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Abstract

Juvenile clams were distributed in four rearingsiselected for their varied ecologichiracteristics to assess the effects of
environmental conditions on the physiological anchunological parameters, and Brown Ring Disease (BR&ys. Clams
were sampled everyrBonths for 15 months at each site. Brittany reasiteg, especially the Bay of Brest, showedvwhest
performances in terms of immunological and phygwal indices and disease status, wilile best were obtained in
Marennes ponds. When the health of the clams wapaed to assessasonal effects, the winter clearly was a stressfu
period. A combination of bad rearing site avidter conditions led to major mortalities in theyBaf Brest in February. In
other sites, wintamortalities were low. Condition index, total haemigcgount and haemocyte size were greatlycted by
seasonal variation whereas haemocyte complexity lgswkyme content were moadfected by the location of the site.
Growth and haemolymph protein content were affetigthothseason and sites. Linear regressions between dhith Wie
physiological and immunologicplrameters indicated that large haemocyte sizerefaged to low total haemocyte count
(THC) andlow haemocyte mortality. This relationship suggest®duction in the cell division rate. Tot@emocyte count
and protein and lysozyme concentrations were pe$jticorrelated to theondition index. Seeded clams showed very low
BRD prevalence in all sites and for all seastsyever, high prevalence was observed in natuogkstfrom one of the
studied sites (Gulf dflorbihan), suggesting that hatchery-seeded clamshmanore resistant to BRD and may be wodhy
further studies.

Keywords: Shellfish aquaculture; Clams; Immunology; Phyaigh Disease

1. Introduction

Environmental factors such as temperature, saliniigsolved oxygen, nutrient®xicants, and parasites, that
exhibit intermittent and short-term fluctuationffeat healthof cultivated or exploited marine bivalves. Cellula
defence-related parameters are kndwnbe especially sensitive to the variation of ¢éhdactors and the
physiological and healt$tatus of bivalves testé@hu, 2000)

In Europe, the Manila clanvenerupis philippinarum, which is of Indo-Pacific originwas introduced for
aquaculture purposes to France between 1972 and 48d later td&England, Spain and ItalfFlassch and
Leborgne, 1992)in France, this new venemdlture became increasingly widespread until 1@®8nonstrating
its adaptation to thiecal environmental conditions along the Atlanta@mst. V. philippinarum is, howeveropften
affected by high mortality in late winter which citerably limited furtheexpansion of this venerid culture.
This mortality has been associated with low condithdex, and low glycogen and lipid contents durihgs t
seasonGoulletquer, 1989andwith Brown Ring Disease (BRD), a bacterial diseesased by Vibrio tapetis
(Paillard efal., 1989; Paillard and Maes, 199@nvironmental factors, such as freezing witdenperatures
(Bower, 1992) and turbidity(Goulletquer, 1989have been suggestedcaaising this seasonal mortality. Low
temperature was also demonstrated to favour BRIalence which is facilitated by immune-compradis
conditions of the clamgPaillard et al., 1997) However, how environmental conditions affect defe
mechanisms dflanila clams is unknown. Defence mechanisms inrobialves, namely oysters antissels,
have been shown to be affected by environmentabifaFisher and Newelll986; Chu and La Peyre, 1989;
Santare’'m et al., 1994; Chu et al., 1995; Fisheal.et19962000; Carballal et al., 1998; Volety et al., 1999;
Oliver et al., 2001) Establishment oforrelation between environmental parameters anduinological and
disease status difficult, especially in field studies; however, llezted information can be valuable in
understanding environment—host—pathogen interactond in evaluating quality pbtential culture sites.



The present field experiment was designed to imy&st influences of environmentabnditions of various
rearing sites and season on physiological and inmhogicalparameters, and on BRD development in the clam
V. philippinarum. Flow cytometrymethods were applied to determine total haemocgtits, haemocyte
viability and morphological characteristics. Lysozyme and prot@ntents were analysed because theye
been shown to be sensitive to environmental fadtorsther bivalvegFisher andNewell, 1986; Chu and La
Peyre, 1989; Fisher et al., 1996; Ordas et al.pR0the studwlso explored whether correlations between some
environmental factors and physiologiead immunological parameters can be established.

2. Material and methods

The experimental juvenile Manila clamd/( philippinarum), originated from a singlgtock (same spat origin,
about 5 months old, 1-2 g) provided by a privatenfdSATMAR, Marennes, France). From this stock, 8000
individuals were distributed in April 2000 to fowwaring sites located along the French coast frorthrto south
(Fig. 1) that were selected fdheir various ecological characteristics (climatgdrodynamics). Sites can be
classified inthree ecosystem types: Chausey Islands, oceanicoB8rest and Gulf of Morbiharestuarine;
Marennes, pond. All sites are used for aquaculpunpose and potentialpffected by Brown Ring Disease
(BRD). The sediment in Chausey consisted of a mixtisand and mud in equivalent proportions whereas the
sediment in the three other sitesigstly composed of mud.

The deploying of the clams was performed in twdedént manners, depending on tharing sites. In the Bay

of Brest, the Gulf of Morbihan and Marennes, theejuile clamavere seeded manually. In Chausey Islands, the
clams were seeded mechanically. Tdwperimental sites were checked monthly for any atgm The
temperature profiles weodbtained with in situ probes over the experimeraath site.

Chausey Islands
L]

Bay of Bres: ?

Morbihan Gulf

Marennes

2Hkm

Fig. 1. Location in France of the different rearsitgs utilised for the experiment.

Samples of 100 clams were collected every 3 moftthd5 months at each site: Jaly and October 2000,
February, April and August 2001. The clams werevéistied anghipped in a refrigerated box the first day and
rapidly processed the following day in théoratory. Disease progression was monitored deugito Paillard



and Maes (1994)ith all 100 clams from each site observed for macopic and microscopic indicatioof
BRD disease. Twenty individual clams, randomly s&ld among the 100 samplethms, were used for
physiological indices. For each individual clane total weigh{shell + meat) was measured immediately upon
arrival. After dissection, the wet weighttbe meat was then measured. After incubation foh 48an oven at
60 °C, the dryweight of the meat and the shell were measuredraegha Condition index (CI) wathen
calculated as CI = (dry weight meat/dry weight B&DO according taMann andGlomb (1978) Length
measurement corresponds to the maximal anteri@postength(mm).

Twenty other individual clams, randomly selectecbagithe 100 sampled clams, wased for immunological
analysis. Haemolymph was collected accordin@tibella et al(1993)from the posterior adductor muscle sinus
with a 1-ml hypodermic syringe (25 @eedle) through the shell hinge. This proceduredssidered as
nondestructive since eveepeated haemolymph sampling from the adductor mtsad no measurable effect on
survival of the clam V. philippinarum (Paillard and Ford, 2002Except for samples of JuR00O, all the
analyses were performed on individual clams. Bezaishe small size alams sampled in July 2000, large
enough haemolymph samples could not be collectedntandividual immunological analyses. Haemolymph
pools (3 pools of 10 animals) wetteus constituted to run the immunological analygifter collection of
haemolymph, 20@\I of fluid was immediately mixed with an anti-aggrant solution for bivalve haemocyte
(AASH), prepared according tauffret and Oubella (1995maintained on ice until flowytometry analysis of
the total haemocyte count (THC), the percentageaefmocytenortality, and the cell size and complexity. The
remainder of the haemolymph sample wabdivided in (1) 150 uL for lysozyme assay, ang 52uL for
haemolymph total proteicontent. Samples for lysozyme and total proteinteminwere frozen at80 °C until
analysis.

Flow cytometry methods were applied to determirtaltbaemocyte count, haemocytgo-morphology and
percentage of dead haemocytes, and were expectethsalerablgase measurement of these parameters which
are time-consuming and technicatlgmanding by microscopic methods. Total haemocgtentc(THC) was
assessed bgounting at least 10000 particles and by recordirg elapsed time. The flow rate of tthew
cytometer was controlled regularly and variedditihder our working conditiotisroughout the year. THC was
then calculated according the following formuildC = 10000x elapsed time/measured flow rate. Results were
expressed as cells mForward scattering (FSC) and side scattering (§&Eameters which are, respectively,
related to cell size and cell complexity, were alsocorded on total cells. All the samplesre analysed using
previously determined instrument settings, and bseaf this, thbaemocyte size (FSC value) and complexity
(SSC value) were expressed as Arbittdnyts to allow site and season comparisons.

In order to measure haemocyte mortality, the hagteosuspensions were labelled wittopidium iodide to a
final concentration of 10 pug mi, 10 min prior the flow cytometrgnalysis. Dead cells that lost membrane
integrity incorporated propidium iodide by DNAtercalation and the resulting fluorescence waasueed on
the FL2 fluorescent detectdresults were presented by giving the percentagkead cells present in samples.
Protein analysis was carried out in triplicate epl5samples using the Bio-Rad otein Assay, based on the
protein determination method abwry et al. (1951) Theprotein determination was made as described by the
manufacturer. Briefly, 25 pL cfolution A was added to the sample and mixed fonid. Then, 200 pL of
solution B wasdded and also mixed for 1 min. After 15 min ofulbation, optical density was measuwéth a
micro-plate reader at 620 nm. A standard curve dealoped from the standastbtein stock solution provided
by the manufacturer. Results were expressed ad prgtein/ml.

Lysozyme concentration in whole haemolymph sampies measured after samptesl been thawed. This was
done in triplicate for each sample, and comparenat heregg-white lysozyme standards (0.6—40 pganl
using a 96-well micro-plate methodlwenty microliters of sample was dispensed per el 180 uL of
Micrococcusleikodeiktus, suspended in 0.06 M sodium phosphate buffer (ghit6 an OD600 = 0.4dded to
each. To permit more accurate measurement of theldeels of lysozyme in thesamples, the plates were
incubated for 1 h at room temperature before repdin540 nmData were processed using nonparametric
method (Kruskal-Wallis test). THC valuesre log transformed and percentage of haemocyteality values
were transformedarcsin of the square root) prior to statisticablgsis. Data are presented in figures as
untransformed. Differences were considered to hésstally significant at p < 0.05 arbrrelation were
retained when p < 0.1.

3. Results

Seasonal variations of temperature within sitesewgeater than those between tgg. 2). In summer, the
temperature was higher in the sites located irstheh ofFrance (Marennes) than those in the north. Thedsigh
temperature (24°C) wasbserved in Marennes and the lowest (8°C) in Chaasel Gulf of Morbihan. The
differences in monthly mean temperature betwees siere higher during summer tlthming winter.

The experimental juvenile Manila clams were disefise prior to deployment in Apr2000. Also, 500
additional juvenile clams maintained for 1 month dnlaboratoryaquarium without food supplementation
(stressful conditions) remained BRD-free tleosfirming that the seeded animals were BRD-frage €lams



deployed back into the sité origin (Marennes), stayed disease free for thenbnths of the field study. The
clamsplanted in other sites developed a very low prexadeof BRD, which reached a maximoifri3.5% in the
Gulf of Morbihan and the Bay of Bredtig. 3).

The BRD was also monitored in a natural populatibf—3-year-old clams from tt@ulf of Morbihan, near the
experimental clams, and revealed much higher BRalence in the natural population: 30% in Jayaand
April 2001 and 16% in Augug001 (data not shown). Though BRD was present tarabstocks of the Gulf of
Morbihan, experimental clams developed very low BRI¥ing the monitored perio¥ery high mortalities
occurred in the Bay of Brest during the winter (ketoy) and irthe Gulf of Morbihan during the second summer.
At the time of the observation, all tagperimental clams (2000 individuals) were foune@mpty shells.

30 T SEEDING

- l l SAMPLING '

)
¢ !
a e . i /H__.Z:--e.
= 20 -
2 P e ! P
§ 8 b i & m

M Fl
E- 15 = )h'x v :'.
o o kS & B
=

10 Braat.n

Ls
Month
—a— Marennes  ---=-= Bay of Brest
=B+ Chausey === Gulif du Morbihan
Fig. 2. Monthly mean temperature profile of therireg sites.
35
3 ;
2.5
& 2
=] [
o - e
m 1,5 i —
1 -
N =.
0.5 % | —
N ;-
ﬂ T % T Li L T
s g 5 & 5"
g & o i o
F ¥ W

B Chausey © Gulf of Morbihan
1 Bay of Brest m Marennes

Fig. 3. Brown Ring Disease (BRD) prevalence (claesded in April 2000 were disease-free).



Table 1 : Seasonal effects on immunological andsipfygical parameters

July October February April Aungust
Mean 5.E; Mean 8K Mean S.E Mean SE, Mean SE F value
Physiological parameters (n=60) (rn=82) (rr= RO (o S0y (o1 60
Length {mm) n.d. 3525 48 & 3444 41 a 3827 55 b 4126 6% o <0.0001
Meat dry weight (g) 0.19 0.01 a 035 002 b 025 002 ab 053 o4 ¢ 0,78 006 d < 0.0001
Condition index 11.08 027 a 691 017 ¢ 506 012 d 7.60 028 bc K50 035 b < 0.0001
Hematological parameters (=12 pools) (r = &6) (m=81) (i =359) (= 59)
Haemaocyte size (AL 4687 9.0 * 5692 33 a 5518 34 ] 4799 73 & 4389 30 d =0.0001
Haemocyie complexity (AU) 4399 5.8 ® 4383 52 a 4363 58 ] 3847 6 c 4155 44 b =0.0001
THC (< 10° cell ml " n.d. 027 018 a 042 0d a | . 0.11 c 0.91 006 b <0.0001
Haemocyte mortality 13.0 1.3 * 68 0.7 a 30 0.3 I 14 0.3 b 21 0.2 b < 0.0001
(%o of total haemocytes)
Biochemical pammeters {n=28) {m=T3) (=60} {m=355)
Lysozyme (pug ml " n.d. 6.97 042 a 469 036 b 520 039 b 358 039 b = 0,001
Protein content (mg ml~ ') n.d. 0.98 007 a 048 003 b 0.62 003 ¢ 1.00 007 a <0.0001

Results were expressed as mean and standard error (S.E.). Lettering ndicates the significant differences between groups of each parameter such that similar letters signify
no significant difference between other values of the same parameter, Sttistical analysis was performed using Kruskal - Wallis test (K- W)

* Since hematological data were obtained from pooled hemolymph, they were not ncluded in the statistical analvsis testing the seasonal effect on individually sampled
hemel ymph from October 2000 6ll August 2001,
n.d.: not determined.

Length and dry weight (meat) showed a seasonatnpattith marked increases durisygring and summer and
slight decreases or maintenances of these paranthigng thevinter (Table 1) The dry weight of clams was
significantly affected by the location of thearing site(Table 2) Clams from Marennes in July were about half
the weight of clamfrom the three other sites (P < 0.0001). In comtriie clams from October collections in
Marennes were at least twice the size of those tlaother sites (P < 0.0001). Thougslight decrease of dry
weight occurred during the winter, clams from Mares remainedbout twice the weight of those of the other
sites (P < 0.0001). At the end of teperiment, rearing sites could be classified i fillowing descending
order accordingp the clam dry weight: Marennes, Chausey and &uMlorbihan with final dry weightef 1.24,
0.84 and 0.26 g, respectively. Though to a lesg&rng similar variations betweesites were noted for the
length, which followed a similar order for sitesthg dry weightThe condition indeXTables 1 and 29f the
clams showed a seasonal pattern fositdls. The highest values of Cl were observed imnser (11.1 for July
2000 and 8.5 foAugust 2001) and decreased in autumn (6.9) ( F080Q). The lowest values wareasured
during winter (5.0). The seasonal pattern wasnemsdked in Marennes than in other sites. At eaclpamdate,
statistically significant differences of Cl were aseired between sites (P < 0.0001). During autundnwanter,
the highest condition index was observed in Marsnknlike the weight parameters, the Cl of Chaumey
Marennes were similar at the end of the experiiBl and 9.7, respectively) but about twice tioattfie Gulf

of Morbihan (5.2).

Total haemocyte count (THC) followed a similar swad pattern for all sites withignificant differences
between sampling dates: the highest THC was obdénvepring(1.35¢10s cells ml 1) and the lowest in autumn
(0.27%10s cells ml 1) (Table 1 P < 0.0001). Sites could also be distinguishedssilly according to THC
values(Fig.4). In autumn, clams from Marennes exhibited sigaifichigher THC values (0.880scells ml 1)
than clams from Gulf of Morbihan (0.200scells ml 1) (P < 0.01). Thipattern changed in winter, the highest
THC value was observed in clams from the Chailslapds whereas the lowest THC value was observéiei
clams from Bay of BregtP < 0.001). In the latter site, clams were detdtheby mortalities occurring from
February to April 2001. Intermediate THC values evereasured in Marennes and &f of Morbihan. Similar
classification between sites was obtained in spaimgj summein the Gulf of Morbihan, clams exhibited lower
THC values (0.65—-0.9@.0s cells m| 1) compared to those of Marennes (1.05—%1fbcells ml 1) and Chausey
Islands (1.044.3%10scells ml 1) (P < 0.05).



Table 2 : Site effect on physiological parametensndy the field survey

Chansey Bay of Brest Ciull of Morbthan Marennes

Mean S.E Mean SE Mean S.E Mean S.E P vale
Julwy (n=15) (rr=135) (=13} {s=15)
Length (mm ) n.d. ., n.d. m.d.
Meat dry weight (g) 0.22 001 b 022 00% b 023 002 b 011 001 a <0.0001
Condition mdex 1284 045 b 1224 046 b 937 029 a 986 027 a <0,0001
October {m=20% {(m=21) (m=21} {a= 200}
Length (mm ) 3445 036 b 3385 050 b 3139 047 a 41,59 056 ¢ <0.0001
Meat dry wetght (g} 0.27 001 b O3 002 b 0.19 001 & O6d 003 ¢ <0.0001
Condition mdex 6.03 0.18 a 742 0.19 b 569 0,17 a B55 032 ¢ <0.0001
February (=20} {m= 20} {r=20) (m=20)
Length (mm ) 343 055 b 3363 041 b 3120 .51 @& 3858 077 ¢ <0.0001
Meat dry weight (g) 0.21 001 a 018 001 a 015 001 a 44 0,03 b <0.0001
Condition mdex 483 0,14 a 449 009 a 445 017 a 647 017 b <00001
Apnl (=20 {ri=20)
Length {mm } 35.51 038 a dead . 4102 055 b <0.0001
Meat dry wetght (g) 0.29 0.01 a dead t.d. 0.76 004 b <0.0001
Condition mdex 6.17 0.23 a dead f.d. G904 021 b <0.0001
Al pust (m=20) {r=20) (mm=20)
Length {mm} 4238 046 b desd 34,88 043 a 4652 062 ¢ <0.0001
Meat dry weight (g) 0.84 004 b dead 0.26 002 a 124 0.06 ¢ <0.0001
Condition mdex 1053 038 b dead 521 0LIB a 974 030 b <00001

Results were expressed as mean and standard error (S.E), Lettering indicates the significant differences berween
proups of each parameater such that similor letters signify no significant difference between other values of the
same parameter. Statistical analvsis were performed using Kruskal - Wallis test (K -W),

Percentage of dead haemocytes (PDH) ranged frono2e8% throughout the sampl@sg. 5). Since data for
the July samples were obtained from pooled haemuitysamplesthey were not included in the statistical
analysis testing the seasonal effect. Neverthatessyverall highest values of PDH (13%) were obsgérat the
beginning of the samplingeriod (July 2000). On individually collected hadymoph samples from October
2000 till August 2001, this percentage showed ficanitly higher values in October, as compat@edhose
measured after Octobefgble 1 P < 0.0001). Comparing the sites, the PDH sigsificantly higher in clams
from Chausey as compared to those of other sit€3ctober2000 and August 200TFFig. 5 P < 0.001). The
clams from the Bay of Brest showsigjnificantly higher PDH in February 2001, whichrresponded to the
occurrence of massortalities at this siteFig. 5 P < 0.001). No differences of PDH between thedre@maining
sites were measured in Apriti§. 5 P= 0.07).

Haemocyte size showed a seasonal pattern with hagesobeing larger during tleénter and smaller during the
summer Table 1 P < 0.0001). Haemocyte size showiphificant differences between some sitéig(6a P <
0.05). For example, clahmemocytes from clams in the Gulf of Morbihan weignificantly smaller compared
tothose of clams in Chausey from February until Augbs). 6b P < 0.01)No seasonal pattern was observed in
haemocyte complexityTable 1) however, thigparameter showed significant differences betweanessites
(Fig. 68 P < 0.05). IrDctober 2000, the haemocyte complexity was sicpniily higher in the clams seeded
Brittany (Bay of Brest and Gulf of Morbihan) tharose in the other sites (Marenaesl Chausey)Hig. 6k P <
0.0001). From February to August 2001, the clarosnfthesite of Marennes always exhibited significantly
higher haemocyte complexity than tho$elams cultivated in Chausey and in the Gulf afrbthan Fig. 6 P

< 0.05).A seasonal pattern of protein content of clams wlaserved with high values summer—autumn and
low values in winter—spring at all site$able 1 P < 0.0001). Thprotein content of the haemolymph showed
significant differences between sitéable 3P < 0.001). In October, the level of haemolymphtgirns was
significantly higher (1.14.2 mg ml 1) for clams in Chausey and Marennes compared toscfeom the Brittany
sites (0.5-0.6 mg mi) (Table 3 P < 0.0001). In February, the protein contentlamsfrom the Bay of Brest
was found to be very low (0.2 mg m) (Table 3 P < 0.001)Haemolymph protein content in clams from



Chausey was significantly higher than those in slémom Gulf of Morbihan and Marennes in Aprilgble 3 P

< 0.001). The site effeatas particularly marked in August with 1.5 mg mih clams from Chausey, 0.8 mg_ml

1in clams from Marennes, and 0.6 mg mh clams from Gulf of MorbihanTable 3P < 0.0001). Overall, sites

can be classified according to their haemolymphegimocontenbf clams in the following descending order:
Chausey, Marennes, Gulf of Morbihan, @@l of Brest.
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Fig. 4. Total haemocyte count (THC) expressed asdll3/ml (mean, S.E., n = 14— 20 for October sampie= 19— 21 for February, April
and August samples). Lettering indicates the sicanit differences between sites for each samplarpg (using Kruskal-Wallis test).
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Fig. 6. (a) Haemocyte size (FSC) expressed agampitinits (mean, S.E., n = 14— 20 for October damm = 19— 21 for February, April
and August samples). Lettering indicates the sicanit differences between sites for each samplerepg (using Kruskal-Wallis test). (b)
Haemocyte complexity (SSC) expressed as arbitraitg mean, S.E., n = 14-20 for October samples 18— 21 for February, April and
August samples). Lettering indicates the significdifferences between sites for each sampling gdrising Kruskal-Wallis test).

Lysozyme content decreased dramatically from Octobé-ebruary in three of four sited: Chausey, Gulf of
Morbihan and Bay of BredfFig. 7). Combining all sites, the overalecrease after autumn was statistically
significant Table 1 P < 0.001). The location téaring sites appeared to be of great importancthélysozyme
content. Clams reared Marennes had a significantly higher lysozyme contermpared to other sites from
February until AugustKig. 7, P < 0.0001). Clam lysozyme content in sites carclassifiedn the following
descending order: Marennes, Chausey, Gulf of Marbdind Bay of Brest.



Table 3 : Site effect on the protein content of lleenolymph (mg mlz) during the field survey Chausey Bay of Brest GafliMorbihan
Marennes.

Chansey Bay of Brest Gull of Morbihan Marennes

Mean 3:E: Mean SE. Mean 5.E Mean a.E P vahue
October 1.11 (r=19) 005 a 052 (n=14) 002 b 061 (n=19 005 b 1321 {r=21) 0,04 a =<0,0001
February 065 (n=19) .04 a 032 (#=17) 002 b 068 (n=20) 0.01 a 36 (v=1% 003 c <0.0001
Apnl 074 (r=20) 003 a dead 056 (n=20) 002 b 057 (n=20) 008 b <0001
Aupust 149 (n=15) 0.0% ¢ dead 057 (n=20) 007 a 082 (n=20) 005 b -<0.0001

Results were expressed as mean and standard error (S.E.). Lettering indicates the significant differences benween
groups of each parameter such that similar letters signify no significant difference between other values of the
same parameter, Statistical analysis were performed using Kruskal - Wallis test (K -W)

pg.mL

October February April ' Augusti
F Chausey Islands [ Gulf of Morbihan
M Bay of Brest B Marennes

Fig. 7. Haemolymph lysozyme activity expressed @snl 1 (mean, S.E., n = 7 —20). Lettering indicates tigaificant differences between
sites for each sampling period (using Kruskal-\§a#ist).

Linear regression analysis was performed on thenmma where possible, on individughlues of the
physiological and immunological parameters. Linesgressions arpresented irnTable 4for the correlation
between immunological parameters and forcthreelation between physiological and immunologjzatameters.
Based on the establisheakrelations, haemocyte size was negatively reletéltHC and positively thaemocyte
mortality ( P < 0.05). Significant relationshipstiween physiological andhnmunological parameters were also
observed. Total haemocyte count, and proteinysutyme contents were positively correlated todbedition
index (P < 0.05, P < 0.0&8nd P < 0.1, respectively). THC was also positivelgted to the dry weight of clams
(P <0.05).

4. Discussion

In all sites, we observed a seasonal pattern goctimdition index (CI) with the highesilues in summer and the
lowest values in winter. Most of the growth (wetigld and dryweight increases) was observed in spring and
summer. These observations weragneement with those #faillard (1992)pn the CI of V. philippinarum and
Laruelle egl. (1994)on the annual reproductive cycles 9f philippinarum andV. decussatus in Brittany. In the
Bay of Brest,Laruelle et al. (1994)lescribed an increase in Cl from Marettil mid-August associated with
gametogenesis and with two partial spawnings. magr decrease, which occurred in late August arty e
September, was attributeddomplete spawning. In the Gulf of Morbihan, theireased dramatically from
Marchuntil early June and then showed three major deeseaorresponding to three complgt@wnings in
June, July and Septembé&oulletquer (1989yeported two major spawnings Marennes, one at the end of
spring and an another at the end of the sumhaeuelle efl. (1994)clearly demonstrated that the CI variation



was closely related to maturatistages of V. philippinarum which are well known to be controlled by
temperature and foaVailability (Mann, 1979; Laing and Lopez-Alvarado, 1994; Sbeeand Campioni,994)

Table 4 : Correlation between physiological and imological parameters.

Correlation i P value
coe flicient
Withtr terstrue modogrical pairarmeters
Haemnocyte size and log {THC®) 039 < 0.05
Haemocyte monality and log (THCY) 030 < .05
Haemocyte size and H. motality f (.29 < .03
Between phrvaedogica! and fmmunodogical parame fers
Condition index and protein contént + 035 < 0,05
Dry weight and log (THC®) t 0.34 < (.05
Condition index and log {THC) t 0.31 < (.05
Condinon index and hvsozvme content t 0.26 <01

* Total haemocyie count,

A site effect was especially clear for total weightd dry weight. The fastest growths obtained in Marennes
with a wet weight increase of 20 g in 1 year, whikhnexcellent performanc@-lassch and Leborgne, 1998)
less than 1 year and without aawidence of BRD, these clams were marketable. Hitetbgrowth obtained in
Marennegould be explained by the higher temperature ia $lite but also a higher food availabilitydeed,
Marennes ponds are known to have a tremendoushehjgrimary productionompared to estuarine or oceanic
culture sites, especially during spring and f&bbert etal., 1982; Goulletquer et al., 198&)owever, this
primary production was observeddecrease because of lack of nitrogen supply andaintense filter feeding
by bivalvesduring the summer in Marennes—Oléron giiRabert et al., 1982; Goulletquer et 4B88) This is
proposed as an explanation of the lower reprodecéiffort, measuredccording toLucas et al. (1978)in
Marennes(Goulletquer, 1989tompared to the Bay drest or the Gulf of MorbiharfLaruelle, 1999) No
literature is available on clams reamedChausey Islands, venerid culture started lems thyears ago in this area.
A reducedeproductive effort, in agreement with the maintes@aof Cl below 10 (reduced germigabwth) in
the present study during the summer in Marennedganay also favour tteverall higher growth performance
(somatic growth) obtained in Marennes pordsboth Brittany sites, clams experienced massivetatities
during the winter in th&ay of Brest and during the summer in the Gulf ofrblhan. Winter mortalities in
clamswere frequently observed on the north coast oft#8nit ranging from 10% to 80%zoulletquer, 1989;
Paillard, 1992) Winter mortalities of clams in the rearing sitetlzeBay of Brest have also been described by
Calvez and Guillou (1998\ho proposed that r@duced food supply was a weakening facRaillard (1992)
suggested that oxygelepletion and high sulfur concentrations in seditndue to algal deposition after winter
storms, was associated with reduced clam Cl anzbghn reserves and thus cantribute to winter mortality.
Massive mortalities and low Cl observed in GulfMdérbihan during the last summef the experiment could
not be clearly explained but was suspected to becated witlintense algal fouling on the net kept on the
experimental plot and/or oxygen depletiotha mud in this site.

During this field survey, some immunological paréeng were clearly affected by bdtitation of rearing sites
and seasonal variations. Seasonal effects weredemhpnstratefbr THC, haemocyte size and protein content in
haemolymph. High values of THC apdotein content were observed in spring—summer landvalues in
autumn—winter. lrcontrast, haemocyte size was high in autumn—wiatet low in spring—summer. Thus,
haemocyte size was related to low total haemoaytieitc( THC), a relationship that candxplained by variation
of the cell division rate. When cell division ocped, the size aksulting cells is speculated to be smaller than
the size of mature cellarballal et al(1998) described a seasonal pattern with THC in muskbisius
galloprovincialis beingpositively correlated with water temperature. Hur dysterCrassostrea virginica, THC
was also observed to be high during summer andllowng winter(Chu et al., 1995/0lety et al., 1999)

Protein content of clams followed a seasonal pattéth high values in summeautumn and low values in
winter—spring at all sites. Haemolymph protein eonthaslready been demonstrated to depend on the season
although an inverse trend with thgghest values in winter was found for the oy<Zewirginica (Fisher and
Newell, 1986Chu and La Peyre, 1989; Fisher et al., 1998)s difference can be traced to the ranggsatkin
content which appeared to be species-specific,8205mg ml 1 for C. virginica(Fisher et al., 1996nd 0.2-1.4
mg ml sfor V. philippinarum (this study). The latteralues are in agreement with the values foun®hbiella

et al. (1994)andAllam et al.(2000a)which were around 0.3 mg mlin haemolymph of Manila clams. Similar
proteincontents, ranging from 0.4 to 1.0 mg mlwere measured f&f. decussatus (Ordas et aR000)

The percentage of dead haemocytes was observe@rjo greatly during the fieldurvey. However, the
variations were difficult to associate with a sead@attern. Indeethe small size of the animals and resulting
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difficulty in obtaining the haemolymph samphay explain the high percentage of dead haemooftssrved at
the beginning of thexperiment (July). However, the significantly highgercentage of dead haemocytes
measured in October, as compared to others meaafiezdOctober, was associated with lowest THC and to
a decrease of ClI during this period. As mentionaidiex, thisdecrease not only reflects the completion of the
spawning period, which occurred by #ved of the summer, but also the decreasing fooilahilidy during the
fall (Goulletquer1989; Laruelle, 1999)Interestingly, a higher percentage of dead hagtasavas observed
the Bay of Brest in February when animals were ggpeing massive mortalitieBaillard et al. (1996hdicated
that a high percentage of dead haemocytes maygbedindicator of the physiological status especialljobe

or during mortality event®o seasonal pattern was observed for the lysozymtent although higher lysozyme
contents in clams were observed in October folNbemandy and Brittany sites. [ virginica, several studies
found a seasonal pattern with higher lysozyme curdaringwinter and lower values during the sumn@hu
and La Peyre, 1989; Chu et al.,, 199%]jety et al., 1999) however,Fisher et al. (1996pbserved higher
lysozyme levels in Julgnd lower levels during fall and winter. In conteol conditions,Chu and La Peyre
(1993)observed that after 20 days of temperature acdbatain, lysozyme content was highed@tand 15 °C
than at 20 and 25 °C. In the present study, thezlyme content wasrrelated well with the location of rearing
sites and sites could be ranked accordirtheo lysozyme content, in the following descendimger: Marennes,
Chausey, Gulf oMorbihan and Bay of Brest. The greater food avditghin Marennes ponds (asentioned
above for the growth performance) may be an exgilamaf the maintenanaef a high lysozyme content in
clams from this site. Indeed, the bacteriolytic yanelysozyme is believed to participate in the digestaf
bacteria which can form a significgdrt of bivalve die{McHenery et al., 1986)

Although some relationships have been establiskpdranentally between BRBevelopment and physiological
and immunological modification®(ana et al., 199@ubella et al., 1993, 1994, 1996; Allam, 1998; Allat al.,
2000a,h, their significance ithe field could not be assessed during the prestady because BRD prevalence
was veryow. The natural population of clams close to thkpegimental clams in the Gulf Morbihan had a
much higher prevalence of BRD, suggests that hatcbeed used in thiexperiment may be BRD resistant.
Moreover, the same hatchery stocks from Maremsge experimentally challenged with tapetis after various
salinity exposures and showaldo low prevalence of BRD developméRteid et al., in press)rhough both
experimentsire in agreement with the hypothesis of BRD reststathis deserves further investigatiand new
experimental in vivo challenges must be performedhie laboratoryAlthough this study cannot be used to
assess which environmental factors havegteatest impact on animal health, it provides Jalkianformation
on the range oYariation of these parameters in the field. Howevbrs study can be useful to generate
hypotheses and thus design experiments aimingstidiinate the impact of individuahvironmental factors
(physico-chemical, pollutants, food availabilitydaquality, parasitismas proposed blyisher et al. (2000)t can
also help construct numerical modelgloring growth performance and disease suscéptibinterestingly,
total haemocyteount and protein and lysozyme concentrations \esdtively correlated to the conditiomdex.
Moreover, the winter mortality event in Bay of Brésis been associated witdepressed immunological status
(high percentage of dead haemocytes, low THC Jysazyme activity). Thus, these haematological pesters
are proposed as pertinent totsassess physiological status in association etiler indices. Haematological
parametersan also be considered as nondestructive sincatapéaemolymph sampling adductor muscle
had no measurable effect on survival of the clanphilippinarum(Paillard and Ford, 2002Advancements in
the use of tools for assessing physiolog&al immunological status can help clam farmerotate the best
sites for favourabldevelopment of venerid culture. Regarding the IdRDBprevalence in seeded clarwsther
investigations are also needed to verify if thechaty-spat stocks are diseassistant.
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