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In coastal environments, bioturbating organisms greatly influence physical and biogeochemical properties of sediments with consequences on central ecological processes as erosion dynamics. In addition to their direct impact on sediment stability, bioturbators can also influence sediment erosion processes while regulating the growth of microphytobenthic organisms that stabilize the surface layer of sediments. The direct and indirect influences of bioturbators on sediment dynamics depends on the magnitude of their activity and inherently on their physiological state. Bioturbating organisms are infected with various parasites that can have a substantial impact on the physiology and behaviour of their host. However, the knock-on effects of parasites on key ecosystem functions, such as sediment dynamics, remain poorly studied. Flume experiments were conducted to investigate the indirect influence of the trematode Bucephalus minimus parasitizing the common cockle Cerastoderma edule on the dynamics of sandy sediments enriched and unenriched with microphytobenthos (MPB). By impacting bed roughness and modulating sediment surface erodability, cockles destabilize sandy sediments. In sediments unenriched with MPB, there was no influence of parasitism on erosion process. Indeed, both unparasitized and parasitized organisms interfere with sediment stability in a similar way. Conversely, parasitism appears to slightly reduce the destabilisation effect of cockles in MPB-enriched sediments. In the latter, parasitized cockles do not interfere with MPB growth, while unparasitized organisms constrain the microalgae development. Sandy sediments without cockles show similar erosion dynamics irrespectively of the presence of MPB. Thus, the lower destabilisation effect of parasitized cockles is not related to an enhanced stabilisation effect of MPB. Parasitism reduces the metabolic rate of cockles, suggesting that parasitized cockles may have a lower bioturbation potential than unparasitized conspecifics. If so, the influence parasitized cockles have on sediment erodability and sediment roughness may be reduced. The lack of parasitism effect on the dynamics of MPB-unenriched sediments remains, nonetheless, unclear.

Introduction

Since the early 1970s, the importance of biotic processes on sediment stability has been widely acknowledged (see [START_REF] Grabowski | Erodibility of cohesive sediment: The importance of sediment properties[END_REF][START_REF] Paterson | Water flow, sediment dynamics and benthic biology[END_REF][START_REF] Widdows | Impact of biotic and abiotic processes on sediment dynamics and the consequences to the structure and functioning of the intertidal zone[END_REF] for reviews). In particular, bioturbating species, i.e. macro-and meiofaunal organisms living onto or within the sediment matrix, greatly impact sediment cohesiveness and thus erodability. Through their locomotor, feeding, burrowing and ventilating activities, bioturbators induce particles and porewater transports [START_REF] Kristensen | What is bioturbation? The need for a precise definition for fauna in aquatic sciences[END_REF], with cascading effects on the physical, geomorphological and biogeochemical properties of sediments [START_REF] Aller | Benthic fauna and biogeochemical processes in marine sediments: the role of burrow structures[END_REF][START_REF] Aller | The effects of macrobenthos on chemical properties of marine sediment and overlying water[END_REF][START_REF] Jones | In situ assessment of modification of sediment properties by burrowing invertebrates[END_REF][START_REF] Rhoads | The influence of deposit-feeding organisms on sediment stability and community trophic structure[END_REF]. The activities of bioturbators therefore directly impacts distribution, bulk density or moisture content [START_REF] Graf | Bioresuspension and biodeposition: a review[END_REF][START_REF] Hir | Sediment erodability in sediment transport modelling: Can we account for biota effects?[END_REF][START_REF] Nowell | Effects of biological activity on the entrainment of marine sediments[END_REF]. By their mere presence, bioturbators can also affect the sediment bed roughness. Indeed, the protruding of polychaete tubes in the water column or the presence of bivalve shells at the surface of the sediment bed alters the sediment-water interface topography, modulating the susceptibility of the bed to hydrodynamic erosive forces [START_REF] Friedrichs | Skimming flow induced over a simulated polychaete tube lawn at low population densities[END_REF][START_REF] Moulin | Impact of an invasive species, Crepidula fornicata, on the hydrodynamics and transport properties of the benthic boundary layer[END_REF].

Along with their direct impact on sediment stability, bioturbators also indirectly influence its erodability while modulating the growth of microphytobenthic organisms. Microphytobenthos (MPB) is dominated by diatoms forming biofilms. The framework of these biofilms is created by extracellular polymeric substances (EPS) that are synthetized and exuded by diatoms. EPS increase the adhesion between sediment grains (see [START_REF] Stal | Microphytobenthos as a biogeomorphological force in intertidal sediment stabilization[END_REF] for a review), consequently stabilizing the surficial sediment layers [START_REF] Holland | Quantitative evidence concerning the stabilization of sediments by marine benthic diatoms[END_REF][START_REF] Miller | Microphytobenthos: -water marine habitats. II. Role in sediment stability and shallow-Water food webs[END_REF][START_REF] Paterson | Short-term changes in the erodibility of intertidal cohesive sediments related to the migratory behavior of epipelic diatoms[END_REF][START_REF] Sutherland | The effect of carbohydrate production by the diatom Nitzschia curvilineata on the erodibility of sediment[END_REF][START_REF] Yallop | Comparative structure, primary production and biogenic stabilization of cohesive and non-cohesive marine sediments inhabited by microphytobenthos[END_REF]. However, while grazing on MPB, deposit-feeders interfere with the stabilizing role of microphytobenthic biofilms [START_REF] Kristensen | Influence of benthic invertebrates on the erodability of estuarine cohesive sediments: Density-and biomass-specific responses[END_REF][START_REF] Orvain | Interacting effects of Hydrobia ulvae bioturbation and microphytobenthos on the erodibility of mudflat sediments[END_REF]. Bioturbators also exert intense sediment reworking that negatively affect MPB, biofilms being disrupt and the abundance of microphytobenthic organisms reduced [START_REF] Brustolin | Bioturbation by the sand dollar Encope emarginata (Echinoidea, Mellitidae) changes the composition and size structure of microphytobenthic assemblages[END_REF]. Nonetheless, bioturbators can also stimulate nutrient fluxes on which MPB relies, thereby enhancing its growth and stabilizing effect [START_REF] Eriksson | Facilitation by ecosystem engineers enhances nutrient effects in an intertidal system[END_REF][START_REF] Needham | Context-specific bioturbation mediates changes to ecosystem functioning[END_REF][START_REF] Swanberg | The influence of the filter-feeding bivalve Cerastoderma edule L. on mycrophytobenthos: a laboratory study[END_REF]. Finally, bioturbators can facilitate the growth of benthic unicellular algae by stabilizing sediments and reducing hydrodynamic stress [START_REF] Donadi | Non-trophic interactions control benthic producers on intertidal flats[END_REF]. Complex interactions thus occur between bioturbators and microphytobenthic organisms, modulating their respective and combine influence on sediment stability (e.g., [START_REF] Brustolin | Bioturbation by the sand dollar Encope emarginata (Echinoidea, Mellitidae) changes the composition and size structure of microphytobenthic assemblages[END_REF][START_REF] Orvain | Relevance of macrozoobenthic grazers to understand the dynamic behaviour of sediment erodibility and microphytobenthos resuspension in sunny summer conditions[END_REF][START_REF] Swanberg | The influence of the filter-feeding bivalve Cerastoderma edule L. on mycrophytobenthos: a laboratory study[END_REF] and questioning the general view of bioturbators as bio-destabilisers and microphytobenthic organisms as bio-stabilisers.

Various environmental parameters moderate the activity of bioturbators (e.g., [START_REF] Maire | A comparison of sediment reworking rates by the surface deposit-feeding bivalve Abra ovata during summertime and wintertime, with a comparison between two models of sediment reworking[END_REF][START_REF] Ouellette | Effects of temperature on in vitro sediment reworking processes by a gallery biodiffusor, the polychaete Neanthes virens[END_REF][START_REF] Pascal | Linking behaviours, sediment reworking, bioirrigation and oxygen dynamics in a soft-bottom ecosystem engineer: The mud shrimp Upogebia pusilla (Petagna 1792)[END_REF] and microphytobenthic organisms [START_REF] Macintyre | -water marine habitats. I. Distribution, abundance and primary production[END_REF] that probably modulate the balance between the respective influence of these two groups on sediment stability. Indeed, wild organisms naturally experience a wide variety of biotic and abiotic stressors that have interactive effects on their health. Regarding bioturbators, such stressors can affect their physiology and modulate the magnitude of their activity with consequences on ecosystem functioning [START_REF] Dairain | Do trace metal contamination and parasitism influence the activities of the bioturbating mud shrimp Upogebia cf. pusilla?[END_REF][START_REF] Premo | Threat of predation alters the ability of benthic invertebrates to modify sediment biogeochemistry and benthic microalgal abundance[END_REF][START_REF] Przeslawski | Effects of abiotic stressors on infaunal burrowing and associated sediment characteristics[END_REF][START_REF] Sturdivant | Bioturbation in a declining oxygen environment, in situ observations from Wormcam[END_REF].

Behavioural modifications could also modulate the effects that bioturbating organisms have on erosion processes. However, studies assessing the far-reaching consequences of environmental stressors on sediment stability remain scarce. To our knowledge, only the influence of intra-specific competition has been quantified by manipulating the density of targeted bioturbating species (e.g., [START_REF] Ciutat | Effect of Cerastoderma edule density on near-bed hydrodynamics and stability of cohesive muddy sediments[END_REF][START_REF] Harris | Biotic interactions influence sediment erodibility on wave-exposed sandflats[END_REF][START_REF] Kristensen | Influence of benthic invertebrates on the erodability of estuarine cohesive sediments: Density-and biomass-specific responses[END_REF][START_REF] Li | Effects of bioturbation on the erodibility of cohesive versus non-cohesive sediments along a current-velocity gradient: A case study on cockles[END_REF]. For example, through a set of annular flume experiments [START_REF] Ciutat | Influence of cockle Cerastoderma edule bioturbation and tidal-current cycles on resuspension of sediment and polycyclic aromatic hydrocarbons[END_REF] highlighted a non-linear density dependent effect of the common cockle Cerastoderma edule on the stability of a muddy sediment. At an intermediate density (i.e. 141 ind m -2 ) cockles have a higher effect on sediment resuspension than cockles at high density (i.e. 312 ind m -2 ). Similarly, the critical erosion velocity (U * crit , cm s -1 ) was lower for the intermediate density of cockles than for the highest tested density [START_REF] Ciutat | Influence of cockle Cerastoderma edule bioturbation and tidal-current cycles on resuspension of sediment and polycyclic aromatic hydrocarbons[END_REF]. This pattern may be related to an higher mucus production by the highest density of cockles that enhance sediment cohesion [START_REF] Ciutat | Influence of cockle Cerastoderma edule bioturbation and tidal-current cycles on resuspension of sediment and polycyclic aromatic hydrocarbons[END_REF]. However, it may also be suggested that intra-specific competition reduces the individual bioturbation rate of cockles [START_REF] Duport | Effects of population density on the sediment mixing induced by the gallery-diffusor Hediste (Nereis) diversicolor O.F. Müller[END_REF], modulating the global effect of the population of cockles on sediment dynamics.

Among potential stressors, the influence of parasitism on bioturbators and their activity has been widely overlooked [START_REF] Dairain | Influence of parasitism on bioturbation: from host to ecosystem functioning[END_REF]. Parasites are widespread in natural environments (Dobson et al., 2008), where they greatly contribute to total biomass [START_REF] Kuris | Ecosystem energetic implications of parasite and free-living biomass in three estuaries[END_REF]. Parasites also have a wide range of debilitating effects on their bioturbating hosts, including altered growth, behaviour, fecundity or survival (see [START_REF] Dairain | Influence of parasitism on bioturbation: from host to ecosystem functioning[END_REF] for a review). The direct effects exerted by parasites on bioturbators certainly have knock-on effects on their population, thus influencing their role as ecosystem engineers [START_REF] Dairain | Influence of parasitism on bioturbation: from host to ecosystem functioning[END_REF][START_REF] Thomas | Parasites and ecosystem engineering: what roles could they play?[END_REF]. First, through their impact on fecundity and survival, parasites are key drivers of host abundance and population size structure [START_REF] De Montaudouin | Digenean trematodes moderately alter Hydrobia ulvae population size structure[END_REF][START_REF] Jensen | Mass mortality in two common soft-bottom invertebrates, Hydrobia ulvae and Corophium volutator -the possible role of trematodes[END_REF]. Secondly, parasites likely modify phenotypic traits of bioturbators involved in their functional role, the so-called trait-mediated effects [START_REF] Mouritsen | Parasitism, community structure and biodiversity in intertidal ecosystems[END_REF][START_REF] Preston | Disease ecology meets ecosystem science[END_REF]. For instance, trematode parasites commonly infect the mud snail Peringia ulvae (e.g., [START_REF] De Montaudouin | Digenean trematodes moderately alter Hydrobia ulvae population size structure[END_REF][START_REF] Thieltges | Macroparasite community in molluscs of a tidal basin in the Wadden Sea[END_REF]. Trematodes have a wide range of adverse effects on their gastropod host, of which they significantly reduce the mud [START_REF] Mouritsen | The enigma of gigantism: effect of larval trematodes on growth, fecundity, egestion and locomotion in Hydrobia ulvae (Pennant) (Gastropoda: Prosobranchia)[END_REF]. The mud snail P. ulvae greatly affects sediment stability. By crawling at the sediment surface and producing faecal pellets and pseudofaeces, mud snails produce a biogenic fluff layer that is easily erodible [START_REF] Andersen | The role of fecal pellets in sediment settling at an intertidal mudflat, the Danish Wadden Sea[END_REF][START_REF] Austen | The influence of benthic diatoms and invertebrates on the erodibility of an intertidal mudflat, the Danish Wadden Sea[END_REF][START_REF] Orvain | The influence of sediment cohesiveness on bioturbation effects due to Hydrobia ulvae on the initial erosion of intertidal sediments: A study combining flume and model approaches[END_REF][START_REF] Orvain | A model of fluff layer erosion and subsequent bed erosion in the presence of the bioturbator, Hydrobia ulvae[END_REF]. As a deposit-feeder, P. ulvae also grazes on MPB, which could interfere with the stabilizing effect of microalgae [START_REF] Austen | The influence of benthic diatoms and invertebrates on the erodibility of an intertidal mudflat, the Danish Wadden Sea[END_REF][START_REF] Orvain | Interacting effects of Hydrobia ulvae bioturbation and microphytobenthos on the erodibility of mudflat sediments[END_REF]. Over a large field study, [START_REF] Mouritsen | Community regulation by herbivore parasitism and density: Trait-mediated indirect interactions in the intertidal[END_REF] investigated the impact of trematode-uninfected and infected populations of P. ulvae on sediment characteristics, MPB community structure and macrozoobenthic assemblage. While they did not report any significant impact of parasitism on sediment characteristics (e.g., organic content, median particle size), they highlighted that parasitized mud snails were associated with a significant decrease of the chlorophyll a content in the sediment and changes in the diatom community structure. The authors suggested that parasites decrease the sediment disturbance exerted by mud snails while reducing their mobility. Therefore, parasites may indirectly interfere with the release of nutrients mediated by bioturbation processes, leading to a decline in the MPB biomass.

Considering the intricate link between MPB and sediment stability (see above), parasites may ultimately affect erosion processes.

To date, trait-mediated effects of parasites on their bioturbating host have been poorly studied (see [START_REF] Dairain | Influence of parasitism on bioturbation: from host to ecosystem functioning[END_REF] for a review) and their consequences on sediment stability have never been quantified. Considering the ubiquity of parasites in natural environment, their deleterious effect on the physiology of their bioturbating hosts and their potential impacts on the behaviour of bioturbators, a better understanding of the role of parasites in sediment stability processes is crucial. Such studies may also allow to improve the modelling of sediment transport. This study therefore aims at evaluating the indirect influence of parasitism on sediment stability processes, focusing on a widespread bioturbator in intertidal areas of the Northern hemisphere, the common edible cockle Cerastoderma edule.

Materials and methods

The host-parasite association

This study focuses on the Cerastoderma edule (Bivalvia: Cardiidae) Bucephalus minimus (Trematoda: Bucephalidae) host-parasite system.

The common edible cockle C. edule is a suspension-feeding bivalve widespread in semi-sheltered areas from the Barents Sea to West African lagoons [START_REF] Bazaïri | Spatial organisation of macrozoobenthic communities in response to environmental factors in a coastal lagoon of the NW African coast (Merja Zerga, Morocco)[END_REF][START_REF] Hayward | Handbook of the marine fauna of north-west Europe[END_REF][START_REF] Honkoop | Molluscan assemblages of seagrass-in relation to characteristics of sediment and organic matter[END_REF] where it can be dominant with respect to abundance and biomass [START_REF] Beukema | Biomass and species richness of the macro-benthic animals living on the tidal flats of the Dutch Wadden Sea[END_REF], Rakotomalala et al. 2015). In addition to its high economic value, C. edule plays a key role in ecosystem functioning, first as an important food resource for birds and benthic invertebrates (see [START_REF] Malham | A review of the biology of European cockles (Cerastoderma spp.)[END_REF] for a review), and secondly as an ecosystem engineer species, mainly through its bioturbation activity. Indeed, while burrowing, migrating in the sediment column and crawling at the sediment surface C. edule generates particles transport [START_REF] Flach | The Influence of the cockle, Cerastoderma edule , on the macrozoobenthic community of tidal flats in the Wadden Sea[END_REF][START_REF] Mermillod-Blondin | Influence of bioturbation by three benthic infaunal species on microbial communities and biogeochemical processes in marine sediment[END_REF] and modifies the sediment matrix [START_REF] Montserrat | Sediment segregation by biodiffusing bivalves[END_REF]. The bioturbation generated by cockles greatly affects the sediment surface stability, with cockles mainly enhancing the erodability of the surface of cohesive sediments [START_REF] Ciutat | Effect of Cerastoderma edule density on near-bed hydrodynamics and stability of cohesive muddy sediments[END_REF][START_REF] Ciutat | Influence of cockle Cerastoderma edule bioturbation and tidal-current cycles on resuspension of sediment and polycyclic aromatic hydrocarbons[END_REF][START_REF] Li | Effects of bioturbation on the erodibility of cohesive versus non-cohesive sediments along a current-velocity gradient: A case study on cockles[END_REF][START_REF] Neumeier | Erodibility and erosion patterns of mudflat sediments investigated using an annular flume[END_REF]. Some studies also showed that cockles could also enhance the stabilisation of sandy substrates by promoting biodeposition and increasing the sediment silt content [START_REF] Soissons | Sandification vs. muddification of tidal flats by benthic organisms: A flume study[END_REF] 

Sampling of sediment

Cohesive and non-. The sediments were firstly dry-sieved through a 2 mm mesh to retain macrofauna and debris. Then a mixture of cohesive and non-cohesive sediment was prepared and kept several days in the dark before being introduced in experimental plots (see below). The sediment mixture finally consisted of slightly muddy-sand (sand = 95.4 %, mud = 4.4 %, gravel = 0.2 % and D 50 = 287.5 µm).

Microphytobenthos culture

Microphytobenthos biofilms (MPB) were collected on a mudflat in Baie des Veys by scratching the sediment surface. A MPB inoculum was then prepared by mixing biofilms collected in the field with the muddy-sand mixture (see above). The inoculum was placed under an 18:6 h dark-light cycle (light intensity = 114 µmol photons m -2 s -1 ) for at least 3 days in order to stimulate the growth of MPB before adding the inoculum to the sediment surface of experimental plots (see below). 

Experimental design and setup

presence of parasitized cockles in sediment plots unenriched with MPB ( -Without

, and (6) presence of parasitized cockles in sediment plots enriched with MPB ( -. Each treatment was replicated three times.

Experimental plots consisted of PVC tubes (internal diameter = 9.4 cm, height = 22 cm). Each experiment lasted 9 days experimental treatment, see below). On day 1 experimental plots were filled with the slightly muddy-sand sediment mixture (sediment column of 21 cm). On day 2, two unparasitized or parasitized cockles of similar size (total length = 22.6 27.8 mm)

were added in each experimental plot (density of cockles = 288 ind. m -2 ). Then, experimental plots were placed in a semi-diurnal mesocosm with one diurnal emersion phase. On day 3, a 1-cm layer of sediment unenriched or enriched with MPB was added to the surface of sediment cores. From day 2 to day 9, an 18:6 h night-day alternation regime was applied using cool white lamps (light intensity = 114 µmol photon m -2 s -1 ). The day phase corresponded to the diurnal emersion phase. Erosion experiments were conducted on day 9, corresponding to a MPB growth period of 6 days. The experiments lasted 8 days for treatments without cockles , the 1-cm layer of sediment unenriched or enriched with MPB being added on day 2 and the erosion experiment performed on day 8. Air-bubbling systems were added in the semi-diurnal mesocosm to maintain a fully oxygenated water. Daily, ca. 10 % of the mesocosm total seawater volume was renewed. Over the incubation period, the seawater temperature averaged 12.0 ± 0.4 °C and the salinity 31.7 ± 0.7 (mean ± SD).

Microphytobenthos photosynthetic parameters

At the end of the 6-day incubation period, and before erosion experiment, the superficial MPB chlorophyll a fluorescence in each experimental plot was measured using a Pulse Amplitude Modulated (PAM) fluorimeter (IMAGING-PAM M-series, Walz). Experimental plots were placed in the dark for ca. 5 min before a low frequency light was applied, allowing to determine the minimal level of fluorescence F 0 . A saturating light pulse was then applied to determine the maximum fluorescence F m . Finally, increasing actinic light pulses (nine 30-second steps from 0 to 701 µmol photons m -2 s -1 ) were applied. Steady state fluorescence (F s ), maximal fluorescence (F m effective quantum yield of the photosystem II were determined at each step:

F 0 was used to estimate the photosynthetically active chlorophyll a biomass (referred later as a -2

) within the sediment photic layer using the standard curve:

Chlorophyll a biomass = 12.142 F 0 -0.2012. The thickness of the sediment photic layer was ca. 200 µm [START_REF] Morelle | A simple, user friendly tool to readjust raw PAM data from field measurements to avoid over-or underestimating of microphytobenthos photosynthetic parameters[END_REF]. Thus we quantified chlorophyll a biomasses at the microscale and the values obtained remain low as compared to MPB biomasses usually determined in the first cm of the sediment column (i.e. usually > 100 mg m -2 ). Nonetheless, the relative comparisons of chlorophyll a biomasses based on F 0 are a good proxy to evaluate the potential productive chlorophyll a stock and MPB growth performances in the sediment photic layer.

Erosion procedure

Erosion experiments were performed using the Erodimetre erosion flume described by [START_REF] Guizien | Accounting for rough bed friction factors of mud beds as a result of biological activity in erosion experiments[END_REF]. The Erodimetre is a recirculating straight flume (length= 1.2 m long, width = 0.08 m, height = 0.02 m) in which a unidirectional flow is generated by a pump. One sediment core was sampled in each experimental plot using a sample carrier and then inserted into the flume with the sediment surface flushing at the bottom of the Erodimetre. The flume was then carefully filled with seawater before a current flow was applied. A frequency device associated to the recirculating water pump was used to gradually increase the current speed from 0 to 20 30 Hz (i.e., current flow from 0 up to ca. 72.5 cm s -1 ) in 15 to 20 steps (increment of 1 Hz from 0 to 10 Hz and of 2 Hz from 10 to maximum 30 Hz). Each step lasted 5 min.

The flow discharge was monitored using an electromagnetic flowmeter (Promag 10P, Endress+Hauser). A multiprobe (DS5, Hydrolab) with turbidity and fluorescence sensors allowed to continuously record the turbidity and to estimate the quantity of chlorophyll a in the water. Calibration curves allowed for the calculation of the concentrations of suspended particulate matter ( ; g L -1 ) and chlorophyll a (µg L -1 ) in the water column (y = 0.026 x, R 2 = 0.998 and y = 0.0128

x 2 + 0.749 x; R 2 = 0.998 for suspended matter and chlorophyll a, respectively). A trap downstream the sediment sample also allowed to measure the erosion of sandy particles. The total volume of the sand trap is 17.7 cm 3 ; erosion experiments were shortening if the sand trap was fulfilled before 30 Hz (i.e.

current speed = ca. 72.5 cm s -1 ). The pressure upstream and downstream the sediment sample was finally recorded using a pressure sensor (deltabar P70, Endress+Hauser). [START_REF] Guizien | Accounting for rough bed friction factors of mud beds as a result of biological activity in erosion experiments[END_REF]. Briefly, the head loss between the upstream and downstream parts of a smooth section in the flume tunnel was 0 , Pa). Thus, bed shear stresses determined in this study take into account the bed deformation and the presence of physical objects that could protrude at the sediment-water interface, such as shell of cockles. Accordingly, shear velocities U * (m s -1 ) were calculated as follows: 0 ass density (1033 kg m -3 ). Critical erosion thresholds for the chlorophyll a of biofilms of MPB and the sandy fraction of the sediment column were determined as the intercept of the best linear regression of chlorophyll a concentration in the water column and sand volume, respectively, against log(U * +1):

B

with U * crit the critical shear velocity for erosion (m s -1 ), y the chlorophyll a concentration in the water column (µg L -1 ) or the volume of sand eroded (m 3 ). Then, the critical bed shear stress for the chlorophyll a of the MPB biofilm and the sandy fraction of the sediment column were calculated as follows:

Regarding the muddy fraction of the sediment column, it was possible to discriminate the erosion of the biogenic fluff layer from the erosion of the sediment bed. Therefore, both critical erosion thresholds of the biogenic fluff layer and of the sediment bed were determined, following the procedure described above.

Finally, mean erosion rates of the MPB biofilm, muddy fraction and sandy fraction at the sedimentwater interface were calculated over the three steps following the critical erosion incipient point taking into account the volume of the Erodimetre and the surface of the sediment sample. Regarding the muddy fraction, only fluxes following the erosion of the biogenic fluff layer were calculated. The software Matlab (v. 2019a, MathWorks) was used.

Dissection of cockles

Following the erosion experiment, cockles were placed in a seawater open-circuit for 24 h before being dissected to check for their parasitic status. First, the shell length of cockles was measured using a digital calliper. The shell was then opened by cutting the posterior adductor muscle, all soft tissues were extracted and squeezed between two transparent glass plates under stereomicroscope to check for infection with B. minimus. Then, soft tissues were dried (at least 48 h at 60 °C) and weight (dry weight, DW). DW were used to calculated individual metabolic rate following [START_REF] Brey | An empirical model for estimating aquatic invertebrate respiration[END_REF]. Finally, population metabolic rates were estimated taking into account the density of cockles in experimental plots (density = 288 ind. m -2 ) [START_REF] Cozzoli | The combined influence of body size and density on cohesive sediment resuspension by bioturbators[END_REF]. [START_REF] Anderson | Distance-based tests for homogeneity of multivariate dispersions[END_REF].

Statistical analyses

Analyses of covariance (ANCOVA) were also used to investigate potential differences in the relationships between the metabolic rate of cockle populations and (1) the growth of MPB at the sediment-water interface, (2) the critical bed shear stresses crit ) of the different sediment fraction (chlorophyll a, muddy and sandy fractions) and (3) the fluxes of chlorophyll a, muddy particles (suspended matter) and sand at the sediment-water interface during erosion experiments with MPB occurrence.

Shapiro and Levene tests were used to check for the normality of the data and homogeneity of the variances, respectively. Differences were considered significant with p < 0.05. All statistics were performed using the statistical software R (R Core Team, 2019).

Results

Dissections showed i treatment was infected with the parasite Bucephalus minimus. Even though the infection was not widespread in the cockle tissues and of very low severity (only a very few sporocysts were observed, A.D. personal obs.), this replicate was excluded from our analyses. Therefore, there were only two treatment while there were three replicates for the others.

Metabolic rates of cockles

Individual metabolic rates of unparasitized and parasitized of cockles were 0.22 ± 0.01 and 0.16 ± 0.02 mW (mean ± SE), respectively. Parasitized cockles showed significantly lower individual metabolic rates as compared with unparasitized individuals when standardized for shell length (t-test, t = 2.40, p < 0.05). In averaged, parasitized cockles were 29.2 % lighter than unparasitized organisms when standardized for shell length.

Microphytobenthos growth

Biomass of chlorophyll a

Following the 6-day incubation period, chlorophyll a biomasses ranged between 0.17 0.42 and 0.79 1.17 mg m -2 in the sediment photic layers of experimental plots unenriched and enriched with MPB, respectively (Fig 1A 1). On the opposite, there was no significant influence of C on the effective quantum yield of the PSII and no interactive effects between C (Fig. 1B, Table 1).

The effective quantum yield of the PSII significantly decreased with the increase of the metabolic rate of cockle populations (Fig. 1B; ANCOVA, F= -4.4, p < 0.01). The slope of the relationship between these two variables did not significantly varied (ANCOVA, p = 0.08).

Shear velocity dynamics

The influence of cockles C. edule on the dynamics of shear velocity (U*, cm s -1 ) at the sedimentwater interface of experimental plots as a function of the current flow is shown in Fig. 2. U* ranged between 0.3 16.0 and 0 14.8 cm s -1 at the sediment surface of experimental plots unenriched and enriched with MPB, respectively (Fig. 2). Overall, U* increased with the current flow. For some samples, we observed a decrease of U* at high current flows that evidenced modifications of the bed topography (and thus roughness) with the ongoing erosion.

In more details, without MPB and without cockles ( -U* slightly decreased from ca. 3.3 cm s -1 to ca 2.0 cm s -1 with the current flow increasing up 17.5 cm s -1 . Then, it linearly increased up to ca. 5.1 cm s -1 . This maximal U* was attained for a current flow of ca. 50 cm s - 1 . Finally, U* decreased and attained ca. 4.5 cm s -1 at the end of the erosion experiment (maximal current flow = 62 cm s -1 ) (Fig. 2). U* dynamics at the surface of experimental plots with MPB and without cockles -was very similar to this latter pattern. However, there was no decrease of U* at the highest current flows, that reached a stable value from a current flow of ca. 50 cm s -1 (Fig. 2). treatments (i.e., without and with MPB), there was a low variability between the replicates.

Without MPB and with unparasitized cockles ( -U* slightly decreased from ca. 1.2 to 0.66 cm s -1 with the current flow increasing from ca. 0.6 to 8.1 cm s -1 . Then, U* increased up to ca. 5.1 cm s -1 (current flow = ca. 44.7 cm s -1 ). Overall, a similar pattern was observed at the surface of experimental plots with MPB and unparasitized cockles -. Nonetheless, there was a high variability between the replicates. In particular, for one of them much higher values of U* were recorded above a current flow of ca. 20.6 cm s -1 as compared to those observed for the two other replicates (Fig. 2). For this replicate, U* attained 14.1 cm s -1 (current flow = 48.1 cm s -1 ) at the end of the erosion experiment, while it attained 6.4 cm s -1 for the two other ones.

Without MPB and with parasitized cockles ( -U* slightly decreased from ca. 1.2 to 0.31 cm s -1 with the current flow increasing from ca. 0.6 to 3.1 cm s -1 . Then, U* increased up to ca. 6.2 cm s -1 (current flow = ca. 44.7 cm s -1 ). There was great variability between replicates. For one of the replicates, much higher values of U* were recorded above a current flow of ca. 20.6 cm s -1 as compared with the two other replicates (Fig. 2). For this replicate, U* attained 16.0 cm s -1 (current flow = 42.5 cm s -1 ) at the end of the erosion experiment, while it attained ca. 5.8 cm s -1

for the two others. On the other hand, there was a low variability in the dynamics of the U* at the sediment surface of experimental plots with MPB and parasitized cockles -

In the latter case, U* decreased from ca. 0.99 to 0.62 cm s -1 with the current flow increasing from ca. 0.6 to 8.4 cm s -1 . Then, it increased up to ca. 5.5 cm s -1 (current flow = ca. 44.4 cm s -1 ).

Therefore, there was no influence of MPB enrichment or cockles on the U* dynamics. The presence of the bivalve increased U* experimental treatments).

There was no influence of parasitism on U* dynamics independently of the MPB enrichment.

However, there was an interactive effect between parasitism and MPB enrichment on U*. In experimental plots unenriched MPB, U* were higher . The opposite trend was noticed in experimental plots enriched with MPB.

The roughness length z 0 was determined for each sample by focusing on the linear part of the relationship between the shear velocity U* and the current flow (Fig. 2). Roughness lengths z 0 ranged between 0.064 0.31 and 0.020 0.19 cm for experimental plots unenriched and enriched with MPB, respectively (Fig. 3). C factors alone on z 0 and no interactive effect (Fig. 3, Table 1). The roughness length z 0 significantly increased with the increase of the metabolic rate of cockle populations (Fig. 3; ANCOVA, F = 3.1, p < 0.01). The slope of the relationship between PB p = 0.20).

Sediment resuspension dynamics and erodability

The erosion potential of unparasitized and parasitized cockles and the influence of MPB on sediment stability was measured in terms of suspended sediment concentration (chlorophyll a of MPB biofilms, muddy fraction and sandy fraction were differentiated) and critical bed shear stress for erosion ( crit , Pa). Fig. 4 illustrates the dynamics of sediment resuspension for the different fractions of the surface layers of the sediment column with the increasing current flow.

Mud fraction

The concentration of suspended matter in the water column was recorded as a proxy of the erosion of the muddy fraction of the surface layers of the sediment column. Overall, the concentration of suspended matter exponentially increased as a function of the increasing current flow (Fig. 4A). We firstly observed the erosion of a biogenic fluff layer at low current velocity. It was followed by bed erosion (i.e., mass erosion) at the highest current velocities. Biofilms of MPB did not influence the kinetics of the erosion of the muddy fraction (Fig. 4A). Cockles destabilized sediment plots, that is the muddy fraction of the sediment column was eroded at lower current velocity (ca. 13 to 28 cm s -1 ) as treatment (ca. 32 to 47 cm s -1 ) (Fig. 4A). Without MPB, the parasite B.

minimus did not influence the erosion kinetics of fine particles. Conversely, with MPB, parasitism seemed to delay the erosion of these particles, erosion occurring at slightly higher current flow as treatment (Fig. 4A).

Chlorophyll a fraction

The concentration of chlorophyll a in the water column over time was monitored as a proxy of the erosion of the biofilms of MPB.

Chlorophyll a concentrations in the water column of experimental plots unenriched and enriched with MPB ranged 5.7 9.7 and 6.1 15.1 mg m -2 , respectively (Fig. 4B). The different experimental treatments showed similar erosion kinetics for chlorophyll a, that is the chlorophyll a concentration firstly decreased with the current flow. Above a flow ranging 25 45 cm s -1 , there was an increase of the concentration of chlorophyll a with the increase of the current flow (Fig. 4B). The current flow from which there was an increase in the chlorophyll a concentration varied between experimental treatments. In particular, erosion of chlorophyll a was initiated for a lower current flow when cockles inhabited sediment plots. There were no effect of parasitism and MPB on the erosion kinetics of chlorophyll a (Fig. 4B).

Sand fraction

Fig. 4C illustrates the thickness of sand eroded during erosion experiments. The thickness of sand eroded exponentially increased as a function of the increasing current flow for the different experimental treatments. Sandy particles were eroded at lower current flow when sediments were inhabited by cockles. In contrasts, there was no influence of MPB on the erosion kinetics of sandy particles. Without MPB, the parasite B. minimus did not influence the resuspension dynamics of the sandy fraction whereas parasitism delayed its erosion in MPB-enriched sediment plots. Indeed, erosion of sand occurred at higher current flow as compared with the one.

Critical bed shear stress

Mud fraction

Regarding the muddy fraction, we discriminated the erosion of the biogenic fluff layer from the sediment bed erosion and therefore determined the critical erosion threshold for both of them (Fig. 5).

crit ) for the biogenic fluff layer ranged between 0.46 2.83 and 0.31 2.41 Pa in experimental plots unenriched and enriched with MPB, respectively (Fig. 5). There was no C and s, and no interactive effect between them on crit for the biogenic fluff layer (Table 1). crit significantly decreased with the increase of the metabolic rate of cockle populations (ANCOVA, F = -2.3, p < 0.05). This relationship was not influenced by the MPB enrichment (ANCOVA, p = 0.86).

crit for the sediment bed ranged between 1.51 3.00 and 1.46 3.58 Pa for experimental plots unenriched and enriched with MPB, respectively (Fig. 5). Cockles significantly lowered crit for the sediment bed as compared to those determined for experimental plots without cockles (Table 1). There was no significant influence of C crit for the sediment bed (Table 1). crit for the sediment bed significantly decreased with the increase of the metabolic rate of cockle populations (Fig. 5; ANCOVA, F = -5.49, p < 0.01). The enrichment with MPB did not significantly modify this relationship (Fig. 5; ANCOVA, p = 0.33).

Chlorophyll a fraction

crit ) for the chlorophyll a of MPB biofilms ranged between 0.69 14.8 and 0.77 2.66 Pa in experimental plots unenriched and enriched with MPB, respectively (Fig. 6).

There were no significant effects of C factors crit , and no interactive effect between both of them (Table 1). There was no significant relationship between crit and the metabolic rate of cockle populations (Fig. 6; ANCOVA, p = 0.23).

Sand fraction

Critical bed shear stresses crit ) for the sandy fraction of the sediment ranged between 0.46 2.33 and 0.78 2.45 Pa in experimental plots unenriched and enriched with MPB, respectively (Fig. 6).

Unparasitized and parasitized cockles significantly decreased crit as compared with experimental plots crit (Table 1). There was an interactive effect between C crit (Table 1). However pairwise comparisons did not evidence signifi crit also significantly decreased with the increase in the metabolic rate of cockle populations (Fig. 6; ANCOVA, F = -3.0, p < 0.01).

This relationship was not affected by the enrichment with MPB (Fig. 6; ANCOVA, p= 0.053).

Sediment erosion fluxes

Mud fraction

Erosion f -water interface of experimental plots unenriched and enriched with MPB ranged between 0 0.26 and 0 0.23 g m -2 s -1 , respectively (Fig. 7). There were no significant effects of MPB , and no interactive effect between them on fluxes of fine particles (Table 3). Erosion fluxes of fines particles at the sediment-water interface did not vary with the metabolic rate of cockle populations, independently of the enrichment with MPB (Fig 8 ; ANCOVA, p = 0.60).

Chlorophyll a fraction

Fluxes of chlorophyll a at the sediment-water interface of experimental plots unenriched and enriched with MPB ranged between 0.57 2.42 and 0.22 6.55 mg m -2 s -1 , respectively (Fig. 7). There was no significant effect of the MPB (Table 1). Conversely, fluxes of chlorophyll a were enhanced in the presence of parasitized cockles as compared to what was observed with unparasitized cockles and without cockles (Fig. 7 C s on fluxes of chlorophyll a, although pairwise comparisons did not evidence significant differences between entities.

A significant decrease of the flux of the chlorophyll a with the increase of the metabolic rate of cockle populations was observed in experimental plots enriched with MPB (Fig. 8; ANCOVA, F = -3.6, p < 0.01).

Sand fraction

Erosion fluxes of sand at the sediment-water interface of experimental plots unenriched and enriched with MPB ranged between 1.04 5.16 10 -6 and 1.18 12.80 10 -6 dm s -1 , respectively (Fig. 7). There was no significant effect of C and MPB factors, and no interactive effect between them (Table 1). Additionally, erosion fluxes of sand did not vary with metabolic rates of cockle populations, independently of the MPB enrichment (Figure 8; ANCOVA, p = 0.81).

parasite B. minimus on its host. However, we suggest that caution should be taken when calculating the metabolic rate of organisms, from which their bioturbation potential is deduced [START_REF] Cozzoli | The combined influence of body size and density on cohesive sediment resuspension by bioturbators[END_REF]. In particular, the use of allometric relationships to estimate the biomass of organisms from their length should be avoid. Indeed, parasites can profoundly alter the growth rate of their host [START_REF] Mouritsen | The enigma of gigantism: effect of larval trematodes on growth, fecundity, egestion and locomotion in Hydrobia ulvae (Pennant) (Gastropoda: Prosobranchia)[END_REF][START_REF] Sousa | Host life history and the effect of parasitic castration on growth: A field study of Cerithidea californica Haldeman (Gastropoda: Prosobranchia) and its trematode parasites[END_REF], so that such allometric relationships between the length and weight of organisms greatly depend of their parasitic status [START_REF] Pascal | Dynamics of the Upogebia pusilla Gyge branchialis marine host parasite system[END_REF]. The use of biomass-length correlation that do not take into account parasitism as a forcing variable may consequently lead to over-or underestimation of the real biomass of organisms (and excluding the parasite biomass) and, ultimately, metabolic rate and bioturbation potential.

Influence of parasitized cockles on hydrodynamics and sediment roughness

Sediment dynamics depends on sediment erodability, that is the resistance of sediment to erosion, and bed shear stress induced by hydrodynamics forcing. Though their bioturbation, benthic organisms can greatly impact sediment cohesiveness and thus modulate sediment erodability as observed for gastropod snails [START_REF] Orvain | A model of fluff layer erosion and subsequent bed erosion in the presence of the bioturbator, Hydrobia ulvae[END_REF] and cockles [START_REF] Soissons | Sandification vs. muddification of tidal flats by benthic organisms: A flume study[END_REF]. In addition to their activity, the mere presence of bioturbators at the sediment surface can also alter the sediment bed roughness and therefore the relationship between the current velocity (hydrodynamic) and the bed shear stress (Le Hir et al. 2007 and references therein). Indeed, protruding benthic organisms can enhance erosion processes by increasing turbulences that cause a local increase in bed shear stress [START_REF] Hir | Sediment erodability in sediment transport modelling: Can we account for biota effects?[END_REF] and references therein). In contrasts, at high density organisms can reduce flow velocity leading to the creation of skimming flow above them [START_REF] Friedrichs | Skimming flow induced over a simulated polychaete tube lawn at low population densities[END_REF]. So far, crit )

have been determined assuming a smooth sediment bed and thus led to underestimation of the influence of cockles and other bioturbating organisms on sediment roughness and their knock-on effects on sediment dynamics. Using the method of [START_REF] Guizien | Accounting for rough bed friction factors of mud beds as a result of biological activity in erosion experiments[END_REF], we were able to strictly disentangle the influence of unparasitized and parasitized cockles C. edule on sediment erodability and sediment roughness.

Considering the presence of cockles as a categorical factor (i.e. without vs. with un-or parasitized cockles) we observed no significant effect of this bivalve on the roughness length z 0 . In contrast, we showed that cockles significantly increase bed roughness using a correlative approach. Indeed, there was a significant increase of the roughness length z 0 with the increase of the metabolic rate of cockle populations. Thus, cockles enhanced the bottom shear stress for a given current velocity. Visual observations revealed that cockles were active during erosion experiments, migrating upside-down in the sediment column and regularly emerging at the sediment surface of experimental plots (G.M. and A.D., personal obs.). The migration behaviour of cockles caused the reworking of sediments with consequences on sediment topography. Additionally, the current flow at the sediment surface could have been modified by cockle shells that periodically emerged at the sediment-water interface.

Our study also highlights that the trematode parasite B. minimus modulates the influence of cockles on sediment topography and thus hydrodynamic. Indeed, this parasite negatively affects the metabolic rate of its host, that is expected to display a lower bioturbation rate [START_REF] Cozzoli | The combined influence of body size and density on cohesive sediment resuspension by bioturbators[END_REF]. This is in agreement with the positive correlation between the roughness length z 0 and the metabolic rates of cockle populations. This correlation shows that parasitized cockles have a lower influence on sediment roughness, and thus sediment erosion, than their unparasitized conspecifics. The altered role of parasitized cockles on sediment roughness may be surprising. Indeed, B. minimus has been suggested

to contribute to the emergence of its host at the sediment surface of tidal flats [START_REF] Desclaux | Cockle emergence at the sediment surface[END_REF].

If so, we would expect that parasitized cockles enhance the roughness length by their mere presence at the sediment surface. On the opposite, parasitized cockles were burrowed during the incubation period of our experiment (A.D. personal observation). Therefore, the reduced effect of parasitized cockles on sediment roughness presently observed rather suggests that these organisms were less active (lower sediment reworking activity) than their unparasitized conspecifics once buried in the sediment. Indeed, several studies showed that parasitized bioturbators experience modifications of their locomotor activity [START_REF] Mouritsen | The parasite-induced surfacing behaviour in the cockle Austrovenus stutchburyi: a test of an alternative hypothesis and identification of potential mechanisms[END_REF][START_REF] Mouritsen | The enigma of gigantism: effect of larval trematodes on growth, fecundity, egestion and locomotion in Hydrobia ulvae (Pennant) (Gastropoda: Prosobranchia)[END_REF][START_REF] Thomas | Manipulation of a mollusc by a trophically transmitted parasite: convergent evolution or phylogenetic inheritance?[END_REF] that can be associated to reduced sediment reworking activity [START_REF] Pascal | Upogebia pusilla dans le fonctionnement biogéochimique des écosystèmes intertidaux à herbier (Zostera noltei University of Bordeaux[END_REF]. Regarding cockles, visual observations (A.D, personal obs.) suggested that parasitized organisms generated less marks and tracks at the sediment surface. Nonetheless, measurements of microtopographical roughness of the sediment surface remain to be conducted to accurately compare the effect of parasitized and unparasitized organisms on sediment roughness.

Influence of parasitized cockles on sediment erodability

The role of cockles C. edule on sediment stability has been largely investigated, both in the lab [START_REF] Ciutat | Effect of Cerastoderma edule density on near-bed hydrodynamics and stability of cohesive muddy sediments[END_REF][START_REF] Ciutat | Influence of cockle Cerastoderma edule bioturbation and tidal-current cycles on resuspension of sediment and polycyclic aromatic hydrocarbons[END_REF][START_REF] Li | Effects of bioturbation on the erodibility of cohesive versus non-cohesive sediments along a current-velocity gradient: A case study on cockles[END_REF][START_REF] Neumeier | Erodibility and erosion patterns of mudflat sediments investigated using an annular flume[END_REF][START_REF] Rakotomalala | Modelling the effect of Cerastoderma edule bioturbation on microphytobenthos resuspension towards the planktonic food web of estuarine ecosystem[END_REF] and in the field [START_REF] Andersen | Erodibility of a mixed mudflat dominated by microphytobenthos and Cerastoderma edule, East Frisian Wadden Sea, Germany[END_REF][START_REF] Montserrat | Benthic communitymediated sediment dynamics[END_REF][START_REF] Rakotomalala | Modelling the effect of Cerastoderma edule bioturbation on microphytobenthos resuspension towards the planktonic food web of estuarine ecosystem[END_REF]. Even though there are some discrepancies between studies, cockles have been observed to mainly enhance the erosion of cohesive sediment [START_REF] Ciutat | Influence of cockle Cerastoderma edule bioturbation and tidal-current cycles on resuspension of sediment and polycyclic aromatic hydrocarbons[END_REF], 2007, Rakotomalala et al. 2015). Indeed, cockles increase the resuspension and erosion rates of fine sediment particles and decrease critical erosion velocities [START_REF] Ciutat | Effect of Cerastoderma edule density on near-bed hydrodynamics and stability of cohesive muddy sediments[END_REF]. Although cockle C. edule inhabits both cohesive and non-cohesive sediments [START_REF] Hayward | Handbook of the marine fauna of north-west Europe[END_REF], the influence of this bivalve in the dynamics of non-cohesive sediments has been comparatively poorly investigated [START_REF] Li | Effects of bioturbation on the erodibility of cohesive versus non-cohesive sediments along a current-velocity gradient: A case study on cockles[END_REF][START_REF] Soissons | Sandification vs. muddification of tidal flats by benthic organisms: A flume study[END_REF]. Besides, previous studies conducted in both cohesive and non-cohesive sediments did not clearly distinguish between the role of cockles on sediment erodability and their impact on sediment roughness. Finally, annular flumes used so far only allow to quantify the effect of bioturbating organisms on the resuspension of muddy particles. In contrasts, the Erodimetre allows us to follow the erosion kinetics of microphytobenthic, muddy and sandy particles. Our study thus brings new insights on the effect of cockles on the erodability of sandy sediments.

Although not discriminating between the role of cockles on sediment roughness and erodability, [START_REF] Li | Effects of bioturbation on the erodibility of cohesive versus non-cohesive sediments along a current-velocity gradient: A case study on cockles[END_REF] recently showed that this bivalve does not significantly affect the critical erosion thresholds and sediment fluxes of a sandy sediment. Considering the presence of cockles as a categorical factor (i.e. without vs. with un-or parasitized cockles), and irrespectively of the presence of the parasite B.

minimus, we highlight a more equivocal impact of this bivalve on sandy sediments. Indeed, cockles reduced the critical erosion thresholds for mass erosion of fine particles and erosion of sandy particles.

The influence of cockles on sediment erodability was even more pronounced when we used the metabolic rate of cockle populations as a continuous explaining variable [START_REF] Brey | An empirical model for estimating aquatic invertebrate respiration[END_REF][START_REF] Cozzoli | The combined influence of body size and density on cohesive sediment resuspension by bioturbators[END_REF]. The critical erosion thresholds of the biogenic fluff layer, the bed and the sandy fraction significantly decreased with the increase of the metabolic rate of cockle populations. In addition to their impact on sediment roughness, cockles thus also modulate the erodability of sandy sediment and overall enhance their erosion. Nonetheless, the relative importance of cockles on these two processes (roughness vs. erodability) remains to be investigated.

Critical erosion thresholds for the biogenic fluffy layer, sediment bed, and sandy particles also significantly decreased with the increase of the metabolic rate of cockle populations, confirming the reduced deleterious effect of parasitized cockles on sediment erodability as compared to unparasitized organisms. Such as for sediment roughness, the lower impact of parasitized cockles on sediment erodability could be related to a reduced bioturbation rate, especially a lower sediment reworking activity. Parasitized cockles therefore negatively interfere with the sediment cohesiveness to a lower extent than unparasitized organisms.

Interactive effect of parasitized cockles and microphytobenthos

Influence of parasitized cockles on microphytobenthos growth

We quantified the effective photosynthetic quantum yield of the photosystem II of benthic algae as a proxy of their physiological status. The value obtained for experimental plots enriched with MPB highlights the good physiological status of MPB biofilms. There was no significant effect of cockles, irrespectively of their parasitic status, on the physiological status of microphytobenthic organisms at the sediment surface. In contrast, we observed a decrease of the chlorophyll a biomass in the photic layer with the increase of the metabolic rate of cockle populations. Therefore, both unparasitized and parasitized cockles have a deleterious impact of the growth of benthic microalgae, but this effect depends on the presence of the parasite B. minimus. Indeed, this parasite restrains the deleterious effect of its host on the growth of benthic microalgae. As previously mentioned, the bioturbation activity of cockles is probably lowered by B. minimus. Thus, parasitized cockles could disrupt MPB biofilms to a lesser extent than unparasitized organisms. Indeed, through their sediment reworking activity, cockles mechanically disrupt MPB biofilms that leads to enhanced chlorophyll a erosion rates [START_REF] Rakotomalala | Modelling the effect of Cerastoderma edule bioturbation on microphytobenthos resuspension towards the planktonic food web of estuarine ecosystem[END_REF]. By doing so, this bivalve could facilitate the resuspension of MPB in the water column, which then becomes available for filter-feeding organisms, including cockles [START_REF] Ubertini | Spatial variability of benthic-pelagic coupling in an estuary ecosystem: consequences for microphytobenthos resuspension phenomenon[END_REF].

While our study clearly emphasises a deleterious effect of cockles on the growth of MPB, some previous ones have been highlighted that cockles promote their growth. The bioturbation generated by this bivalve can, indeed, stimulate the organic matter remineralisation and fluxes of inorganic nutrients at the sediment-water interface [START_REF] Mermillod-Blondin | Ecosystem engineering: the impact of bioturbation on biogeochemical processes in marine and freshwater benthic habitats[END_REF][START_REF] Swanberg | The influence of the filter-feeding bivalve Cerastoderma edule L. on mycrophytobenthos: a laboratory study[END_REF]. By doing so, cockles fuel the growth of benthic microalgae [START_REF] Eriksson | Facilitation by ecosystem engineers enhances nutrient effects in an intertidal system[END_REF][START_REF] Swanberg | The influence of the filter-feeding bivalve Cerastoderma edule L. on mycrophytobenthos: a laboratory study[END_REF]. Although we presently show that cockles interfere with the growth of MPB, we nonetheless suggest that these results are not inconsistent with previous studies showing a stimulating effect of C. edule on MPB.

Indeed, we placed cockles in a sandy sediment with a low quantity of fine particles that thus might contain a very low proportion of organic matter available for remineralisation and the recycled nutrients on which benthic microalgae rely as compared to a cohesive sediment. Therefore, the influence of cockles on MPB growth might be environment-dependent. In this context, parasitized and unparasitized cockles might have contrasting effect depending on the sedimentary environment. In organic-enriched sediments unparasitized cockles would stimulate the growth of benthic microalgae to a higher extent than parasitized organisms, with potential effect on sediment stability. However, this remains to be investigated in future studies. Finally, it should be pointed out that cockles, as ecosystem engineers can modify their environment. In particular, in turbid waters cockles can promote the deposition of fine particles at the sediment surface, consequently leading to a muddification of sandy environments [START_REF] Soissons | Sandification vs. muddification of tidal flats by benthic organisms: A flume study[END_REF]. In this case, cockles might promote the growth of MPB, with consequences on sediment stability. In our experimental context, water turbidity was very low and such cascade effect was thus unlikely.

Indirect effects of parasitized cockles on sediment stability

In MPB enriched plots, parasitized and unparasitized cockles have differential impact on the resuspension dynamics of fine particles, MPB biofilms and sandy particles. The erosion of the different sediment fractions was delayed when experimental plots were inhabited by parasitized cockles as compared to plots with unparasitized bivalves. Parasitized cockles have a lower detrimental effect on the growth of MPB biofilms than their unparasitized conspecifics. Moreover, the MPB growth was similar between plots without cockles and inhabited by parasitized cockles. Thus, it may be suggested that the lower destabilizing effect of cockles on sandy sediments as compared to unparasitized organism is due to a stabilisation effect by MPB biofilms. However, the resuspension kinetics of fine particles, MPB biofilms and sandy particles were similar between experimental plots unenriched and enriched MPB. The enrichment of the sediment surface with MPB did not influence the critical erosion thresholds and sediment fluxes for the different sediment fractions neither. Thus, we presently did not observe any stabilising effect of MPB on a sandy sediment. This result may be surprising since several studies showed that biofilms of MPB can enhance sediment stability [START_REF] Grabowski | Erodibility of cohesive sediment: The importance of sediment properties[END_REF][START_REF] Miller | Microphytobenthos: -water marine habitats. II. Role in sediment stability and shallow-Water food webs[END_REF], mainly while increasing the critical erosion threshold (Le [START_REF] Hir | Sediment erodability in sediment transport modelling: Can we account for biota effects?[END_REF] and references therein). However, these studies mostly focused on cohesive sediments.

Comparatively, the role of MPB on the dynamics of sandy sediments has been less investigated and a weak influence of benthic microalgae on sediment stability is generally highlighted [START_REF] Harris | Biotic interactions influence sediment erodibility on wave-exposed sandflats[END_REF][START_REF] Joensuu | Sediment properties, biota, and local habitat structure explain variation in the erodibility of coastal sediments[END_REF][START_REF] Riethmueller | Relating erosion shear stress to tidal flat surface colour[END_REF]. Non-cohesive sediments have larger sediment particles that might be more difficult to stick together than fine particles of cohesive sediments.

Moreover, these sediments are mainly colonized by epipelic diatoms whereas epipsamic ones are dominant in non-cohesive environments. These latter do not actively migrate in the sediment column and are regarded as less efficient in stabilizing sediments than epipelic diatoms that colonize cohesive sediments [START_REF] Holland | Quantitative evidence concerning the stabilization of sediments by marine benthic diatoms[END_REF][START_REF] Paterson | Microphytobenthos in constrasting coastal ecosystems: biology and dynamics[END_REF][START_REF] Vos | Sediment stabilization by benthic diatoms in intertidal sandy shoals: qualitative and quantitative observations, in: Tide-Influenced Sedimentary Environments and Facies[END_REF]. Therefore, a stabilisation effect of MPB in sandy sediments has only been evidenced when a thick MPB mat has developed [START_REF] Yallop | Comparative structure, primary production and biogenic stabilization of cohesive and non-cohesive marine sediments inhabited by microphytobenthos[END_REF]. In this study, biomasses of chlorophyll a in experimental plots enriched with MPB were low as compared to those reported in experimentally enriched cohesive sediments [START_REF] Ubertini | Impact of sediment grain-size and biofilm age on epipelic microphytobenthos resuspension[END_REF] and even in natural sandy sediments [START_REF] Harris | Biotic interactions influence sediment erodibility on wave-exposed sandflats[END_REF]. Even though the total biomass of MPB biofilms could have been underestimated (the PAM fluorimeter measures the chlorophyll a fluorescence in the sediment photic zone and thus does not take into account benthic algae that migrate downward in the sediment column), we suggest that the quantity of MPB that had developed at the sediment-water interface of experimental plots enriched with MPB was insufficiently high to stabilize the sediment. Indeed, the high proportion of sand might have prevented the development of a protective biofilm by epipelic diatoms. Consequently, the lower destabilising effect of parasitized cockles C. edule on sandy sediment cannot be explained by a stabilisation effect due to the MPB biofilm.

The reasons behind the differential effect of parasitized cockles on the erosion kinetics of sandy sediment depending on the presence of a MPB biofilm remain unclear. Nonetheless, it should be mentioned that metabolic rate of parasitized cockles placed in experimental plots unenriched with MPB were more variable than those of conspecifics in plots enriched with MPB. Accordingly, some parasitized cockles in MPB-unenriched plots had similar metabolic rates, and bioturbation rates [START_REF] Cozzoli | The combined influence of body size and density on cohesive sediment resuspension by bioturbators[END_REF], to those of unparasitized organisms. Organisms can vary in their response to parasitism, with some specimens more sensitive to this stress factors than others [START_REF] Minchella | Host life-history variation in response to parasitism[END_REF].

Due to the low number of replicates, this large inter-variability in metabolic rate between parasitized cockles in MPB-unenriched plots may have overridden a slight indirect influence of parasitism on sediment dynamics.

Conclusion

This study is the first to evaluate the indirect influence of parasitism on sediment dynamics processes. By comparing the impacts of parasitized and unparasitized bioturbating organisms on the erosion dynamics of a sandy sediment we put in evidence a slight impact of the trematode parasite

Bucephalus minimus on the destabilisation potential of its host, the common cockle Cerastoderma edule, especially in MPB-enriched sediments. Indeed, the influence of parasitized cockles on sediment erodability and hydrodynamics appears reduced as compared to unparasitized organisms. This pattern may be attributed to the parasite lowering the bioturbation potential of its host as a result of an altered physiological state. As a consequence, parasitism also modulates the interaction between cockles and microphytobenthic organisms. Indeed, parasitized organisms have a less negative effect on MPB growth than unparasitized ones. Nonetheless, the biomasses of MPB biofilms that developed at the water-interface of sediment columns remained too low to efficiently stabilize this sandy sediment, irrespectively of the presence of parasitized and unparasitized cockles. The stabilisation effect of microphytobenthic organisms have been essentially reported in cohesive sediments. Indeed, cohesive sediments are characterised by a smaller grain size than sandy sediments. Through EPS production, microphytobenthic organisms can thus more efficiently bind sediment grains together and increase the stability of cohesive sediments [START_REF] Grabowski | Erodibility of cohesive sediment: The importance of sediment properties[END_REF][START_REF] Yallop | Comparative structure, primary production and biogenic stabilization of cohesive and non-cohesive marine sediments inhabited by microphytobenthos[END_REF]. In sandy environments, a ) and influence of the cockle Cerastoderma edule d parasitized Bucephalus minimus on sediment resuspension. condition corresponds to experimental plots without cockles. Mean masses eroded are plotted, the coloured areas representing the standard error intervals around the mean. Regarding the muddy fraction, a sequential erosion was observed, the fluff layer was firstly eroded, followed by the sediment bed (mass erosion). N = 3 for each experimental treatment, except for the treatment for which N = 2. N = 3 for each treatment, for which N = 2. Fig. 7 Fluxes of -2 s -1 ), chlorophyll a of microphytobenthic biofilms (mg m -2 s -1 ) and sand (dm s -1 ) at the sediment-water interface of experimental plots respectively) as a function of the metabolic rate of cockles Cerastoderma edule unparasitized and parasitized with the trematode Bucephalus minimus (mW m -2 ). Fluxes were determined over the three erosion steps that followed critical erosion incipient point for each of the different fraction of the sediment column. Regarding the fine particles, fluxes were calculated following the initiation of the biogenic fluff layer.

rimental units without cockles. N = 3 for each experimental condition, for which N = 2.

  the shear velocity was estimated using a simple linear regression. The relationship between these two variables can deviate from linearity because of the deformation of the sediment surface at high current flows and/or movements of cockles. Therefore, linear regressions were used on reduced ranges of current flows, only encompassing the linear part of the curve, i.e. when the bed topography was not yet deformed by ongoing erosion processes. The linear regression slope determined for each sample with h the height of the Erodimetre tunnel (h = 2 cm).

Fig. 1

 1 Fig. 1 Relationships between (A) the biomass of chlorophyll a (mg m -2 ) and (B) associated mean effective quantum yield of photosystem II ( ) determined in the photic layer at the sediment-water interface of experimental plots unenriched and enriched with microphytobenthos (MPB ) and the metabolic rate of cockles Cerastoderma edule unparasitized and parasitized with the trematode Bucephalus minimus (mW m -2 ).treatment corresponds to experimental plots without cockles. N = 3 for each treatment, for which N = 2.

Fig. 2

 2 Fig. 2 Dynamics of the shear velocity U* across a gradient of current flows (cm s -1 ) for sediment plots unenriched or enriched with microphytobenthos (MPB; ) and influence of the cockle Cerastoderma edule unparasitized and parasitized with the trematode Bucephalus minimus. plots without cockles. Replicates are individualized. N = 3 for each treatment, for which N = 2.

Fig. 3

 3 Fig. 3 Relationship between the roughness length z 0 determined at the surface of sediments unenriched or enriched with) and the metabolic rate of cockles Cerastoderma edule unparasitized and parasitized with the trematode Bucephalus minimus (mW m -2 ). plots without cockles. N = 3 for each treatment, for which N = 2.

Fig. 4

 4 Fig. 4 Temporal dynamics of the resuspension of (A) the mud , (B) chlorophyll a of microphytobenthos (MPB) biofilms and (C) the sandy fraction of sediment columns unenriched or enriched with microphytobenthos () and influence of the cockle Cerastoderma edule d parasitized Bucephalus minimus on sediment resuspension. condition corresponds to experimental plots without cockles. Mean masses eroded are plotted, the coloured areas representing the standard error intervals around the mean. Regarding the muddy fraction, a sequential erosion was observed, the fluff layer was firstly eroded, followed by the sediment bed (mass erosion). N = 3 for each experimental treatment, except for the treatment for which N = 2.

Fig. 5

 5 Fig. 5 Critical crit (Pa) for the muddy fraction of sediment columns unenriched and enriched with microphytobenthos (MPB function of the metabolic rate of cockles Cerastoderma edule unparasitized and parasitized with the trematode Bucephalus minimus (mW m -2 ). Critical bed shear stresses of the biogenic fluff layer and of the sediment bed have been discriminated. without cockles. N = 3 for each treatment, for which N = 2.

Fig. 6

 6 Fig. 6 Critical crit (Pa) for the chlorophyll a of microphytobenthos biofilms and sandy fraction of sediment columns unenriched and enriched with microphytobenthos (MPB; f cockles Cerastoderma edule unparasitized and parasitized with the trematode Bucephalus minimus (mW m -2 ). N = 3 for each treatment, for which N = 2.

  A Student t-test was used to assess the difference in individual metabolic rates standardized for shell length between unparasitized and parasitized cockles.

	The influences of cockles ( C	no cockles, Unparasitized
	cockles and Parasitized	cockles) and MPB enrichment (
	i.e. unenriched with MPB or	enriched with MPB) on (1) growth of the MPB at the
	sediment surface of experimental plots following the 6-day incubation period, (2) critical bed shear
	stresses crit ) of the different sediment fraction (chlorophyll a, muddy fraction and sandy fraction) and

(3) fluxes of chlorophyll a, muddy particles (suspended matter) and sand at the sediment-water interface during erosion experiments were assessed using a PERmutational Multivariate ANalyses Of VAriances (PERMANOVA)

[START_REF] Anderson | A new method for non-parametric multivariate analysis of variance[END_REF][START_REF] Mcardle | Fitting multivariate models to community data: a comment on distance-based redundancy analysis[END_REF] 

without data transformation. The design consisted of Cockles MPB (2 levels ). The PERMDISP procedure was used to test for the separate and combined effects of the two factors on dispersion (i.e. among-replicate variability)

  ). Biomasses of chlorophyll a at the sediment-water interface of experimental plots enriched with MPB were significantly higher than in experimental plots unenriched with MPB (Fig 1A, Table 1). Unparasitized cockles significantly reduced the chlorophyll a biomass asThe chlorophyll a biomass at the sediment surface of experimental plots significantly decreased with the increase of the metabolic rate of cockle populations (Fig.1A; ANCOVA, F= -4.4, p <0.01). The slope of the relationship between both variables did not vary with MPB enrichme ANCOVA, p = 0.91).3.2.2. Effective quantum yield of the photosystem IIEffective quantum yields of the photosystem II (PSII) ranged between 0.31 0.45 and 0.46 0.51 at the sediment-water interface of experimental plots unenriched and enriched with MPB, respectively(Fig 1B). Effective quantum yields of the PSII were significantly lower in experimental plots unenriched with MPB as compared to experimental plots enriched with MPB (Table

	compared to biomasses in experimental plots without cockles. Conversely, there was no significant
	difference in chlorophyll a biomasses		Finally,
	there was no significant interaction between	C	rs on the chlorophyll a
	biomass (Table 1).		

Table 1

 1 Results of PERMANOVAs analyses evaluating the influence of enrichment with MPB) factors on different variables determined over erosion experiments. P-values in bold indicate significant effect (p < 0.05). * denotes significant differences of dispersion (PERMDISP analysis, p < 0.05).

		df	Pseudo-F P(perm)
	Chlorophyll a biomass			
	Cockle (1)	2	5.7	< 0.05
	MPB (2)	1	187.4	< 0.01
	(1) x (2)	2	1.1	0.38*
	Effective quantum yield of photosystem II		
	Cockle (1)	2	3.0	0.09
	MPB (2)	1	53.7	< 0.01
	(1) x (2)	2	0.8	0.45*
	Roughness length z 0			
	Cockle (1)	2	2.8	0.07*
	MPB (2)	1	0.5	0.55
	(1) x (2)	2	2.8	0.08*
	crit )			
	Biogenic fluff layer muddy fraction			
	Cockle (1)	2	2.8	0.12
	MPB (2)	1	0.03	0.86
	(1) x (2)	2	1.6	0.26*
	Mass erosion muddy fraction			
	Cockle (1)	2	33.2	< 0.01
	MPB (2)	1	5.0	0.059
	(1) x (2)	2	0.3	0.74
	Chlorophyll a			
	Cockle (1)	2	0.8	0.54*
	MPB (2)	1	0.9	0.75*
	(1) x (2)	2	1.3	0.17*
	Sandy fraction			
	Cockle (1)	2	11.7	< 0.01
	MPB (2)	1	0.004	0.96
	(1) x (2)	2	6.7	< 0.05*
	Fluxes of sediment			
	Muddy fraction			
	Cockle (1)	2	0.2	0.80
	MPB (2)	1	0.3	0.61
	(1) x (2)	2	1.0	0.40
	Chlorophyll a of MPB biofilms			
	Cockle (1)	2	6.7	< 0.01*
	MPB (2)	1	1.9	0.20*
	(1) x (2)	2	12.0	< 0.01*
	Sandy fraction			
	Cockle (1)	2	0.8	0.51
	MPB (2)	1	0.2	0.73*
	(1) x (2)	2	1.2	0.34*
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Discussion

In this study, we evaluated the separate and combined effects of the cockle Cerastoderma edule and microphytobenthos (MPB) on the stability of a sandy sediment with a very low proportion of fine particles (mud = 4.4 %). Furthermore, the indirect impact of the trematode parasite Bucephalus minimus infecting C. edule on sediment stability was assessed both in sediments enriched and unenriched with MPB. We hypothesized that parasites, through their deleterious effects on the host physiology, may lower their bioturbation rates, thereby influencing sediment dynamics. If so, MPB unenriched and enriched sediments should be less destabilized by parasitized cockles than by unparasitized ones. Indeed, sediments inhabited by parasitized cockles should be less rough as a result of the lower level of activity of parasitized organisms, especially with regards to their mobility. Moreover, parasitized cockles may have a lower physical destructing influence on MPB growth than unparasitized organisms. MPB should thus have a higher stabilisation effect in presence of parasitized cockles than with unparasitized organisms.

Influence of parasitism on the metabolic rate of cockle

The parasite B. minimus negatively affects the biomass of C. edule, with parasitized organisms 27 % lighter than unparasitized conspecific when standardized for shell length. However, biomasses determined during this study took into account both the cockle and parasite biomasses. The biomass of B. minimus can represent up to 34 % of the total flesh weight of the parasite-host system [START_REF] Baudrimont | Evidence of an altered protective effect of metallothioneins after cadmium exposure in the digenean parasite-infected cockle (Cerastoderma edule)[END_REF]. Therefore, alone were likely even lower than those presently determined.

The ecological metabolic theory speculates that is there is an allometric relationship between the size of organisms and their physiological activity, especially respiration. Based on this postulate, Brey (2010) developed a method to determine the metabolic rates of organism from their biomass. More recently, [START_REF] Cozzoli | The combined influence of body size and density on cohesive sediment resuspension by bioturbators[END_REF] proposed to use the individual metabolic rate of bioturbating as an index of their bioturbation rates (mass of sediment eroded). In the present study, we calculated the metabolic rates of parasitized and unparasitized cockles and highlighted the negative influence of the high turbidity of the water column and high deposition rate by cockles could nonetheless increase the mud content of the sediment surface [START_REF] Soissons | Sandification vs. muddification of tidal flats by benthic organisms: A flume study[END_REF] and thus enhance the colonisation by epipelic diatoms. Therefore, the feedback loop between parasitism, cockles and MPB may thus modulate the stability of cohesive or muddified sandy sediments to a larger extent to what was observed in this study, but it remains to be investigated in future studies.
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