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Numerous marine populations experience parasite pressure. This is the case of the cockles Cerastoderma edule
which are often highly infected by trematode macroparasites. These parasites display a complex life cycle, with
a succession of free-living and parasitic stages. Climate, and in particular temperature, is an important modulator
of the transmission dynamics of parasites. Consequently, global change is thought to have implications for the
epidemiology of infectious diseases. Using Himasthla quissetensis, a dominant parasite of cockles as 2nd intermedi-
ate host in Arcachon Bay (France), we used mathematical models of parasite emergence (cercariae) and parasite
infection (metacercariae) in cockles as a function of water temperature, in order to study different scenarios of
temperature increases. Globally, with a +0.5 °C to +6.0 °C simulation, cumulated emergence of cercariae and
accumulation of metacercariae tended to decrease or stagnate, respectively. This is the consequence of a trade-off
between sooner (spring) and later (autumn) cercariae emergence/infestation on one hand, and a longer inhibition
period of cercariae emergence/infestation during the hottest days in summer. Using sea water temperature in
Oualidia (Morocco) where mean annual sea temperature is 3 °C higher than in Arcachon Bay, our model predicted
infestation all year long (no seasonality). The model gave a correct estimation of the total number of parasites that
was expected in cockles. Conversely, observed infestation in Oualidia followed a seasonal pattern like in Arcachon
Bay. These results suggest that, if temperature is a strong driver of parasite transmission, extrapolation in the frame-
work of climate change should be performed with caution.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Manymarine invertebrate populations experience a parasite pressure
that may, in some circumstances, play a major role in their dynamics.
Under extreme conditions, parasite-related population collapse has
been observed which had a strong impact on the local economy
(Bushek et al., 2012). Molluscs, in particular, commonly host trematodes
(Lauckner, 1980, 1983). These macroparasites have a complex life cycle
with a succession of hosts and free-living stages. There is today a general
consensus to admit that a large part of these trematode life-cycles is
strongly dependent on temperature, even though there is also a large in-
terspecific variability among trematode species (Poulin, 2006). Besides,
the relation between parasite processes (sporocyst/rediae maturation,
cercariae emergence, metacercariae infection) and temperature can
display different forms (linear, dome-shaped, logistic). Morley and
Lewis (2013), in their meta-analysis on thermodynamics of cercarial
development in freshwater systems, showed that temperature does not
exert only substantial disproportionate effect, but that many trematode

species can demonstrate zone of thermostability over optimal tempera-
ture of cercariae emergence. Beyond the fact that temperature affects
directly the distribution of potential hosts and consequently the occur-
rence of related trematode species (Harvell et al., 1999), it is one of the
important factors driving the phenology of parasites themselves. The
most studied stage is certainly the one between the first and the second
intermediate host. In the first intermediate host (always a Mollusc), the
parasite is asexuallymultiplying anddeveloping cercariae larvae,without
obvious effect of temperature, at least in freshwater systems (Morley and
Lewis, 2013). However, cercariae emergence is related to the develop-
ment rateswithin themolluscan hostwhich depends on the temperature
that should rise above a minimum value (“minimum development
temperature threshold” (Morley and Lewis, 2013)). Conversely, emer-
gence of cercariae follows a seasonal pattern (de Montaudouin et al.,
submitted for publication; Meißner, 2001) and is dependent on tempera-
ture (Mouritsen and Jensen, 1997; Poulin, 2006) but also on other abiotic
factors such as salinity or light (Koprivnikar and Poulin, 2009; Koprivnikar
et al., 2014; Morley et al., 2010; Shostak and Esch, 1990). Cercariae
lifespan in the water is short (a few hours), and cercariae survival as
well as infection efficiency (in the second intermediate host) decrease
with temperature increase (Evans, 1985; Fried and Ponder, 2003; Lo
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and Lee, 1996;Mouritsen, 2002; Pechenik and Fried, 1995),with however
some intraspecific (Berkhout et al., 2014) and interspecific variability
(Evans, 1985; Meißner and Bick, 1999; Mouritsen and Jensen, 1997;
Pechenik and Fried, 1995). For a given trematode species, however, the
different effects of a given temperature on the various infectious stages
(cercariae emergence, survival and infectivity)make thefinal result tricky
to estimate (Studer et al., 2010).

Stating that climate, and in particular temperature, is a salient
modulator of the transmission dynamics of parasites, suggests that as
a consequence, global climate change will have implications for the
epidemiology of infectious diseases, acting on pathogen development
and survival rates, disease transmission and host susceptibility
(Harvell et al., 2002; Marcogliese, 2001). Temperature effect on an
amphipod/trematode system has been modelled. In a first attempt,
the inhibiting impact of a too high temperature was not considered
(Mouritsen et al., 2005). The model was revisited in the southern hemi-
sphere with a correction concerning high temperatures (Studer et al.,
2013b). In both cases, the collapse of amphipod populations was pre-
dicted, with a delay of several years when temperature increase was
ca. +1 °C but within a year if the increase was ca. +4–5 °C. Modifying
the average temperature in a model has an impact on the period of
infection if one considers that parasite transmission success follows a
dome-shaped relation with temperature (i.e. there is an optimal tem-
perature but both too low and too high temperatures have inhibiting
effect). It has also possible outputs if light is another driver of infesta-
tion, even assuming that light levels will remain unaffected by global
change. Shortened winter periods might increase the growth potential
of many parasite populations with the occurrence of more generations
within a year or longer parasite release during the favourable season
(Hakalahti et al., 2006). However, a modification of the “infestation
window” may also decrease the overlap of presence between parasites
and their host and result in less infection and less host mortality
(Paull and Johnson, 2014). Finally, another important process can also
perturb any prediction: the potential adaptation of parasites and host
to increasing temperature, from phenotypic plasticity to evolutionary
genotypic adaptation. The variability of results obtained when challeng-
ing cercariae emergence, survival and infectivity (i.e. variance compared
to themean) suggests that parasites can adapt through adaptative evolu-
tion (Studer and Poulin, 2014). Another argument in favour of parasite/
host adaptation capacity consists in comparing similar parasite/host
systems at different latitudes and/or in observing the similarity of infec-
tion loads between sites with contrasted average temperatures (Studer
et al., 2013c).

In a previous study, we evaluated the effect of temperature on emer-
gence of Himasthla quissetensis (Miller & Northup, 1926) Stunkard, 1938,
cercariae fromdogwhelksNassarius reticulatus (Linnaeus) (first interme-
diate host) and monitored the infection of the second intermediate host,
the cockle Cerastoderma edule (Linnaeus) in a semi-sheltered sandflat
of Arcachon Bay (France) (de Montaudouin et al., submitted for
publication). In the present paper, our aim was to consider the cercariae
emergence model (de Montaudouin et al., submitted for publication), to
perform a similar type of model for cockle infection and to explore differ-
ent scenarios of temperature increase on both cercariae emergence and
metacercariae accumulation rates. Then, the obtained result will be com-
pared to a site in Morocco (Oualidia), where dog whelks, cockles and
H. quissetensis are present and where annual temperature is currently
higher than in Arcachon Bay.

2. Materials and methods

2.1. Study site

The study was conducted in Arcachon Bay (44°40′N, 1°10′W), a
180-km2 macrotidal lagoon on the south-western Atlantic coast of
France. The monitoring site was a sheltered sandflat in the inner part
of the bay (La Canelette), where salinity range was 22–32. Water

temperature was precisely measured with a Prosensor thermic probe
(frequency 15 min, precision 0.4 °C), implanted in the water immedi-
ately near the study area. Sediment was a medium sand (median
grain size = 225 μm).

2.2. H. quissetensis model of emergence

H. quissetensis cercariae emergence (C) per hour by the dog whelk
N. reticulatus in relation with water temperature (T) has been recently
modelled (de Montaudouin et al., submitted for publication) through
a set of experimental data. The function was:

C ¼ A� e
−1

2�
T−Mð Þ2

s2

� �
ð1Þ

where A is themaximal number of cercariae emerging per hour and per
dog whelk (A= 220 at night and 41 at light),M is the optimal temper-
ature for emergence (M = 20.8 at night and 20.3 at light), and s is the
standard deviation of the optimal temperature (s = 1.74 at night and
2.71 at light).

These parameters were obtained by non-linear fitting procedure
(Bates and Watts, 1988) which was performed using function nls() in
R platform (R, 2014).

From this function and thewater temperature values at La Canelette
during 5 years, it was possible to simulate the emergence of cercariae
(de Montaudouin et al., submitted for publication). In the present work,
we performed additional simulations corresponding to an increase of
temperature with different scenarios (i.e. different levels of temperature
increase).

These additional simulationswere performed to evaluate the possible
consequences of temperature increase on the seasonal pattern of emer-
gence and on the intensity of cercariae emergence by one first interme-
diate host during one year. The tested range of water temperature
increase was between+0.5 and+6 °C, in accordance with the different
scenarios proposed by the last Intergovernmental Panel on Climate
Change report (IPCC, 2013).

2.3. Model of H. quissetensis infection in cockles

Five one-year cockle transplant experiments were performed in
Arcachon Bay from 1998 to 2002, from a site where cockles were free
of H. quissetensis (“Arguin”) to a site where infection was reported
(“La Canelette”). The number ofH. quissetensismetacercariae per cockle
was determined each month (de Montaudouin et al., submitted for
publication). The 5-years survey of both temperature andmetacercariae
accumulation was used to fit a mathematical model simulating the
number of metacercariae infecting an average cockle as a function of
water temperature.

This model allowed us to simulate the effect of a water temperature
increase (climate change) on cockle infection. The range of tested
temperature was similar to the one previously mentioned for cercariae
emergence (+0.5 to +6 °C). The simulation was based on an average
water temperature profile corresponding to the mean of the five water
temperature profiles measured during the five consecutive years of
survey.

A similar non linear curve fitting method was used than those de-
scribed in § 2.2 (Eq. (1)) to fit a Lorentz function to these experimental
data.

While this equation only considers cercariae emergence according
towater temperature, the sister paper also considers cercariae longevity
and infectivity (de Montaudouin et al., submitted for publication).

2.4. Cockle infection in warmer waters: the case of Oualidia (Morocco)

Oualidia is an Atlantic lagoon (32°44′N, 9°01′W) which also
harbours cockles (C. edule), dogwhelks (N. reticulatus) and the trematode
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