and small rotifers (Sorokin and Giovdind995) from the
water column and the sediment surface. The Manila clam tsaskaen de-
scribed as ingesting toxic and non toxic dinoflagellatesitand Wang (2001).
Moreover, growth of microphytobenthos is very effectivetbe Marennes—
Oléron mudflats (Guarini et al., 2000), and was shown to bengioitant food
source for oyster€rassostrea gigagRiera and Richard, 1996) once resus-
pended by tidal currents (Blanchard et al., 1998, 2001).ubi snudflats, we
can hypothesize that microphytobenthos is an importard gmurce for near-
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bottom suspension-feeding bivalves suchRagphilippinarum Fegley et al.
(1992) have shown that short-term variability in the qugngind nutritional
quality of food items available to intertidal near-bottousgension feeders like
R. philippinarummay be of particular importance for assessing their growth
and reproduction.

Insufficient information is available concerning theseetibe potential food
sources and the associated variability of feeding ratdfemtto be considered
in our study. We used a classical and simple praXyl), which represents
a rough estimate of the food inpuf'fla x C2F) for clams exhibiting such
a complex diet. Following Grant and Bacher (1998) wwkitilus edulis our
simulations demonstrate that simple formulation of food Beeding may suf-
fice in predicting Manila clam energetics. A careful studytioé clam diet,
using carbon and nitrogen isotope ratios (Kasai et al., 280d pigment anal-
ysis of bottom interface water POM, should improve our krexlgie.

2.5 Conclusion

Despite the difficulty of comparing field—averaged data setaodel outputs,
simulation of growth and reproduction for an “average” indiual clam under

natural food and temperature gave realistic results. Theéefnman be used to
predict length and weight growth as well as gamete prodactid/lanila clams

in temperate ecosystems. Further work will focus on mauglinteractions

between environment, host and pathogen using our resuiishyrovide the

environment—clam coupling.
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Chapter 3

A model of interactions between environment,
host and pathogen

Abstract

The aim of this chapter is to describe briefly the constrmctba model de-
scribing the environment-host-pathogen relationshipBrown Ring Disease
and to show few simulations.

The host part of the model has been described in the previcagter
(Chap. 2, Flye-Sainte-Marie et al., 2007a) and allows tautate evolution
of length, weight and condition index over time under fogcof temperature
and trophic resource. Thédbrio population is represented by an exponential
growth model where growth and mortality rates are conttolhy tempera-
ture. Its presence induces the development of symptomshasii defence
processes against the pathogen are positively controllegrmperature, the
main environmental factor controlling BRD developmentd amder control
of condition index, which allows to link host and pathogendwsis. This link-
age results from the assumption that the energy status nmérptboth disease
susceptibility and recovery ability. The defence systemireg the pathogen
comprises two variables: (1) the hemocyte concentratighisnphagocyto-
sis activity, which is positively related to the conditiordex and is negatively
related to thevibrio concentration, and (2) the recalcification processes that
allow the recovery from the symptomatic brown deposit arailse positively
related to the condition index. The presenc®ibfio induces the development
of symptoms.

The individual environment-host-pathogen model was used base for
the construction of a population model. By varying value&ef parameters
(assimilation rate, phagocytosis rate and recalcificatain) it was possible
to simulate individuals that differ phenotypically in theapacity to recover
from the disease. A combination of three specific parametassattributed to
each individual following a theoretical distribution. T$uather than tracking
a’'standard’ host this model simulates host-parasiteact&ms for individuals
with different phenotypes.

Individual simulations showed that individuals with highlwes for the

35



36 Chapter 3

three considered phenotypes fully recover after devetpp@w symptoms,
whereas individuals with low values do not recover. Thusnplypic vari-
ability for these three functions can provide a potentigblemation for the
observed variability in disease susceptibility and recpv@aapacity. Never-
theless, the model seems to underestimate the speed of naenahg of the
disease development and of the recovery process.

Although calibration of the model needs more refinement pthygulation
model simulation reproduces reasonably well the obsergadanal pattern of
BRD intensity in the Gulf of Morbihan: an increase of symptortensity in
autumn and a decrease during the spring to reach a minimuepite@ber.

Avant-propos

Le travail présenté dans ce chapitre est le fruit d’'une boHation ayant
eu lieu dans le cadre d'un projet de coopérati:'RS/NSF impliquant les au-
teurs suivants : ChristineAR.LARD, Susan BRD, Eric POWELL, Jonathan
FLYE-SAINTE-MARIE, Frédéric AN, John KLINCK et Eileen HOFMANN.
L'article ci-dessous, en préparation, détaille précisénfe construction et la
formulation de de ce modéle.

A theoretical individual based model of Brown Ring Diseasern Manila
clams, Ruditapes philippinarum.

Ce chapitre ne vise en aucun cas a présenter de facon exhdagtrmu-
lation de ce modéle, il a pour objectif de présenter les quscgous—jasent et
les grandes lignes de sa construction. Il présentera eftdiscquelques simu-
lations obtenues a partir de ce modéle.

3.1 Introduction

Dans les années 1990, plusieurs modéles décrivant leagtiers hote-
parasite chez des bivalves marins ont été proposés. Un enddeéleraction
entre I'huitreCrassotrea virginiceet le protozoaire pathogéemerkinus mari-
nusa été publié (Powett al,, 1994; Hofmanret al., 1995; Powelkt al,, 1996).
Plus récemment, des approches en modélisation ont étésgrepafin de dé-
crire I'infection par le protozoairédaplosporidium nelsonchez I'huitreC.
virginica (Fordet al,, 1999; Paraset al,, 1999; Powelkt al., 1999; Hofmann
et al, 2001). Ces deux protozoaires parasites se développestrades tissus
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de I'hote, linfection pouvant atteindre un stade |étalr Pantre, la bactérie
V. tapetis agent pathogene de la Maladie de I'’Anneau Brun, est un gatteo
externe qui adhere a la lame périostracale puis pénétrdefaosmpartiments
extrapalléaux dans lesquels il prolifere (Paillard et Md€95a).

Le modéle individuel de croissance de la palourde détadiésde cha-
pitre précédent (Flye-Sainte-Mar& al., 2007a) a été utilisé afin de formuler
la partie héte d’'un modéle d’interaction environnementehpathogéne. Bien
que certains des concepts de base des modeles précédantt@a@opliqués
ala construction de ce modele, il différe de ces dernierdusiqurs points. A
la différence des modeéles cités précédemment, celui-cilsitas interactions
héte—pathogene pour des individus variables d’un pointugephénotypique.
Par ailleurs, l'intensité de la maladie n’est ici pas mesunétermes de charge
parasitaire, mais par le développement et l'intensité dopggme majeur : le
dépdt brun (Paillarét al,, 1994). Enfin, une des originalités de ce modéle est
gu’il explicite en tant que variables d’état la populatiart &ctivité de phago-
cytose des hémocytes qui semblent jouer un réle majeur tdinsihation du
pathogene (Allanet al,, 2001).

3.1.1 Développement de MAB et variabilité inter—individudie

Les principales étapes du développement de la Maladie dméau Brun
ont été développées dans la section ViBrio tapetiscolonise dans un pre-
mier temps la lame périostracale (Paillard et Maes, 1988#) a rupture de
la lame périostracale, il pénétre dans les sinus extrapedléans lesquels il
prolifere (Allam, 1998). Sa présence perturbe la formatieria lame périos-
tracale, induisant de ce fait une déposition de conchidinda face interne de
la coquille (Paillarcet al., 1994). La présence du dépdt brun n’est pas considé-
rée comme étant une cause de mortalité hormis dans les $GId8&3 les plus
avanceés. |l semble que les mortalités soient généralerasatiges a une sep-
ticémie ; celle—ci pourrait avoir lieu 8. tapetispénétre dans le compartiment
extrapalléal central (Paillard, 2004a) ou lorsqu’il péeéatans les tissus et y
prolifere (Allamet al,, 2002c).

Deux processus permettant la guérison des palourdes odéétiés. Le
premier est un contréle de la prolifération\ddapetisqui met en jeu les hémo-
cytes, capables de phagocyter la bactérie, et les enzyrnibadcérien tels que
le lysozyme, qui sont a la fois présents dans les fluides adtémux et dans
I'némolymphe (Allam et Paillard, 1998; Allaret al,, 2000b). Une activité de
phagocytose plus élevée a été associée a une résistancerdasinations
expérimentales (Allanet al, 2001). Le second processus est une déposition
de carbonate de calcium sur les couches symptomatiquesndkictine, qui
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séquestrerait les bactéries sous les couches coquilléoésrmées (Paillard et
Maes, 1994).

Le diagramme présenté dans la Fig. 3.1 présente une appcookep-
tuelle synthétique du développement de la MAB au niveawiddel. Ce dia-
gramme montre les trajectoires individuelles plausiblassde plan stade de
réparation / stade de maladie. Dans un premier teMpgpetiscolonise la
lame périostracale puis il pénétre dans le compartimenagxiiéal externe. |l
s’ensuit un développement des symptdémes conjointemeneé @natifération
de la bactérie. C’est alors qu’'a lieu une compétition eratrerbissance du pa-
thogéne et les capacités de défense de I'h6te : les indigigipables de lutter
efficacement contre la bactérie répareront avant un dgvefopnt important
des symptémes, alors que les individus contrélant moinsaetiment la crois-
sance du pathogéne développeront des symptdmes pluseisitabsutissant
a leur mort. Cette approche sur la variabilité de la capaciigter contre le
pathogéne, permet de fournir une explication au fait quelation entre la
charge erV. tapetisdans les fluides extrapalléaux et les symptémes, bien que
positive en moyenne, soit hautement variable (PaillarG4ap

. Mortality
Repair / recovery

BRD development

Shell repair stage

:‘" Proliferation

=

Colonization

BRD stage = V. tapetis density

Fic. 3.1 Approche conceptuelle du développement de la Maladie de
’Anneau Brun aI'échelle individuelle. Ce diagramme présdes dif-
férentes trajectoires individuelles plausibles dans am gtade de ré-
paration / stade de maladie.

3.1.2 Objectifs

En synthétisant les données acquises au cours des vinggrésrannées
de recherche sur la Maladie de I'’Anneau Brun, ce modéle alpgwd’'une part
de proposer une explication a la variabilité de la susctiptilet de la capacité
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a réparer observée chez I'hote, et d’autre part de compedhdiluence de
I'environnement sur l'interactiolvibrio—palourde.

3.2 Fonctionnement du modeéle individuel environnement—
hote—pathogene

Le fonctionnement du modéle individuel d’interactionsrerthéte, son
pathogéne et I'environnement est illustré par le schémaemnel présenté
en Fig. 3.2. Lensemble des équations, non détaillé iciissst d’ajustements
empiriques dans les données disponibles issues d'étudabamatoire et sur
le terrain. Cette démarche permet de calibrer le modele poulindividu
moyen".
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Fic. 3.2 Schéma conceptuel du modéle individuel environnement—
palourde—vibrio

Modéle hdéte On reconnait aisément dans la Fig. 3.2 la partie héte du model
décrite dans le chapitre précédent (Flye-Sainte-Mgtréd, 2007a). Ce modele
vise a simuler la croissance et la reproduction de I'hOtesi@jue les variations
de son indice de condition, attestant de son statut éngugéticette variable
joue un réle majeur dans le couplage avec le systéme imningnita

Développement des symptomes et systeme de défense contrenidadie
La déposition de périostracum est explicite et permet deésepter le déve-
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loppement des symptdmes (CDS). Le taux de déposition dogtkxcum est
positivement relié a la concentration ¥itorio.

L'ensemble des processus de lutte contre la maladie sostEpendance
de l'indice de condition : en effet Paillard (1992) a obsequé les palourdes
symptomatiques ont un indice de condition plus faible gag@#dourdes saines,
ce qui peut laisser penser que I'indice de condition coati@kusceptibilité et
la capacité a lutter contre la maladie. Le systéme de défmntee la maladie
comprend deux variables :

1. La concentration hémocytaire, celle—ci est positivameliée a l'indice
de condition et négativement reliée a la concentratioivibrio, car la
bactérie est capable de détruire les hémocytes (Adlaah, 2000a). Les
variations de I'activité de phagocytose des hémocytes @asgi prises
en compte et sont positivement reliée a la température.

2. La recalcification, représentant la déposition de catsode calcium
sur le dépbt brun et permettant de représenter les stadepdmtion
coquillere (SRS). Le taux de recalcification est positivetreontrolé
par la quantité de périostracum déposée (CDS) et I'indiasoddition.

Le pathogéne La multiplication du pathogéne est représenté simplemant p
un modéle de croissance exponentielle classiguemenséufilbur représen-
ter la croissance des micro—organismes. Le taux de craissadeVibrio est
contrdlé par la température : il croit avec la températung ¢alle-ci est en
dessous de 'optimum thermique (25°C) et décroit lorsquderaier est dé-
passé. La croissance de la population bactérienne esblEmpar un taux de
mortalité associé a la concentration en hémocytes et a dtiuité de phago-
cytose. Les températures supérieures a 27°C étant léaless)yibrio (Maes,
1992), un terme de mortalité thermique a été rajouté et @lenta croissance
de la population bactérienne.

Forcage environnemental Comme nous l'avons vu dans le chapitre précé-
dent, la ressource trophique disponible influe sur le taingdstion de I'hote.
De méme, dans le modele héte, la température influence led&fikration,

le taux de respiration, I'allocation de la production netiiesi que les pontes.
La température contréle I'activité de phagocytose des logtas, ce qui per-
met d’introduire dans le modéle une dépendance directe émttapacité a
lutter contre le pathogene et la température, comme il a ét@rsen milieu
expérimental (Paillarét al., 2004). Enfin, la température influence le taux de
croissance et le taux de mortalité \deapetis
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3.3 De l'individu a la population : des phénotypes va-
riables

Une population a partir d'un modéle individuel...  Nous venons de voir les
relations majeures du modéle pour un "individu moyen", etrm@nt celles-ci
sont forcées par I'environnement. La stratégie adoptée passer a I'échelle

de la population estillustrée dans la Fig. 3.3. Le modélwiddel environnement—
hoéte—pathogene moyen, permettant de simuler un individsentant des ca-
ractéristiques physiologiques moyennes, a été calibré&iagarelations moyennes
issues des données disponibles. Néanmoins, les pararsefriegariables au
niveau inter—individuel. En se basant sur une distributi@orique des para-
metres d'intérét, il est possible de construire des modgatégiduels dont les
valeurs des paramétres sont différentes de celles du modéleluel moyen,

et de représenter ainsi une population dont les individfierdint d’'un point

de vue phénotypique.

Pt
Phenotypes
Individual > f\_»
Model e
Variability
Population

FiG. 3.3 A partir du modéle individuel moyen, différents individus
sont individus sont simulés, on attribue & chacun d’entredss va-
leurs de parametres propres, cette démarche permet desimel po-
pulations dont les individus différent d’'un point de vue pb#pique.

Des phénotypes variables Ainsi représentée, la variabilité phénotypique a
été introduite dans le modéle pour les paramétres suskepdbinfluencer le
développement de la maladie :

— Le taux d'assimilation qui contr6le les acquisitions aégie et donc
indirectement l'indice de condition qui, comme nous I'asoru, joue
un réle majeur dans le couplage entre le bilan énergétiguhéte et
son systéeme de défense contre le pathogéne.

— Le taux de phagocytose qui contrble la capacité de I'hétaraner le
pathogene.
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— Le taux de recalcification, processus impliqué dans laedure du dé-
pbt brun symptomatique et qui contréle par conséquent lacdi@pde
lindividu a récupérer de la maladie.

Pour chaque individu, un coefficient multiplicateur vatida 0.2 a 1.8 est
attribué a chacune des valeurs moyennes de ces trois pezanEgrmettant
ainsi de générer des individus dont les caractéristiquésqifipiques varient
entre 20% et 180% par rapport a la valeur moyenne du paramc@tssderé.
Cette démarche est essentiellement théorique puisquedessale grandeur
observés de variabilité de ces parametres n'ont pas étéatésp Par souci
de simplification, la distribution des coefficients muligpiteurs a été discré-
tisée en 9 valeurs comprises entre 0.2 a 1.8. Le modéle peat ginérer
9 x 9 x9="729 individus différents. Dans la population, la distribatde fré-
quence pour chacun des phénotypes suit une gaussienne ecimiaioqqué en
Fig. 3.4.

Frequency

MEAN

0 20 40 60 80 100 120 140 160 180 200
% of mean assimilation, calcification, phagocytosis rate

FiGc. 3.4 Distribution théorique des phénotypes dans la population
modélisée : les phénotypes varient entre 20% et 180% de darval
moyenne du parametre considéré (Taux d’assimilation, daushago-
cytose, taux de calcification). La fréquence des phénotgpedistri-
buée selon une gaussienne.

La Fig. 3.5 illustre cette variabilité pour deux phénotypessidérés dans
le modéle et leurs conséquences. La Fig. 3.5 (A) montre #ioal entre le
temps de demi-vie duibrio et I'indice de condition pour des individus dont
le taux de phagocytose varie. Lorsque 'indice de condigistfaible, le temps
d’élimination duVibrio par les hémocytes est long (le temps de demi—vie du
Vibrio augmente) lorsque le phénotype "phagocytose" est faild®\(); inver-
sement si le phénotype "phagocytose" est élevé (HIGN)deo est éliminé
plus rapidement. Aux forts indices de condition, la différe entre phénotypes
faible et fort est moindre. La Fig. 3.5 (B) montre I'influende la variabilité
du taux de calcification sur la relation entre calcificatiedaecouverture en
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périostracum symptomatique. Sans surprise, lorsque leopyge "calcifica-
tion" est élevé, la déposition de carbonate de calcium silégpét brun est plus
rapide et inversement.

}

Fic. 3.5 Deux exemples de variabilit¢é phénotypique et de leurs
conséquences. A : Influence de la variabilité du taux de ptytgse
sur la relation entre la vitesse d’élimination ®etapetiset l'indice

de condition. Lindice de condition présenté ici n'est pawdice de
condition classiquement calculé mais I'indice de conditilu modéle
présenté dans le chapitre précédent (Chap. 2, section).2B2.3-
fluence de la variabilité du taux de calcification sur la felaentre

la couverture en périostracum et le taux de calcification.
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3.4 Simulations

3.4.1 Exemple de conséquences de la variabilité des phénutg
sur le développement de la maldie

La Fig. 3.6 montre des simulations de la relation entre stidealadie
(CDS) et stade de réparation (SRS) pour des individus pissetes caracté-
ristiques phénotypiques variables, au cours d’'une pédedeans. L'infection
n'a lieu que lors de la deuxiéme année de simulation afin @épiour éviter
les artefacts liés aux conditions initiales des variablégat Pour un individu
présentant des caractéristiques moyennes pour les tri&iopipes considérés
(taux d'assimilation, de phagocytose et de recalcificatimmmodele simule
une réparation compléte (SRS=3) aprés un développemerdrindds symp-
tdbmes dont le stade (CDS) n'excede pas 5 (Fig. 3.6 B). Plissieycles de
développement/réparation de la maladie sont simulés. Boimdividu pré-
sentant des caractéristiques élevées pour les trois pip@&sotonsidéres, le
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modeéle simule une réparation apres un fable développengsnsydnptémes
qui n'excédent pas le stade 3 (Fig. 3.6 A), plusieurs cyctedéleloppement
et réparation sont aussi simulés et la simulation se terpaneine réparation
compléte. Par contre, pour un individu présentant des ®aistiques faibles
pour les trois phénotypes considérés, aucune réparatoryteptomes n’est
simulée et le modéle simule un développement sévére ded&@yrap qui dé-
passent le stade 6 au cours de la cinquiéme année de simyfitgo 3.6 C).

Ces différentes simulations (Fig. 3.6) des trajectoireéviduelles dans le
plan stade de maladie/stade de réparation peuvent étre eriqgaralléle avec
I'approche conceptuelle présentée dans la Fig. 3.1. Qgpi®ehe indique que
la variabilité inter-individuelle des fonctions supposégitiques pour le dé-
veloppement de la maladies permet de fournir une explicgtaentielle a la
variabilité observée dans le développement et la répardéda maladie.

Néanmoins, il semble que la dynamique temporelle simulédéselop-
pement de la maladie et de la réparation soit peu réalisteefféty pour un
individu présentant des caractéristiques phénotypiquagermes, le modéle
ne simule un cycle de développement et de réparation coengdela maladie
gu'a partir de la troisieme année, soit deux ans apres letdiblinfection.
L'individu simulé présentant des caractéristiques phgiqtes faibles ne dé-
passe le stade CDS 6 qu'aprés la quatrieme année de simulsdiib trois
ans apres le début de l'infection. Peu de données sont ddesrtoncernant
la dynamique de la maladie a I'échelle individuelle, néaimsides infections
expérimentales réalisée par Paillatal. (2004) montrent qu’'une réparation
compléte peut avoir lieu en un mois dans des condition fékesade tempé-
rature (21°C) suggérant une dynamique plus rapide que sieflelée par le
modéle.

3.4.2 Simulation de la variabilité saisonniére de I'intengé de la
maladie

La Fig. 3.7 (A) montre I'évolution saisonniére de lintetésides symp-
tbmes chez les palourdes symptomatiques dans un semignesptal effectué
sur I'lle de Bailleron en 1998 (Golfe du Morbihan, Francel @ours de cette
expérimentation, deux maxima d’intensité de la maladieév@tobserves : le
premier en période hivernale et au début du printemps ettnskeen fin d’au-
tomne et en période hivernale. La décroissance de l'irteidgs symptémes
entre le premier maximum hivernal et le minimum estival pi&ae associé a
la fois a une guérison de la maladie et a une mortalité desifds les plus
affectées. La Fig. 3.7 B montre que le modéle simule une antatien de I'in-
tensité des symptémes au cours de I'automne et simule ummaxhivernal.
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FiG. 3.6 Simulations de la relation entre stade de réparation (SRS)
et stade de maladie pour des phénotypes variables, au conespk-
riode de 5 ans. Le départ de l'infection pébrio n’est simulée gu’au
début de la ¥"¢ année, la 9© année n’est donc pas visible sur les
graphes. Les données environnementales (températurkoeipiiylle

a) proviennent de la Rade de Brest en 1998 (DonrsmaLIT). A :
Simulation pour un individus présentant des caractétisggélevées
(180%) pour chacun des phénotypes. B : Simulation pour uiiind
dus présentant des caractéristiques moyennes (10%) pacurclles
phénotypes. C : Simulation pour un individus présentantcdescté-
ristiques faibles (20%) pour chacun des phénotypes.

Il simule aussi un minimum estival Iégérement décalé pgrog@mux observa-

tions. Le modéle reproduit donc de fagon raisonnable |ah saisonniére

observée de l'intensité de la maladie ; néanmoins au coula gériode es-

tivale le modele surestime la proportion de palourde ptésemles stades de
développement intenses des symptémes.

3.5 Conclusion

Le développement du modéle présenté dans ce chapitre aspadenfaire
une synthese des connaissances acquises sur les relatebegnironnement,



46 Chapter 3

la physiologie de I'hote et I'infection par. tapetis Comme dans tout modele,
un certain nombre d’hypothéses de fonctionnement ont #é&&fda principale
étant de lier le développement et la susceptibilité de ladiala I'état énerge-
tique de I'n6te au travers de l'indice de condition. Ce megrmet de simuler
une population composée d’individus présentant des @istiues phénoty-
piques variables pour des processus supposeés critiquisifation, phagocy-
tose et recalcification) dans le développement de la maladigsimulations
individuelles montrent que la variabilité de ces fonctipesit fournir une ex-
plication potentielle a la variabilité inter-individuellobservée du développe-
ment de la maladie. Ce modéle reproduit aussi de facon raabdm|'évolution
saisonniére observée de l'intensité des symptémes. Caltrapntre aussi le
besoin de mieux comprendre la dynamique de la maladie aeliéchmdivi-
duelle. Par ailleurs certaines hypothéses formulées Ipia donstruction de
ce modele doivent étre validées par des observations esumiiturel. C’est
précisément dans cet objectif qu’a été mené le travail daiteexposé dans la
partie II.
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Fic. 3.7 Evolution saisonniére de lintensité des symptomes de la
MAB observée (A) et simulée (B) chez les palourdes symptmues
uniquement. Ligh: CDS 1 & 2, Moderate : CDS 3 et Heavy : CDS4-7.
Les données de terrain proviennent d’'un semis effectué ldg@slfe

du Morbihan en 1998. Les données environnementales aslipéur

la simulation (température et chlorophytg proviennent de la Rade
de Brest en 1998 (Donnée®MLIT).
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Chapter 4

Seasonal variations of hemocyte parameters
in the field

Variability of the hemocyte parameters of Ruditapes philippinarum in the
field during an annual cycle.

in prep.

Jonathan EYE-SAINTE-MARIE, Philippe SSUDANT, Christophe IAMBERT,
Nelly LE Goic, Madeleine ®@NCALVEZ, Marie—Agnés RAVERS, Christine
PAILLARD, Fred JEAN.

Abstract

Field monitoring of hemocyte parameters of the Manila clRunditapes philip-
pinarum was conduced in the Gulf of Morbihan (Brittany, France)tamod-
erately affected by Brown Ring Disease and perkinsosis.airhs of this study
were (1) to assess factors controlling the hemocyte pasmet the Manila
clam and (2) to assess their relative contribution to thealveariability of
these parameters. From July 2004 to September 2005, seyscianging
from 20 to 50 mm in length were sampled monthly. On each iddizi, To-
tal Hemocyte Count (THC), granulocyte and hyalinocyte ¢suphagocyto-
sis, phenoloxidase activity, length, flesh dry weight, aoddition index were
measuredPerkinus olseninfection and Brown Ring Disease symptoms were
also monitored as well as temperature and the trophic resour

All hemocyte parameters significantly varied accordinghe sampling
date. Results indicate that temperature controls grapigdamunt and subse-
quently THC. The effect of salinity was unclear and the tiopésource had no
direct influence on the measured hemocyte parameters. Aafigarameters
measured were significantly affected by size/age. Indepethdof season, all
hemocyte counts were lowly, but significantly, related t© ¢ondition index.
For both pathologies there was no clear seasonal patt@valpnce was mod-
erated (<50% for perkinsosis, and <10% for BRD) and highlgredated to
size. There were poor relationships between pathologi@s@mocyte param-
eters presumably because of low infection intensities. elktbeless, highP.

51
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olseniinfection intensity significantly increased total and griacyte counts
and decreased phagocytosis.

An interesting result of this study is that the measuredidiand abiotic
factors poorly contribute to the explanation of the totafiaaility of hemo-
cyte parameters. Granulocyte concentration was the bpktieed parameter.
However, only 16.4% of its variance was explained by cunmgatempera-
ture, length, condition index arfel olseniinfection effects. This study empha-
sizes the need for a better understanding of hemocyte @ngctind the factors
modulating these functions.

Keywords: Hemocyte parameters; Environmental factors; Variahiianila
clam; Brown Ring Diseasderkinsus

4.1 Introduction

The Manila clamRuditapeq=Tapes =Venerupi philippinarumis one of the
most extensively cultivated bivalve molluscs. This speei@s originally en-
demic to Indo-Pacific waters and its high adaptive capacityarious rear-
ing environments made of it a target species for aquacultuar&urope, this
species was first introduced in France between 1972 and b@&gfiaculture
purposes and later in England, Spain and Italy (Flassch abdrigne, 1992).
In the late 1980s, natural populations have developed in (Marin et al.,
2003), and England (Jensen et al., 2004; Humphreys et &7) 2% well as
in most embayments along the French Atlantic coast, resuiti a fishery of
ca. 1500 tons in the Gulf of Morbihan at the end of the 1990ss $pecies is
mainly affected by two pathologies: Brown Ring Disease (BRBd Perkin-
sosis (see.g. Paillard, 2004b; Villalba et al., 2004). Brown ring disease
caused by the bacteriuwibrio tapetis(Paillard and Maes, 1990; Borrego et al.,
1996b) which disrupts the production of the periostracalitea and causes an
anomalous deposition of periostracum on the inner shelll@Rhand Maes,
1995a,b). Perkinsosis is induced by the protozoan pafasileeniand can af-
fect bothRuditapes decussatasdR. philippinarum(see Villalba et al., 2004,
for a review). Both pathologies can interfere with the hosrgy balance (Ngo
and Choi, 2004; Park et al., 2006a; Leite et al., 2004; Flgets-Marie et al.,
2007b) and can be responsible for mass mortalities ¢sgedPaillard et al.,
1989; Castro et al., 1992; Paillard, 1992, 2004b; Villalbale 2005, 2004).
Epidemiological surveys also indicated that both pathel®gre influenced by
environment factors (Paillard et al., 1997; Villalba et 2D05). Different lab-
oratory experiments have been performed to assess theaffawironmental
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factors (temperature and salinity) on cellular-defentated parameters (Reid
et al., 2003; Paillard et al., 2004) linked with pathologssl few field stud-

ies assessed the seasonal variation of these parametdozgblat al., 2003;

Soudant et al., 2004). Collection of field data is needed teebenderstand

the relationships between environmental factors, defaetsted parameters
physiological status and disease development.

Mainly as a result of aquaculture and fisheries industry @sd@ated dis-
ease events, the hemocyte system, thought to be involvedniune response
of bivalves, was extensively studied during the past 30syekfore recently
appeared the interest in using bivalve hemocyte paramasdogomarkers for
environmental perturbations. Numbers of studies alloveeshbw that hemo-
cyte parameters are controlled by numerous factors eitivrommental (tem-
perature and salinity), parasitic and internal (reprodugtsee review in Chu,
2000). These factors may contribute to explain the highekegf variability
of the hemocyte response and activities which has beentegponly in few
studies (see.g.Ashton-Alcox and Ford, 1998; Ford and Paillard, 2007). To
better understand the linkage between environment, hgsigdagy and dis-
ease development, the relative contribution of biotic dpidtec factors to the
overall variability of hemocyte parameters in the field isey kjuestion and
remains poorly known.

A multiparametric study was designed to assess the relaffeet of en-
vironmental and internal factors and diseases on hemoeytmeters in the
field. The Gulf of Morbihan is one of the largest Manila clanihé&ses of Brit-
tany. Information on the physiology and reproduction of ki@nila clam of
Gulf of Morbihan is available (Calvez, 2003; Laruelle et 4994; Laruelle,
1999). Manila clam population from this site is known to bedexately af-
fected by both BRD and perkinsosis (Paillard et al., 1997ljaPd, 2004a,b;
Lassalle et al., 2007). Seasonal variations were takendauat by monthly
sampling over a one year period. Flow cytometry methods \appdied to
determine hemocyte counts, viability and phagocytosisiact

4.2 Materials and methods

4.2.1 Clam sampling

From July 2004 to September 2005, BOphilippinarumranging from 20 mm
to 50 mm were monthly sampled at low tide from the natural claed of
Bailleron island in Gulf of Morbihan in southern Brittanyrahce (Fig. 5.1).
Clams were stored in an isolated container until processirilge laboratory.
During this period, a total of 1020 individuals was samplexif 17 sampling
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FiG. 4.1 Location of Bailleron island in Gulf of Morbihan, Southern
Brittany, France.

dates. At each sampling date, the 60 clams were processwitiradly ac-
cording to the protocol that follows.

4.2.2 Analysis of hemocyte parameters by flow cytometry
Hemolymph sampling

A minimum of 450uL of hemolymph was withdrawn from the adductor mus-
cle of each clam using a 1 mL plastic syringe fitted to a 25-gaugedle and
observed under the microscope to control the sample quBlégnolymph was
filtered through a 8@m mesh in order to eliminate large debris and stored
individually in 1.5 mL micro—tubes kept on ice.

Instrumentation

Analysis of hemocyte parameters was performed using a FAGBc flow
cytometer (Becton-Dickinson, San Diego, CA, USA) equippatth a 488 nm
argon laser. The light scattered by particles indicatedh@iy size through the
FSC sensor (Forward SCatter height) and (2) their interoralptexity through
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the SSC sensor (Side SCatter height). The flow cytometerugppeed with
three specific fluorescence sensors: FL1 (green, 500-530Fl&)(orange,
550-600 nm) and FL3 (red, >630 nm) allowing the detection wibfuores-
cence or fluorescent dyes.

Hemocyte viability, Total and Differential Hemocyte Counts (THC and
DHC)

These parameters were measured following the protocollase by De-
laporte et al. (2003). Briefly, 1060L of hemolymph from each individual
was added to a tube containing 200 of anti-aggregant solution for bivalves
(AASH; Auffret and Oubella, 1994) and 1QQ of filtered sterile seawater
(FSSW). Samples were incubated 2 h &t@ & the dark with 4ulL of SYBR
Green working solution (obtained by diluting 10 x the comamarsolution;
Molecular probes, Oregon, USA) and propidium iodide (Pgnsk) at a fi-
nal concentration of 18gmL~!. Live and dead cells are stained by SYBR
Green; whereas, dead cells are only stained by Pl. SYBR Ghesrescence
is detected by the FL1 detector, and PI fluorescence by thedEteXtor. By
using a density plot visualisation of FL1 vs FL3, it was pbksito estimate
precisely the percentage of dead cells in each sample.

A density plot visualisation of SSC vs FL1 allowed differi@tibn and gat-
ing of hemocytes stained by SYBR green from other particléise hemolymph.
This allowed to calculate THC by taking into account the flaterof the cy-
tometer calculated according to the method of (Marie etL8R9).

Similarly to Allam et al. (2002a), two distinct sub-popudais could be
identified on a FSC vs SSC density plot: granulocytes (higle &8d high
FSC), hyalinocytes (low SSC and high FSC). Results of TH&nglocyte and
hyalinocyte counts are expressed as number of cells per remblymph.

Phagocytosis assays

Phagocytic activity of hemocytes was measured following pinotocol de-
scribed in Delaporte et al. (2003) using.éh diameter latex fluorescent beads
(fluoresbrite microspheres YG 2.0 microns, polysciencggetheim, Ger-
many). A 150uL sub-sample of hemolymph, diluted with 10 of FSSW,
was brought in contact with 30L of the working solution of fluorescent beads
(obtained by diluting 50 x the commercial solution) in mietabes. Tubes
were incubated for 2 h at 28 in the dark. Analysis by flow cytometry allowed
to detect hemocytes containing fluorescent beads. The pyiggactivity of
hemocytes was calculated as the percentage of hemocytdsatieingested
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three fluorescent beads or more.

Phenoloxidase activity

Ninety-six-well plates containing 100L hemolymph samples were thawed
and phenoloxidase activity measured as described by Raid2003). Briefly,
50 uL of Tris—HCI buffer (0.2 M, pH =8) with 10QuL of L—-DOPA (20 mM,
L-3,4-dihydrophenyl-alanine, Sigma D9628) were addedachewell. The
microplate was rapidly mixed for 10 s. The reaction was theasared at am-
bient temperature with colour change recorded every 5nmid92nm, over
a period of 1 h. The microplate was mixed again prior to eachsmement.
Controls, without hemolymph, but containingDOPA and Tris—SDS buffer,
were run in parallel and the values subtracted from testegata correct for
possible auto-oxidation af-DOPA. Total soluble protein concentration was
measured following the protocol described in Ford and &@il{(2007). Briefly,
thawed 5-mL hemolymph samples were placed in ninety-sik-merotiter
plates, one clam per well. Total soluble protein was measapectropho-
tometrically at 595 nm using the method of Bradford (1976ndified for
small volumes (micromethod of BioRad, Hercules, CA, USAJ atandard-
ized against bovine serum albumin (BSA).

Results of the specific PO activity were expressed as anpitrats : 1 A.U.
= A DOyg0 nm Min~! mg proteir!.

4.2.3 Diseases

Detection and quantification of Perkinsus olseninfection

Detection and quantification d. olseniwere performed in gills since Choi
et al. (2002) showed that the total numbePoblsenicells in the whole clams
is linearly correlated with the number Bérkinsuscells in the gill tissue. After
hemolymph sampling, clams were opened using a scalped vgdte dissected
and wet weightedP. olsenipresence and infection intensity in the gills were
assessed according to the quantitative method of Ray (E@bjnodified by
Choi et al. (1989). Gills of individual clams incubated inrhQ of fluid thio-
glycollate medium (FTM, Difco) supplemented with 6@ of streptomycin
(Sigma) and 32.g of penicilin G (Sigma) dissolved in 104 in distilled wa-
ter to limit bacterial growth. Vials were incubated at rooemperature over
one week in the darkPerkinsuscells were counted after dissolving the FTM
cultivated clam gills with 2 M NaOH according to Choi et al98B).
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Characterisation and classification of Brown Ring DiseaseBRD) syn-
drome

BRD symptoms were monitored on the inner surface of the clstmdls ac-
cording to the description of Paillard and Maes (1994): bavity deposit
stage (CDS) range from microscopic brown spots on the irater 6f the shell
in the earliest stage (CDS 1), to a thick brown deposit cogemost of the
inner shell in the most advanced stage (CDS 7).

4.2.4 Biometric measurements

After gill dissection, remaining flesh was removed from thelkand placed
in pre-weighted aluminium capsules. Capsules were thezéreried for 48
h and dry flesh were weighted. As gills were removedRoolsenidiagno-
sis, total flesh dry weight was calculated by adding dry flesigit and gills
dry weight. Gills dry weight was estimated from wet gill weigising the co-
efficient 0.153 gdry g wet estimated from clams collected @illBron island
(additional samples, n=25; S.D.= 0.008).

Shells were air dried and weighted. Length following the mmeat length
axis was measured using an electronic caliper and shelsstered until BRD
diagnosis.

Condition index was calculated using the following formula

Flesh Dry Weight
Shell Dry Weight

Cl = x 100

4.2.5 Environmental factors

Temperature and salinity In situsediment temperature was measured using
an autonomous temperature data logger (EBI-85A, Ebro, @eyjrembedded
under 5cm of sediment, the depth at which Manila clam are usually fourice
probe measured temperature every 20 min. A daily averagecalaslated.
Salinity data were provided by theREMER laboratory of La Trinité-sur-Mer
(LER-MPL) and were measured using a Micrel probe in Fort Eepawere
salinity variation are supposed to be similar to those alléan island.

Trophic resource Trophic resource monitoring begun in September 2004.
Water samples were collected weekly at 50 cm above the satliared stored
in a freezer (-18C) until further analysis. For each water sample, six sub-
samples were filtered through pre-weighted GF/F filters (29 mnd freeze-
dried to constant weight. These filters allowed to measui suspended
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particulate matter (TPM). Three of the six filters were bu#it, 450C) and
allowed to measure suspended particulate inorganic n&tst). Particulate
organic matter (POM, mgt!) was calculated by subtracting TPM and PIM.
Burnt and unburnt filters were analysed for total carbon atgen on a
CE Instruments NC2500 elemental analyser (CE Elantech,)USdticulate
organic carbon (POC, mgl!) and nitrogen (PON, mgt!) were then cal-
culated by subtracting particulate carbon from unburnt launtht filters. The
choice of characterisation of suspended organic mattentiugPOM) and
quality (POC and PON) rather than chlorophglto estimate the trophic re-
source for the Manila clam was motivated by a modelling stildy empha-
sized that chlorophylh was not a good estimator of the trophic resource for
the Manila clam (Flye-Sainte-Marie et al., 2007a).

4.2.6 Statistical analysis

Statistical analysis were performed using the R softwar@diRelopment Core
Team, 2006). Differences in hemocyte parameters amonglisanuates were
tested using the Kruskal-Wallis test. Differences in pleavee of both diseases
among sampling dates were tested using @est. Relationships between en-
vironmental factors and hemocyte parameters were assbgsbe mean of
linear models.

When seasonal effect on a biological variable was signififae hemo-
cyte parameters and condition index), it was removed tathestelationships
between those variables and between hemocyte parametelsngth or sex.
Seasonal trends were considered to be represented by tldover of the
mean of the considered biological variable in healthy iittlials {.e. BRD-
asymptomatic and nuP. olseniclams), as along sampling dates. The season
detrended value of the variable was calculated for eackiohdil as:

Ds = th - XtH

Where D, is the season detrended residudl,, is the original value of
the variable on sampling datefor individual » and X, is the mean of the
variable on sampling datecalculated for healthy clams.

Clams length had a significant effect on the THC, the conasatr of both
granulocytes and hyalinocytes, and the proportion dedsliodiealthy f clams.
Clam size also had a significant effect on prevalence for pathologies. In
order to test for the effect of pathologies independentlging, a linear model
was used to calculate the effect of length on each of thosablas among
healthy clams; residuals of these models were used in fucdleulations for
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testing the potential effect pathologies on those hemagggtameters and on
prevalence.

To assess effect of categorical factors.(infectedversusnon infected),
t—tests were used for normal—distributed data. The Fiskefdehomogeneity
of variance was performed. If variances were significaniffigdent, a Welsch
approximation to the degrees of freedom was used. A Wilcagstiwas used
for non—normal data. Effect of continuous factorg.(length) on hemocyte
parameters were assessed using linear models.

4.3 Results

4.3.1 Environmental factors

Average daily temperature in the sediment varied betweend628°C (Fig.
4.2 A) during the sampling period. Temperature and salipityfiles were
highly correlated (Fig. 4.2 A; Pearserr 0.66,p-value =6 10). Particulate
organic matter (POM, Fig. 4.2 B) was highly correlated taltgarticulate or-
ganic matter (POM), particulate organic carbon (POC) amtiqodate organic
nitrogen (PON) (Pearsarr0.94,p-value<103).

4.3.2 Influence of environmental factors on hemocyte paranters

Evolution of hemocyte counts (total hemocyte, granulo@nd hyalinocyte
counts) are shown in Fig. 4.3. All hemocyte parameters Sugmtly varied
during the sampling period (Kruskal-Wallis tegtyvalues < 0.005). Never-
theless, there were few significant relationships betwesndeyte parame-
ters and measured environmental factors (Tab. 4.1). Teanpersignificantly
and positively affected all hemocyte counts (THC, gramgtie@nd hyalinocyte
counts, Tab. 4.1). The significance was higher for the goayt# concentra-
tion as the correlation coefficient of the linear model waght(-> = 0.62) and
the correlation is clearly visible on Fig. 4.3. Salinity prdffected the gran-
ulocyte concentration (Tab. 4.1). Neverthless, salinity gemperature were
correlated, thus only the effect of temperature was tesginat hemocyte
parameters (Tab. 4.1) because temperature was more tedrédaTHC and
granulocytes than salinity. Food quantity (POM) and qudROC and PON)
had no significant effects on hemocyte parameters (Tab.. 4l¥plinocyte
concentration, number of aggregates, percentage of ddadmercentage of
phagocytosis and PO activity were not correlated to anyehtleasured envi-
ronmental factors (Tab. 4.1).
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TAB. 4.1: Relationships between environmental factors and hemaqiaqe
rameters tested using linear models. POM: particulatenicgaatter, POC
particulate organic carbon, PON, particulate organiogiin.

Hemocyte parameter Temperature Salinity Trophic resource

(°C) (%o) POM (mgL—T) POC (mgL~1) PON (mgL~1)

slope p-value slope p-value slope p-value slope p-value slope p-value

THC (cellmL™Y) 1.710 * 4510 NS -4.210 NS -3.910 NS 2910 NS
Granulocytes (cellmt!)  1.71¢ * 4.610* * -1.710 NS 3.016 NS 6.110 NS
Hyalinocytes (cellmtc!)  -1.216 NS -3.916 NS -2.210 NS -3.810 NS -3.210 NS
Aggregates (nb mt!) 1.310¢ * 2.410° NS -2.916 NS -3.816 NS -3.0 1d NS
Dead cells (%) -0.03 NS -0.23 NS -0.07 NS -0.45 NS -4.01 NS
Phagocytosis (%) -0.78 NS -1.3 NS -0.44 NS 0.96 NS 8.6 NS
PO activity (A.U.) 7.710° NS 19104 NS 12105 NS -6.410°6 NS -2510% NS

60

A.U. = arbitrary units A DOygq,,, MiN~! mg proteirr!)
Significance of the slope of the linear model:

NS: not significantg—value > 0.05); *:p—value < 0.05; **p-value < 0.01



Seasonal variations of hemocyte parameters in the field 61

S,J 254 A e Temperature >
o o Salinity (<D
= =
% 20+ ]
g a
1 Q
g 15 2
g ] <
+ 4 1]
> 10 Q
= )
k] B F
g 5 2
o
o >~
) o
> 0 o
3 — — — . . — —— — —
F TP I PPN D P D> P
N T F R O N WS
Qov X ¥ ¥ @v & ¥ § QQ‘o & é{"g‘f’ & 0@: Q& &
O S I S S S S S S I I S R S
25
20+
-
=
=)
£ 15
5
& 104
5
O B T T T T T T T T T T T T T T
I A AR S I A SR A
& K & o & & P 3 & & & X O K
N SRS Q X & N o X N N &
F & Fd & §&F F¢ FfF ¢ §F & ¢ ¢
A AP O T S S I S AR

FiG. 4.2 Evolution of environmental factors during the studied pe-
riod. A: daily average temperature in the sediment and isalat the
sampling dates. B: evolution of particulate organic mgf&M).

4.3.3 Influence of endogenous factors on hemocyte parameser

Effect of size/age Relationships between size/age (length) and hemocyte pa-
rameters were tested using linear models only in uninfectéididuals (nei-

ther BRD-symptomatic ndPerkinsusaffected clams) to avoid effects of dis-
ease (Tab. 4.2). AlthougH were low, all hemocyte counts (THC, granulocyte
and hyalinocyte concentrations) significantly increasét size/age. The per-
centage of dead cells and the PO activity significantly desad with size/age
(Tab. 4.2).
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FiG. 4.3 Evolution of Total Hemocyte Count (THC), granulocyte and
hyalinocyte concentrations and temperature during traygteriod.

Effect of sex and reproduction Effect of sex was tested during the repro-
duction period (end of April to end of September) when serhgination was
possible. There were no significant differences betweersraid females in
any of the hemocyte parametetstést and Wilcoxon testp-values > 0.05).
Massive spawning generally occurs at mid August/beginoin§eptember in
the Gulf of Morbihan and result in a decrease of the conditiolex (Laruelle
et al., 1994, Laruelle, 1999; Calvez, 2003). The decreashkdargranulocyte
concentration in the 2004-Aug-03 and 2004-Sep-03 sampligs (4.3) co-
incide with this period. Although condition index indicdt¢hat clams had
spawned at the 16th sample (2005-Aug-24) a decrease oflgegtel count
was not observed.

Condition index residuals In order to test if the energetic status could be
linked to hemocyte parameters independently of seasomitieas, the re-
lationships between condition index residuals and henegggtameters were
tested using linear models (Tab. 4.2). There were signifigasitive relations
between condition index residuals and all hemocyte counts’were very
low (<0.01).
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TAB. 4.2: Relationships between length and hemocyte parametedsigdsi
in uninfected individuals and between condition indexdeaais and hemo-
cyte parameters residuals (in uninfected and infectedlamsted using lin-

ear models.
Hemocyte parameter Length Condition index residuals
residuals (uninfected clams) (all clams)

slope r2  p-value slope r?  p-value
THC (cells mL1) 1.91¢ 0.034 *x 4210 0.009 *
Granulocytes (cellsmt!) 1.2100 0.052 w* 1.910 0.006 *
Hyalinocytes (cellsmt!)  6.91¢  0.010 ** 2410 0.008 *
Aggregates (nb mt!) -1.51¢ 0.000 NS -1.21® 0.004 NS
Dead cells (%) -0.07 0.017 xx -0.03 0.000 NS
Phagocytosis (%) -0.08 0.001 NS -0.74 0.004 NS
PO activity (A.U.) -1.410% 0.023  ** -1.410% 0.002 NS

A.U. = arbitrary units A DOy4gg ., MmN~ mg proteirm )
Significance of the slope of the linear model:
NS: p—value > 0.05; *:p—value < 0.05; **p—value < 0.01

4.3.4 Diseases
Prevalences of BRD symptoms and perkinsosis

BRD prevalence was low (Fig. 4.4 A.; average prevalenceoahd showed
no significant variation during the sampling periog® (= 12.96, df = 16,
p-value =0.675). The disease intensity was also low: 90%e&yfmptomatic
clams had a CDS lower than 4 on a scale going from O to 7.

Perkinsosis prevalence was moderated (Fig. 4.4 A.; 20-5@%8ge preva-
lence: 38.2%). Although variations in prevalence during sampling period
were significant {2 = 37.79;df = 16; p-value = 2.103) no clear seasonal pat-
terns appearedP. olseniinfection intensity ranged between 0 and 1.68 10
cells/g gill WW, with a mean of 1.96 $0P. olseniprevalence and infection in-
tensity were not correlated to temperature (linear mogeiglue =0.902 and
0.979 for prevalence and infection intensity, respectivel

There were significant positive correlations between simk lzoth BRD
(Fig. 4.4 B.) and perkinsosis prevalences (Fig. 4.4 C.)

4.3.5 Influence of disease on hemocyte parameters

There were no difference in any measured hemocyte paramesiduals be-
tween BRD—asymptomatic clams and symptomatic clgmsalues > 0.05),
neither between BRD—asymptomatic clams and clams with CB&md higher
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FiG. 4.4 A: Evolution of prevalence of perkinsosis and BRD during
the sampling period; B: Relationship between center ofiteedasses
and BRD symptom prevalenceg (= 0.94z — 0.25; r?> = 0.52;
p-value =0.005); C: Relationship between center of the siasses
and perkinsosis prevalencg (= 2.57x — 59; r2 = 0.77; p-
value =1.8310°)

(p—values > 0.05). Also, no significant relationship betweendition index
residuals and BRD stage could be found (linear maatelalue =0.211).

The effect of perkinsosis could only be detected (Fig. 4.8gmvunin-
fected clams were compared with highly infected clams (>Q00P. olseni
cell/g gill WW). P. olsenisignificantly increased granulocyte concentration and
THC and significantly decreased the phagocytosis percer{tag. 4.5). No
effect of P. olseniinfection was observed on hyalinocyte concentration, num-
ber of aggregates-test,pvalue > 0.05), dead cells percentagietést,pvalue
> 0.05) and PO activity (Wilcoxon Tegk-value > 0.05).
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Fic. 4.5 Comparisons of A: total hemocyte count, B: Granulocyte
count, C: Phagocytosis percentage between uninfectedidodis (0

P. olsenicell/g gill WW; i.e. under the detection threshold) and highly
infected individuals (> 100 00@. olsenicell/g gill WW). Results are
expressed as meah95% confidence interval. The star (*) indicates
significant differencesp-value < 0.05).

4.3.6 Overall variability of hemocyte parameters

Contributions of the environmental condition, internatttas and disease to
overall variability of four hemocyte parameters (THC, gricyte and hya-
linocyte concentration, phagocytosis) were investigatgdg MANOVA (Tab.
4.3), only factors that had a significant effect on these logteoparameters
were considered. Results indicate that the most explairetbhyte parame-
ter was the granulocyte concentration (Tab. 4.3) for whiely 46.4% of the
variability was explained by temperature (11.3%), lengti%),P. olseniin-
fection (0.6%) and condition index residuals (0.4%). Ondydof the THC
variability was explained by these factors. Factors erpigi most of the vari-
ance of the hemocyte parameters were temperature and .ldagbiseniex-
plained only very little of the overall variability of the hecyte system : its
effects are significant when comparing uninfected to hgawilected clams
(Fig. 4.5) but no significant trend could be detected whenguai continuous
linear model of THC or phagocytosis against concentratiolf. olseni

4.4 Discussion

The aim of this study was to better understand the relatifexedf environ-
mental and internal factors as well as diseases on hemoagaengters in the
field. Independent effects of each factor on the hemocytenpeaters will be
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TAB. 4.3: Summary of the weights of environmental (temperature) and i
ternal factors (size/age and condition index residualsl) Rnolseniinfec-
tion on the total variability of THC, granulocyte concetiiwa (cellmL—1),
hyalinocyte concentration (cell mi!) and phagocytosis percentages calcu-
lated from a MANOVA. Factors that had no significant effectrevaot in-
cluded in the computations. Parti&l values indicate the weight of each
factor on the total variability of each parametérindicates the weight of all
included factors on the total variability of each parameter

THC Granulocyte conc. Hyalinocyte conc. Phagocytosis
partialt p-value partialt p-value partialt p-value partialt p-value
Temperature 0.033 ** 0.113 *x NI NI
0.055 el 0.041 o 0.030 b 0.028 o
Cl residuals 0.009 ** 0.004 * 0.009 o NI
0.003 NS 0.006 o NI 2.410° NS
r? p—value 2 p-value £ p—value 2 p-value
0.100 o 0.164 i 0.039 o 0.028 o

condition index
not included in MANOVA
not significantg—value > 0.05); *:p—value < 0.05; **p—value < 0.01
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discussed first. Subsequently, the combined effect of tresuored factors to
the overall variability of hemocyte will be discussed.

Effect of environmental factors on hemocyte parameters

Temperature was the major environmental factor moduldtérgocyte param-
eters. There was a positive correlation between temperatno both granulo-
cyte and total hemocyte counts. Since the slopes of therlmedels relating
temperature with granulocyte concentration and THC araleab. 4.1) it
can be concluded that the increase in THC simply reflects uigenantation
of the granulocyte concentration. Several laboratory expts emphasized
the positive effect of temperature on hemocyte concentrati hemolymph in
various bivalve and crustacean species ¢sgearuscott and White, 1990; Chu
and La Peyre, 1993; Fisher et al., 1996; Chu, 1998; Liu eRab4; Paillard
et al., 2004; Monari et al., 2007). Only few studies howeveveed the oc-
currence of this pattern in the field (Fisher et al., 1996;b@bal et al., 1998;
Soudant et al., 2004). The increase of circulating hemamytets is generally
considered as a consequence of proliferation or movemeisffrom tissue
into the hemolymph (Pipe and Coles, 1995). Thus an increfabe democyte
proliferation with temperature could explain the obserpattern. The number
of hemocyte aggregates was also positively correlatednpaeature. Hemo-
cyte aggregation is presumed to be involved in hemostasdisvannd healing
(Chen and Bayne, 1995) but also in defence mechanisms (AadaMosca,
2004). Formation of hemocyte aggregates is the result cidhesion activity
of the hemocytes (Chen and Bayne, 1995; Auffret and OubE87). Since
bivalves are poikilotherms, hemocyte activity may scaldhwemperature, ex-
plaining the correlation between aggregate concentranohtemperature.

Extreme (high and low) salinities have been shown to indwétons
of total hemocyte counts in several bivalve species (ChuLanBeyre, 1991,
Reid et al., 2003; Matozzo et al., 2007), but generally vianaof salinity
within the life range of the species does not affect hemocgtets (Matozzo
et al., 2007). This tends to confirm that, in this study, theesbed correla-
tion between salinity and granulocyte concentration iy etiributable to the
correlation between temperature and salinity.

Although phagocytosis significantly varied during the gddoeriod, this
parameter does not seem to be affected by any of the measwiednenen-
tal factors. This appears in contradiction with laboraterperiments which
showed that phagocytosis varied with temperature (Chu anBdyre, 1993;
Allam et al., 2002b; Monatri et al., 2007) and salinity (Reicak, 2003). The
reasons for this discrepancy remains unclear but emplsasieedifficulty in
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extending laboratory results to the field.

Low food levels and starvation have been shown to reduce TH&Y/$-
ters (Delaporte et al., 2006; Butt et al., 2007). Howevemnnearlier study,
Ashton-Alcox and Ford (1998) showed that a 4-week stamalid not affect
hemocyte counts in oysters. This result suggest that this apse is not long
enough to induce a starvation stress. In our study, indisaibfood quantity
(POM) and quality (POC, PON) did not appear to affect any efriteasured
hemocyte parameters, suggesting that in such naturaltcmmsfood level and
quality are not low enough to induce any modification of heyt®parameters
during the studied period.

The poor relationship between other environmental facods hemocyte
parameters emphasizes the difficulty to assess the enweraaincontrol of
hemocyte system in the field.

Effect of endogenous variables

Size/age Variability of hemocyte parameters with size/age have Hege
studied (Carballal et al., 1997; Lopez et al., 1997; Caaball al., 1998; Bar-
racco et al., 1999) and a clear effect of size on the hemo@ytenmeters was
rarely found. Only Carballal et al. (1998) found a significarcrease in the
number of circulating granulocytes with ageMytilus galloprovincialisfor
one of their two samples. In most of the above studies, thersiages were
smaller than in our study (this study: 200% of differencentssn the smallest
and the largest individuals and 127%, to 150% in Lopez e1887; Carballal
et al., 1998; Barracco et al., 1999, studies). Furtherntbeelarge number of
individuals sampled in our study allowed to distinguish #fiect of size/age
within the large variability of the hemocyte parametersr §iudy emphasizes
that, in the Manila clam, total hemocyte, granulocyte andlihpcyte counts
are significantly positively correlated to size while perages of phagocytosis
and dead cells are negatively correlated to size.

Sex and reproduction Links between gender and the hemocyte system are
poorly known (Barracco et al., 1999; Gagné et al., 2007).otin Istudies, as in
the present, results tend to show that hemocyte parameeeisdgpendent of
gender. Such relationships were unexpected since the lytermestem plays
an important role in maintaining organism homeostasis wheguirements
should not vary with gender.

However, the gonadal cycle can influence the hemocyte syseeOliver
and Fisher, 1999, for a review), in a laboratory experim@&wlaporte et al.
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(2006) observed a decrease in THC during gametogenesie iy#terCras-
sotrea gigas Field studies also showed that THC decrease during spgwnin
period (Pipe et al., 1995; Fisher et al., 1996) presumahtailise of hemocyte
infiltration in the gonadal tissue. In our study, the comudtitindex profile in-
dicated that clams had already spawned on the 2004-sepd02085-aug-24.
These events could not be associated to a decrease in TH@ otrean of the
measured parameter.

Condition index residuals Condition index residuals provide a rough infor-
mation about the energetic status independently of sebsanation (.e. is
the individual more or less fat for the season?). Our studyshthat there
is small positive, but nonetheless significant, effect doml index residuals
on hemocyte counts. This tends to confirm the hypothesis bfolsAlcox
and Ford (1998) that suggested that molluscan hemocytenpéees variabil-
ity could be linked to the amount of stored energy reservetaexng the high
observed inter—individual variations. This relationsbhguld be explained by
the involvement of hemocytes in nutrient mobilisation (G4el996). Never-
theless the relationship only explains little of the totatiability of hemocyte
parameters.

Diseases

Prevalence and intensity of perkinsosis and BRD Prevalence oP. olseni
infection was moderated and ranged between 20 and 50% ¢ev8&2%)
which is comparable to the values of 32.9% obtained by NgoGiral (2004)

in naturalR. philippinarumbeds of Jeju (Korea) and values reported by Leite
et al. (2004) in variou®. decussatubeds from Portugal. These prevalences
are lower than those reported by Park and Choi (2001) in warplaces of
Korea where prevalence reached 100% in some locations avitldipa et al.
(2005) in naturaR. decussatuleds of Galicia (Spain; 45 to 100%). Although
perkinsosis prevalence showed significant variation dutire study period,
no clear annual pattern appeared. Epizootiology studiewesth thatPerkin-
sus marinugnfection in the oysteCrassostrea virginicgrevalence is closely
related to temperature and salinity (see review in Villadibal., 2004) which
results in an increased prevalence in summer. A 5-year swivE. olseni
infection in aRuditapes decussatbgd from Galica (Spain) showed an annual
pattern with an increase of prevalence in spring and autuilalpa et al.,
2005). In Jeju island (Korea), Ngo and Choi (2004) found &igbrevalences
of P. olseniinfection inR. philippinarumduring spring. These studies contrast
with our results. Nevertheless, Leite et al. (2004) did rmand any annual



70 Chapter 4

patterns ofP. olseniin R. decussatualong the Portuguese coasts during their
2—year survey which showed that seasonal patterns arewmgsabbserved in
P. olseniinfection prevalence.

Estimation ofP. olseniburden in gill (cells/g gill WW) provide an over—
estimation of the total body burden (cells/g flesh WW) (Chaalg 2002). In
our studyP. olseniinfection intensity was low (average: 24€ells/g gill WW)
and our values are consistent with the values obtained bgallast al. (2007)
in the Gulf of Morbihan. Higher values have been reported ararsouthern
locations along the French Atlantic coast : more than“8cels/g gill WW in
Arcachon bay (Lassalle et al., 2007). Higher values were r@gorted in Ko-
rea (up to 8.7 190 cells/g flesh WW; Park and Choi, 2001), in Japan (2.25 10
cells/g flesh WW; Ishaya bay; Choi et al., 2002) and in Spairb(0* cells /
gflesh WW inR. decussatusom Galicia; Villalba et al., 2005).

Average prevalence of BRD symptoms during the study pefotf) was
low in comparison to the prevalences observed in aquaeutiiams beds of
Northern Brittanny (Brouennou, Finistére, France) thage between 33 and
100% (Paillard, 1992; Paillard et al., 1997; Paillard, 280©€ur results are in
accordance with previous studies performed in natural ladipus of the Gulf
of Morbihan (Paillard, 2004a; Lassalle et al., 2007) thanid prevalences be-
tween 4 and 30%. However, no annual pattern in BRD prevalesasefound
and this contrasts with the field surveys of Paillard et @97) and Paillard
(2004a). These studies showed that symptomatic clams anel fall around
the year, but generally BRD symptoms increase toward thimbiegy of spring
and decrease towards the beginning of the summer. Low teitupes during
the rising phase of prevalence have been invoked to exgiarpattern (Pail-
lard et al., 1997, 2004, Paillard, 2004a,b). The lack of aepatobserved in
our study may be explained by the low prevalence and inieaBRD during
the period studied. BRD symptom intensity was low duringgsbesey: 80%
of symptomatic clams had a CDS of 3 or less, stage at whichxie@e of the
brown deposit is localised to small areas on the inner sRalllard and Maes,
1994).

Size-prevalence relationships The positive relationships between size and
prevalence for both disease correspond to the generatmpatiserved for most
parasites in filter feeder bivalves (Guralnick et al., 200@)is pattern has al-
ready been shown for tHe marinugC. virginica (Andrews and Hewatt, 1957)
andP. olseniR. decussatusiteractions (Villalba et al., 2005). The explanation
of such a pattern lies in both an increased filtration rateggédst individuals
and an accumulation of the parasite during life span, theseepses leading
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to an increase of prevalence and infection intensity wite fAndrews and
Hewatt, 1957; Guralnick et al., 2004; Villalba et al., 200%evertheless, a
recent study also linked grain-size of the sediment andabeace suggest-
ing another interpretation for the size—-BRD prevalencati@hship: increased
body surface area with size could lead to higher probahsfityontact with big

sediment grains that may induce disruptions and subsdyw@epbtential entry

for the pathogerv. tapetis(Flye-Sainte-Marie et al., unpublished data).

Relations between hemocyte parameters and diseasé. olseniinfection
effects on hemocyte parameters could only be found in higtiscted indi-
viduals (> 100 00CP. olsenicells/g gill WW). High P. olseniinfection signif-
icantly increased granulocyte concentration and conseglyu&€HC. This re-
sult is contradictory to those of Ordas et al. (2000) who tbardecrease of
THC in R. decussatusfected byP. olseni Nevertheless, augmentation of
circulating hemocytes has been widely documented.imirginica heavily in-
fected byP. marinus(seee.g.Anderson et al., 1992; Chu and La Peyre, 1993;
Anderson et al., 1995; La Peyre et al., 1995; Anderson efl886). These
authors suggest that this increase reflects a mobilisptiotiction of hemo-
cytes to counterad®erkinsussp. development. In our study, high olseni
infection also significantly reduced hemocyte phagocgtpsrcentage which
is in accordance with previous studies who showed an imglafi R. decus-
satushemocytes to phagocyt olsenizoospores (Lopez et al., 1997) and a
decrease in the percentage of phagocytosR biseniinfectedR. decussatus
Ordas et al. (2000). Mufioz et al. (2006) found an increasharPiO activity

in R. decussatu®wly and moderately infected y. olseni Although the low
and moderat®. olseniinfection intensity observed in our samples, no signifi-
cant effect could be found with our data.

In this study, BRD had no significant influence on any of the beyte
parameters. These results contrast with previous expetahstudies which
showed that (1). tapetisinoculation induces an increase in THC (Paillard
et al., 1994; Allam et al., 2000a, 2006; Paillard, 2004b), 42decrease in
phagocytic activity (Allam et al., 2002b; Allam and Ford (&), and (3) an in-
crease of the dead cell percentage (Allam et al., 2000amAdiad Ford, 2006;
Allam et al., 2006). Symptoms of BRD results of the interactbetween the
bacteria and the clam over time. Experimental infection mmagouple bacte-
rial burden and symptoms (brown deposit). In these contditithe effect on
the hemocyte system may be detected before apparition giteyns. Thus,
the discrepancy between the above experimental obsargadiod our results
may be explained by the low natural infection intensity,spreably associated
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to a lowV. tapetisburden. Consistently with our study, Reid et al. (2003 )fil
to find any significant effect of BRD on PO activity.

Allam et al. (2001) suggested that higher granulocyte catnagons may
be related to a higher resistance to BRD. Interestingly, unstudy, granu-
locyte concentrations significantly varied but BRD premake was not lower
when granulocyte concentration was high. Granulocyte eatnation signif-
icantly increased with size/age but prevalence and size aiso correlated.
Thus, it was not possible to link a high granulocyte coneditn with any
variation of BRD prevalence. This observation is consisteith Reid et al.
(2003) who indicated that increased hemocyte populaticthsrat appear to
have a direct role in reducing BRD levels. This suggest tabeiation of
resistance to BRD and hemocyte parameters is not strarglatfd.

Disease and condition index Low infection intensities of both disease ob-
served during the study period explains that conditionxnadas not affected
in infected individuals. These results are consistent wittvious studies in-
dicating that both disease are susceptible to interfere thié energy balance
and to affect the condition index (Leite et al., 2004; Parklgt2006a; Flye-
Sainte-Marie et al., 2007b) only at high infection intelesit

Variability of hemocyte parameters in the field

Consistently with previous studies, this multiparamefigtd study emphasizes
that part of the variability of the hemocyte system of biealvs attributable to
environmental and internal factors as well as disease. &mtyre was the
only environmental factor explaining seasonal variatiohsome of the hemo-
cyte parameters and contributed to 10% of the variabilitgrahulocyte con-
centrations. Effect of size/age on hemocyte parameters baen poorly de-
scribed in literature (Carballal et al., 1997; Lopez et E97; Carballal et al.,
1998; Barracco et al., 1999). It was nevertheless the fécitr affecting most
of the measured hemocyte parameters and significantlyilsotitig to the ex-
planation of the variability of hemocyte system. Intemegly, although links
between disease and hemocyte system have been extensgehbed in the
literature these links were little established in our stubtyaccordance with
Adamo (2004), this study emphasizes that the measures adygenparame-
ters cannot directly be interpreted as measurement of iroommpetencei.g.
capacity of defence against a pathogen).

Although this study identified factors that significantlyezt the hemocyte
system, these factors only explain little of the overalliakitity of the hemo-
cyte parameters. For the mostly explained parametersylgpeyie concentra-
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tion) only 16.4% of the variance could be explained from tremsured factors.
Part of the unexplained variability can be attributed toxut@ned month to
month variations, suggesting that other environmentabfacthan tempera-
ture, salinity or trophic resource may modulate the henmesystem. Effect
of contaminants and toxic algae on the hemocyte system alMeis have also
been documented in literature (seg.Oliver et al., 2001; Auffret et al., 2004,
2006; Heégaret and Wikfors, 2005b,a; Hégaret et al., 200d)cauld in part
explain these month to month variations. Most of the valitgbof the hemo-
cyte system could be attributed to inter—individual difieces and thus could
not be associated with any parameter that we measured. sitox and
Ford (1998) suggested that variability in molluscan henexygould be more
immediately linked to individuals metabolic condition tht an inability to
buffer hemolymph against external ambient conditions.hkpast 30 years,
many authors have studied the link between hemocyte systdrdisease and
thus tend to reduce the role of hemocyte system to immuneifunsc Nev-
ertheless, although poorly documented, there is evidehicepdication of the
hemocyte system in various other functions such as nutriilflammation,
wound repair (Fisher, 1986; Cheng, 1996) and shell repaimaineralization
(Fisher, 1986, 2004; Mount et al., 2004). This study emeasie need for a
better understanding of the various functions of the hengosystem and the
way these functions control the hemocyte system. Such alkdge is neces-
sary to better understand the linkages between environiigatve metabolic
status, hemocyte system and disease development, andfaséhof bivalve
hemocyte parameters as environmental biomarkers.
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Chapter 5
A portal of entry for Vibrio tapetis?

Effect of sediment grain—size on development of Brown Ring Bease in
the Manila clam Ruditapes philippinarum

Aquaculture accepted.

Jonathan EYe-SAINTE-MARIE, Fred EAN, Susan E. BRD, Christine
PAILLARD.

Abstract

Brown ring disase (BRD) in the Manila clam is induced by thetbaumVib-
rio tapetis During the infection process, the pathogen enters theygadiial
compartment of the Manila clam and induces the formation oharacter-
istic brown deposit that gives the disease its name. Althquugst-infection
processes have been widely described for this disease,dbleamisms of en-
try of the bacteria into the extrapallial compartment reamainclear. From
relationships between clam size and BRD prevalence, ameebatgrain—size
distribution in natural habitats and prevalence, we prepsimple explana-
tion for this step:V. tapetisbenefits from mechanical disruptions of the pe-
riostracal lamina or valve margins to colonize the extriggdatompartment.
Such disruptions may be induced by the presence of largensetligrains in
natural habitats, which become lodged in the shell openirigs hypothesis
suggest that limiting handling of clams may help to limit d@pment of BRD
in cultured clam beds.

Keywords: Manila clam ; Brown Ring Disease ; BRD/jbrio tapetis;
prevalence ; size ; grain—size.
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5.1 Introduction

The Manila clamRuditapes philippinarunnwas introduced in France for aqua-
culture purposes between 1972 and 1975 (Flassch and Lehat§82). In
France, this venerid culture became increasingly wideshrand since 1988
natural populations have colonized most embayments aload-tench At-
lantic coast, resulting in important fisheries.

Brown ring disease (BRD) in this species is a bacterial dis@aduced by
the pathogenVibrio tapetis It was first observed in 1987 in northern Brittany
(France) and has rapidly been reported along the Frencint&tleoast (Pail-
lard, 1992). The disease is now observed along the entirepgan Atlantic
coast, from Norway to southern Spain, and in Italy (Paill@@D4b; Paillard,
unpublished data). The disease, which causes mass mestalit cultured
clam beds, has severely affected venerid culture in nortBettany but has a
lower impact in natural beds, where maximum prevalencehesaonly 30%
(Paillard, 2004b).

During the infection process, the pathogen proliferatéliwthe extrapal-
lial compartment and disrupts the normal production of geracal lamina,
inducing the formation of a brown conchiolin deposit on theer shell; this
characteristic clinical sign gave the disease its namdlgRbi 1992). BRD
progression has been described in depth in Paillard et 294(land Paillard
(2004b). The following steps for the disease progressime baen proposed
by Paillard (2004b) : (1) adherence of the pathogémapetis to the periostra-
cal lamina; (2) penetration and colonization of the extliggacompartment;
and (3) formation of the anomalous brown conchiolin depasitwhich the
pathogen becomes embedded. Althougth post—infectiorepses (i.e. after
penetration into extrapallial compartment) have been lyidescribed (see
Paillard, 2004b, for a review), mechanisms of entryotapetisinto the ex-
trapallial fluids remain poorly understood. Paillard (20D4tated that "in
favourable conditions for the pathogén,tapetiscolonization provokes some
alteration and rupture of the periostracal lamina whicbvedl the penetration
of the bacteria into the extrapallial fluids". By revisitittgee unpublished data
sets, we propose a simple hypothesis to explain the entvy tapetisinto the
extrapallial compartment.

5.2 Methods

All three data sets were collected from intertidal naturgdydations in the Gulf
of Morbihan (southern Brittany, France) between 1999 ar@baFig. 5.1).
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FiG. 5.1 Map of the sampling sites of the data sets used for this study
A: lle de Bailleron; B: lle aux Oiseaux. C1-C7: Sampling sit¢ the
third data set.

For all data sets, BRD signs in the clams were monitored omtier surface
of the clam shells according to the criteria of Paillard arekgl(1994) in which
conchiolin deposits stages (CDS) range from microscopievbrspots on the
inner face of the shell in the earliest stage (CDS 1), to &thiown deposit
covering most of the inner shell in the most advanced sta@s(0).

The first data set came from a monthly monitoring of haemopgtame-
ters of Manila clams at lle de Bailleron (Fig. 5.1, site A)y&+Sainte—Marie
et al., unpublished data). During this survey, a total ofdmgles of 60 clams
each was collected between thé 6f July 2004 and the 20 of September
2005 (total : 1020 individuals). This survey included indivals from a wide
size range: from 26 mm to 55 mm along the maximum length ais. greva-
lence of BRD was low (mean = 9.7%, SD=3.5%) and showed nofgignt
variation during the sampling period{ = 12.96, df = 16, p = 0.675),
allowing pooling of the whole data set in order to extractzesprevalence re-
lationship. In this data set, disease intensity was also 8W#%6 of the affected
clams had a CDS of 3 or less.

The second data set was collected on th& 28 March 2006 in lle aux
Oiseaux (Fig. 5.1, site B). A total of 530 individuals wasleoted and the size
ranged from 11 mm to 42 mm (maximum length axis). In this datadisease
prevalence and intensity were also low: average prevalaset.1% and 80%
of the affected clams presented a CDS of 3 or less.

For these two data sets, individuals were distributed intorm size classes;
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Fic. 5.2 Relationship between center of the size classes and preva-
lence in the data set from (A) lle de Baillerop & 0.94z — 0.25;

r2 = 0.52; p = 0.005) and the data set from (B) lle aux Oiseaux
(y = 0.552 — 0.12; r? = 0.66; p = 0.028)

prevalence (percentage of affected individuals) was &atied for each size
class. Size classes with fewer than 40 individuals (left aghi tails of the

size distributions) were excluded from computations. Rmlahips between
clam size and prevalence were analysed using linear made[s;value corre-
sponds to the significance of the linear mode. probability of the difference
between the value of the slope and 0).

The third data set came from a survey of Manila clam densRDBreva-
lence andvibrio tapetis abundance in the sediment, as estimated bgLasa
test (Allam et al., 2002c) in the Gulf of Morbihan during 19@®illard, un-
published data). During this study, sediment cores wereatedd at some of
the sampling stations. Grain-size distribution in sedincenes was measured
following Weiss and Frock (1976). For seven stations (Figl, Sites C1-
C7) both BRD prevalence and grain—size distribution wemslabvle, which
allowed analysis of the relationship between those tworpaters. For this
purpose, the relationship between the grain size of therdgjeractile of the
sediment and prevalence was analysed using a linear model.

5.3 Results and discussion

Figure 5.2 illustrates the relationships between clamamkeBRD prevalence
for the data sets from lle de Bailleron (Fig. 5.2 A) and from dlux Oiseaux
(Fig. 5.2 B). For both data sets, correlation coefficientsanegh ¢2 > 0.50)
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Fic. 5.3 Relationship between grain size of the upper 5% fractile
of the sediment and BRD prevalence in the sampling statidribeo
third data set from Gulf of Morbihan (see Fig. 5.1, sites Cl):@Qy =
0.0228 z — 8.37; r? = 0.74; p = 0.013).

and slopes were significantp(< 0.05), clearly indicating a positive relation-
ship between clam size and BRD prevalence in natural papotat Such a
pattern has been widely described for parasitic diseasdterf feeding bi-
valves and is attributed to the greater probability thargda(and presumably
older) individual (1) has been exposed to potential intextilonger and (2)
has a higher filtration capacity and resulting higher prditgtof encounter-
ing parasites, compared to a small clam (see e.g. Andrewslawdtt, 1957;
Guralnick et al., 2004, Villalba et al., 2005).

Figure 5.3 shows the relationship between the grain sizeeotipper 5%
fractile of the sediment in localized habitats (Fig. 5.1esiC1-C7) and the
BRD prevalence. For this relationship, the correlationfioent was high
(r? = 0.74) and slope was significanp € 0.013), indicating a significant pos-
itive correlation of prevalence with the abundance of Igrgsicles in the sed-
iment. This relationship suggests an increased probgabiitnfection linked
to the abundance of large particles in the sediment.

From these relationships, it can be hypothesized that arfaontributing
to the initiation of the infection (i.e. the entry ¥f tapetisinto the Manila clam
extrapallial compartment) is a mechanical rupture of th@opracal lamina or
chipping of the valve margins induced by mechanical impath large sedi-
ment particles. In the sediment, when a clam is active, pissis are extended
out of the shell and in direct contact with the sediment; wtiensiphons re-
tract, sediment particles adherent in siphon mucus, mayapped between
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FiG. 5.4 Photograph of cracked shell, with the symptomatic brown
deposit around the crack (arrow a) suggesting that shedikiage is

a potential portal of entry fo¥W. tapetis Arrows b show the symp-
tomatic brown deposit around the valve margins. (Photdwajk.
Amice/LEMAR)

the valve margins. Moreover, sediment particles may bepadwithin the

shell aperture. When the clam closes its valves, thesecleartinay disrupt the
periostracal lamina or chip the shell edge, thereby opeaipgrtal of entry
for the pathogelrV. tapetis This hypothesis is supported by figure 5.4, which
shows a cracked Manila clam shell. Around the crack the chariatic brown

deposit is visible, suggesting that a shell rupture is aryiatepoint entry for

V. tapetis Since siphon surface area and shell aperture length azetlglir
related to clam size, the probability of trapping a potdiytideleterious sedi-
ment particle may increase with size, which providing aniteatthl potential

explanation for the size/BRD relationship in natural pegiohs. This hypoth-
esis may also explain why early clinical signs are freqyeoliserved in the
siphonal area (Goulletquer et al., 1989a; Paillard, 19%@|aed et al., 1994,
Paillard and Maes, 1994).

Seasonal variations in BRD are not always observed, ediyagtzen aver-
age prevalence is low (first data set; Paillard, 2004a). étpidlogical surveys
of BRD showed that affected clams are found throughout tlae, Yt gener-
ally, the prevalence of BRD signs increases toward the béggrof the spring
and decreases toward the beginning of the summer (Paillaid €997; Pail-
lard, 2004a). Low temperatures during the rising phase e¥glence have
been suggested to explain this pattern (Paillard et al.7,12004; Paillard,
2004a,b). However, this period also coincides with therggg of the growth
season (Goulletquer, 1989a); the newly calcified layer envidve margins
may be more susceptible to mechanical disruption. Thezeflisruptions of
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the periostracal lamina and valve margins may occur mogéstly during
this period. Thus, seasonality of BRD development couldXmained both
by low temperatures and weakness of the valve margins.

5.4 Conclusion

This study suggest that the pathogéntapetismay benefit from mechani-
cal disruption of the periostracal lamina or the valve masgb colonize the
Manila clam extrapallial compartment. These disruptioras/iine induced by
the presence of large sediment grains. This simple hypistpesvides a valu-
able explanation for some of the observed BRD developmeterpa. In cul-

tured clam beds, limiting rough handling of clams, espéceit the beginning

of the growth season (spring), may help to limit developno®RD.
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Chapter 6

Comparison of field data with the model
hypothesis

Abstract

The construction of a model describing the relationshipveen the environ-
ment, the host and the pathogen in Brown Ring Disease hasdeseribed in
part I. It describes the development of BRD symptoms undeirfg of two
environmental variables: temperature and trophic resout@llowed to sum-
marize the knowledge about the disease development. Thmptens made
during the model’s construction, developed in chapter &ded to be vali-
dated. Most of the model relationships were calibratedgusiboratory exper-
iments, and needed to be validated by field studies. The fietty presented
in chapter 4 was originally designed to build a data set irotd validate the
model by field study. The purpose of this chapter is to compata with the
assumptions of the model.

In the model, the temperature controls the defense systainsighe pa-
thogen, and subsequently the development of disease. Ttesfigly con-
firmed that temperature controls some hemocyte paramepensulocyte con-
centration and total circulating hemocytes concentratidevertheless, during
the study period prevalence of disease did not show signtficariations. It
was also not possible to link variations of hemocyte pararsawith the dis-
ease development, suggesting that the relation betweeodyses and disease
development is more complex than described by the model.

A strong hypothesis of the model was the link of disease dgweént to
the energetic status via the condition index. Although felelies indicated
a significant relationship between condition index and har®parameters,
it was not possible to show any significant relationship leemvsymptoms
and condition index. This shows that the condition index may explain
disease susceptibility. The observations tend to invididlsis assumption of
the model. The relation between condition index and presefcymptoms
observed by Paillard (1992) in highly diseased individuslggest that BRD
affects the energy balance of the host. This point will belisdiin part 11l of
this thesis.
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6.1 Introduction

Dans la partie I, nous avons décrit la construction d’'un rneod&nterac-
tion entre I'environnement, I'héte et le pathogene visaétudier le dévelop-
pement de la Maladie de ’Anneau Brun dans des populationseikes de pa-
lourde japonaise en fonction de deux parametres enviroentmux : la tempé-
rature et la ressource trophique disponible. Ce modéleaptean compte une
variabilité interindividuelle des phénotypes permet éola tle fournir une ex-
plication potentielle a la variabilité interindividueltsbservée dans le dévelop-
pement de la MAB et de simuler les variations saisonniérd$ndensité des
symptdmes. L'un des intéréts majeurs de ce modéle a étédidton d'une
synthése des connaissances disponibles concernant la 8éBme pour la
plupart des modéles, I'élaboration de celui-ci a nécessitérmulation d’hy-
pothéses, qui ont été évoquées dans le chapitre 3. Luneygethiéses fortes
était de lier les variations de I'activité du systéme imntaine aux variations
de I'état énergétique de I'h6te au travers de l'indice ded@mm, I'ensemble
du couplage entre le modele héte et le développement dugeatbaeposant
sur cette hypotheése.

Le modéle a essentiellement été calibré a partir de donnésenant
d’expérimentations en laboratoire. Le suivi simultané dmwditions environ-
nementales, des paramétres hémocytaire et des maladsesgréans le cha-
pitre 4 avait pour objectif de valider ou d’infirmer par dessetvations en
milieu naturel les hypothéses formulées lors de la consbruclu modéle.

Sans étre exhaustif, ce chapitre a pour objectif de cordrdes observa-
tions effectuées en milieu naturel avec certaines des hgpes formulées lors
de la construction du modéle.

6.2 Forcage par I'environnement

Dans le modéle l'effet de la température est pris en comptesiepirs ni-
veaux : au niveau du bilan énergétique de I'héte, de la @otss duVibrio
et du systéme immunitaire. Les observations de terrain @mbis de montrer
que la température était le facteur environnemental exaiigla plus grande
part de la variabilité expliquée des paramétres hémoegdies variations sai-
sonniéres de la concentration en granulocytes et du nomtadedthémocytes
circulant sont en effet significativement positivementréléres a la tempéra-
ture (f Tab. 4.1 p. 60), ce qui tend a confirmer cette relation du neod&hr
contre ce n'est pas le cas du pourcentage de phagocytosee guésente pas
de corrélation significative avec la températucé Tab. 4.1 p. 60). Ce pour-
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centage de phagocytose est mesuré en comptant le nombneatytés ayant
phagocyté trois billes de latex et plus, les incubationshdesocytes avec les
billes ayant lieu a température ambiartég. 55) et donc pas a la température
observée sur le terrain. Cette valeur ne caractérise domdegpourcentage
d’hémocytes aptes a la phagocytose, valeur qui semble étraffectée par
la température d'incubation (Marie-Agnés Travers, pesmrm.), mais ne per-
met pas d’évaluer la cinétiqgue de phagocytose tres praf@ietempérature
dépendante. La capacité de phagocytose ne pourrait danétluée qu’en
tenant compte de la concentration en hémocytes, du poagede phagocy-
tose et de la dynamique de la phagocytose. Il est donc diffdz conclure
quand a la relation entre la température et |'activité degpbgtose prise en
compte dans le modéle.

La relation entre température et nombre total d’hémocyges ire confir-
mée par des observations de terrain. Par contre la préeattriiintensité de
la maladie n’ont pas montré de variations significatives@usde la période
d’investigations sur le terrairc{ Fig. 4.4 p. 64). Ceci montre donc que le lien
entre le nombre total d’hémocytes et le développement dealadie qui a
été fait dans le modele est difficile a confirmer par des olbsensin situ.
Par ailleurs, I'absence de variations saisonniéres de ladeaobservée sur
le terrain ne saurait étre prédite par le modéle du fait dee finfluence de
la température sur le systéme de défense contre le pathpgéaesn compte
dans le modéle.

En milieu naturel, il n'a pu étre montré aucune corrélatiotres la res-
source trophique disponible et les paramétres hémocyt@irdab. 4.1 p. 60).
La prévalence de la maladie, stable au cours de I'année,aza@n plus pu
étre reliée a la disponibilité trophique. Néanmoins, lesldp temps entre la
présence de nourriture dans le milieu et I'énergie utilsgdour I'organisme
associé au processus de filtration et d’assimilation pawesgliquer cette ab-
sence de relation. Il semble donc plus cohérent d’examiegsrcbléme en
prenant en compte I'indice de condition.

6.3 Indice de condition

Comme nous l'avons vu dans le chapitre 3, I'indice de coowljtappor-
tant une information sur I'état énergétique de I'hote, janedle majeur dans
le couplage entre le modéle bioénergétique de I'hote (é&xpaschapitre 2) et
le systeme de défense contre le pathogene. Cette hypotiése du fait que
I'on observe que les individus malades présentent un irdkogondition plus
faible que les individus sains (Paillard, 1992). Par aiBeliaugmentation de
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la prévalence est souvent observée en fin de période hiegfpalllardet al,,
1997; Paillard, 2004a), coincidant avec le minimum annietite de condi-
tion et laissant a penser que le statut énergétique comtrdieveloppement de
la maladie.

6.3.1 Indice de condition et concentration en hémocytes

Dans le modéle d’interaction environnement—hote—pathegént les con-
cepts de base on été développés dans la section 3.2, |la tratioenen hémo-
cytes est calculée en fonction de I'indice de condition. desnées du suivi
mensuel exposé au chapitre 4, permettent d’examiner lgorekentre ces deux
parameétres sur le terrain. La Fig. 6.1 montre la relatiomeecés deux para-
metres observée sur I'lle de Bailleron au cours de la pérbetede. 1l existe
une relation positive et significative entre ces deux pat@aeNéanmoins
cette relation ne saurait expliquer que 3% de la varianca dericentration en
hémocytesi(> =0.03). Par ailleurs, cette relation prend en compte latdiié
saisonniére et donc l'effet de la température a la fois sudite de condition
et sur le nombre total d’hémocytes. La relation entre lex geuiametres, in-
dépendamment des variations saisonnieres, a été exanaingéedrab. 4.2 (p.
63). La relation est aussi significative, mais l'indice dadition n’explique
alors plus que 0.9% de la variance de la concentration tetaleémocytes.
En prenant en compte ces observations en milieu natureinbke difficile de
valider cette hypothése de construction du modéle.

6
410
o]

Haemocyte concentration (cells mL'l)

Condition index

FiIc. 6.1 Relation entre la concentration en hémocytes
(cellules.mL~') et lindice de condition sur I'ensemble du suivi.
Modeéle linéaire y = 5.410%*x +4.510° ; R?=0.03 ;p—value= 1107,
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6.3.2 Relation entre l'indice de condition et les symptémes

Les données présentées dans le chapitre 4 permettent sxssnoher la
relation entre 'indice de condition et la présence des $gmps. La Fig. 6.2
(A) montre I'évolution de l'indice de condition des individ symptomatiques
et asymptomatiques au cours de la période d’étude. Sur phigtee, on peut
noter qu’il n’existe pas de tendance divergente entre les deoupes. Pour
chacun des prélevements les différence d’'indice de comdéntre les indi-
vidus sains et malades ont été testées (Test de Kruskals)Mdlh'a pas été
possible de mettre en évidence de différence significapivea(ue > 0.05).

La Fig. 6.2 (B) montre les indices de conditions d’indivicsans et ma-
lades lors de la période hivernale ( du 20/10/04 au 12/0zi6B)ant laquelle
l'indice de condition reste stable (voir Fig. 6.2 A). On nmatgu’il n'y a pas
de différence apparente entre les individus sains et mglautiqguant que des
individus malades peuvent avoir des indices de condities8.

Lors de la période d'investigation en milieu naturel, lavaténce et I'in-
tensité des symptdmes étaient faibles f§. 63) ; ce jeu de données montre
donc qu’'a des stades faibles de développement de la mdladiaipas de re-
lation entre I'indice de condition et le stade de maladid'dBifait I'hypothese
que le statut énergétique contréle le développement delkdiealors on s’at-
tend a ce que les individus présentant un indice de condiitae éliminent
moins efficacement le pathogéne. Dans ce cas, on peut sliatarobserver
que les individus présentant des intensités de symptoni#gsdaient un in-
dice de condition faible par rapport a leur congénéres nfattiés. Or la Fig.
6.2 (B) montre que des individus infectés peuvent préseigenaleurs eleves
d’indice de condition, laissant a penser que la suscepdilBila maladie est in-
dépendante de l'indice de condition. Sur la base de ceswatists il semble
donc difficile de confirmer cette hypothéese forte de la coiesisn du modeéle.
La relation entre l'indice de condition et la présence de@mes observée
par Paillard (1992) a été décrite pour des individus présgnin fort dévelop-
pement des symptdmes, ce qui suggére que dans ce cas laaaifadte le
bilan énergétique de I'héte et de ce fait I'indice de coditi

6.4 Conclusion

Il semble que certaines des hypotheses du modéle puissentatfir-
mées par les observations provenant du milieu naturelymotnt en ce qui
concerne |'effet de la température sur la concentraticaléetn hémocytes, ce-
pendant si ce paramétre environnemental influence sigiéoaent la concen-
tration en hémocytes il n'explique que 3,3% de sa variandéet@u cours de
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la période étudiéect 4.3 p. 66). Il en est de méme pour la relation ente I'indice
de condition et la concentration en hémocyte totale. Suase les résultats
obtenus, il est difficile d’établir une relation claire enta présence des symp-
tbmes et les paramétres hémocytaires, et il est donc diffieilconclure quant

a leur role dans la susceptibilité a la maladiechapitre 4).

Il semble aussi difficile d’associer des faibles valeursidite de condi-
tion avec une quelconque susceptibilité a la maladie, ngset forte de la
construction du modéle. Par contre il semble plutdét que paisse relier le
développement de la maladie avec une dégradation du bikengéiique. Cet
aspect sera donc étudié dans la partie suivante (Partie Ill)
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FiG. 6.2 A : Indice de condition moyen chez les individus sympto-
matiques () et asymptomatiques) au cours de la période d'étude.
Aucune différence significative n'a pu étre mise en évideztee les
individus sains et infectés pour chacune des dates de prétant (Test
Kruskal-Wallis ;p—value > 0.05). B : indice de condition chez les in-
dividus symptomatique2 ) et asymptomatiques) en fonction de la
taille au cours de la période hivernale (20/10/04 au 12K8)2/0n note

la présence d'individus malades dans la partie haute du dgende
points.
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Part Il

BRD and host energy balance
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Chapter 7

Impact of Brown Ring Disease on host energy
budget

Impact of Brown Ring Disease on the energy budget of the Maral clam
Ruditapes philippinarum.

Journal of Experimental Marine Biology and Ecolo®007), 349 (2),
378-389 .

Jonathan EYE-SAINTE-MARIE, Stéphane BUVREAU, Christine
PAILLARD, Fred EAN.

Abstract

Brown Ring Disease (BRD) is a bacterial disease caused hyattme@genVib-
rio tapetis The disease induces formation of a brown deposit on inredt sh
the Manila clamRuditapes philippinarumbDevelopment of this disease is cor-
related with a decrease in the condition index of infectesing. Experiments
were conduced in order to assess the effect of the develdmhBRD on two
parameters affecting the energy balance of the clams: #sasice and the
respiration rates. Experiments were performed in a phygioal measurement
system that allowed simultaneous measures of clearance=gpidation rates.
During both acclimation and measurements clams were fddouituredT-iso
and temperature was close to seasonal field temperatur€)(10ur results
showed that severely diseased clams (conchiolin depegiesCDS> 4) are
subject to weight loss in comparison to uninfected oned¢atishg that BRD
induces a desequilibrium in the energy balance. We denaiadta reduction
of the clearance rate of severely diseased clams which leddecrease in
energy acquisition. Respiration rate showed asignificastehse with BRD
symptoms, but evidence in the literature allowed us to Hygsize that energy
mobilised for an immune response and lesion repair incssaggrall organism
maintenance costs. Both factors should thus contributeeaégradation of
the energy balance of diseased clams. Because effects obBRBturally in-
fected clams only appears significant for CB%, when brown ring assumes a
significant place on the inner shell, we consider that theilaiam is tolerant
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of low disease levels.

Keywords: Clearance rate; filtration; respiration rate; Brown Rinigdase ;
energy budgetRuditapes philippinarum

7.1 Introduction

Brown Ring Disease (BRD) in the Manila claRuditapes philippinarumwas
first observed in North Finistére (France) in 1987 (Paillaral., 1989), and
can be responsible for mass mortalities (see e.g. Paillaatl,e1989; Castro
etal., 1992; Paillard, 1992, 2004b). This disease was showe caused by a
Vibrio sp. (Paillard and Maes, 1990), which was narx#xtio tapetis(Borrego
et al., 1996b). The infection disrupts the production ofgstracal lamina and
causes an anomalous deposition of periostracum on the shieérof infected
clams (Paillard and Maes, 1995a,b). Infected clams thuiixhcharacter-
istic brown deposit on the inner surface of the valves (Ralllet al., 1989)
that gave the disease its name. Disease progression isaexdifoy the extent
of the symptomatic deposit decribed by Paillard and Mae84).9 Infected
clams show depressed defence-associated activitiesr{4tlal., 2000b; Pail-
lard et al., 2004). The effects of BRD on Manila clams havenbewiewed
recently by Paillard (2004b).

Different studies of marine bivalve infections by pathogemd/or para-
sites have shown reduction in reproduction efficiency, dammand growth.
The protozoan parasiteerkinsus marinusignificantly reduces growth rate,
condition index and gametogenesis of its h@sgssostrea virginicdKennedy
et al., 1995; Paytner, 1996; Dittman et al., 2001). A simgattern has also
been shown foPerkinsus olsenin the clamTapes decussatysee review in
Villalba et al., 2004). The latter parasite also reduces¢ipeoductive output
of R. philippinarum(Ngo and Choi, 2004; Park et al., 2006a). The ascetospo-
ran parasitéHaplosporidium nelsonalso inhibits gametogenesis and reduces
condition and glycogen reserves of its host, the oy§tewirginica (Barber
et al., 1988a,b; Ford and Figueras, 1988). These resutiwedl the authors
to conclude that infection induces an alteration of the 'hasmtergy budget.
Nevertheless, few studies have been performed to docutnernbfluence of
pathogens and/or parasites on components of the energethafiivalves
such as food consumption and metabolism. The influence gfateesitism by
the gastropodBoonea impressan these parameters in the oystervirginica
was documented by Ward and Langdon (1986) and Gale et all19he
effects ofP. olsenion food consumption and metabolismTapes decussatus
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were documented in Casas (2002). Newell (1985) showedhbdnfection by
the parasitéHaplosporidium nelsomeduced clearance rate but does not affect
oxygen comsumption rate of the h&tvirginica

Experimental infections of Manila clams bbrio tapetisinduced devel-
opment of BRD, weight loss and depletion of glycogen resersaggesting
an energetic cost of the disease (Plana, 1995; Plana ef6).1In the field,
Goulletquer (1989b) also showed that winter mass mosealiti Manila clams
were associated with low condition index and glycogen reserThese mor-
talities were subsequently associated with BRD and Pdil&992) demon-
strated that BRD infected Manila clams exhibited low caooditindex. All
these results lead to the conclusion that the developmeBR&f affects the
energy balance of the Manila clam. The aim of this physiaalstudy was
to document the influence of the development of BRD on two amrapts of
the energy budget of naturally infected Manila clams: tlea@nce rate, a pa-
rameter involved in energy acquisition, and the respirataie, reflecting the
overall metabolism of the Manila clam.

7.2 Materials and methods

7.2.1 Biological material and acclimation procedure

Manila clams,R. philippinarum were provided by the ATMAR hatchery and
were grown in the Chausey Islands (Manche, France). Clanggnmg from
37 mm to 50 mm were then transferred to Landéda (North Fieistérance)
during autumn 2005. By early January 2006, BRD prevalence5086.

Samples were collected at low tide and transferregFREMER Argenton
Shellfish Laboratory (North Finistere, France) on 13 Jayuand 2 and 28
February, 2006. As gametogenesis is initiated at 12°C mdpecies (Laru-
elle et al., 1994), clams from the three samples had emptgdgpnOnce in
the laboratory, clams (37 to 50 mm length) were held in flovedigh tanks in
sieves containing field sediment. Tanks were supplied vignnboregulated,
filtered (1 «m) seawater enriched in cultured microaldaechrysis aff. gal-
bana (T.iso) Salinity (35 %) and temperature (10°C) were kept constant d
ing all experiments and were near to seasonal field condit{beld average
temperature measured at Landéda during the experimeniatipgas 9°C).
Minimal acclimation time of one week before measurements iwapected in
order to limit influence of the stress due transfer from fielthboratory on our
measurements. We limited acclimation time to a maximum oéékg to avoid
reparation processes or further development of BRD sympiantaboratory
conditions.
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7.2.2 Physiological measurements
Physiological measurement system

Ecophysiological measurements were performed iniHREMER Argenton
Shellfish Laboratory, which is equipped with an experimeapparatus allow-
ing the simultaneous monitoring of clearance raté&( L h—!) and respiration
rate (RR, mg O, h~1) in individual flow-through chambers, for seven individ-
uals at a time (Savina and Pouvreau, 2004).

The apparatus consists of eight flow-through transpareamblers each
having a volume of 1.2L, (Fig.7.1 B) filled with 370 g of sandanfl was
sieved on 1 mm mesh to avoid recirculation of small partiaghethe system
and baked 4 h at 450°C to limit bacterial metabolism in thendhers. The
first chamber (C0O) was used as a control, the seven other€{¢ tontained
animals. Upstream water was thermoregulated, filteredr(l. and enriched
with cultivated algae at a controlled concentration by nseaha peristaltic
pump. The flow rate through the chambers was controlled usagual flow
meters (FMO to FM7). Temperature, oxygen concentrationflumiescence
were monitored alternately in the outflowing water of eachnsher using an
oxygen—meter (@ WTW sensor) and a fluorometer (F; Seapoint sensor). Data
mesured by these sensors were collected by the controllesemt to a com-
puter via a local area network. The controller controllesthlves that shunted
water to either the measurement probes or to waste. Thasgdimved sam-
pling of out-flowing water for particle counts.

Experimental conditions

A total of 15 experiments was performed between 15 Januaty28rMarch

2006. For all experiments, conditions were similar. Terapee varied be-
tween 9.6 and 10.4°C and cultured algae concentratswclirysis aff. gal-

bang T-isg in inflowing water was set to 50 celid.~!. Preliminary ex-

periments (unpublished data) showed that this alga coratet was below
the pseudofaeces production thresholdRophilippinarum No pseudofaeces
production was observed in any experiment thus ingestiten was propor-

tional to filtration rate.

Measurement procedure

For each experiment, individuals were placed in one of tightendividual
chambers. A time interval of at least 2 h between the traredfetams to the
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Fic. 7.1 The ecophysiological measurement system. A:. General
view (C: chamber, FM: manual flow meter, V: valve, T: temperat
sensor(,: oxygen sensor, FL: fluorometer); B: individual chamber.

chambers and the beginning of any measurements allowedas ¢o re-
turn to a normal activity. This time was chosen after pratiany experiments
which showed that clams were consistently active 2 h aftergogansferred
to the chambers. The first chamber was used as a control ansedadent
but no clams. Flow rate in the chambers was constant and em@af L ',
This value was chosen after preliminary tests and allowegisomement of the
respiration rate, while preventing the clam from removinog much algae.
Experimental chambers were successively measured cooshyufor 5 min.
Prior to each experimental chamber measurement, the tahamber was
continuously measured for 3 min. Between each measurenteana inter-
val with no measurement allowed water from the next chambeeach the
sensors. This resulted in a record every 2 h and 20 min for &aichal.

Every day, a new alga culture was used. Because the cont@mtod the
culture varied, the flow rate of the peristaltic pump was sigid to provide
an algal concentration of 50 celtd ~'. Every day, excurrent water samples
were collected for cell counting (Coulter counter, mukés), which allowed
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an intercalibration between fluorescence and cell conatony.

Characterization and classification of the BRD symptom iregwbserva-
tion of the inner surface of the clam shell (Paillard and M4994). Although
this can be done in living clams, it is stressful (Ford andl&al, 2007). As
a consequence, diagnosis of BRD had to be done after thegibryisial mea-
surements. Rhythmic variations in activity are well docuaied in bivalves
(e.g. Bougrier et al., 1998; Kim et al., 2003; Ortmann andighaber, 2003;
Rodland et al., 2006), including the Manila clam (Kim et 41999, 2001,
2004). They must be taken into account in order to obtairabédi individ-
ual measurements of clearance rate and respiration ratesltnmary exper-
iment was performed to determine the minimum experimeitsd heeded to
integrate these variations of activity. It was performeeérdy days under the
experimental conditions cited above. After each respiratate and clearance
rate measurement, the average values were calculated imiveginning of
the experiment. For both respiration and clearance ratell imeasured in-
dividuals, the average stabilized after 48 h. Thus 48 h waisnasd to be the
minimum experimental time needed to obtain measures thatdaweliably
integrate variations in the activity of Manila clams.

7.2.3 Ecophysiological data processing
Average clearance rate

For each record, average values of the fluorescence of themffivater from
the control and from the experimental chamber were caledldtor each new
cell culture, water-sample cell concentrations were nregisusing the Coulter
Counter Multisizer 3 to allow the calculation of a regressamuation between
fluorescence and cell concentration. Using this equaticerage fluorescence
values were converted to cell concentration (ceti$). Then, for each record,
the clearance rat€(R, L h—!) was calculated following the equation (Hildreth
and Crisp, 1976):

— Y1y FR (7.1)

whereC, is the cell concentration (cells1!) in the effluent water from the
control chamber(,, is the cell concentration (cellsi!) in the effluent water
from the measured animal chamber ang is the flow rate (L ') through
the chambers. The average of all records (c.a. 21 recordmpaal) was then
calculated for each animal.
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Average respiration rate

For each record, average values of the oxygen concentrafitime effluent
water from the control and from the experimental chambereveaiculated.
Then, the oxygen consumption rafeR, mg O, h—!) was calculated following
the equation:

RR = (0. — 0,) x FR (7.2)

whereO. is the oxygen ( mg @L ') in the effluent water from the control
chamber,0, is the oxygen (mg@L ') in the effluent water from the mea-
sured animal chamber ardR is the flow rate (L h'!) through the chamber.
Then the average of all records (c.a. 21 records per aningal tlven calculated
for each animal.

Maximum clearance rate

Our measurement procedure allowed us to examine instantarnaeasure-
ments of clearance rate (e.g. each of the 21 records). Mawiclaarance
rate was defined as the average of the three highest valussadin the 21
records. Maximum clearance rate provides information ats@ifiltration ca-
pacity of the clams, and permits discrimination betweerirtigact of BRD on
behaviour and that on physiological capacities.

Filtration and respiration—time activity

Filtration—time activity (FTA) and respiration—time agty (RTA) are defined
as the proportion of time spent in the activity of filtrationdarespiration re-
spectively (Bougrier et al., 1998; Huvet, 2000). Followiggvina and Pou-
vreau (2004), FTA and RTA were calculated for each indivichgathe ratio
between the number of records showing a measurable filtratioespiration
activity and the total number of records. These values geinformation
about the behaviour of the clams.

Standardisation of clearance and respiration rates

In order to compare values obtained for different size idials, clearance
and respiration rates were corrected for weight differefetween individuals
following the formula of Bayne et al. (1987):

Y = (o) x Vi (7.3)
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WereY; is the physiological rate for an individual of standard slaey
weight W , Y, is the measured physiological rate for an individual of khel
dry weight W,,, and b the weight exponent for the physiological rate func-
tion. Clearance and respiration rates were standardiseddiam with a shell
dry weight of 11 g (corresponding to a length of 43.9 mm). Gaersng that
filtration and respiration processes scale with somatsuéswveight and that
BRD may induce a loss of reserves rather than somatic tisked,dry weight
was used as a proxy of somatic weight for correction of phggioal rates
for size. Reviews concerning weight exponents calculadeddveral bivalves
(Pouvreau et al., 1999; Savina and Pouvreau, 2004, foraciearand respira-
tion, respectively) showed that average weight exponeaetgenerally around
2/3 for clearance and 3/4 for respiration. These values were chosen for
standardisation of clearance and respiration rates riagplgc

7.2.4 Biological sample treatment
Condition index

After each experiment, clams were individually numberegstlwas removed
from the shell, freeze-dried to constant mass (48h) andheeig Shells were
measured along the maximum length axis, dried and weigheadiGon index
(CI) was calculated following

_ Flesh Dry Weight

I =
¢ Shell Dry Weight

x 100 (7.4)

Characterisation and classification of BRD syndrome

Disease stage was classified according to the descriptiBaitbérd and Maes
(1994). According to these authors, conchiolin deposgest&€DS) range from
microscopic brown spots on the inner face of the shell in theiest stage
(CDS 1) to a complete thick brown ring in the most advanceges{&€DS 7).

Statistical analysis

Statistical analysis were performed using the R softwar@€Rlopment Core
Team, 2006). ANOVA was used to test the effect of BRD develepinstage

(CDS) on measured physiological rates after checking hoetasticity (Bart-

tlet test). Since FTA and RTA are ratios, data were arcsamsformed and the
same procedure used.
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7.3 Results

7.3.1 Effect of BRD stage on condition index

Development of BRD symptoms was associated with a weigtg tdsthe
clams. Condition index decreased as the severity of BRD sympincreased
(Fig. 7.2). There were significant differences of conditiodex among CDS
levels (ANOVA, f-value=12.89 p-value=1.710~!1). In clams with CDS >

4, condition index was 27 to 35 % less than that of asymptam@&@DbDS =

0) clams (HSD Tukeyp-value < 0.05, see Fig. 7.2); however there were no
significant differences between clams in CDS=0 and in tho€eDS=1-4.

o
n=26
~ n=11 n=8
n=2
6 E n=9
©
2 ’
c n=10
=
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T n n=6 n=28
5
o [
< p=0.000
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- p=0.000
0 1 2 3 4 5 6 7
CDS

FIG. 7.2 Relationship of mean condition index (meanSE) with
conchiolin deposit stage (CDS). p is the HSD Tukeyalue for the
comparison with CDS=0. n = number of individuals in each CRS<

7.3.2 Effect of BRD stage on respiration rate

Respiration rate decreased with the extent of BRD developrfieg. 7.3)
and was significantly lower for clams with CDS5 in comparison to asymp-
tomatic (CDS=0) ones (ANOVA -value=4.86p-value=1.1 10~4; HSD Tukey,
p-value <0.05, see Fig. 7.3). No clear effect of BRD was fowradspiration—
time activity.

7.3.3 Effect of BRD stage on clearance rate

Average clearance rate was negatively affected by the olewednt of the
brown ring symptom (Fig. 7.4). The clearance rate of clamk WDS >
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FiG. 7.3 Relationship of mean respiration rate (mearSE) with
conchiolin deposit stage (CDS). p is the HSD Tukeyalue for the
comparison with CDS=0. The number of individuals in each CDS
class is indicated in Fig. 7.2.

4 was significantly lower than that of asymptomatic (CDS=8jrs (ANOVA,
f-value=9.01 p-value=2.0 10~%; HSD Tukey,p-value < 0.05, see Fig. 7.4 ).
The clearance rate of the former was 45% to 62% lower compariadier.

Maximum clearance decreased with the development of BROp&yms
(Fig. 7.5), and was significantly lower in clams with CDS4 compared
to asymptomatic ones (CDS = 0) (ANOVAvalue=8.35p-value=7.4107%;
HSD Tukey,p-value < 0.05, see Fig. 7.5). Maximum clearance rate in the fo
mer decreased between 41% and 56% in comparison to latisrstiggesting
that filtration capacity is affected by the development oflBR

Filtration—time activity was also negatively affected hg development of
BRD (Fig. 7.6). In individuals with CDS> 4, FTA was significantly lower
than for asymptomatic individuals (ANOVA;value=6.40p-value=3.8 1075;

HSD Tukey,p-value < 0.05, see. Fig. 7.6 ) except for individuals with CDS
= 6 (HSD Tukey,p-value > 0.05, see. Fig. 7.6 ) presumably because of the
low number of individuals (n=6). On average, individualshw\CDS < 4 spent
between 80 and 95% in filtration activity, whereas severigatsed ones (CDS

> 4) spent between 67 and 59%.
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FIG. 7.4 Relationship of mean clearance rate (mea8E) with con-
chiolin deposit stage (CDS). p is the HSD Tukeyalue for the com-
parison with CDS=0. The number of individuals in each CDS<lia
indicated in Fig. 7.2.

7.4 Discussion

Effect of BRD development on the Manila clam energy budget Clams
with high CDS (> 4) exhibited a decrease of 27% to 35% in theirdition
index, indicating significant weight loss associated with tlisease. These
results are in accordance with Goulletquer (1989b), whavskothat winter
mortalities in Manila clams along the French Atlantic caaghe 1980s were
associated with a decrease in the condition index and inlyltegen reserves,
wich constitute the main energy reserves for bivalves (sg®ws by Gab-
bot, 1976, 1983; Lucas, 1993). These winter mortalitiesewsibsequently
attributed to BRD (Paillard, 1992). Our results also confin@ observations
of Plana (1995) and Plana et al. (1996), who showed that latéms ex-
perimentally infected byibrio tapetisshowed a significant decrease in dry
weight and glycogen reserves in comparison to uninfectédiguals. In ma-
rine bivalves, weight loss associated with microparasitection is a general
pattern. Haplosporidium nelsonand Perkinus marinusnfections have been
shown to reduce condition of the Eastern oy§leassostrea virginicdsee e.g.
Barber et al., 1988a; Paytner, 1998).olseniwas also shown to reduce con-
dition in the clamsTapes decussatysee. review in Villalba et al., 2004) and
Ruditapes philippinarungPark et al., 1999). Our results show that BRD, as
is the case with other pathological conditions, affectsainergy budget of the
Manila clam.
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FiG. 7.5 Relationship of mean maximum clearance rate (me&E)
with conchiolin deposit stage (CDS). p is the HSD Tukeyalue for
the comparison with CDS=0. The number of individuals in e@€rs
class is indicated in Fig. 7.2.

Effects of BRD development on filtration activity A first source of alter-
ation of the energy budget of infected Manila clams is therefse of the
average clearance rate. Clams exhibiting elevated Cb§ howed a 45% to
62% decrease in their clearance rate, thus decreasing ¢ngyenput. Max-
imum clearance rates are significantly affected by the deveént of BRD
also, which tends to show that filtration capacity is affdddy BRD. Differ-

ent explanations can be hypothesized to explain this deeneathe filtration
capacity.

1. Vibrio tapetis the etiologic agent of BRD, could induce gills lesions that
would affect filtration ability. Such gills lesion were fodnn Manila
clams populations experiencing winter mortalities in BHtColumbia
by (Bower, 1992), but these mortalities were not linked tadBRlore-
over gills lesions have never been associated with the ojgwednt of
this disease (Paillard, unpublished observations).

2. Another explanation is that gill activity could be inh#xl by a factor
secreted byibrio tapetis McHenery and Birkbeck (1986) showed that
suspensions of marine vibrio¥.(anguillarumandV. fisher) inhibited
filtration by adultMytilus edulis These authors hypothesized the in-
volvement of an inhibitory surface or secreted factor, Whithibited
gill ciliary activity, to explain this phenomenon. Secagtiof toxins has
been shown for different pathogenibrio species. Labreuche et al.
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FiG. 7.6 Relationship of filtration—time activity (FTA; meati SE)
with conchiolin deposit stage (CDS). p is the HSD Tukeyalue for
the comparison with CDS=0. The number of individuals in e@€rs
class is indicated in Fig. 7.2.

(2006) showed thatibrio aesturianusextracellular products (ECP) in-
duced an inhibition in phagocytic and adhesive capalslité Cras-
sostrea gigahaemocytes. These authors concluded that an important
part of the pathogenicity of this bacteria is attributal@evibrio aes-
turianus extracellular products.Vibrio tapetisECP have been shown
to induce vacuolization, rounding, shrinking, detachiaigd finally, de-
struction of fish cultured cells (Borrego et al., 1996a) amdhhibit ad-
hesion properties dR. philippinarumhaemocytes (Choquet, 2004). The
existence of deleterious ECP effects\byapetissupports the hypothesis
that filtration activity could be inhibited by one or morefias produced
by this bacterium.

3. Goulletquer et al. (1989a) showed that the siphons ofclaith heavy
brown ring deposit tend to remain retracted and to maintemtat a 45°
angle rather than vertically. This interference could tbasrease the
pumping efficiency. Furthermore, these authors showedttizkness
of the brown deposit induces a lack of tightness of palliaitgawhich
could contribute to the degradation of the filter—pump edficy. Thus
a mechanical interference could be hypothesized to explaimeased
filtration capacity.

Considering that the effects of BRD on filtration become #igant only
at CDS> 4, when the brown deposit assumes a significant place ontlee in
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shell surface (Paillard and Maes, 1994) and that the relstiip betweerV.
tapetisdensities and CDS is higly variable, as hightapetisconcentrations
can be found in clams with low CDS (Paillard, unpublishedhyltite latter hy-
pothesis appears most consistent with available dataelfighl, Manila clams
live mainly in the intertidal zone and filtration is not pdssi during low tide.
Moreover, food concentration may vary with the tidal cyatel @aver short time
scales (Smaal and Haas, 1997; Smaal and Zurburg, 1997) eQersly, for
such an intertidal bivalve, food is available during a lieditperiod only; thus,
decreased filtration capacity should lead to a pronouncesidbefficiency in
the exploitation of available trophic resources.

Our results also show that filtration behaviour is affectgdhz develop-
ment of BRD because filtration—time activity is reduced &net with CDS>
4. Ward and Langdon (1986) showed that physical irritatibthe mantle by
the parasitic gastropd8oonea impressaduces frequent valve adductions in
Crassostrea virginicaesulting in a decreased clearance rate. The presence of
a thick conchiolin deposit along the shell margin may sinylaause an irri-
tation that reduces time spent in filtration activity. Flgaburrowing activity
has been shown to be affected in strongly diseased clamdi¢@uer et al.,
1989a; Paillard, 1992). We can thus hypothesize that theldement of BRD
induces an inhibition of the overall activity of diseasedrnak.

This study shows that decrease in the average clearancefranila
clams with CDS> 4 can be attributed both to a decrease in the filtration ca-
pacity and a change in the filtration behaviour. Plana and émn€c (1991)
and Plana (1995) showed that BRD induces a degeneratioe dfghstive di-
verticula and concluded that digestion efficiency may betiegly affected by
development of BRD. Such a decrease in the average clearaieceombined
with a possible loss in digestion efficiency translate itduced energy input
that explains part of the observed weight loss linked to BRizetbpment.

Effects of BRD development on overall metabolism Respiration rate de-
creased with the development of BRD symptoms. Highly degatams (CDS
> 5) had lower respiration rates than asymptomatic ones. éediag rate is
depressed at the same CDS levels, this decrease in oxygsumneption could
be interpreted as a compensatory reduction of metabokc rdevertheless,
feeding processes may be associated with an importantyeegpenditure
(Bayne, 2004) because digestion and absorption may amouti-20% of
the total energy expenditure (Widdows and Hawkins, 198)remver feed-
ing in bivalves is dependent on the secretion of mucus (Bgmiand Venoit,
1999). Thus, part of the respiration measured during ouerxents may be
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attributable to the feeding processes. This may explagdbcrease of respi-
ration rate at CDS5, when filtration was reduced.

Furthermore, Plana et al. (1996) and Plana (1995) presemidence sug-
gesting that starved Manila clams experimentally infedigdv. tapetislost
weight at a greater rate than did uninfected control clamisis @ifferential
weight loss and energy depletion could not be explained hifexehce in en-
ergy acquisition since both groups were starved. Rathesgethesults suggest
an extra energy expenditure linked to the infection and dther explanations
for the effect of BRD on the clam’s energy budget should besiciared:

1. Energy is required for the growth of tN&brio tapetispopulation which
is normally restricted to the extrapallial fluids. This b, was shown
to have a high growth rate (0.84 h when cultured in Manila clam ex-
trapallial fluids (Haberkorn, 2005). Taking into accounstirowth rate,
the average bacterial burden in extrapallial fluids at CD&=75 10°
cellsmi-!; measured by ELISA test; Paillard, unpublished data) and a
generic value of yield efficiency for microrganisms (0.022\y pro-
duced perK J consumed; calculated from Prochazka et al., 1970), the
energy consumption of thé tapetispopulation for its growth was es-
timated as less than 1% of the metabolised energy (respijatif the
clam. This value may be overestimated because growth raie was
obtained at 18°C, temperature which is near to the thernwaVtgrop-
timum of V. tapetis(Haberkorn, 2005). This rough estimate allows us
to conclude that the host energy loss due to ¥héapetispopulation
growth is very low and can not explain the weight loss andriesde-
pletion observed by Plana et al. (1996) and Plana (1995).i €&hal.
(1989) showed that, for heavily infected oyst€gassotrea virginica
the protozoan parasite marinusconsumes more energy than the oyster
has available after meeting its own metabolic needs. THesrdhce can
be explained by the fact that, in the case of BRD, the pafasitemass
relative to the host’'s biomass is much lower.

2. Lesions have been observed in the digestive gland and &mtlerof
highly infected clams (Paillard, 1992; Plana and Le Pentié@]; Plana,
1995; Paillard, 2004b); thus, an energy demand could beiassd with
cell repair functions and clearance of damaged tissues.eMervsuch
processes are difficult to assess, although there is ev@dentheir ener-
getic cost (Freitak et al., 2003; Romanyukha et al., 2008) eAergetic
cost may also be associated with production of the sympioncan-
chiolin deposit. Conchiolin being mainly composed of prwge(Goul-
letquer et al., 1989a), its production may also be eneigsticostly.
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Nevertheless, the dynamic of this production remains gderbwn and
can't be precisely estimated.

3. The energy mobilised for the development of immunoldgieaponse
to the pathogen (see reviews in Paillard, 2004b,a) may tepserves.
The metabolic cost of immunity is difficult to assess durimgramune
challenge (Schmid-Hempel, 2003) and very few studies éxi&tshow
evidence of the energetic trade-off among immunity andratbenpet-
ing physiological and behavioral functions in molluscs.tiation cost
of the response of immune system has been convincingly demated
in a wide range of animals and uses up a tangible part of amerga
ism’s energy budget (see review by Schmid-Hempel, 2003)n&m-
mals (Lochmiller and Deerenberg, 2000) the metabolic cofstsount-
ing an immune response range from about 10% up to 30% of tlieges
metabolic rate; in birds, an increase in basal metaboliwigcbf 9%
has been measured, correlated with a 3% weight loss (Kerghay,
2001). Butterfly pupae raised their standard metabolic 8&ewhen
both humoral and cellular immune responses leading to rzelaéon
are induced (Freitak et al., 2003). Development of BRD mayae an
energetically costly response of the clam’s immune systethe con-
text of the trade-off concept, coupled to finite energy is@nd reserves
that must be allocated to a wide variety of competing biaabgfunc-
tions. Furthermore, shell reparation by calcification @ ttonchiolin
deposit has been documented (Paillard and Maes, 1994). émgyen
demand could thus be associated with shell repair functidPeimer
(1992) emphasized that the main energetic cost of producfighell in
marine molluscs can be attributed to shell organic matrigul@tquer
and Wolowicz (1989) showed that the shell matrix account24@% of
the total shell weight in the Manila clam. Consequently, ¢hergetic
cost of shell repair is probably not very high.

All these energetic costs are included in the organism'sadivenainte-
nance costs and should lead to variations in the basal mstabd-urther mea-
surements of respiration rate on starving animals are wetedéocument the
influence of BRD development on the basal metabolisiR.gfhilippinarum

Conclusions In conclusion, the present study shows that in naturallyatefd
clams, the observed effects of BRD become significant onyCIDS > 4,

when the conchiolin deposit assumes a significant placeemtter shell sur-
face. This emphasize that the energetic cost of BRD is degpemmh the inten-
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FiG. 7.7 Energetics of Manila clamVibrio tapetisinteractions. Al-
thought a small amount of energy is required Yortapetispopula-
tion growth, the energy balance of the Manila clams is atéerdy the
development of BRD through two main ways: (1) interferengthw
energy acquisition by a decrease in the filtration capacityaamodifi-
cation of the filtration behaviour and (2) increased maiate® costs.

sity of the symptoms. Alteration of the energy balance ofMtamila clams by
the presence o¥. tapetiscan be summarized by the scheme in Fig. 7.7. One
primary way in which the energy balance is affected is theahese in the en-
ergy inputs through a degradation of the filtration capaaitg a modification

of the filtration behaviour. A second way may be an increasaamtenance
costs, due to the defence processes induced against tregeathFurther in-
vestigations are needed to determine the relative cotitibof these two fac-
tors on the overall degradation of the host energy budget.
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Chapter 8

Energetic cost of Brown Ring Disease in the
Manila clam, a modelling study

Abstract

Brown Ring Disease (BRD) in the Manila clam, philippinarum is a bac-
terial disease caused by the pathodfrio tapetis This disease induces the
formation of a characteristic brown conchiolin depositlo@ inner shell and is
associated with a decrease in condition index indicatiiag te development
of the disease affects the energy balance of the clam. Aqus\atudy showed
that the energy budget of the host was affected by a decneéifteaition activ-
ity, and hypothesized that a second way to degrade the ebalggce was the
increase in maintenance costs associated to the cost ofrimnesponse and
lesion repair.

A starvation experiment confirmed that the energy balanceaffacted by
BRD, independently of the effects on filtration activitydioating an increase
in the maintenance costs. An energy budget model of the Kataim, based
on DEB theory, was developed and allowed to properly predict leggowth
and weight loss at constant environmental conditiditrio development and
its effects on the energy budget of the host was theorstigatioduced in the
model. Coupling modelling and experimental observatidiosvad to provide
a quantitative and dynamic estimation of the increase imteaance costs
associated with the development of BRD. The estimation wisgiven here,
indicates that during an infection the maintenance cosatranst double com-
pared to the uninfected situation

Further development of the model, especially focusseWibrio dynam-
ics and its effects on filtration activity will allow to prade a more extensive
description of the energetic cost of BRD in the Manila clam.

111
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8.1 Introduction

Brown Ring Disease in the Manila clarR, philippinarum is a bacterial dis-
ease caused by the pathogéhrio tapetis(Paillard and Maes, 1990; Borrego
et al.,, 1996b). This clam species was introduced in westemoe at the
beginning of the 70s (Flassch and Leborgne, 1992) for adiuaeuurpose;
venerid culture became subsequently increasingly impoeiong the French
Atlantic coast. BRD appeared in cultured clam beds of thategst cost of
France in 1987 and caused mass clam mortalities (Paillag2; Paillard et al.,
1994). Disease progression has been recently reviewedillar&g42004b).
The pathogenic agenV/. tapetis penetrates and develops within the periph-
eral extrapallial compartmenit€. peripheral space between mantle and shell).
The infection disrupts the normal production of periostidamina and causes
an abnormal deposit of periostracum on the inner shell I@Pdibind Maes,
1995a,b). Therfore, diseased clams exhibit a charadtebistwn deposit on
the peripheral inner shell surface (Paillard et al., 1988} gave the disease
its name. Monitoring disease progression is based on tleaieat the symp-
toms following a classification scale described by Pailiand Maes (1994).
Defence processes against the bacterium occur in the efttshfluids in part
at least through phagocytosis by hemocytes (Allam and&?djllL998; Allam
et al., 2000a, 2001).

Infection by pathogens and/or parasites in bivalves handieen associ-
ated with evidences of modification of the energy budget®hibst: reduction
in reproduction efficiency, condition and growth. Sevetatiges showed that
infections by protozoan parasites of the geneeakinsusreduce gametoge-
nesis or reproductive output, condition index and growte ma various host
species: the oysteGrassostrea virginicgKennedy et al., 1995; Paytner, 1996;
Dittman et al., 2001), the European clafapes decussatisee review in Vil-
lalba et al., 2004) and the Manila claRuditapes philippinarun{Ngo and
Choi, 2004; Park et al., 2006a). A similar pattern has alsmishown for the
infection by the ascetospordtiaplosporidium nelsonwhich reduces game-
togenesis, condition and glycogen reserves of the ogteirginica (Barber
et al., 1988a,b; Ford and Figueras, 1988). BRD has also s=awiated with
a decrease in flesh weight, condition and glycogen reseRaifiafd, 1992;
Plana, 1995; Plana et al., 1996; Flye-Sainte-Marie et 8D7B). All these
observations indicate that infections affect the enerdgriuz of the host; nev-
ertheless, no studies provided a quantitative approactnése processes.

An experimental approach based on measurements of cleasscres-
piration rates detailed the impact of BRD on the energy budfthe Manila
clam (Flye-Sainte-Marie et al., 2007b, see chapter 7). Study showed that
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clams presenting heavy symptoms presented a significaghwless, indicat-
ing that BRD can be associated with a modification of the gnieuglget of the
host. This study emphasized that one way of alteration oétieegy balance is
an inhibition of the filtration activity leading to a decreds the energy input.
Surprisingly, clams presenting heavy symptoms had alsufsigntly lower
respiration rates (Flye-Sainte-Marie et al., 2007b). Re8pn results from
various processes in the organism (assimilation, maintmagrowth. ..) (see
e.g. Kooijman, 2000), thus this paper hypothesize that dueedhsed respira-
tion rate can be explained by the decrease in filtration iactrather than a
decrease in the organism maintenance costs. This hypstisesipported by
the observations of Plana (1995) and Plana et al. (1996)iridatated that
starved Manila clams infected by tapetispresented a higher weight loss than
uninfected ones. This result suggests that the energy botflgdected clams
is affected independently of feeding activity. Flye-SeiMarie et al. (2007b)
thus hypothesised that BRD development was associatedawithcrease in
maintenance costs due to immune response and lesions repair

Dynamic Energy BudgeDEB) theory (Kooijman, 1986, 2000) provides a
mechanistic framework for the study of mass and energy ladgdéving sys-
tems. This theory describes quantitatively energy flowugloliving organ-
isms and its allocation to growth, development, reproductind maintenance.
This theoretical approach have been applied to model gramdhreproduction
under influence of environmental factors in various bivapecies (Ross and
Nisbet, 1990; Van Haren and Kooijman, 1993; Ren and Rossl,22005;
Bacher and Gangnery, 2006; Pouvreau et al., 2006; Card08@).2The ex-
plicit rules of allocation of energy to maintenance provadpowerful tool to
study the impact of disease on the energy budget of the host.

By coupling experimental starvation data of infected anidfgcted clams
and modelling approach, the aim of present study is to peposapproach
allowing a quantitative estimation of the energetic cos8RD.

8.2 Methods

8.2.1 Experimental data: starvation experiment
Biological material and infection procedure

Manila clamsRuditapes philippinarupranging from 33 mm to 42 mm length
(36.4mm= 1.7) came from a natural population in Baie de Lanveur, Bay of
Brest (Finistére, France). Clams were transferred the . 2087 to the Lab-
oratoire des Sciences de I'Environnement Marin (LEMAR, MElouzané,
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North Finistere, France). Clams were held in 90 L tank ecgdipwith a pump
and an airing system allowing homogenisation and oxygenaif the water.
Clams were acclimated to experimental conditions (15.£3; 0.5um fil-
tered seawater; salinity 33.5 %o) for 13 days before begmtiie experiments.

Experimental infections were performed at 24 May 2007. Brdwing
Disease was experimentally induced in individual clamsrijgdtion of5 107
cells ofVibrio tapetis(strain CECT 4600) into the pallial cavity as described by
Paillard and Maes (1990). Prior to injection, virulence loé bacterial strain
was checked following the Choquet et al. (2003) protocotividuals were
separated in four groups: a control group (170 individuialgcted with sterile
sea—water, two groups of 170 individuals each injected Wittapetis and a
group of 40 individuals dissected for estimation of initiaight.

Starvation experiment

Each group (control + 2 infected groups) were held in a 90 k &quipped
with a pump and an aeration system allowing homogeneisainohaeration
of the water. Goulletquer (1989a) showed that the retergificiency was
null for 1 um particles inR. philipinarum thus tanks were filled with 0,6m
filtered seawater (salinity 33.5 %o) to avoid any availabléeptal trophic par-
ticle in the water. The tanks were held in a thermoregulatemnr (13°C)
and water in the tanks was heated to 15.7°C, temperature evdolled us-
ing a thermostat. An autonomous temperature data loggelr1EZBA, Ebro,
Germany) recorded the water temperature in the tanks ev®mir2to con-
trol thermoregulation. The average measured temperatutieei tanks was
15.74 0.3 °C. Half of the water was renewed three times a week.

The experiment lasted for 3 month. Every month (2007-JU»e2P07-
July-20 and 2007-August-21), 30 clams from each tank wesgedied. Wet
weight was measured, flesh was freeze-dried to constant (#8issand dry
weight was measured. Shells were sized following the maxirtangth axis.
Disease progression was monitored on the shells. Diseage wias classified
according to the description of Paillard and Maes (1994)coding to these
authors, conchiolin deposit stage (CDS) range from miapiscbrown spots
on the inner face of the shell in the earliest stage (CDS 1)donaplete thick
brown ring in the most advanced stage (CDS 7).

Based on the assumption that average flesh weight is propattio cubed
length (%), all dry flesh weights were corrected for size differenced stan-
dardized for a length of 37 mm.

To present the results of this experiment, individuals weassified into
three groups: asymptomatic individuals, individuals pregg light symp-
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toms (IKXCDS<3) and clams presenting heavy symptoms (Ci3¥ In each
group, mean and confidence intervals of standardized dry flesght were
estimated using ordinary bootstrap (Efron and Tibshira®83; Davison and
Hinkley, 1997) with 999 replicates; 95% percentiles weredus determine
width of the confidence intervals. Differences in mean Ieagtere tested us-
ing a classical student t test, after a Fisher test of hondastieity. All statis-
tical analysis were performed using the R statistical safénR Development
Core Team, 2006).

8.2.2 Model formulation
Structure of the model and basic concepts

The structure of the model is illustrated in Fig. 8.1, thethedule is based
on DEB theory (Kooijman, 2000), the interaction with the pathogeadapted
from Flye-Sainte-Marie et al. (2007b, see Fig. 7.7, p. 109).

According to Kooijman (2000), the energy budget of an organcan be
fully described by the dynamics of three state variable$:tH{& of structure
(My), which corresponds to the somatic tissue excluding reser{2) the
mass of reserves\{g) and (3) the mass of the “reproduction buffer®, which
corresponds to reserves allocated to reproduction. Theoflenergy from
food goes into reserves. Flux of energy from reserves isathml to somatic
maintenance plus growth and to maturity (maturation, nitgtinaintenance
and reproduction) with a constant ratio according to thepfle-rule“. DEB
theory gives priority to maintenance, which means that siena&ad maturity
maintenance costs are first "paid“ from the flux of energy fr@serves, the
remaining energy is then allocated to growth and maturityréproduction
buffer). If maintenance costs cannot be "paid“ from the fléenergy com-
ing from reserves the maintenance is primarily paid fronradpction buffer
and if the reproduction buffer is empty maintenances co®ts'@aid“ from
structural volume.

Interaction between the energy budget of the Manila clam\antdpetis
are derived from Flye-Sainte-Marie et al. (2007b). Sincpeeixnental data
aboutV. tapetisdynamics within the extrapallial fluids are not availabléesth
part of the model is essentially theoretical. The justifarator this theoreti-
cal approach is that the aim of this study is not to providdisga dynamics
of Vibrio within an infected clam, but to provide realistic dynamisaddifica-
tions of the energy budget of the infected host. We suppa@gefter infection,
V. tapetisgrows within the extrapallial fluids and secretes a prodéictording
to DEB theory, immunity work is taken into account in maturity ntaimance
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costs. Thus the product induces an increase in maintenast®(ehich corre-
sponds to the activation of the immune response) and thisase in maturity
maintenance costs increases the death rate d¢fiti®. The product has also
two other effects: (1) a toxicity effect which increases atimmaintenance
costs (lesions) and (2) and a decrease of the filtrationigctikiese two points
were discussed in Flye-Sainte-Marie et al. (2007b).

E
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Fic. 8.1 Conceptual scheme of the Manila clamtapetisinterac-
tions. Manila clam energy budget: 1: feeding, 2: assinufati3: use
of reserves, 4. Somatic maintenance, 5. maturity maints)aér so-
matic growth, 7: maturity and reproductioN. tapetisand interaction
with the host: A: secretion o¥ibrio product, B: effect (toxicity) of
Vibrio product on maturity maintenance (immune response), Ccteffe
of maturity maintenance owibrio death rate, D: effect (toxicity) of
Vibrio product on somatic maintenance (lesions), E: effecvibfio
product on filtration activity.

Dynamics of the Manila clam budget

Notation of the symbols for the energy budget of the Man#ertis from Kooi-
jman (2000) and Kooijman et al. (submitted). According toolfman (2000)
biomass can be partitioned into structungif), reserve /) and reproduc-
tion buffer (Mz). TheDbEB model presented in this study is an application of
the formulation extensively described in Kooijman (200This formulation
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symbol unit description

Variables for the Manila clam

X mol cm™ food density

My mol structural mass

Mg mol reserve mass

Mg mol reproduction mass

Mpy mol cumulative investment in maturity
Jx mold~* Ingestion rate

B d! von Bertalanffy growth rate
Jem mold~* somatic maintenance mass flux
Jes mold~! maturity maintenance mass flux

Scaled variables for the Manila clam

L

Uy = IWH/{L_].EAm}
Ur = ]\'{R/{J‘EAm}
Up = Mg /{Jpam}
f=X/(K+X)
e=doUgL™®

cm
den?
den?
den?

Parameters for the Manila clam

oM
{Jpam}
)

ks

Uy
Ta,Tu, Tan, Tr, TaL

mold~'cm™

cmd!
d—l
den?
den?
K

volumetric structural length
scaled maturity

scaled reproduction mass
scaled reserve mass
scaled functional response
scaled reserve density

shape coefficient

surfacearea-specific max assimilation rate
energy conductance

specific maturity maintenance

allocation fraction

reproduction efficiency

Scaled maturity at birth

Scaled maturity at puberty

Arrhenius temperatures

Compound parameters for the Manila clam

K
{Jxam}
Lm = Farg
ka

g

mol cm™
mold~'cm™

cm
d-!

half-saturation constant

maximum specific ingestion rate
maximum structural length

somatic maintenance rate coefficient
energy investment ratio

Variables, parameters and quantities for ttibrio

[B], [Bm]
[Bk]

B

@
ko

Jq
{JBaAm}
(@], [Qu]
[Q%], [Q]
[Q9], [Q.]

mol.m—3
mol.m™

molmol~' d~!

molcm 2 d~!
molcm—3
molcm™
mol cm™

3

3

Vibrio density, maxVibrio density

half saturation constant of immune response

functional response for haemocytes

conc ofVibrio product

specific growth rate o¥ibrio

specific decay rate ofibrio product
specific production rate

maximum surf. specvibrio elimination rate
toxicity parameters for filtering

toxicity parameters for somatic maintenance
toxicity parameters for maturity maintenance

TAB. 8.1: Variables, scaled variables, parameters, compound pé&eesiaand
guantities for the Manila clam andbrio. Where similar units occur in the
specification of a quantity, they relate to different catégg(such as structure
versusenvironment, or structureersusreserve), and can, therefore, not be

reduced.
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includes maturity {/77) as a state variable and is quantified as the cumulative
investment of reserve in maturity. Birth, defined in thes theory concept

as the first feeding of the organism, occurs at the amount d@initya M2
(maturity at birth); and puberty, defined as the first investtrof reserve in re-
production buffer, occurs at the amount of matufiff, (maturity at puberty).
Maturity itself represents information and has no mass erggn Equations of
the standar@eB model described by Kooijman (2000) were rewritten to work
with the following state variables (Kooijman et al., sulbteuk):

» volumetric lengthZ, (cm) that can be converted to observed lengtt()
with the relationL, = L% /6,4, with d,( the shape coefficient (dimen-
sionless).

and scaled state variables, corresponding to the varidblieled by the maxi-
mum surface specific assimilation rat€{z ,, }, mold=! cm=2) :

» scaled reserv&p (d cn?).
+ scaled maturityl/z (d cn?)
» scaled reproduction bufférz (d cn?)

Thus scaled reserve and scaled reproduction buffer canrverted to mass
(9) by multiplying by{.Jgam} fig (= {Pam} fip/wE) With fig, the chemical
potential of reserves (g mot), {p.4,}, the maximum surface specific assim-
ilation rate (Jd'cm—2) andip/wg, the energy content of reserve (J'Y.
Variables, scaled variables, parameters and compounchpsees used in this
study are summarized in Tab. 8.1.

Food uptake is assumed to follow a Holling type Il functionesponse
depending on food density (mol cn3) and to be proportional to structural
body surface area (Kooijman, 2000). Thus the ingestion fate (mold—1)
can be written as:

X

. B . ) ) B
IJxa = {JIxam}fL Wlthf_K—l—X

(8.1)

where{JXAm} is the maximum surface specific ingestion rate (mdldn?),
f is the scaled functional response (dimensionless)ritle half saturation
constant (mol cm?).

Change of state variables in time of this formulation for t&s model
were extensively described by Kooijman et al. (submittégcording to these
authors, length change can be written as:
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d
—L = i5(eLym — L) (8.2)
L. ifMg v . _3
with7g = i Ly, =-+—— ande =9UgL
ST kag "

whererz (d~!) is the von Bertalanffy growth ratd,,, (cm) is the maximum
length of the species anddimensionless) is the scaled reserve density.

Since before birth the organism does not feed, and birthrecaua par-
ticular amount of maturityM;‘{) or at a particular amount of scaled maturity
(U%), change in scaled reserve can be written as:

d d
@UE = fL?—S¢ forUg >UY eIseEUE = —Sc  (8.3)
L
with ¢ = 12-9¢ <1+ >
¢ gte 9Lm

whereS¢ (cn?) is the “flux* of utilisation of scaled reserves.

According to Kooijman et al. (submitted) maturity is quéietl as the cu-
mulative investment of reserves into maturity. Investnaeserves into ma-
turity stops at puberty, when a particular amount of matut/%;) or a par-
ticular amount of scaled maturity/§;) is reached. After puberty energy from
reserves is allocated to reproduction buffer rather thaturita (Kooijman,
2000), thus maturity is constant after puberty and equaldo Thus change
in scaled maturity and scaled reproduction buffer over waue be written as:

d .
%UH = (1 — R)SC — kJUH for UH < UIZ_} (84)

%UR = (1-k)Sc —ksUY forUy =UY else%UR =0(8.5)
Factors triggering spawning events in the Manila clam atewsdl known
(see e.g. Flye-Sainte-Marie et al., 2007a), thus, for sfrogtion purposes
spawning events are supposed to occur at a specific day inetire guring
this spawning event the total content of the reproductidfebis released.
Somatic and maturity maintenancéz(,; and.Jz; respectively, mold)
costs can be quantified as:

. 3 .
Jeny = HH{JEAm}

Je; = kjUg{Jpam}



120 Chapter 8

DEB theory gives priority to maintenance (Kooijman, 2000). $hiéimainte-
nance costs cannot be paid from the flux coming from resetvegpiimarily
supplemented from the reproduction buffer. If this is alsb sufficient, it is
further supplemented from structure. In this case we assbat¢he overhead
cost in paying maintenance from structure rather than vesequals to the
overhead cost of producing structure from reserve. In thse¢he change in
structural length over timeggL) becomes negative.

Dynamics of Vibrio tapetis

Since data are not available for the dynamic¥.dfpetisin an infected clam,

this part is essentially theoretical.

Suppose that at time = tp an individual Vibrio successfully enters in
the extrapallial compartment of a clam. The mas¥ibfio inside the host is
denoted byM g, soMp(tp) = Mpo and theVibrio density in the extrapallial
fluids [B] (mass of bacteria by volume of extrapallial fluids, so to cttral
volume). Based on the assumption thgtrio growth is limited by the vol-
ume of the extrapallial compartment (or the nutrients presethat volume),
a logistic growth equation is applied for tM&rio population growth. We as-
sume that the energy costs for the population dynamiv&mio are negligibly
small, since their number remain small (typicafyl 0° cells mI-! in the extra-
pallial fluids, Paillard, unpublished data). The preserfcéh@Vibrio induces
an immune response (Paillard, 2004b, for a reviev®s theory assumes that
cost of immunity is included in maturity maintenance cokisdjjman, 2000).
Thus maturity maintenance might be affected by the presehtiee Vibrio.
We assumed that immune response is proportional to theaisern® maturity
maintenance costs induced by the pathogen and that it feloolling type I
functional response. So the change in¥il@io concentration can be written
as:

gl = (e {am S = 0) 18- (s 0) — (@) Untnan) B8)
5

W f5 = B 18]

wherer2 (d=1!) is the maximum growth rate of théibrio population,|B,,]
(mol cm™?) the maximumVibrio concentration; = 4 In L? (d~!) is the di-
lution by growth ratej 7(0) (d~1) the maturity maintenance rate coefficient
without Vibrio, % ;(Q) (d—') the maturity maintenance rate coefficient mod-
ified by Vibrio presence (see section “Effect \dibrio on the host” p. 121),
fB (dimensionless) the functional response of immune regpomsVibrio,
and{JBAm} (molcm2d~1) the maximum surface specifidbrio elimina-
tion rate.

Suppose further thafibrio excretes a compour@ that has the potential to
change one or more parameters values of the host, followimgestox rules
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for effects of chemical compounds on the budget of organi#nsijman and
Bedaux, 1996). Note that this product is theoretical andsaatlinking the
effect of theVibrio to the Vibrio population. The specific production rate is
taken to be constant, as well as the specific decay rate. Sth#mge in the
Vibrio product concentratiofQ] (mol cm3) is:

21 = alB]— (kg + M) ®.7)
wherejq is the mass-specific production rate (moles of product pde mb
Vibrio per time) and%Q the specific decay rate of thabrio product.

We assume that all interactions between Vilio and the Manila clam
energy balance are linked to the vibrio product.

Variables and parameters for théorio dynamics and its effects are sum-
marized in Tab. 8.1.

Effects of Vibrio on the Manila clam energy balance

Effects of the development of BRD on the energy balance ohitgila clam
were studied in Flye-Sainte-Marie et al. (2007b). This gtechphasized that
the energy balance of the Manila clam was affected in two maiys: a re-
duction of the filtration activity and an increase in the n@nmance costs, pre-
sumably associated to immune response and lesion repair.

The effect of theVibrio on filtration activity was modelled as an increase
in the half saturation constank({) of the scaled functional responsg)( For
a given food level X) and an increase dk value has the effect of reducing
the scaled functional response and thus the ingestion Tdte.effect of the
Vibrio on the immune system has been modelled has an increase ofathe m
turity maintenance rate coefficienit). Vibrio infection also induces lesions
(see Paillard, 2004b). Since lesions are perturbationgstruttion of struc-
tural body tissue, their repair should be attributed to thectural maintenance
cost. Thus costs for lesions repair were modelled as andserm the somatic
maintenance rate coefficient;;). These effects were assumed to be linked
to the Vibrio product according to theestox rules for effects of chemical
compounds on the budget of organisms (Kooijman and Bed®96)1 These
effects were thus quantified as:

K@) = K(0)/(1—max(0,[Q] - [Q3))/[Qs])
Q)

(0.[Q) -
Far(@) = Far(0)(1 4 max(0,1Q) — [Q8,1)/1Qu)
Bi(Q) = ha(O)(1 +max(0,[Q] - [%))/[@s))
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where[QY], [QY,] and[QY] are the no-effect concentrations, wHéN is under
these concentration the product has no eff@gt)], [Q/] and[Q ;] are toler-
ance concentrations; the larger their values, the smakeeffects. The values
K (0), k1, (0) andk ;(0) correspond to the uninfected situation. The motivation
of these linear relationships is that the real functionshinige more compli-
cated, but we use a linear approximation for small effeatsalschanges in
parameter values, however, not necessarily translatesmadl effects on the
budget.

Effect of temperature on physiological rates

Physiological rates depends on body temperature. Thisndepey can be
described by the Arrhenius relation within a species-djgetnlerance range
of temperatures. According to Kooijman (2000) this depecdecan be de-
scribed by the following relation:

. . T T T T T T
k(T) = kwxp(f — ?A) (1+exp{% — TLLL} +exp{TL; - %})

wherek(T) is the value of the physiological rafg i, is the physiological rate
at temperaturd’, T4 is the Arrhenius temperatur@y andT7, are the upper
and lower boundaries of the tolerance range, Bag andT4;, are the Arrhe-
nius temperature for the rate of decrease at both boundadkeemperatures
are expressed in Kelvin (K).

All physiological rates of the budget of the Manila clam wersrected
using this relation. Growth rate of théibrio population was corrected by
taking into account only its Arrhenius temperatuf&(.

Parameter estimates

The parameters values of the host module of the model weraagst from
data available in literature following methods describedan der Veer et al.
(2006) and in Kooijman et al. (submitted). The estimatiothelse parameters
is extensively detailed in chapter 9.

The Arrhenius temperature for thébrio (Tf) was estimated from ex-
perimental growth experiments from Haberkorn (2005) udhey procedure
described in chapter 9 (section 9.2.1, p. 134). Since axgatial data orv.
tapetisdynamics during the infection process were not availablestrof the
parameters related ¥brio dynamics and its interaction with the budget of the
Manila clam were freely fitted with the following constrant(1) to provide
a realistic maximum bacteria density, and (2) to adjust ote tveight loss to
the observations.
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Parameters for the Manila clam

k=0.89 kg = 0.95 g=1.384

o = 0.0292 cmd? ky =0.0091 d~1 kar = 0.0091 d—1

UY =4.761077 dcm? U% =0.1274 den? S = 0.29

T4 = 6071 K Ty = 300 K T =275 K

Tap = 30424 K Tar = 299859 K

Parameters for the Vibriand Vibrio products

T8 = 6843 K B =465d71 [B;n) = 1107° C-mol cnr?2
jg=0.11d"! kg = 0.066 d~!

[Bk] = 1.10-7 C-molenm®  {Jpan} = 4.710~* C-molcn2d~!
(@3] =1107% C-molen™®  [Qy] =110~> C-molent®
[Q5] = 0 C-mol cnT® [Q] = 3.710~7 C-mol cnr3

TAB. 8.2: Parameter estimates for the Manila clam, Wilerio and the inter-
action with the Manila clam budget used in the applicatiosspnted in this
study. All rates are given at 6. The meaning of the symbols is explained
in Table 8.1.

The parameter values that we used in this study are listechlimeT8.2.
Note that not all the parameter values given in Tab. 8.1 retezlbe estimated
for the applications presented in this study.

8.3 Results

8.3.1 Starvation experiment

Individuals are classified into three groups: asymptomiatitviduals, indi-
viduals presenting light symptoms<{TDS<3) and clams presenting heavy
symptoms (CDS4). There was no significant difference in the number of in-
dividuals in each group between the three sampling datés (1.88, df = 4,
p-value = 0.75) and mortality was low (< 10%) during the exgpemt. This al-
lowed to hypothesize that there was negligible transfendividuals between
groups during the experiment.

At each sampling date there were no significant differencestal flesh
dry weight between asymptomatic clams and clams presehght symp-
toms. Fig. 8.2 shows the evolution of total flesh dry weighasymptomatic
clams and clams presenting heavy symptoms during the exeeti In asymp-
tomatic clams weight loss was almost linear. Dry weightséauily infected
individuals were significantly lower than in asymptomatitedwo and three
month after the beginning of the experiment (randomizedstsp-values <
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0.05). No difference between mean standardized dry flesphvef asymp-
tomatic and clams presenting light symptoms could be dsdgcandomized-
tests;p-values > 0.05) at any time.

Growth during the experiment was negligible; no differeimceean length
could be detected between beginning and end of the stamatjperiment, for
any group of clamst(test; allp-values > 0.05)

0.507 ® asympotmatic clams

} % heavy symptomatic clams
0.45+

0.404

0.354 %

{

0.254

Total flesh dry weight (g)

T T T T
2007-05-24 2007-06-25 2007-07-20 2007-08-21
Date

FiG. 8.2 Evolution of total flesh dry weight (meah 95% bootstrap
percentile interval) during the starvation experimentsgraptomatic
clams ¢) and in clams presenting heavy symptomsdDS> 4 )

8.3.2 Model simulations
Validation of growth

Length growth at constant food density and temperature aladated by com-
paring the model simulation to observed data from Rodde.gtLlalF6). A
comparison of model output and experimental data are showigi 8.3 and
shows that the model prediction is very close to the obserata

Impact of BRD development on maintenance costs

The interaction model between the energy budget of the Marém and the
Vibrio was used to estimate the energetic costs of disease deweiopmthe

highly diseased clams of the starvation experiment. Ferghrpose, two sim-
ulations were performed. The first simulation only représéime energy bud-
get of an uninfected clam under starvation conditions. Rerdecond simu-
lation, theVibrio infection and its effects are introduced. This simulatisn
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Fic. 8.3 Validation of the growth at constant food density and tem-
perature (22°C). For this simulation scaled functionaposse on food
was constantf = 0.72) . Continuous curve: simulation, points: exper-
imental data from Rodde et al. (1976).

supposed to reproduce the energy budget of an highly didédaaila clam
during starvation.

Initial conditions {.e. state variables at the beginning of the simulation)
were estimated from the initial mean length and initial méatal flesh dry
mass. Initial structural lengthly) was estimated a&,y = S LY and
allowed to estimate initial structural weight (with- = 0.216 g cm the struc-
tural volume to dry weight coefficient, see estimate in Tald [@139). The
difference between the structural weight and the mean védereight allows
to estimate the initial weight of reserve plus reproductioiffer. Since at the
sampling period (April) the clams are in the main growingpeof the year on
French Atlantic coasts (see e.g. Flye-Sainte-Marie eR@07a) the weight of
reserves were assumed to be 60% of the maximum energy désesitffab. 9.3
p. 139 for the estimates). This allowed to estimate theaintieight of the re-
production buffer. Initial weight of reserves and repraitut buffer were then
scaled (withzg and{pa., }, see chapter 9, Tab. 9.3 p. 139). For both simula-
tions, since Manila clam were in condition of starvatiore ftaled functional
response () was set to 0. Temperature for the simulation was constasht an
equal to 15.7°C (288.7 K). InitiaVibrio product concentratiofQ®’] was set
to 0. The simulation was performed over 100 days. For theciateclams,
the infection was induced at the beginning of the simulatod the initial
concentration o¥ibrio was supposed to Hé&o] = 310~ C-mole cnt3; this
value was computed from averay#rio concentration observed in extrapal-
lial fluids of clams with low symptom development (CDS=1) ardalculated
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in C-moles cn® using data on carbon content of bacteria from Ohman and
Snyder (1991). Since 37 mm-individuals typically reproglute initial scaled
maturity was taken to be equal to scaled maturity at pubgritjal conditions

are summarized in Tab. 8.3.

symbol value unit description

Lo 1.073 cm Initial volumetric length

UrLo 20 dcent Initial scaled reserves

UE° 32 dcent Initial scaled reproduction buffer
Ujl=0% 01274 dcm Initial scaled maturity

[Q™°] 0 C-molcn? Initial Vibrio product concentration

TAB. 8.3: Initial values of the state variables for the simulationta impact
of the disease development during starvation condition.

Evolution of the state variables of the model during the $ations for the
uninfected and the infected clam are shown in Fig. 8.4.

In the uninfected clam (continuous curve in Fig. 8.4) st length re-
mains constant over the whole simulation period (Fig. 8.4diddicating that
there is no (or very low) allocation to somatic growth. Sdaleserve exponen-
tially decrease during the simulation and are almost ntéiraf00 days (Fig.
8.4 B). Scaled reproduction buffer is almost constantxfotO days, indicat-
ing that allocation of reserve to reproduction balance tlaéntenance costs;
but after this period, maintenance costs cannot be balanctk flux coming
from reserves, and maintenance costs are paid from regroduuffer which
is almost empty after 100 days (Fig. 8.4 C).

In the infected clam (doted curves in Fig. 8.4), simula¥éitio concentra-
tion rapidly increase after the infection and reaches itsimam after few days
(Fig. 8.4 D). Increase ivibrio product concentration (Fig. 8.4 E) increases
maturity maintenance cost (immune response) andithréo is eliminated af-
ter~ 35 days. In starvation conditions tRério infection has small effects on
the use of reserves (Fig. 8.4 B). The increased maintenarsts are mainly
paid from the scaled reproduction buffer after a few days; réproduction
buffer is empty after 80 days. (Fig. 8.4 B) and maintenance is then paid
from structure, this explains why simulated length de@saster~ 80 days
(Fig. 8.4 A).

From the simulated evolution of length, scaled reservessaatkd repro-
duction buffer it was possible to estimate the evolutionotdiltdry mass using
the coefficients cited above. The evolution for the unirddcand infected
clams is shown in Fig. 8.5. In uninfected clams the model kitag a linear
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FiG. 8.4 Evolution of state variables during the simulation formmni
fected (continuous curve) and infected (doted curve) clemssarva-
tion conditions {=0). A: evolution of structural length, B: evolution
of scaled reserves, C: evolution of scaled reproductiofehud: evo-
lution of Vibrio concentration, E: evolution ofibrio product concen-
tration.

decrease of total flesh dry weight during starvation and kitimun is close to
the observed points and stays within the bootstrap pefeentervals of the
observations. Parameters for tWiorio and the interaction with the Manila
clam budget were estimated in order to provide a good repiatéen of the
weight loss during starvation until day 60. Neverthelefisra= 80 days, when
maintenance is paid from structure, the model simulatecegleration of the
total flesh weight loss, whereas data suggest a decelerdttor weight loss.
From the simulations it was also possible to estimate tha totergy al-
located to maintenance. The aim of the work was to estim&éntrease of
maintenance costs associated with BRD development. Tleusetults are
here presented as the total maintenance costs which cones$p the sum of
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Total flesh dry mass (g)

0.20

0 2‘0 4‘0 60 80 100

Time (d)
FiG. 8.5 Simulation of the evolution of total flesh dry mass for un-
infected (continuous curve) and infected (doted curveinslan star-
vation conditions f=0). Experimental data: average total flesh dry
weight (meant- 95% confidence interval) during the starvation exper-
iment in asymptomatic clams)(and in clams presenting heavy symp-
toms ¢, CDS>4)

the energy flow invested in somatic and maturity maintenghige 8.6). For
the uninfected clam the total flow invested in maintenanceairs constant
all along the simulation (Fig. 8.6). In the infected clam thaintenance cost
rapidly increases after the infection due to the increasabino product con-
centrations (see. Fig. 8.4 E). The total maintenance reagheaximum value
of ~ 57 Jd ! after~ 25 days. The decrease simulated afe80 days is asso-
ciated with the decrease in somatic maintenance due totiedwf structural
length (shrinking). The maximum value of the energy flow tontenance
associated to BRD development 67 Jd ') is comparable to the maximum
assimilation flux can be estimatedjiq = 77.8 Jd'! for an individual of this
size and at the temperature of the experiment.

8.4 Discussion

Starvation experiment

The starvation experimental data indicated that indivglypaesenting a high
development of symptoms had a significant higher weight tbas asymp-
tomatic ones after two months of starvation. This obsesmatonfirms the
observations of Plana (1995) and Plana et al. (1996), anchites that an en-
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Fic. 8.6 Total energy allocated to maintenance (somatic and matu-
rity maintenance for uninfected (continuous curve) anddtéd (doted
curve) clams.

ergy loss can be associated with the development of BRD erdémtly of the
decrease in filtration activity shown by Flye-Sainte-Magteal. (2007b). As
discussed in this article this energy loss might be assatiat an increase in
the maintenance cost due to the energy needed for the immeapense and
for lesion repair. The energy needed fébrio population growth might be
negligible (Flye-Sainte-Marie et al., 2007b).

No significant difference in weight could be found betwees gnoup of
asymptomatic clams and the group of clams presenting midsyanptoms
development: energy loss associated with low BRD developieeels is neg-
ligible. This suggests that BRD development has poor effent physiology
at low disease intensity. This observation is consistetit miost of the obser-
vations presented in this document. The low disease inyeoisserved during
the survey in the Gulf of Morbihan (chapter 4) could not beoagded with
significant variations in any measured hemocyte parametertbe condition
index. It was also not possible to show any significant diffiee in clearance
rate, respiration rate or condition index in clams presgntbw symptom de-
velopment (CDS < 4) (Flye-Sainte-Marie et al., 2007b). Tthesstage CDS
= 4 can be considered as a critical stage above which phgsiatostrongly
modified but under which effects of disease are negligible.

The proportion of clams in each group (asymptomatic, low@gms and
heavy symptoms) did not significantly varied after 30 dayd law mortality
was observed during the experiment. This tends to inditatietihere was neg-
ligible transfer of individuals between the three groupsrduthe experiment.
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This can support the hypothesis that each group correspgorasbatch” of
clams that can be followed over time on the base of symptotessity.

Budget of the uninfected Manila clam

The simulation of length performed at constant food dereitgt at constant
temperature (see Fig. 8.3) was very close to the observedfidah Rodde
et al. (1976) which were not used for parameters estimaser Chapter 9).
The prediction of weight loss during starvation was alsselto the obser-
vations. For the simulated uninfected clam, the length isstamt over the
whole simulation period, which is consistent with the olilagons since no
growth was observed during the experiment. This indicdtesgarameter es-
timates for the energy budget of Manila clam are reliable emghasize that
the prediction of the energy budget of Manila clam at cortstamironmental
conditions by theoEB model developed in this study are reliable.

The model should also be validated with varying food deresity temper-
ature, but this implicates the estimation of food acquisitielated parameters
which was not necessary for the application presented $rstiidy.

Impact of disease on the maintenance cost

The main objective of present study was to propose an appraaestimate
quantitatively the impact of the development of the diseaise¢he mainte-
nance cost of the Manila clam by coupling simple observafieight) and
modelling. The strategy was to quantify the increase in to&intenance cost
that can explain the observed weight loss in infected inldi@is. Since bacte-
rial infections are dynamic processes, the associatedaserin maintenance
costs had to be treated dynamically. For this purpose, itrveagssary to be
able to follow a batch of infected clams and a batch of unief@clams over
time in the starvation experiment, this was possible on #sestof the observa-
tion of symptoms. The batch of asymptomatic clams is sugptseepresent
the uninfected case, as the batch of clams with heavy syngasupposed to
represent the infected case.

The dynamics of th&ibrio within the clam were treated here theoretically
since no experimental data were availabligrio dynamics only aim to modify
dynamically the maintenance cost of the Manila clam. Thifies that the
parameters were only estimated in order to represent thenaabweight loss.
Thus parameter values have to be considered carefully andeged dynamics
of the Vibrio may not be realistic. Th¥ibrio population is here eliminated by
the host afterx 30 days, which is difficult to check since accurate detection
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and quantification of th&/. tapetisburden in clams is difficult (Drummond
et al., 2006b). Further development in tetapetisdetection techniques and
experiments is needed to obtain data allowing a more rigatigidelling of the
Vibrio dynamics.

In spite of this difficulty it was possible to provide a retiisdynamic in-
crease in the maintenance costs since the simulated tngjeuit dry weight
in the infected case was near to the observed weight of timesclgth heavy
symptoms. The simulation only deviated from the obsernagitthe end of the
simulation when maintenance was paid from structure. ks ¢hse, for sim-
plification purposes, the assumption that the overhead togiaying mainte-
nance from structure was equal to the overhead costs in makincture from
reserve was done. It is possible that this assumption isgwad that the over-
head costs in paying maintenance from structure are lonata ffom Whyte
etal. (1990) during a long-term starvation experimentqrenkd over 405 days
in the oysterCrassostrea gigasdicated that the rate of total weight decrease
was higher between 0 and 30 days than between 60 to 405 dagse thata
could suggest a regulation of the maintenance cost in donditof extreme
starvation, such a regulations is not taken into accourttémtodel. Further
investigations are needed to detail this particular ex¢reituation.

The dynamic quantification of energy flow to total (maturitydasomatic)
maintenance indicated that the cost of development of teade was highest
30 days after infection. The maximum reaches the value of&7 Jwhich
is almost two times the total energy flow to maintenance aostninfected
clams (32 Jd'). Thus BRD induces an important modification of the energy
budget in the Manila clam. The maximum value can be compar#uetmax-
imum assimilation flux for an individual of this size and ae ttemperature
of the experiment{4 = 77.8 Jd!'). Theoretically, only a well fed individ-
ual could compensate the maximum maintenance from assimnilaT his in-
creased maintenance cost, coupled with the decrease afidittractivity may
explain the overall cost of BRD development.

8.5 Conclusions

Experimental data presented in this study indicate thatn@ngetic cost can
be associated to high intensity of BRD development, indéestly of the de-
crease in filtration activity previously described. Thissekvation confirms
the hypothesis presented in chapter 7 suggesting that grgyebudget of the
Manila clam is both affected by a decrease in the filtraticivilg and an in-

crease in the maintenance costs.
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The pEB model presented in this study allows to predict properlyhbot
length growth and weight loss at constant environmentatitom. In spite
of the lack of data abouvibrio dynamics this study shows that on the ba-
sis of simple measurements of weight loss during starvatimnpossible, by
coupling modelling and observation, to provide a quantigsand dynamic es-
timation of the increase in maintenance associated wittdédwvelopment of
BRD. The estimation given here indicated that during anciida the mainte-
nance cost can almost double compared to the uninfecteatisitu

Further development of the model, especially focussed ewithrio dy-
namics and its effects on filtration activity will allow togride a more exten-
sive description of the energetic cost of BRD in the Manikntl
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Estimation of DEB parameters for the Manila
clam

Abstract

By describing mass and energy flow through organisms fromm#ation of
food to the utilisation for growth, reproduction, develagmand maintenance,
DEB theory provides a theoretical frame for studying living syasd energy
balance in biological systems. Although estimation of peeters is necessary
to apply the theory, most variables and parameters cannoidasured in a
direct way. Based on methodologies previously describembijghan, 2000;
van der Veer et al., 2006; Kooijman et al., submitted), tine @fi this chapter is
to describe more extensively the methods used to estima@EB parameters
values for the Manila clam used in the previous chapter (C8&8ap

The estimates were compared to values in literature estrfat various
bivalve species (Kooijman, 2000; van der Veer et al., 200B)e estimates
for the Manila clam, mainly based on the method describedoijkhan et al.
(submitted) appear consistent with the values given by jikan (2000) and
van der Veer et al. (2006), suggesting that inter-speciespaoison ofDEB
parameters help to check consistency of the estimates ésjecies.

9.1 Introduction

DEB theory provides a theoretical frame to study energy and rbadgets
in biological systems (Kooijman, 2000). This theory ddsesi mass and en-
ergy flows through organisms; from assimilation of food te thilisation for
growth, reproduction, development and maintenance. Oweeeisting aspect
of this theory is its generic aspect: the theoretical fraarelwe applied to var-
ious species and differences between species are chaadtby differences
in parameters values (Kooijman, 2000). Thus, estimatiopasdmeters is an
important aspect in the aim of applying this theory. Newedhs, the vari-
ables and parameters that are taken into account in thisytlaee generally

133
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not measurable in a direct way (van der Meer, 2006). Method&Valua-
tion of parameters are described in (Kooijman, 2000). Ampions of these
methods for various bivalves species have been presented itler Veer et al.
(2006). More recently, a method was described to estimaseo@arameters
from sets of measurable quantities (Kooijman et al., sulehit

The aim of the work presented here was to provide a more exéeds-
scription of the method used to estimate thes parameters values for the
Manila clam,Ruditapes philippinarumused in the previous chapter (Chap.
8). Some parameters were estimated following Kooijman @2@nd van der
Veer et al. (2006), but most of the parameters were estinialiesving Kooij-
man et al. (submitted), this chapter thus provides a pradaigplication for this
last method. Finally, the parameter values estimated toManila clam were
compared with previously estimated values for other bivalgecies given in
Kooijman (2000) and van der Veer et al. (2006).

9.2 Estimation of DEB parameters: methods and re-
sults

9.2.1 Effect of temperature on physiological rates

All physiological rates depend on body temperature. SEB theory as-
sumes that all physiological rates of an organism followghme rule (Kooi-
jman, 2000), parameters of the equation relating physicébgates to tem-
perature given in Kooijman (2000) were estimated using apmsite data set
including filtration, respiration and growth rate data (Getguer et al., 1989b;
Solidoro et al., 2000). All data were standardized to a vafuefor a reference
temperatureq;) of 288 K (15°C) and pooled prior to the estimation of the pa-
rameters of the equation. Values of the parameters are simovab. 9.3, Fig.
9.1 shows the adjustment of this equation to the experirhdata.

9.2.2 Shape coefficient¥,)

The shape coefficientf = V1/3/L0bs ) determines how a length measure-
ment L°) relates to a structural body volumg). Based on the assumption
that wet flesh density equals 1 gch) the shape coefficient was estimated us-
ing length — body wet mass relationships from Gulf of Morlitfanpublished
data) during the post spawning period (November). Sincertbasured total
body flesh weight can also contain reserves and reservesi@tbto reproduc-
tion, the shape curve is estimated as the adjustment justtiethe observed
data points as shown in Fig. 9.2. The estimate fordthevalue is shown in



Estimation ofDEB parameters for the Manila clam 135

=
5
T

Standardized physiological rate
o
& -

2;5 zéo 2&;5 25;0 2&;5 360 3(;5
Temperature (K)

Fic. 9.1 Effect of temperature on physiological rates. Continuous

curve shows the model. +: filtration data (from Goulletquegle

1989b; Solidoro et al., 2000%: growth data (from Solidoro et al.,

2000), o : respiration data (from Goulletquer et al., 1989b).

Tab. 9.3. The relation between wet weight and dry weightialvks in this data
set allowed to estimate the dry mass per structural voluraficent (y ), the
estimate is given in Tab. 9.3.

9.2.3 Estimation of parameters using software packageeBtool

This section describes an application of the method for ienation ofDEB
parameters presented in Kooijman et al. (submitted). Thes®ors present
the auxiliary theory that allows to extrabeB parameters values (principally
constant within on species) from easy to measure quantitiasdepend on en-
vironmental/experimental conditionsipeB theory intimately interlinks most
of its underlying processes, which need to be studied inrevice. These rela-
tionships allow, knowing simultaneously few quantitiessome specific con-
ditions (temperature and food availability), to extraaingoparameters values.
The software packageeBstool performs these computations.

The observed quantities necessary for this applicatiorslaogvn in Tab.
9.1. Some of these had to be recalculated to perform the ciams:

» Length measurementl({’**, L% and L"*) was converted to structural
volumetric length measurement & 6, L°%). The shape coefficient
dpm was used foll, and Lo, ands’y, "> was used foi.
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TAB. 9.1: Observed quantities necessary for the estimationes parame-
ters using theEBtool software package

symbol value unit description source
Observed quantities required

LYY 0.0095 cm Length at first feeding (“birth*, D—larvae)  Helm and Pelizzato (1990) Jones and Sanford (1993)
ap 2 d Age at first feeding (20-23") Helm and Pelizzato (1990) Jones and Sanford (1993)
L3bs 1-2 cm Length at first gametogenesis (425 Laruelle (1999), pers. obs.

TB20°C 0.0029 da! \on Bertalanffy growth rate (20°C) from Melia et al. (2004)

Lo 5.46 cm Ultimate length from Melia et al. (2004)

Roo 2739 eggsd! Ultimate reproduction rate from Helm and Pelizzato (1990)

Additional values required

LObs 8.0 cm Manila clam maximum lengthL(, at f = 1) Pers. obs. (see Chap. 1 p. 4)

5?[“’””“8 0.5 - Shape coefficient for bivalve D—larvae Pouvreau (pers. comm.)
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Wet weigth (g)

0 5 10 15 20 25 30 35 40 45 50 55 60
Shell length (mm)

Fic. 9.2 Length—wet weight relationship d®. philippinarumin a

November sample in Gulf of Morbihan, observed wet weighir({s

unpublished data) include structure, reserves and resathaeated to
reproduction. Continuous curve represents the relatibndsn length
and structural body volume, this explains why the curve khba be-
low wet weight observations.

« Von Bertalanffy growth rate was recalculated for tempanethe refer-
ence temperature of 15°C (288 K).

« Scaled functional response on foqg{ yalue for the observed Von Berta-
lanffy growth rate {z) and ultimate lengthl.., were were estimated
using the relatiorl., = f L., (Kooijman, 2000).

Age at first feedingdy) is a difficult value to measure in bivalves since de-
velopment is quick. This value was thus reduced to obtaint efggarameters
consistent with previous estimations for bivalves giveKvin der Veer et al.,
2006). A default value for g (fraction of energy fixed into eggs, dimension-
less) of 0.95 was taken following Kooijman et al. (submi}téthe recalculated
values are given in Tab. 9.2. Using these values, the step@idded in Kooi-
jman et al. (submitted) was then applied using the get_pamitine of the
software package DEBtool. The estimated values of the peteasare shown
in Tab. 9.3; this estimation method assumes khaandi,, are equal.

9.2.4 Maximum surface—specific assimilation rate{( ., })

Maximum surface—specific assimilation rgge,, } is required to convert scaled
reserves and reproduction buffer content (dxto mass and subsequently to
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TAB. 9.2: Quantities used for the estimation bEB parameters using the
DEBtool software package

Symbol f Ly Lp Lo ap B R KR
Value 0.68 0.0045 0.29 158 0.6 0.00203 27397 0.95
Units - cm cm cm d d! eggsd! -

compare the model outputs to observed data. Maximum seidpeeific as-
similation rate can easily be calculated using the relafipm,,} = ©[E,,]
with [E,,] (J cnm3) being the maximum energy density (Kooijman, 2000).

Maximum energy densityE,,| was first estimated as the difference in en-
ergy content at the end of winter and at the end of the groneagan according
to van der Veer et al. (2006), using data from GoulletqueB98). The value
of [E,,] =1800 J cm® was obtained|E,,] corresponds to the reserve density
at the equilibrium of a satiety fed individuaf£1) (Kooijman, 2000), but such
a situation rarely occurs in nature which implies that theevired reserve den-
sity ((E]) is generally inferior tdE,,]. Thus this value represents a minimum
estimate of the maximum energy density (van der Veer et@06R [E,,] val-
ues for various bivalves species given in van der Veer e2@0&) ranged from
2085 cnt? (for Macoma balthicito 2295 cnt? (for Crassostrea giggsthus
the value of 2200 J cm may provide a more realistic estimate féf,,] in the
Manila clam.

9.3 Consistency of the estimates

9.3.1 Arrhenius temperature

Estimation of Arrhenius temperaturé, K) for various bivalves species from
literature is given in Tab. 9.4. The estimates gives valaeging from 5530
to 13000 K. Our estimation for the Manila clam (6071 K) is detent with
these values. No data about any physiological rate neaoter temperature
boundary could be found in literature (see Fig. 9.1), thesestimates of
andT4, are approximative and more data are needed to better estiheste
values.



TAB. 9.3: List of the DEB parameters estimated fr philippinarum

Symbol Value

Unit

Description

Temperature equation parameters

Ta 6071
T 288 (15)
Ty 300
Tan 30424
T 275
Tar 299859

K
K €C)
K

K
K
K

Arrhenius temperature

Reference temperature (arbitrary)

Higher boundary of the thermic tolerance range
Arrhenius temperature for the decrease rate at bigp.t
Lower boundary of the thermic tolerance range
Arrhenius temperature for the decrease rate atdowpt

Parameters estimated frooeBstool software

K 0.89
g 1.384
ky 0.0091
ke 0.0091
0 0.0292
Uy, 476107
U, 0.1274
Other parameters
S 0.29
KR 0.95
(B 2200

{])Am} 64.2
’LUE/;LE 17.5 16
dy 0.216

4!
d—l
cmd?
dcn?
dcr

Jenm?
Jem2d—t
Jg!
genm?

Fraction of the catabolic power spent on maintenahsegoowth
Energy investment ratio

Maturity maintenance rate coefficient

Maintenance rate coefficient

Energy conductance

Scaled maturity at birth

Scaled maturity at puberty

Shape coefficient

Fraction of reproduction energy fixed in eggs (Kooijreaal., submitted)

Maximum energy density (from van der Veer et al., 2006)
Surface—area specific maximum assimilation rate

Energy content of reserves (from Deslous-Paoli and Hé&&38)L
Structural volume to dry weight coefficient

wred ejiueN ayl Joj sis1ewered g34jo uonewns3

6€T
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9.3.2 DEBtool software parameters estimation

In most ecophysiological growth models, most of the paramsedre estimated
from experimental data obtained in an independent way. Estiilmate comes
with an uncertainty, more or less difficult to quantify. Bypégpng such a

method, each independent parameter value has a biologeahing. Nev-

ertheless, the resulting set of parameters may contain soméination of

parameters that is not biologically consistebp&B theory interlinks most of
the underlying processes. Based on this propertyp#etool software allows

to estimate several parameters at the same time from meagumatities. Us-

ing this method, each of the estimated parameter value depemthe other
estimated values. Thus, this method provides a solutiothé®oproblem of es-
timating independently each parameter value to build abioally consistent
set of parameters.

TAB. 9.4: Comparison ofDbEB parameters estimated f&. philippinarum
with other bivalve species (estimates from Kooijman, 2000 ean der Veer
et al., 2006). Estimations are given for a temperature o€2@93 K).

Parameter
Ty ) kar g {Pam}

Species (K) (ecmdY) @Y (=) (@cnr2dY) Source
Ruditapes philippinarum 6071 0.042 0.013 1.384 91.9  This study
Macoma balthica 5800 0.016 0.013 1.139 32.9 vander Veer et al. (2006)
Mya arenaria 5800 0.061 0.013 1.162 133.0 van der Veer et al. (2006)

13 000 Kooijman (2000)
Cerastoderma edule 5800 0.032 0.013 1.123 68.6  van der Veer et al. (2006)
Mytilus edulis 5800 0.067 0.013 1.239 147.6 vander Veer et al. (2006)

8460 Kooijman (2000)

7600 Kooijman (2000)
Perna canaliculus 5530 Kooijman (2000)
Crassostrea gigas 5800 0.183 0.013 1.840 420.0 vander Veer et al. (2006)
Cardium edule 8400 Kooijman (2000)
Cardium glaucum 8400 Kooijman (2000)

Energy conductance ¢) and maintenance rate coefficientk,,) and energy
investmentratio (j) The values of energy conductance and maintenance rate
coefficient /) as estimated for the Manila clams and recalculated for 20°C
are given in Tab. 9.4. They are compared to the values givearrder Veer

et al. (2006) for various other bivalves species. The esitimaf energy con-
ductance for the Manila clam range between the estimatesnoder Veer et al.
(2006), and is close to the estimate of average energy ctartecfor animals
given in Kooijman (2000) = 0.0433 cmd! at 20°C). The maintenance rate



Estimation ofDEB parameters for the Manila clam 141

coefficient is equal to van der Veer et al. (2006) estimatighisother way to
test the consistency of energy conductance and maintemateeoefficient
is given in Kooijman et al. (submittedpEB theory predicts a linear relation-
ship between the inverse von Bertalanffy growth rate'§ and ultimate length
(L), the origin of this line being equal tbic;j and the slope being equal to
3v~!. Fig. 9.3 shows the plot of the inverse of observed von Bamft&
growth rates£ 1) as a function of ultimate length,, and the prediction of the
relation using the estimates of maintenance rate coeffi¢ien) and energy
conductancet) for the Manila clam. Though the scattering of experimental
data, the predicted relationship is near the observatidhss, the estimation
of energy conductance and maintenance rate coefficients caesistent.

1000

800+

600+

.
&
.
400
.
.

200

Inverse v. Bert. growth rate (F-1, cm)

0 05 1 15 2
Ultimate length (L, cm)

Fic. 9.3 Inverse of observed von Bertalanffy growth rate {) as a
function of ultimate lengtt..,. Von Bertalanffy growth rates were cor-
rected for temperature and are given for 15°C. Data from Yaota
and lwata (1956), Rodde et al. (1976), Robert et al. (1998)javkt al.
(2004) and personal data from Gulf of Morbihan. The contirsuline
shows the prediction of the relation using the estimatesaiftanance
rate coefficienti,;) and energy conductance)for the Manila clam.

Surface—area specific maximum assimilation rate{¢4,,}) Surface—area
specific maximum assimilation rate is an extensive paranveteech depends
on size. This parameter is proportional to maximum strattlength €,,,)

of the species (Kooijman et al., submitted). Thus, the \salgigen in Tab.
9.4 cannot be directly compared between species. This giyopgply a linear
relationship between ultimate length,{) and surface—area specific maximum
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500

M. balthica

C. edule o
400+ R. philippinarum
M. arenaria

M. edulis

C. gigas
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o
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Max. surf. spec. assim. rate, {py,} (] cmizd?)

FIG. 9.4 Relationship between ultimate length.{, cm) and maxi-
mum surface-specific assimilation ra{e ,,, }, J cnt2 d—!) estimated
for R. philippinarum (this study) and various other bivalve species
(van der Veer et al., 2006)

assimilation rate {pa.,}) as shown in Fig. 9.4. This figure indicates that
the estimated value ofpa,,} for the Manila clam is close to the expected
relationship based on estimates for various other bivgdeeiss. The extensive
property of the parameters also allows to recalculate tpesameters for a
given maximum length (see. Kooijman et al., submitted). Valklies given
in van der Veer et al. (2006) were recalculated gy = 2.32¢m (maximum
volumetric length ofR. philippinarum and range from 70.6 JcmMd—" for
Macoma balthicato 127.4 Jcm? d—! for Crassostrea gigasThe estimate for
the Manila clams (Tab. 9.4) is between these two value stiggethat our
estimate is consistent with previous estimates.

9.4 Conclusion

Although methodology for estimation of most parametersiesiwvas different
from the methods used in van der Veer et al. (2006), the esidnzarameters
values for the Manila clam appear to be consistent with tlesfienations for

various bivalves species. This indicates both that crésssléng parameters
values by different methods may be a powerful strategy torenthe param-

eters estimates and that comparison of parameter valuesdrespecies may
also allow to check the consistency of the estimates.
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Chapter 10
Synthesis

10.1 Comparison of energy budget modelling appro-
aches

Modelling is an useful tool and one of the main objectiveshig kind of ap-
proach is to summarize the information available about trstesn studied.
This allows to pinpoint the elements susceptible to contrelsystem and sub-
sequently to drive experimental research. This pointusitated by this work:

the first model, presented in part | allowed to emphasize #elrior further
knowledge about (1) the relation between hemocyte systehdiarase devel-
opment and (2) the impact of the BRD development on the ergatgnce of

the host. ThedeEe model presented in chapter 8 provides a tool to analyse the
effect of BRD development on the energy balance of the hoswApoints of
these two approaches can be compared.

10.1.1 Formulation of a model: empiricalversus mechanistic

It is obvious that the more complex a model is, the greatechizmce to find
a combination of parameters that allow to fit the model to theeoved data.
Depending on the objective of the study, one should howewedar about the
significance of such a model’s equations.

This can be illustrated by a simple example : the lengthafitin rate
relationship of a bivalve species. Suppose a data set d@tidlir rate for in-
dividuals of different sizes at constant algae concewinaéind temperature.
If the objective is to estimate empirically the filtrationtea(Z”, L h—') from
a size measurement (cm), a simple strategy is to fit a polynomial equation
(F = aL + bL? 4 cL? + dL*---). The higher the degree of the polyno-
mial equation, the higher are the chances to fit the data epefy, but also
the higher is the number of parameters, and the more compdesnodel will
be. Variables ¥ and L) of the model have physical units (Ch and cm) re-
spectively, but the parameters of the model¥, ¢, d ...) have no unit, thus
these parameters cannot explain the nature of the relhthstween the two
variables of the model.
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On such a data set, it is also possible to fit an allometric timuaF’ =
aLP. This equation indicates that filtration rate increasesoegptially with
size. This model is more simple than the first since it has bmty parame-
ters. In most case, the fit does not give an integer valugi fahen it is not
possible to determine the physical dimensior8f(it can be neither a length,
a surface or a volume). If we don’t know the unitbf, then it is not possible
to determine the unit oft. These coefficients are often in publications given
as dimensionless but it would be more correct to mentionghgsical dimen-
sions are undetermined. Thus, as the first model this secaaglmoes not
give a physical explanation for the relation between lerzgiti filtration rate.

Based on the observations that gill surfaces are involvetdrprocess of
filtration and on the assumption that growth is isomorphids ipossible to
show that filtration rate might be proportional to the suefaf the individual,
thus toL2. Thus the relation between filtration rate and length can titen
as: F = o L?. SinceF is expressed as LH andL? is a surface (cr) the
physical unit of is L h—! cm~2 this parameter can be named “surface specific
filtration rate”. This model for the relation gives an exgé#on for the length—
filtration rate relationship and is rather simple since & baly one parameter
().

The two first filtration rate models are only empirical anddidde used
carefully. They would be appropriate for some particulapligations but do
not give a physical explanation for the relation. The lastiei@an be consid-
ered as a mechanistic model since from an observation andsamation it
allows to give a physical explanation for the length—filatrate relationship.
If the aim of a model is to give an explanation for an observatiepn, then
the second strategy should be used. This is typically onleeoirtain points of
DEB theory. The model presented in chapter 2 makes use of emlpigiation-
ships and should be taken carefully. This is one of the readwat motivated
the choice of developing a model basedo®s theory to study the impact of
BRD development on the energy budget of the Manila clam.

10.1.2 What to do with respiration?

Many studies focussing on bivalve energetics take regmiranto account.
One of the first questions is how to measure it. A first problemeasurement
accuracy. Measurement systems in bivalve ecophysiologyealivided into
two categories: open and closed systems. An open systemsedsfar the
study presented in chapter 7. One of their main interestsaitsthey allow
long term measurements. The respiration rate is measurtéee lwjfference in
oxygen concentration between incoming and outflowing wiaten the cham-
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ber. Thus two measures are needed for the estimation ofaéspi and each
one comes with some uncertainty, thus the reliability of iieasurement is
affected and rather difficult to estimate. More simple, tlesed systems, con-
sist of incubations in a closed chamber and respiration iasored through
the decrease in oxygen concentration. However, in theseragsoxygen con-
centration varies and this can affect the metabolism of ied\es and subse-
qguently the measurement. Variation of bivalves activityehbeen extensively
described and indicated that, in constant conditions,inasm rates are not
constant over time (see e.g. Kim et al., 1999, 2001, 2003helfobjective is
to get information about the overall metabolism then a bidianeasurement
as to integrate variations in activity of the bivalves. Apagach to check this
important point was presented in chapter 7. All these problenake respi-
ration rather difficult to measure and it is almost impossitdl estimate the
uncertainty in the measurements.

Supposing that reliable respiration data could be obtairBten a sec-
ond question appears : how to interpret respiration? Ragmir is usually
taken to represent the total metabolic rate in an organistms i a vague
concept because respiration results from various progsesfsthe organism:
digestion/assimilation, growth and maintenance (Kooijm2000). The un-
equal contribution of these various processes makes at¢ispirdata difficult
to interpret. The Scope For Growth (SFG) concept, which @elyiapplied in
bivalve bioenergetic studies (see chapter 2), assumeshihagspiration cor-
responds to an energy loss. Respiration results from thdatan of biochem-
ical compounds, but in living organisms the energy releaikethg oxidation
is used for biosynthesis (see e.g. Lucas, 1993). During aymrbcess, energy
loss corresponds to the difference between the energyseslday oxidation of
the biochemical compound and the energy consumed by bloesistreaction.
The biosynthetized compounds are used for various progedgbey are used
for maintenance it is possible to consider that the ener@pstsnevertheless if
they are used for growth then the energy is not lost for tharasgn. For this
reason, in opposition to theeB theory, the SFG concept does not respect law
of energy conservation.

10.2 Development of Brown Ring Disease

By crossing modelling and experimental approaches thik werealed new
results and hypotheses at different levels of the Brown Rirsgase progres-
sion of: from the initiation of the disease to the impact ostlphysiology. One
of the originality of the experimental work presented irsthiudy is that most
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data were collected on naturally infected clams whereasas data about
BRD in literature are based on experimental infections.

10.2.1 Impact of BRD development on the host
Initiation of the disease

One of the first steps in the development of any disease isnitial infec-
tion. Progress of BRD in the Manila clam was recently revigwe Paillard
(2004b). This author states that the initial infection s was the entry of
the pathogeny. tapetis into the extrapallial compartment. Chapter 5 provide
a simple hypothesis for this process which was unknown. dntsfield obser-
vations indicate that, on a same site, prevalence incredgesize, suggesting
that the infection probability is related to size. This patthas been widely
described for parasite infections in filter—feeders andtribated to (1) an in-
crease of filtration rate with size, and thus an increase @fptiobability to
encounter a parasite; and (2) a longer potential expositidarger, and sub-
sequently older, individuals (see e.g. Andrews and Hewa%,7; Guralnick
et al., 2004; Villalba et al., 2005). Nevertheless, fieldesliation also indi-
cate that prevalence of the disease is linked to the grai@-efithe sediment:
prevalence increases with the proportion of large padici¢he sediment. Fur-
thermore shell damage can be associated with developmdimé sfymptoms
suggesting that injury may be a potential portal of entryMotapetis These
observations allowed to hypothesize that the main factatribmting to the
initial infection process is the mechanical rupture of teeigstracal lamina or
damage of the shell edge. These injuries are induced by $&djenent parti-
cles carried into the shell cavity by siphons or trapped iwithe shell aperture.
This hypothesis provides another explanation for the pregalence relation-
ship: larger individuals have higher siphon surface areblamger shell aper-
ture which may subsequently increase the probability gigireg a deleterious
sediment particle.

This hypothesis also suggests that any handling susceptifthduce a pe-
riostracal injury of a shell damage may open a entry portatiie pathogen.
This can have severe consequences for aquaculture andefishreagement
since clam handling in aquaculture beds and dredging mayfaBRD de-
velopment. Better understanding of this critical point loé disease is thus
important and this hypothesis should be checked by expataheork in fu-
ture.
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Impact of the disease on the host

After the entry of the pathogen, the second process of thelalement of BRD
is an interaction with the host and subsequently with itede¢ system (Pail-
lard, 2004b). The interaction between the pathogen and tymeystem have
been extensively studied, most of these studies were basesperimental
infections (see e.g. Allam et al., 2000a, 2001, 2002c; Riadl €2003; Paillard
et al., 2004; Allam and Ford, 2006; Allam et al., 2006). Expental infec-
tions are performed by injection & tapetisstrains in the pallial cavity. This
may uncouple the bacterial burden and the development cfytimptoms: in
this case a high bacterial burden should be found associgthdow symp-
toms development. This uncoupling may provide valuablertedge about
the interaction between the bacteria and the hemocytersyistgependently
of the symptoms development. The field study presented ipteh4 failed to
find any link between the development of symptoms and anyeofrieasured
hemocyte parameters. This leads to the problem of tramsfethe experi-
mental laboratory results to conclusions about the devedoy of the disease
in the field. However, note that the disease intensity, eggchon the basis of
the developed symptoms, was very low in this field study. ;Jdosbined with
the high degree of variability of hemocyte parameters, nxgjeén the lack of
observed relationships between BRD development and heéepayameters.

The absence of a detectable relation between BRD symptothkeano-
cyte parameters emphasizes the idea that the pathogew ptiedts host phys-
iology at low levels of disease development. This is coasisivith the experi-
mental results presented in chapters 7 and 8 that the enalgyde of individ-
uals presenting low symptom development (CBS) were not significantly
affected by the disease. It is also consistent with the @btiens of Plana and
Le Pennec (1991), Paillard (1992) and Plana (1995) thatatelialterations
of the digestive gland and the mantle were only found in theenaalvanced
stages of the disease. The low stages of the disease {CE)@lso correspond
to a minor extent of the brown deposit on the inner surfacéefshell. Thus
the association o¥. tapetisand the Manila clam in the first stages can almost
be considered as commensalism.

Low development of the symptoms can hardly been associaitbdawy
physiological perturbation. However when the extent of bhewn deposit
takes a significant place on the inner shell surface (CD§ the results pre-
sented in the chapter 7 and 8 indicate that the energy balarsteongly af-
fected. The results presented in chapter 7 allowed to shawhdavy symptom
development (CDS$> 4) can be associated with weight loss, indicative for a
degradation of the energy balance of the host. In theseithdils, average
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clearance rate, maximum clearance rate and time spent kiidilt activity
were significantly reduced. This emphasizes that a primay oy which the
energy balance of highly diseased clam was affected is @dserin the food
uptake through both a decrease of the filtration capacityaantbdification
of the filtration behaviour. Respiration rate was also digantly reduced in
highly diseased clams, this could be associated with theedse in food in-
take. The observation that starved infected clams losthteiga greater rate
than uninfected (Plana, 1995; Plana et al., 1996, and ah8ptsuggested a
second way of degradation of the energy balance: an incdabe mainte-
nance costs due to immune response and lesion repair.

Chapter 8 details this second way of degradation of the grigatance.
Experimental data showed that individuals presenting kighptom develop-
ment had significantly lower total flesh weights than asymmattic ones. Thus,
an energetic cost can be associated to the development ofidRRpendently
of the effects on food intake which can be attributed to argiase of the main-
tenance costs. In spite of the lack of data abéuapetisdynamics within a
clam, the energy budget model basedo®B theory presented in this chap-
ter allowed to provided a quantification of this increase mintenance costs
due to the development of the disease. This quantificatidicated that BRD
can be associated with an important increase in the maimteneosts. We
also showed that, associated to simple weight measurenbatase oDEB
models may provide a powerful tool to study quantitativéldg tmpact of dis-
eases on the energy balance of bivalves. Further develdprhére model is
needed to detail the relative contribution of the two waydexjradation of the
energy balance described in this study in the overall degi@d of the energy
balance.

One of the aims obEB theory is to provide a generic framework to study
mass and energy balances in living systems which is one afrtdaest inter-
ests of this theory. In the aim of better understanding thexgatic linkages
between hosts and pathogens the general framework of étitera given in
chapter 8 could be applied to other host/pathogen systems.

10.2.2 Variability in the development of the disease
Inter-individual variability

The work presented in chapter 5 allowed to show that, in ahfopulations,
BRD prevalence is related to size. Thus one of the sourcegefindividual
variability in the disease development is presumably kihke the infection
probability.
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The model presented in chapter 3, indicates that phenatygeicindividual
variations in functions which play key roles in disease tigy@ent may pro-
vide a potential explanation for inter-individual varibyi in disease devel-
opment. Nevertheless, the field work presented in chaptaowed the high
degree of variability of hemocyte parameters involved immiame response,
and this variability could not be correlated to the occuceeiof symptoms.
One interesting result of this study is that measured enmiental and inter-
nal factors and diseases only explain little of the overadiability of hemocyte
parameters. Similar to the study of Ashton-Alcox and FO&BE) most of the
variability could be attributed to unexplained inter-widual variations. This
may hide subtle effects related to disease developmentep@hied individ-
ual sampling, as performed in Ford and Paillard (2007), nrayige valuable
information for understanding the links between hemocgiameters and dis-
ease development.

The hypothesis presented in chapter 5 may also give an etmarfor the
inter-individual variability in disease development. ftapetisentry within
the extrapallial compartment is initiated by mechanicplry initial harm may
be highly variable among individuals and this might havessomuences for the
further development of disease. Further experiments dhoeilperformed in
order to answer these questions.

Environmental variability

Temperature is discussed as a modulating environmental fafcBRD in Pail-
lard et al. (1997), Paillard et al. (2004), Paillard (2004byl Paillard (2004a).
However the data of chapter 4 failed to establish a link betwemperature
and disease development in the field, indicating that tlaiogiship more com-
plicated than suggested by these authors. In order to hettiarstand how the
environment does control BRD development, different gaasthave to be
addressed. The first problem is the environmental conts®adie initiation.
Part of the answer to this problem is brought by the high taticey between
sediment grain—size and prevalence shown in chapter 5hanatobability of
infection may be related to the sediment quality. This higpsis also suggests
that the environment may indirectly control the probapitit infection through
the host physiology. At the beginning of the growth seasbea,newly calci-
fied layer may be more susceptible to mechanical disrupthars increasing
the probability of infection. Variation in clams activitinked to temperature
may also indirectly affect the probability of mechanicardiption. Neverthe-
less, another element controlling the probability of itiiee is the presence
and abundance of the pathogen in the environment of the ddansuggested
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by Maes (1992), Paillard et al. (1997) and Paillard (200éa)perature, that
controls the growth oV¥. tapetis may here play an important role. Other fac-
tors, such as hydrology or eutrophication could also comitw® presence and
abundance o¥. tapetisin the environment of Manila clams.

A second problem is to better understand how the environoheed influ-
ence the development of the disease when a clam is infectethelf develop-
ment of the model presented in chapter 8 may provide valuatdemations on
this aspect. The model presented in chapter 2 emphasizdiftbelty in eval-
uating food availability and this work suggested that abypdnyll a in the water
column is not a good estimator of trophic resource for thiscgs. Manila
clam is an infaunal bivalve and filters water at the waterirsedt interface.
Thus microphytobenthos and detritic matter should acctaman important
part of its food resource. Two studies, basedb@® models, allowed to re-
construct food availability from growth in bivalves (Van i¢a and Kooijman,
1993; Cardoso et al., 2006). A similar approach, based ornfoemations
about growth archived in the shell, could be applied on theriMaclam in
order to solve this problem. Furthermore such an approdetvato work at
an individual scale avoids some problems linked to intéviddal variability.
This approach may also allow the comparison of growth padgtén healthy
and infected clams and subsequently to detail further teetedf the disease
on the host in the field.
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Summary

Ecophysiology of Brown Ring Disease in the Manila clam
Ruditapes philippinarumexperimental and modelling
approaches

Brown Ring Disease (BRD) in the Manila claRuditapes philippinarum
is a disease caused by the bacteriiorio tapetis This pathology was first
observed in Northern Brittany (France) in 1987. The pathagaegent enters
in the extrapallial cavityi(e. the space between mantle and shell), disrupts
the normal production of periostracal lamina and causesnamalous depo-
sition of periostracum on the inner shell of the clams. Itddaclams exhibit a
characteristic brown deposit on the peripheral inner serfa the valves that
gave the disease its name. This disease can be associdteshags mortal-
ities impacting clam aquaculture. The objective of thissteebased on both
modelling and experimental approaches, was to providéduinhsight on the
linkages between the host physiology and the developmeBiR®, with a
special emphasis on the host energy balance.

The first part of this thesis describes the development ofngeraction
model between the host, the pathogen and the environmerapt€h? de-
scribes the development of an energy balance model basdw dadope for
growth” concept for the Manila clam. This model allowed tsclibe varia-
tions in growth, condition index and reproduction of the Mamlam under
forcing of trophic resource and temperature. This work essj#ed the diffi-
culty in estimating food availability for such an infaunafdlve and suggested
that chlorophylla in the water column was not a good estimator for the trophic
resource for the Manila clam. Contribution of microphytothes and detritic
matter may also be taken into account. This work also empbdghe diffi-
culty in validating such a model when asynchronous spaweweqts occur in
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the studied population.

The interaction model between the host, the pathogen anér¥ieon-
ment presented in chapter 3 attempts to link the developofahe disease to
the energy balance of the host. The host’s portion of the isd®sed on the
model developed in chapter 2. The defence system againsathegen is both
controlled by the condition index of the host and the temipeea Individuals
that differ phenotypically were simulated by varying pasdens values impli-
cated in functions susceptible to play a critical role inedise development.
This phenotypic variability allowed to provide a potentaiplanation for the
observed variability in disease development.

The second part of the manuscript deals with observatio®3R& in the
field. Chapter 4 shows the results of a field monitoring of heyteparameters
of the Manila clam, environmental factors (temperaturephic resource and
salinity) and disease (BRD and perkinsosis) developmelmis Study showed
the high degree of variability of hemocyte parameters andaestrated that
temperature and clam length explain the greater part obit@rded variability.
During this survey, BRD prevalence and intensity, evaldate the basis of
symptom development, were low and it was not possible to firydsegnificant
relationship between any of the measured parameters andiBRI2 clams.
On the basis of this results, chapter 6 discusses the moslehasions. These
results do not confirm that BRD development can be explailyeitid energy
balance of the host.

By using data sets from the study presented in chapter 4 adtiti caucl
data sets, chapter 5 presents a simple hypothesis for thetépsof infection.
We show that: (1) prevalence is correlated to clam size, (@)gbence is cor-
related to the abundance of large particles in the sedimeh{3) that a shell
breakage is a potential portal for pathogen entry. Frometbbservations, this
study hypothesizes that the main factor controlling theatibn process may
be a mechanical disruption of the periostracal lamina dt stige by large sed-
iment particles, thus opening a portal of entry Yortapetis This hypothesis
suggests that (1) clam handling in aquaculture beds mauf&8D develop-
ment and (2) variations in the initial injury of the peri@stal lamina or shell
edge could explain part of the observed variability in dssedevelopment.

The third part of the manuscript deals with the impact of BR&ealop-
ment on the energy budget of the Manila clam. Experimentallte presented
in chapter 7 indicate that severely infected clams are stutgea higher weight
loss than uninfected ones, indicating that BRD affects tieegy budget. Mea-
surements showed that the clearance rate of severely dikelsns was sig-
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nificantly decreased by both a decrease in filtration capacit a reduction
of the time spent on filtration activity. Thus one primary waymodification

of the energy balance is a decrease in the food intake. Ddteeifiterature

suggested that a second way of could be an increase in théemante costs
due to energy needed for immune response and repair of ggsiduces by the
disease.

DEB theory provides a mechanistic framework to study mass artgn
balances in living systems and describes the energy flowghr@rganisms
from assimilation to allocation for growth, reproductioeveélopment and main-
tenance. A model based on this theory was developed in ah@poediscern
the effect of disease development on maintenance. A siamvakperiment
presented showed that in highly infected clams weight lass mgher than in
uninfected one. This allowed to confirm that the energy lamas modified
by the disease independently of the effect on filtrationvigti Subsequently
we could show that the disease could be associated to armggcne mainte-
nance costs. Coupling tleeB model simulations and starvation observations
provides a quantitative and dynamic evaluation of the efi€8RD on main-
tenance costs and indicated that BRD development could dmeiased with
an important increase in the maintenance cost. This denmabestthatDEB
theory can provide a powerful tool to study the effect of d&gparasites on
the energy budget of the host. Further development of theeimsdeeded to
describe the relative contribution of the two ways for deigteon of the energy
balance and to assess the effect of the environment on thie wysiem.
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De ekofysiologie van de bruine ring ziekte in de Aziatische
tapijtschelpRuditapes philippinarumexperimentele en
modelmatige benaderingen

De Bruine Ring Ziekte (BRZ) in de Aziatische tapijtscHepditapes philip-
pinarumwordt veroorzaakt door de bactehfbrio tapetis De ziekte werd in
Bretagne (Frankrijk) voor het eerst waargenomen in 1987zi€ldeverwekker
dringt de buiten-palliale holte (dit is de ruimte tussen tehen schelp) van de
gastheer binnen en verstoort de normale productie vangbextale laagjes
op de schelp en veroorzaakt een afwijkende afzetting vangteacum op de
binnenkant van de schelp van besmette dieren. Infecteéedendonen dus
een characteristieke bruine afzetting op de binnenkantessthelp, evenwi-
jdig aan de rand van de kleppen, vandaar de naam van de ziekteiekte
kan in verband worden gebracht met massale sterfte die spireedt in de
kweek van deze schelpdieren. Het doel van dit proefscheft @m langs ex-
perimentele en modelmatig weg kennis te vergaren over dmmden tussen
de fysiologie van de gastheer en de ontwikkeling van BRZnédret bijzonder
over de effecten van de ziekte op de energie-huishousing.

Het eerste deel van dit proefschrift beschrijft een model e interaktie
tussen de gastheer, de ziekteverwekker en de omgevingdstakf2 beschrijft
een model voor de energie-balans van de Aziatische tapgfisclat gebaseerd
is op het "ruimte voor groei" concept. Dit model beschrij whriaties in de
groei, in de conditie en in de reproductie van de Aziatiselpgtschelp bij een
gegeven regiem in voedselbeschikbaarheid en temperatitait werk kwam
naar voren dat het erg moeilijk is voedselbeschikbaarheig schatten voor
zo'n uitheems schelpdier en dat chlorophyll a in de wateokofjeen goede
maat is voor voedselschikbaarheid. Detritus en de migerabp de bodem
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moeten ook meegenomen worden. Dit werk toont ook aan datuienige-
woon moeilijk is het model te valideren als er asynchronetival optreedt in
de bestudeerde populaties.

Hoofdstuk 3 beschrijft het effect van de ziekteverwekkerdepenergie-
balans van de gastheer in relatie met de omgeving, zoals dgdi®erd in
Hoofdstuk 2. De verdediging van de gastheer hangt af vancaoirditie en
van de temperatuur. Verschillen in gedrag van individuendere nagebootst
door parameter-waarden te variéren die te maken hebbenearmitdikkel-
ing van de ziekte. Deze variatie in parameter waarden geefijio beurt een
verklaring voor de waargenomen variabliliteit van het efffean de ziekte.

Het tweede deel van het proefschrift behandelt de waarrggmiaan de
ziekte in het veld. Hoofdstuk 4 laat het verloop van bloedwea van de
Aziatische tapijtschelp zien als funktie van omgevingsfeen (temperatuur,
voedselbeschikbaarheid en zoutgehalte) and ziekten (BRPearkinsug. De
bloedwaarden variéerden enorm, hetgeen vooral door tatuperen schelp-
grootte variaties verklaard kon worden. In dit overzictedi het onmogelijk
enig verband te vinden tussen de gemeten parameters en géogyem van
BRZ in de tapijtschelpen.

Op basis van deze resultaten bespreekt Hoofdstuk 6 waarpeneatperi-
mentele data niet toelaten de ontwikkeling van BRZ in vedd@rbrengen met
de energie-balans van de gastheer. Gebruik makend vanalaitieioodfstuk
4 en van aanvullende data, presenteert Hoofdstuk 5 eenweigvaypothese
voor de eerste stap in de ontwikkeling van de ziekte. De @#é¢s lzien dat het
voorkomen van de ziekte gecorreleerd is met (1) de groottelgdapijtschelp,
(2) het voorkomen van grote deeltjes in het sediment waa&ritapijtschelpen
leven en (3) dat breuken in de schelp het voor de ziektevéwvekogelijk
maken binnen te dringen. Deze waarnemingen hebben tot dehege geleid
dat de belangrijkste factor in de infectie de mechanisclsehmaliging van de
periostracale laagjes is, of van de schelprand, veroorzizak de grote deelt-
jes in het sediment, die het aldus mogelijke maken dat deehast tapetis
binnendringt. Deze hypothese suggereert dat (1) het mésmepuan de tapi-
jtschelpen in de kweek de ontwikkeling van BRZ bevordert 2nvariaties
in de verwondingen aan de periostracale laagjes of aan @psahd aan het
begin van de ziekte kunnen een deel van de waargenomeniliegiaan het
verloop van de ziekte verklaren.

Het derde deel van dit proefschrift behandelt het effect & Bp het
energie-budget van de Aziatische tapijtschelp gedurerdesdrloop van de
ziekte. De experimentele resulten die in hoofdstuk 7 worgepresenteerd
duiden erop dat ernstig zieke tapijtschelpen een snelréctsafname laten
zien dan gezonde tapijtschelpen. Dit wijst erop dat BRZ dsctieheeft op
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de energie-huishouding. Metingen van de filtratie snellvaid ernstig zieke
tapijtschelpen laten zien dat zowel de filtratie capacuéstde filtratie peri-
ode duidelijk afnemen. Dien ten gevolge heeft de enerdi@Alsaast van een
duidelijke afname in de voedsel-opname. Deze studie farantibok de hy-
pothese dat de ziekte de onderhoudskosten verhoogt, vietiglate van het
immuun-systeem en het herstel van de gaten die de bacteakennmn de cel-
membranen.

DEB theorie levert een mechanistisch raamwerk om massa enienerg
balansen in levende systemen te bestuderen en beschrgfteigie-stromen
door organismen vanaf de assimilatie tot de besteding a@i, geproductie
en onderhoud. Een model dat op deze theorie gebaseerd isiwbabfdstuk
8 ontwikkeld om het effect van de ziekte op de energie-bateater te pre-
cieseren. Een hongerings-experiment met geinfecteerdeetegeinfecteerde
tapijtschelpen wordt in Hoofdtuk 8 beschreven en de remuitiaten zien dat
zwaar-geinfecteerde dieren sneller gewicht verliezen rdatigeinfecteerde
dieren. Dit bevestigt dat de energie-balans niet alleerr dedfiltratie ac-
tiviteit is verstoord, maar dat ook de onderhoudskostehoegd zijn. Door de
computer-simulaties van heeB model te vergelijken men de waarnemingen
tijdens hongering werd een getalsmatige evaluatie vanffesit an BRZ op
de belangrijke verhoging van de onderhoudskosten verkrddi¢laat zien dat
DEB theorie een krachtig gereedschap is in de studie van ziekigarasieten
op het energie-budget van de gastheer. Vervolg-onderzoedig om de re-
latieve bijdragen van de verlaging van de voedelopname rrerboging van
de onderhoudskosten vast te stellen om zodoende de bijdaagée omgeving
op het systeem te kunnen beoordelen.
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