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Cockle Cerastoderma edule population mortality:
role of the digenean parasite Himasthla quissetensis

Céline Desclaux*, Xavier de Montaudouin, Guy Bachelet

Laboratoire d'Océanographie Biologique, UMR 5805 CNRS, Université Bordeaux 1, 2 rue du Professeur Jolyet,
33120 Arcachon, France

ABSTRACT: Infection patterns of the digenean trematode Himasthla quissetensis in its second inter-
mediate host, the edible cockle Cerastoderma edule, and the impact of this parasite on cockle popula-
tions were quantified. A 2 yr transplant experiment and a 4 yr survey were conducted in Arcachon
Bay, a coastal lagoon on the Atlantic SW coast of France. Cockles free of H. quissetensis were trans-
planted at La Canelette, a station where cockles were usually highly infected. Infection began in May,
when the water temperature reached 17°C and stopped in November (12°C). There was no new infec-
tion between November and April. Monthly surveys at 2 stations, Arguin and La Canelette, confirmed
that cockle infection by H. quissetensis occurred during the warmer period of the year. Only cockles
with a shell length >8 mm became infected; therefore, cockle growth rate, which differed at the 2 sta-
tions, was also a key factor explaining infection phenology. In winter, the mean parasite abundance of
H. quissetensis in cockles decreased at both stations. The mortality rate of parasites in cockles was
very low, with no seasonal pattern, and did not explain this winter decrease. Consequently, the
decrease of H. quissetensis was interpreted as mortality of heavily infected cockles. At Arguin, where
the cockle population was characterised by moderate abundance, high growth rate and short lifespan,
cockle mortality amounted to 93 % during the first year of benthic life, with no significant contribution
of parasites; in the following year (Year 2), cockle mortality was 85 %, with 28 % due to H. quissetensis
infection. At La Canelette, the cockle population, characterised by low abundance and low growth
rate, suffered almost 100 % mortality in the first year, with no contribution by parasites, which started
to infect cockles in the second year only; the remaining cockles had a long lifespan (up to 5 yr), and
>46 % of their mortality was linked to H. quissetensis infection. It is concluded that both host growth
rate and water temperature are important factors in the initiation of parasite infection and that the
intensity of infection and its effect on host mortality closely depend on host growth and environmental
factors.
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INTRODUCTION

Among the biotic factors that govern population
dynamics of marine benthic invertebrates, parasitism
has received relatively little attention (Mouritsen &
Jensen 1997, Desclaux et al. 2002). Digenean trema-
todes, however, are dominant macroparasites of bi-
valves and gastropods in marine ecosystems (Lauckner
1984b, de Montaudouin et al. 2000, Desclaux et al.
2002). They can have detrimental effects on the physi-
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ology (Jensen et al. 1999) and behaviour of their host
(Holmes & Bethel 1972, Moore & Gotelli 1990, Combes
1991, Poulin 1995). The ultimate result can be host
death (Deltreil & His 1970, Jonsson & André 1992), but
there is generally a lack of data supporting digenean
direct impacts at a population scale. Some species may
cause severe tissue damage and mortalities when they
occur at high intensities in their host, e.g. Monorchis
parvus (= Cercaria cerastodermae 1) (Jonsson & André
1992) and Labratrema minimus (Hancock & Urquhart
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1965, Deltreil & His 1970) in Cerastoderma edule.
Generally, trematodes that are the most pathogenic to
bivalves are the species that utilise their host for asex-
ual reproduction (Bower 1992). In molluscs, larval
stages such as metacercariae are clearly deleterious
(Holmes & Bethel 1972) and induce mortalities on juve-
nile cockles or during epizootic events on commer-
cially important bivalves (Lauckner 1983, 1987). Host
mortalities have also been observed experimentally in
gastropods infested with echinostomatid metacer-
cariae, during the first 4 d after infection (Fried et al.
1995). However, some metacercariae seem to be ener-
getically inert and cause little or no immediate physio-
logical or behavioural response in the host, even when
they are present at high numbers (Lauckner 1983).

Studies of parasite-induced mortality in molluscan
hosts have shown how encysted parasites (trophically
transmitted) may modify the intermediate host's
behaviour (Bartoli 1976, Lauckner 1983, 1984a, Poulin
et al. 1998), thereby increasing the intermediate host's
probability of being eaten by the final host (Holmes &
Bethel 1972, Moore & Gotelli 1990). Such a phenome-
non (i.e. indirect mortality by ‘favourization’; Combes
2001) involving Himasthla quissetensis has been stud-
ied recently with Cerastoderma edule in Arcachon Bay
by Desclaux et al. (2002), who demonstrated that H.
quissetensis could be involved in 2 to 8% of adult
cockle mortality. Combes (2001) considered that
favourization was any adaptive process used by a par-
asite to increase the probability of infesting the host.

Digeneans rarely leave any scar on the host shell
(Bartoli 1976), thus preventing inference of their role in
host mortality events. Anderson & Gordon (1982) and
Kennedy (1984) suggested that it would be useful to
study the metacercarial digenean stages in hosts to de-
tect parasite-induced host mortality. This can be done
by monitoring either the variance to mean ratio of para-
site abundance (Anderson & Gordon 1982, Kennedy
1984) or the mean abundance or prevalence of meta-
cercariae in host cohorts (Lester 1984, de Montaudouin
et al. 2003). However, the decrease of these indices may
result from emigration of parasitized animals, recruit-
ment or immigration of unparasitized animals, metacer-
cariae death, or death of the most infected individuals
in the host cohort (Anderson & Gordon 1982, Kennedy
1984, Wilson et al. 2002). A decrease of parasite abun-
dance due to mortality can also be balanced by an in-
fection event, and the final result will consequently be
misinterpreted. It is therefore necessary to acquire a
good knowledge of infection kinetics.

The present study consisted of 2 parts: (1) the period
of infection was precisely identified through a trans-
plant experiment of unparasitized cockles to a site
where infection naturally occurred; (2) knowing infec-
tion patterns, a 4 yr monitoring programme of 2 cockle

populations and their Himasthla quissetensis burden
allowed us to demonstrate whether or not these para-
sites were involved in host mortality.

MATERIALS AND METHODS

Study area. This study was conducted in Arcachon
Bay (44°40'N, 1°10' W), a 156 km? macrotidal lagoon
on the SW Atlantic coast of France (Fig. 1). This shallow
lagoon is characterised by semi-diurnal tides (maxi-
mum tidal range 4.35 m). Important water exchange oc-
curs with the ocean through the SW entrance of the la-
goon and estimated at 370 x 10° m® for an average
spring tide and 130 x 10° m? for a neap tide. Freshwater
inputs are essentially due to the Leyre River (SE of the
lagoon ), with 660 x 10% m?® yr~! (Bouchet 1968).

The first study site (Arguin) was a sandy bank situ-
ated in the most oceanic part of the lagoon, where
salinity remains high year-round (32 to 35 psu) (Auby
et al. 1999). Mean surface water temperature usually
fluctuates between 7°C in winter and 23°C in summer,
but surface sediment temperatures can reach -1°C and
32°C, respectively (de Montaudouin et al. 2003). Sedi-
ment was a medium sand (median grain size: 350 pm;
silt-clay content: 1 to 5 %; organic matter content: 0.4 to
1.5%) (de Montaudouin 1996). The cockle population
was located at 1.9 m above mean low water level.

The second study site (La Canelette) was in the east-
ern part of the lagoon. This station is characterised by
a salinity range of 22 to 32 psu (Bouchet 1968), water
temperature fluctuating seasonally between 1°C and
28°C, and sediment temperature of —3 to 43°C at the
surface (de Montaudouin et al. 2003). This sandflat

ATLANTIC OCEAN

5 km

rguin

ARCACHON BAY

Fig. 1. La Canelette and Banc d'Arguin in Arcachon Bay
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is located near Arcachon harbour. Sediment was a
medium sand (median grain size: 225 pm) with 5.5%
silt-clay and 0.7 % organic matter. The sampling area
was situated at 2.7 m above mean low water level.

Study organisms. Parasite: Like many digeneans, Hi-
masthla quissetensis Miller & Northup has several larval
stages and requires several hosts to complete its life cy-
cle (Fig. 2). Adult worms, most often located in the ali-
mentary tract of the final host (larid birds), release eggs
with bird faeces. The free-swimming ciliated miracidium
leaves the egg and penetrates the first intermediate host,
the gastropod Nassarius reticulatus (L.) in Arcachon Bay.
Asexual reproduction within the snail leads to the for-
mation of thousands of cercariae that emerge from the
snail and actively swim for 6 to 12 h (Stunkard 1938).
Cercariae penetrate the second intermediate host,
Cerastoderma edule, by the inhalant siphon. They
encyst in the bivalve foot and become metacercariae.
After being ingested with the cockle by the final bird
host, metacercariae develop into adult worms.

Host: The edible cockle Cerastoderma edule (L.) is
one of the most common intertidal bivalves on the
sandy shores and estuaries of the NE Atlantic. It ranges
from the Barents Sea to the Moroccan coast (Tebble
1966). Located in the upper centimetres of the sedi-
ment (Zwarts & Wanink 1989), cockles can emerge
from the sediment due to sediment erosion (Richard-
son et al. 1993), oxygen depletion (Wegeberg & Jensen
1999), or pathology (Bowers et al. 1996, Desclaux et al.
2002). Like other suspension feeders, cockles are para-
sitized mostly through their ventilatory activity (Wege-
berg et al. 1999).

Field transplant experiments. Transplant experi-
ments were carried out in 1999 and 2000 at La Cane-
lette. In both years, cockles were collected in February
at Arguin, where infection by Himasthla quissetensis
was low (Desclaux et al. 2002). The oldest and most

Adult worm in final host (birds)

Miracidium

abundant cockle cohort was selected in order to max-
imise the number of infected cockles at the destination
site, larger individuals being infected at higher rates.
Each year, a total of 1500 cockles were measured and
their shells were marked with a spot of paint. At
the beginning of both years, shell length (mean + SE:
25.5 + 0.3 mm) was similar (p > 0.05). The day follow-
ing collection, marked cockles were deployed at La
Canelette, on a 1 x 6 m area, i.e. at an abundance of
250 ind. m™2 Such an abundance was consistent with
natural abundances observed previously in Arcachon
Bay and, more particularly, at Arguin (de Montaudouin
1996). Every month for at least 11 mo, 20 marked cock-
les were collected and dissected, and the mean abun-
dance of infection by H. quissetensis metacercariae
was calculated. Abundance of infection was defined
as the number of individuals of a particular parasite
species per host examined (infected + uninfected)
(Margolis et al. 1982, Bush et al. 1997).

Water temperature, which is considered to be the
main factor inducing emergence of Himasthla spp.
cercariae (Craig 1975), was measured at both origin
and transplant sites with a Prosensor Thermic Tidbit
probe (period = 15 min, precision = 0.4°C). Data were
collected regularly with an infrared optic shuttle and
transferred to a PC with BoxCar Pro (Version 3.51 for
Windows) software.

For each transplant year, monthly mean abundances
of infection by Himasthla quissetensis were compared
using a 1-way ANOVA and Tukey's test (Sokal & Rohlf
1981). Prior to the analyses, data normality was as-
sumed and homogeneity of variance was tested using
Cochran's test.

Host and parasite dynamics survey. Cockles were
sampled monthly at La Canelette and Arguin from
October 1997 to October 2001. Six 0.25 m? quadrats
penetrating 10 cm deep into the sediment were taken
randomly and washed on a 1 mm mesh sieve. If neces-
sary, more individuals were collected by hand to ob-
tain at least 20 specimens for dissection. Cockles were
counted and measured with callipers to the nearest
0.1 mm to establish abundance and size structure of
the populations. Due to the generally low abundance

infects first of cockles, cohorts were identified by comparing indi-
M intermediate vidual sizes to population growth curves previously
etacercaria X ) ‘
host (snail) established for these sites (G. Bachelet unpubl. data) or
by counting shell rings.

Sporocyst A total of 3984 cockles were dissected (1513 from

Cercaria Arguin and 2471 from La Canelette). They were exam-
infects second

ined for parasites by squashing the flesh between 2
large glass slides and observing it in transmitted light
with a stereomicroscope. Metacercariae species were
identified and counted in order to determine the pre-
valence of the different parasite species. However,
only the dominant species, Himasthla quissetensis, was

intermediate
host (bivalve)

Redia generations

Fig. 2. Himasthla quissetensis. Life cycle of the digenean
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quantified (as numbers of metacercariae per cockle) in
this study. Metacercariae of H. quissetensis were iden-
tified by the presence of 31 collar spines around the
oral sucker and by the cyst diameter (140 to 190 pm;
Stunkard 1938, Prévot 1974). Abundance of infection
by this digenean was calculated. Empty cysts were also
counted and were assumed to be dead metacercariae
of H. quissetensis when their diameter was similar.
Dead metacercariae were not included in H. quis-
setensis mean abundance.

Data analysis. Sample size (i.e. the number of cock-
les per cohort) was frequently small, especially for the
oldest cohorts. Therefore, mean monthly data (cockle
shell length and abundance, abundance of live and
dead Himasthla quissetensis) at each site were first
calculated for each age class, then pooled over the 4 yr
of monitoring, thereby erasing the inter-annual vari-
ability and creating a theoretical cockle cohort. For
example, infection pattern of Year 1 cockles was the
mean of the first-year infection pattern of cockles
recruited from 1998 to 2001. For each age class of the
theoretical cohort, the number of individuals taken into
account was 225. During the non-infection period
(i.e. from October/November to April/May according
to transplant experiments, see ‘Results’), a decrease in
parasite abundance was observed. Assuming that this
decrease resulted from the mortality of the most
heavily infected cockles, we estimated the number of
cockles that should have disappeared. In October/
November, when H. quissetensis abundance was the
highest, a matrix was constructed with the H. quisse-
tensis abundance of each cockle from each age class
considered in the mean abundance calculation. Then
the cockle with the highest H. quissetensis abundance
was taken off, simulating the death of this cockle and
thus obtaining a new, lower mean abundance. This
was sequentially reiterated until the infection abun-
dance in the mean abundance calculation reached the
value for the following April/May.

Multiple linear regression analyses were performed
for both sites between October/November and April/
May, i.e. during the period with no new cockle infection
by Himasthla quissetensis. In these analyses the depen-
dent variable was the mean number of H. quissetensis
metacercariae in cockles; the independent variables
were the period of the year (i.e. months), the cockle
abundance in each cohort, the mean cockle shell length,
the mean abundance of dead H. quissetensis metacer-
cariae in cockles and water temperature. According to
Scherrer (1984), multiple linear regression must be done
between a dependent variable and independent vari-
ables, with no correlation among independent variables.
At Arguin, cockle shell length was correlated (p < 0.05)
with cockle abundance (R =-0.71) and age (R = 0.98),
and cockle abundance was correlated with cockle age

Abundance of infection by H. quissetensis

(R=-0.76) (Pearson's correlation coefficient). Therefore,
H. quissetensis abundance (dependent variable) was
tested with months, dead cyst abundance, cockle shell
length and water temperature. At La Canelette, cockle
shell length was correlated (p < 0.05) with the mean
abundance of dead cysts (R = 0.48) and cockle age (R =
0.99), and the dead cyst abundance was correlated with
cockle age (R = 0.44). In this station, H. quissetensis
abundance was tested with months, cockle abundance,
cockle shell length and water temperature.

RESULTS
Transplant experiments

During the 2 yr of transplantation, experiments
showed that cockles were not infected by Himasthla
quissetensis during the colder period (Fig. 3). Infection
began in May/June, when temperature reached about
17°C (Fig. 4). Mean parasite abundance increased pro-
gressively and reached a plateau of infection (about
120 and 90 metacercariae cockle™! in 1999 and 2000,
respectively) by October/November, when tempera-
ture decreased to ca. 12°C (Fig. 4). There was no sig-
nificant difference in the abundance of infection of
cockles by H. quissetensis during the colder period,
i.e. between February and May in both transplant
experiments, between October and January for the
1999 experiment and between October and April for
the 2000 experiment (p > 0.05) (Fig. 3).

Transplant years
1999

+2000

1601
1401
1207
100
80
60
407
20 s
* * *

OiTﬁFfMﬁ—A_ﬁM‘ J‘ J'A‘ S‘OYN‘D‘ J‘F‘M‘Av

1999

Fig. 3. Cerastoderma edule. Mean (+SE) monthly abundance

of infection (number of metacercariae per host) by Himasthla

quissetensis in adult cockles transplanted from Arguin (as less

heavily parasitized animals) to La Canelette. Horizontal bars

connect means that are not significantly different (Tukey's
tests; p > 0.05)
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Fig. 6. Cerastoderma edule. Mean shell length (mm, +SE) from recruitment to death of a Canelette (26 mm) than at Arguin
theoretical cohort at the 2 sampling stations (34 mm).
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Himasthla quissetensis infection phenology

During the 4 yr survey, 8 digenean species in meta-
cercarial stage were identified in cockles (Fig. 7). In
both stations, Himasthla quissetensis dominated in
abundance, with a mean of 34 and 12 metacercariae
cockle ! at La Canelette and Arguin, respectively; the
mean number of metacercariae from other digenean
species did not exceed 15 cockle™ (Fig. 7).

At both stations, the general pattern of infection was
similar, with an increase of Himasthla quissetensis
abundance during the warmer period and a decrease
during the colder period (Fig. 8) as observed in the
transplant experiment (Fig. 3). However, parasite in-
fection intensity differed between stations. At Arguin,
the mean abundance of H. quissetensis per cockle
(HA) was negatively correlated with time (M, in
months, with October = 1 to May = 8) (p < 0.001) and

positively correlated with cockle length (L, in
mm) (p < 0.001) (Table 1), and the model (Eq. 1):

HA = -279 M+ 1.03 L-0.29 (1)

explained 93% of the winter decrease in H.
quissetensis abundance. At La Canelette, the
mean abundance of H. quissetensis was nega-
tively correlated with time (p < 0.001) and posi-
tively correlated with cockle shell length (p <
0.001) and seawater temperature (7, in °C) (p <
0.01) (Table 1); this model (Eq. 2):

HA = -538M+585L+130T-66.97 (2)

& 40
5 mLa Canelette
€ 30 mArguin
k]
% 20
£ 10 ﬂ
c
>
-2 0 . . . -—;_,_—z;,
£ =& & @m2 &5 gg£ 58
Ba 53 © 52 EQ 83 £3
o ef= = <= Ss = S 3
EF £z &t EE ©3 §8 8=
== =C =1 O = x 2 ocQ
Is I= = 93 == bl
=3 5 = 4 =
O T =
. E . 5
Digenean species
Fig. 7. Cerastoderma edule. Mean (+SE) abundance of infec-
tion by different digeneans during the 4 yr survey at La
Canelette and Arguin. Another species, Himasthla elongata,
occurred at Arguin, with a mean abundance of infection
of <0.03
100, -e-La Canelette 46%
—--Arguin
5 w0,
E 601
3
S 404
®
]
<
3 204
<
0 +——O0O0NA ey e A A i A-
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Fig. 8. Cerastoderma edule. Mean (+SE) abundance of infection by
Himasthla quissetensis at Arguin and La Canelette from recruitment to death
of a theoretical cohort. Arrows: cockle mortality at Arguin (hatched lines)

and at La Canelette (solid lines)

301 —— LaCanelette

251 —— Arguin

Abundance of dead cysts
=
(6]

explained 97 % of the decrease in H. quisse-
tensis abundance between October/November
and April/May.

At Arguin, infection of juveniles began in
July (Fig. 8), when cockle length was 7.6 mm
and seawater temperature was 19°C. Mean
Himasthla quissetensis abundance (HA) pro-
gressively increased and reached a maximum
in November (HA = 15 metacercariae cockle™,
L =16 mm, T= 13.5°C). During the first winter,
HA decreased to 8 metacercariae cockle™! by
the following May (L = 23 mm, T= 16.2°C). This
decrease corresponded to a cockle mortality
rate of 37 % between November and May, dur-
ing which the number of dead metacercariae
remained low (mean of 0.26 dead cysts cockle™)
and constant (Fig. 9). Parasite recruitment
began again in May of Year 2 and reached 32
metacercariae cockle ! in October (L=25.6 mm,

Year 1 Year 2 Year 3 Yea 4

retical cohort

UMMJISNJIJMMJISNIMM J SN‘JMMJS‘N‘JMMJ SN‘ T = 17.3°C). The mean abundance of infection
Year 5

Fig. 9. Cerastoderma edule. Mean (+SE) abundance of dead cysts of
Himasthla quissetensis per cockle, from recruitment to death of a theo-

decreased until April of Year 3 (HA = 15 meta-
cercariae cockle™!, L = 28.5 mm, T = 12.4°C).
The corresponding mortality was 28% (no
increase in dead metacercariae; Fig. 9). After
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Table 1. Himasthla quissetensis. Multiple linear regressions between mean
abundance (number of metacercariae per cockle) (dependent variable) and the
independent variables: period of the year (Months 1 to 8: October to May), num-
ber of dead cysts, cockle shell length (mm) and seawater temperature (°C) at
Arguin; and period of the year, cockle abundance (ind. m2), cockle shell length

and seawater temperature at La Canelette

significant when the abundance of
metacercariae per cockle reached 10
and at a cockle size of 13.5 mm, while
at Arguin these figures were 32 meta-
cercariae and 25.6 mm, respectively.
Therefore, the critical number of meta-

Constant Months Dead Shell Temper- Model cercariae per cockle inducing mor-

cysts  length  ature tality at the population scale is likely

to depend on an interaction between

Arguin ; _

Estimate ~0.29 —2.99 —0.03 1.03 0.40 cocklie l.ength and environmental char

SE 5.50 032 005 014 033 2322 acteristics.

P 0.959 0.000 0.620 0.000 0.265 0.000 Autopsies confirmed that cockles

R? 0.934 sheltered up to 8 digenean species,

La Canelette as previously observed by Lauckner

Estimate —66.97 -538  -0.76 5.85 1.30 (1971), de Montaudouin et al. (2000) and

SE 7.74 0.53 0.95 0.32 0.40 4.960 Desclaux (2003). Echinostomatidae are
P 0.000 0.000 0.438 0.000 0.005 0.000 ) . .

R2 0.970 the most prevalent digeneans in cockles

May of Year 3, the number of cockles was insufficient
to calculate mortality rates.

At La Canelette, infection began only in April of Year
2 (Fig. 8) (L=9.5mm, T=14.2°C) and increased slowly
until November (HA = 10, L = 13.5 mm, T = 11.6°C).
Then, the mean abundance of infection decreased to
4 metacercariae cockle™! by April (L = 15.9 mm, T =
12.6°C), while there was no increase in dead metacer-
cariae (Fig. 9). This HA decrease corresponded to 63 %
cockle mortality between November and April. The
mean Himasthla quissetensis abundance increased
between May (T = 17.5°C) and October (HA = 53, L =
19 mm, T = 16.4°C) of Year 3, then decreased again
until May (HA = 31, L = 20.5 mm, T = 13.6°C), corre-
sponding to >90 % cockle mortality. Infection of cock-
les increased again until October to 80 metacercariae
cockle . During Year 4, mortalities were 90% of the
cockle population. Dead metacercariae abundance
was higher, but not sufficient to explain this 90 % mor-
tality. Older cockles (in Year 5) were infected by >50
metacercariae cockle !in October. In the next winter,
abundance of H. quissetensis decreased again; during
this last period, the number of dead metacercariae
did not increase, and the estimate of cockle mortality
was 46 %.

DISCUSSION

This study demonstrated that the digenean Himas-
thla quissetensis may induce significant mortality in
cockle populations. These parasite-induced cockle
mortalities were positively correlated with time during
the cold season. However, the number of metacer-
cariae beyond which cockle mortality became signifi-
cant was not assessed. At La Canelette, mortality was

from Arcachon Bay, especially the
31-collar-spine Himasthla quissetensis
Miller & Northup (erroneously considered H. continua
Loos-Frank by de Montaudouin et al. 2000). H. quis-
setensis metacercariae have been observed in Cerasto-
derma edule from Arcachon Bay by Desclaux et al.
(2002) (0 to 220 metacercariae cockle ! at La Canelette
vs 0 to 60 metacercariae cockle™! at Arguin) and from
the Ria de Aveiro by Russell-Pinto (1993) (mean preva-
lence = 59 %), as well as in C. glaucum from the Medi-
terranean by Prévot (1974) (22 metacercariae cockle™).

Infection of the second intermediate host by Him-
asthla quissetensis cercariae usually occurred in the
warmest period of the year (Prévot 1974, Russell-Pinto
1993). The temperature of maximal cercariae emission
from the first intermediate host varies, however,
between taxonomic families and even between popu-
lations of the same species (Prévot 1974, Lauckner
1983). Our transplant experiments showed that H.
quissetensis cercariae infected cockles during the
warmest months (i.e. from May to October) and that no
infection occurred during the coldest season (i.e. from
November to April). These results are consistent with
Desclaux (2003), who experimentally demonstrated
that emission of H. quissetensis cercariae occurred
between 17 and 23°C. During both years in our
transplant experiments, infection started when water
temperature reached 17°C (May) and stopped at 12°C
(November). The duration of cercariae infection at our
transplant site was slightly longer (6 mo) than the dura-
tion observed by Prévot (1974) in the Mediterranean
(4 to 5 mo). According to Prévot (1974), cercaria shed-
ding is irregular and depends on the activity of the first
intermediate host. Nevertheless, the latter is different
in the Mediterranean and Atlantic (Cyclope neritea
and Nassarius reticulatus, respectively), which could
partly explain differences in cercaria shedding be-
tween both locations.
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Besides temperature and parasite presence, cockle
size is another major factor in infection patterns. At
Arguin, infection occurred when shell length reached
8 mm, i.e. during the first summer. In contrast, at La
Canelette, growth rate was much lower, mainly due to
the high tidal level of the population (de Montaudouin
1996): an 8 mm shell length was not reached before
the first winter, and, consequently, infection only could
start during the second summer. Cockle growth is there-
fore a determinant factor in infection kinetics. The
size/infection relationship is species-dependent. The in-
fection threshold with Himasthla quissetensis, observed
in situ, at 8 mm cockle shell length was similar to that
obtained experimentally by de Montaudouin et al. (un-
publ. data) with this parasite species, but different from
the threshold obtained with other Himasthla species
(Jensen et al. 1999, Wegeberg et al. 1999). Therefore, the
absence of metacercariae found in cockles <8 mm would
rather result from an impossibility for juveniles to be
infected than from the immediate mortality of newly
infected juveniles, as suggested by Lauckner (1987).

Infection patterns at both study sites were consistent
with transplant experiments. Cockle infection always
occurred during the warmest season, i.e. from May
to October/November. The intensity of infection in-
creased with shell length, the largest cockles being the
most infected. Such a phenomenon has been observed
in other parasite—host systems, e.g. in fish (Kennedy
1984). This is particularly obvious at La Canelette,
where an average of 10 metacercariae was found in
14 mm cockles at the end of the second summer, and
49 more were found at the end of the third summer,
when cockles reached 19 mm in size. The largest cock-
les ventilated more (André et al. 1993, Riisgard 2001)
and consequently inhaled more cercariae (de Montau-
douin et al. 1998). Another explanation would be that
larger cockles, being older, were exposed to parasites
for a longer period, thereby accumulating more para-
sites. The intensity of infection at the same cockle age
was higher at Arguin than at La Canelette. This was
merely due to environmental differences and cockle
growth. At Arguin, cockle length at a given age was
larger than at La Canelette and immersion duration
was longer (ca. 1.3x%), both factors increasing the prob-
ability of infection success.

The transplant experiment demonstrated that no
cockle infection occurred from October/November to
April/May. Concurrently, the in situ survey at both sta-
tions revealed a significant decrease in the mean num-
ber of Himasthla quissetensis metacercariae (i.e. live
cysts) in cockles during the same period. The decrease of
the mean parasite abundance in a cockle cohort can be
due to: (1) immigration of the less heavily infected cock-
les or emigration of highly parasitized cockles, (2) the
death of metacercariae in cockles (i.e. increase of empty

cysts), or (3) the death of the most heavily infected cock-
les. Hypothesis 1 can be excluded because of the low
locomotive capacity in adult or subadult cockles and the
sheltered habitat at both study sites. At Arguin, the num-
ber of empty cysts was always very low, with a mean of
0.3 cysts cockle™ (i.e. 1.7 % of the total number of meta-
cercariae [live + dead]), and not correlated with the de-
crease in H. quissetensis abundance. At La Canelette,
the mean number of empty cysts was higher (5 cysts
cockle™!,i.e. 9.2 % of the total number of metacercariae),
but did not show any seasonal trend; in particular, it did
not increase during the cold season. Consequently,
Hypothesis 2, that decrease of the mean parasite abun-
dance in cockles is due to the death of metacercariae,
can be rejected. Therefore, this decrease in parasite
abundance was due to parasite-dependent mortality
(Hypothesis 3). Such a dome-shaped curve of parasite
abundance (or prevalence) in its host in relation with
cohort age has already been utilised as a parasite-
dependent mortality index in other host—parasite sys-
tems, mainly with first intermediate hosts (Bowers 1969,
Schmidt & Fried 1997, Rantanen et al. 1998, Watters
1998, de Montaudouin et al. 2003).

In our study, the contribution of parasites to cockle
population mortality depended on the sampling site.
At Arguin, total cockle mortality during the first year of
benthic life (April to April) was 93 %, with no signifi-
cant involvement of parasites. At this age and size,
cockle mortality could be attributed mainly to epiben-
thic predation by birds, crabs, shrimps and fish (Han-
cock & Urquhart 1965, Sanchez-Salazar et al. 1987a,
1987b, Griffith 1990). During Year 2, the mortality of
survivors from the Year 1 was 85 %, with 28 % due to
parasitism by H. quissetensis. Desclaux et al. (2002)
showed that <2% out of 28% could be related to a
'favourization' process, i.e. the parasite inducing the
emergence of cockles and facilitating predation by a
final host. At La Canelette, the scenario was different.
Recruitment was much lower than at Arguin, and total
cockle mortality reached almost 100 % in Year 1, with
no parasite contribution because cockles were too
small for infection to occur. At this station cockle
growth rate was low, and individuals remained for a
long time within a size range in which they were
particularly vulnerable to crab predation (Sanchez-
Salazar et al. 1987b). The few remaining survivors
were characterised by a relatively low growth rate and
high longevity. The total cockle mortality per year was
very low, but mostly due (directly or indirectly through
predation) to parasites after the first year. At La
Canelette, the favourization contribution to mortality
was even smaller than at Arguin (Desclaux et al. 2002).

This study gives, for the first time, a precise pheno-
logy of cockle infection by an echinostomatid digenean
and illustrates the interaction between temperature
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and host growth rate. This is also the first time that the
contribution of digenean parasites to the mortality of
their second intermediate host has been quantified in
the wild. It shows that the role of parasites in cockle
mortality was very different between sites. However,
parasite-dependent mortality, as assessed in the pre-
sent study, was underestimated, because it is not yet
possible to detect this mortality during the infection
period, i.e. during half of the year. Nevertheless, some
further questions remain unanswered, such as how
metacercariae induce mortality in cockles. Previous
studies have shown that metacercariae produce sev-
eral detrimental effects on their molluscan hosts, e.g.
(1) the amputation of bivalve siphons (Maillard 1976);
(2) the alteration of clam valve edges, which then re-
main open and make the host more sensitive to desic-
cation or predation (Bartoli 1974); (3) the secretion of
ligament proteins under the umbo, preventing closing
of the valves (Bowers et al. 1996); (4) an immunode-
pression of parasitized organisms, making them more
susceptible to stress (oxygen depletion, pollution,
heavy metals, osmotic and/or thermic stress) (Lauckner
1983, Jensen et al. 1999); or (5) the reduction of bur-
rowing performance (Thomas & Poulin 1998, Mourit-
sen 2004). In the case of Himasthlinae, metacercariae
also could induce harmful tissue damage such as: (1)
destruction of muscle fibres, as cercariae pass through
muscle layers situated beneath the epidermis of the
viscero-pedal mass (Jensen et al. 1999); (2) tissue lysis
caused by cercarial enzymes (Lauckner 1983); (3) loss
of body fluids through penetration holes, which inter-
fere with the cockle’s filtration capacity (Wegeberg
1998); (4) haemocytes and fibrous tissue accumulation
around the cyst secreted by the parasite (Jensen et al.
1999); (5) distortion of cells and hypertrophy of the
infected organs (Lauckner 1983); and (6) an associa-
tion with a bacterial load, increasing mortality rates
(Blanchet et al. 2003).
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