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Abstract :

Benthic organisms, in particular bioturbators, can influence erosion processes either by affecting sediment
roughness through their mere presence and/or activities, or by modulating sediment characteristics (e.g.,
silt content, granulometry) and thus altering its erodibility. To date, it was not possible to distinguish the
influence of bioturbating species on sediment roughness from their impact on sediment erodibility.
Consequently, uncertainties remain regarding the role played by benthic species on sediment dynamics.
In this study, we used a canal flume which allows to record the bed shear stress at the surface of a non-
cohesive sediment (4% of mud) during erosion experiments, thus allowing to disentangle the influence of
bioturbators, here the common cockle Cerastoderma edule, on the two erosion mechanisms. In order to
assess the influence of bioturbating species on sediment stability in different environmental situations, we
additionally tested for the effects of three factors, i.e. bivalve density, availability of suspended food (i.e.
phytoplankton presence) and microphytobenthos (MPB) occurrence, which may modulate the behavior
of cockles. We observed that cockles promote the erosion of the surficial layer by increasing its roughness
as a consequence of their sediment reworking activity and/or presence at the sediment surface (emerging
shell). In contrast, we calculated similar critical bed shear stress for erosion with and without bivalves
suggesting that cockles have a minor influence on the erodibility of non-cohesive substrates with a low
silt content. The destabilizing effect of cockles increased with the bivalve density whereas it was
attenuated by the presence of phytoplankton. We hypothesize that the magnitude of cockles' bioturbation
activity was lower when a high proportion of suspended food is available. High concentrations of
suspended food may also have enhanced the filtration and biodeposition rates of cockles, thus rapidly
leading to the ‘muddification’ of the sediment bed and consequently counteracting with the own
destabilizing effect of the bivalves. Finally, the sole presence of MPB did not significantly affect the
resuspension dynamics of non-cohesive sediments with a low proportion of mud.
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Highlights

» The role of cockles on non-cohesive sediment dynamics was tested. » The influence of cockles on
sediment erodibility and bed roughness was disentangled. » Cockles increased the sediment bed
roughness and, to a lesser extent its erodibility. » The destabilization effect of cockles increased with
their density. » Phytoplankton and microphytobenthos presence limited the cockle destabilizing role.

Keywords : Cerastoderma edule, Sediment erodibility, Bioturbation, Bed roughness, Microphytobenthos,
Density-dependent effect, Suspended-food availability
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1. Introduction

Over the last 50 years, numerous studies haveseséhe influence of various benthic organismas, i.
macrozoobenthos (e.g., Hillman et al., 2019; Knisén et al., 2013), macrophytes (e.g., Lawson.gt al
2012; Madsen et al., 2001) and microphytobenthasg, (8utherland et al., 1998; Yallop et al., 1994),
sediment dynamics, mainly through measurementstafad bed shear stress for erosion and resuspensi
fluxes of sediment particles. These studies shathat benthic organisms have diverse impacts on the
stability of cohesive sediments, both promoting hathpering their erosion (see Grabowski et al. 1201
Le Hir et al., 2007 for review). The biota-mediateffiects were mainly observed on the erosion of the
biogenic fluff layer, i.e. at intermediate currdlaw before the sediment bed failure (“mass erd%ion
which occurs at higher current flow (Cozzoli et a020; Orvain et al., 2003b; Orvain, 2005).

With regard to the role of macrozoobenthic orgasistmere was an emphasis on the effects of the
common cockleCerastoderma edul@.g., Andersen et al., 2010; Ciutat et al., 2@¥iksson et al., 2017;

Li et al., 2017; Neumeier et al., 2006). Indeeds Buspension-feeding bivalve is widespread in semi
sheltered areas from the Barents Sea to West Aftagoons (Bazairi et al., 2003; Hayward and Ryland
1995; Honkoop et al., 2008) where it can be domntimarterms of abundance and biomass (Beukema
1976, Rakotomalala et al. 2015). Cockles are aficiemt bioturbators i.e. organisms which mix the
sediment matrix as a result of their feeding, lootonand burrowing activities (Kristensen et a013).

In particular, cockles crawl at the sediment swgfamigrate upside-down in the first few centimetithe
sediment column, and “clap” their valves when hdirie the sediment column (Flach, 1996). These
activities cause sediment particle movementssediment reworking, and also enhance solute exesang
between pore- and overlying waters, i.e. biorrigat{Flach, 1996; Mermillod-Blondin et al., 2004,
Swanberg, 1991). In this way, cockles regulatedegiment properties that govern their stabilithsas
roughness, particle size distribution, compactibalk density or moisture content (Grabowski et al.,
2011).

The influence of cockles on sediment dynamics dementhe structure of their population, i.e. indival

size and population density. Large organisms shdiglaer bioturbation potential as compared to small
conspecific and thus their destabilizing role irdisents is enhanced (Cozzoli et al., 2019, 2018;
Rakotomalala et al., 2015). Similarly, the disrogtieffect of cockles increases with an increasteir
population size; although this density-dependefatcéfis non-linear with no increase in the destaibiyy
effect above a maximum density threshold (Ciutaélet2006; Cozzoli et al., 2020). Yet, experiménta
erosion studies testing the effects of bioturbatensity on sediment dynamics processes were usually
performed with populations of one size class whert®e length-frequency distribution of natural
population in the field shows a gaussian distrifmut{e.g., Boldina and Beninger, 2013 for an example

with cockles). Recently, metabolic theories in eggl (Brown et al., 2004) have been applied to scale



74  individual and population metabolic rates of bibators with their biomass at a state temperature.
75  Metabolic rates were then used to describe thetedfebioturbators on sediment resuspension (Coetol
76  al., 2018). In this way, it has been possible toueately evaluate the influence of organisms takirig

77  account their individual influence and density. Size scaling approach of metabolic rates carséd to

78  predict the potential of several bioturbating spsain sediment resuspension in different enviromahen
79  context (Cozzoli et al., 2020, 2019). Nonetheldésis approach has some limits. In particular, ghhi
80 density, intraspecific competition can lower indival bioturbation potentials (Duport et al., 20@6)d

81 lead to an overestimation of the influence of hib&tor population on sediment resuspension (Coztoli
82 al., 2018).

83  Despite the large number of studies that have beaducted, there remains uncertainties with reg¢mrd
84  the role ofC. edulein sediment erosion processes. First, there amegtiancies between laboratory and
85 field investigations. Several laboratory flume expents have highlighted a destabilizing effect of
86 cockles on cohesive and non-cohesive sediments avithw proportion of silts. Bivalves reduced the
87  critical threshold.; for erosion and enhance the erosion of fine degite.g., Ciutat et al., 2006; Cozzoli
88 et al., 2020; Neumeier et al., 2006; Rakotomalalka.e2015). In contrast, field studies did nobwhany

89  direct destabilizing effect of cockles (Andersemlet2010; Donadi et al., 2014). Inconsistenaesesults

90 betweenex- andin-situ studies may be related to an alteration of theatieh of cockles used during
91 laboratory experiments that were more disturbed tieir conspecifics in the field (Andersen et al.,
92  2010). Second, there is a methodological barriéinknwith the erosion devices that have been ssefar

93  (i.e. annular flume canal, cohesive strength m&BROMES flume, etc.). The devices do not allowdor
94  complete mechanistic understanding of the role pkayenthic organisms, such as cockisedule,in

95 sediment dynamics processes because it was ndbleoss measure the bed shear stress during erosion
96 experiment. The latter was typically estimated froalibration curves obtained from other sediment
97 samples (e.g., Ciutat et al., 2007; Orvain et 2003b; Widdows et al., 1998). Yet, sediment sthhbili
98 depends on both the erodibility of the sediment thiecbed shear stress induced by hydrodynamicnigrci
99  (Le Hir et al., 2007 and references therein). Bititl is defined as the resistance of a sedimermrosion
100 when it is submitted to hydrodynamics forcing arepehds on the sediment nature, i.e. cohesiveness,
101  granulometry, percentage of silt, etc. On the okizard, the bed shear stress is a friction forceesgmting
102 the intensity of flow-turbulent fluctuations in tHsottom boundary layer(Le Hir et al., 2007 and
103  references therein). The bioturbation of benthigmais can affect sediments’ characteristics and thu
104 influence their erodibility (Cozzoli et al., 2018020; Orvain et al., 2003b). Their mere presenaéaan
105 activity can also influence the bed roughness, fyiodj the relationship between the current veloeityl
106  the bed shear stress (Friedrichs et al., 2000)s&xprently, the calibration curves used so far tionase
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the bed shear stress were probably biased by diffes in local roughness caused by bioturbating
organisms.

In this study, we used a canal flume which permitscontinuously record the pressure up- and
downstream the sediment-water interface (Guizieal.e012; Le Hir et al., 2008) allowing to estima
the bed shear stress for each sediment samplei¢@uit al., 2012). Using this device, we could
disentangle the influence of cockl€s eduleon sediment erodibility from their influence ondseent
roughness Such information will definitively be great interest in a modelling perspective. Expenitsie
were conducted in non-cohesive sediments with apooportion of silt (i.e. 4%) since studies on the
influence of macrofauna-mediated processes in teegeonments remains scarce (but see Cozzoliet al
2020; Harris et al., 2015; Joensuu et al., 201&tldl., 2017). Indeed, non-cohesive sedimentsyareal

of high-energy environments and physical proceases to be considered most effective than bioldgica
ones in influencing the dynamics of these sedimétdsvever, recent findings suggested that macraaun
can also play a significant role on the resuspendimamics of non-cohesive sediments (e.g., Dagtin
al., 2020; Harris et al., 2015; Joensuu et al. 820&inally, we contextualized our study and assgdke
interest of our methodology under different simedaenvironmental scenarios by testing for the stear
and combined effect of three factors, i.e. dereity metabolic rates of cockle populations, chandeadd
availability (i.e. phytoplankton) and microphytolleos occurrence, that may modulate the influence of
bivalves on sediment dynamics (Andersen et al.02Maire et al., 2006; Rakotomalala et al., 2015).
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2. Materialsand methods

2.1. Design of the experiment

We conducted a fully crossed factorial experim@ntnesocosm conditions in which we tested the
separate and combined influence of cockle denditgr{sity of cockles”), enrichment of the water aoiu
with phytoplankton (“Phytoplankton”, 2 levels: “Witphytoplankton” and “Without phytoplankton”) and
enrichment of the sediment surface with MPB (“MPRB”levels: “Without MPB” and “With MPB”) on
sediment stability (i.e. sediment erodibility amtighness). Three densities of cockles were stu@i@.

m? (“no cockles”); 288 ind. A (i.e. 2 cockles per experimental plot, “low deyi¥iand 720 ind. A (i.e.
5 cockles per experimental plot, “high density”y &mbining the three factors, the experiment ciadi

of 12 treatments. Each treatment was replicatezbttimes.

2.2. Experimental setup
2.2.1. Sampling of Cerastoderma eduland sediment

Cockles were collected by hand in a sandy arerdéachon Bay (44°34’N, 1°14'W), France. Back in
the laboratory, they were maintained in a seawapen circuit pending experimentation. Cohesive and
non-cohesive sediments were collectedBmie des Veys(49°21'N, 1°08"W) and inBanc d’Arguin
(49°35"N, 1°14"W), France, respectively. Relatively dense popoieti of cockles inhabit these two
areas.Back in the laboratory, sediments were sieved tjinoa 2 mm mesh to retain macrofauna and
debris. Then a mixture of 50 % cohesive and 50 ¥b-auhesive sediments was prepared and kept for
approximatively a week in the dark before beingddticed in the experimental plots (see 2.2.3). The
sediment mixture finally consisted of slightly mydshnd (sand = 95.4 %, mud = 4.4 %, gravel = 0.2 %
and By = 287.5 um). Cockles colonize a wide range ofreedtary environments and the granulometry
of the sediment mixture is considered to be simdahose of natural areas colonizedtyedule(Cozzoli
et al., 2013; Huxham and Richards, 2003).

2.2.2. Microphytobenthos culture

Natural microphytobenthos (MPB) biofiims were ecled on a mudflat at low tide by scratching the
sediment surface. An MPB inoculum was then prephyehixing the biofilms collected in the field with
the muddy sand mixture (see 2.2.1). The inoculurs kegpt under an 18:6 h obscurity-light regime fligh
intensity = 46.5 pmol photons®ns?) for at least three days in order to stimulate ghewth of MPB
before adding the inoculum to the surface of thdinsent in the experimental plots (see 2.2.3) (Oni
al., 2003a).

2.2.3. Incubation procedure
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The experimental plots consisted of PVC tubesfimal diameter = 9.4 cm, height = 22 cm). Each
incubation experiment lasted nine days. On dayé,experimental plots were filled with the prepared
sediment mixture (sediment column of 21 cm). On Bagockles of similar size (total length = 24-29
mm; Supplement S1) were added in each experimplatialThe plots were then placed in a mesocosm in
a semi-diurnal tidal cycle (one diurnal emersioag#). On day 3, a 1-cm layer of sediment not eedch
or enriched with MPB was added to the surface efg¢bdiment cores. From day 2 to day 9, an 18:6 h
night-day alternation regime was applied using aglite lamps (light intensity = 46.5 pmol photon$ m
s1). The day phase corresponded to the diurnal earepdiase. Erosion experiments were conducted on
day 9, corresponding to an MPB growth of six dakise incubation period lasted eight days in the
treatments without cockles: the 1-cm layer of seditmot enriched or enriched with MPB was added on
day 2, and the erosion experiment was performedagr8. The influence of the enrichment of the water
column with phytoplankton on the impact of cockiessediment dynamics was tested by feeding cockles
in half of the experimental treatments with a mgemsfic suspension of laboratory-rearksghchrysis
galbana(approx. 5000 cells nit) during the mesocosm incubation time.

Air-bubbling systems were added in the mesocoskeép the water fully oxygenated. Approximatively
10 % of the total volume of the mesocosm seawatdunve was renewed each day. The seawater
temperature over the incubation period averaged $2.4 °C and the salinity 31.7 + 0.8 (mean + SD,

daily measurement).
2.2.4. Microphytobenthos photosynthetic parameters

At the end of the 6-day incubation period, andobzfthe erosion experiment, the superficial MPB
chlorophyll a fluorescence in each experimental plot was medsusing a Pulse Amplitude Modulated
(PAM) fluorimeter (IMAGING-PAM M-series,Walz). The experimental plots were placed in the diar
ca. 5 min before a low frequency light was apptiedetermine the minimum level of fluorescefgeA
saturating light pulse was then applied to deteentlire maximum fluorescené€g, The effective quantum
yield of the photosystem Il (“yield"”) was then deténed as follows:

(Fm _FO)
Em

The yield is a measure of the PSII maximum enemyversion efficiency and thus is related to the

yield =

oxidized state of the PSII (Kromkamp et al., 1998)was used to estimate the photosynthetically active
chlorophylla biomass (hereafter referred as “Chloroplayliomass”; mg Chl a /) within the sediment
photic layer using the standard cur@hlorophyll a biomass 12.142F, - 0.2012. The thickness of the
sediment photic layer was ca. 200 um (Morelle et28118). In this way, we quantified the chloropteyl

biomasses at the microscale and the values obtairesl low compared to the MPB biomasses usually
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measured in the top centimeter of the sedimentwol(usually > 100 mg ). Nonetheless, the relative
comparison of chlorophykh biomasses based é13 is a good proxy to evaluate the potential prodecti
chlorophylla stock and MPB growth performances in the photjedgHoneywill et al., 2002; Kromkamp
et al., 1998).

2.2.5. Erosion procedure

After 6 days of incubation (see 2.2.3), we perfedmerosion experiments. We used a recirculating
straight flume (length= 1.2 m long, width = 0.08 Imejght = 0.02 m; see Guizien et al., 2012 and i@rva
et al., 2014 for a description of the "erodimeteirf)which a unidirectional flow was generated hyuanp.
Experimental plots were removed from the tidal naesm approximatively 20 min before the start of the
erosion experiment. Sediment cores were cut to.a/@an depth and placed in the flume with the
sediment surface flush with the bottom of the fluiflee latter was then carefully filled with seawatad
a current flow was applied. The seawater in thenfuvas enriched with a monospecific suspension of
laboratory-reared galbana(approx. 5000 cells mt) when cockles were fed with phytoplankton during
the incubation period (see 2.2.3). A frequency ckevdonnected to the recirculating pump was used to
gradually increase the current flow from 0 up to Z&5 cm g in up to 20 steps. Each step lasted five
minutes.

The flow discharge was monitored using an electgmatc flowmeter (Promag 10P, Endress+Hauser). A
multiprobe (DS5, Hydrolab) with turbidity and fllescence sensors made it possible to continuously
record turbidity and to estimate the concentratibohlorophylla in the water. Calibration curves enabled
us to calculate the concentrations of suspendeticpiate matter (“suspended matter”; ¢')Land
chlorophylla (png LY in the water columny(= 0.026x, R = 0.998 and/ = 0.0128X* + 0.749x; R? =
0.998for suspended matter and chloroplylrespectively). A trap downstream the sedimentpdaralso
allowed us to measure the erosion of sand partidles total volume of the sand trap was 1oh?,
erosion experiments were shortened if the sand wap filled before the maximal current speed was
reached (ca. 72.5 cni')s Finally, the pressure upstream and downstreansediment sample was
recorded using a pressure sensor (deltabar P70e&3¥dHauser).

2.2.6. Erosion data treatment

The bed shear stress vas determined for each sample following Guizétral. (2012). First, the
difference of pression between the up- and dowastrparts of a smooth section over an increasing
current flow was recorded and used to estimateh#a loss and thus the bed shear strg¥af the
surface of the smooth section. Then, differencgz@$sures between the up- and downstream pattie of
sediment samples were recorded and compared fardfike obtained for the smooth section. Differemce

in bed shear stress between the “smooth” and thairfeent samples” profiles result from the sediment
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roughness:

S1
Trough = Tsmooth + ﬁ (Ahcaps - Ahcore)

wheret,ogn is the bed shear stress above a sediment satgpls,is the bed shear stress above a smooth
section,S1is the tunnel cross-section ar&3is the core area\h.,sis the head loss for a hydraulically
smooth section (i.e. differential pressure) axig,. is the measured head loss for a rough sediment
sample. In this way, bed shear stresses deternmntinis study account for the bed deformation amd f

the presence of physical objects that could pretaithe sediment-water interface, such as cotidiss

Accordingly, shear velocities Were calculated as follows:

U*= {Jto/p

wherer, is the bed shear stress (Pa) prisithe seawater volumetric mass density (1024 Rg m

The relationship between U* and the depth-averagedent velocity was themsed to estimate the
roughness length, (cm) for each sample. The relationship betweeritloevariables was estimated using
a simple linear regression (Supplement S2). ltdeaate from linearity because of the deformatibthe
sediment surface at high current flows and/or duembvements of the cockles. Therefore, linear
regressions were applied on reduced ranges ofrtiftosvs that only included the linear part of theve.
The linear regression slope determined for eactpkaatlowed us to integrate the so-called von Karma
Prandtl “law of the wall™:

*

U z
U(Z) = ? ll’l(z—o)
h

— 1
v=1v k 1n(exp(l) ZO)

where k is the von Karman’s constant (k = 0.41) anthe height of the flume tunnel (h = 2 cm)
(Supplement S2).

Then, we determined critical erosion thresholds tfa chlorophylla of MPB biofilms and the sand

fraction of the sediment column as the intercepthef best linear regression of non-null chloroplayll

concentration in the water column and sand voluespectively, against lggU +1) (Supplement S3):

y=alog,o(U"+1)+b

-b
vr. = 10% -1

crit —
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where U is the critical shear velocity for erosion (i)sy is the chlorophylla concentration in the
water column (ug £) or the thickness of eroded sand (cm) (Suppler8&ht The critical bed shear stress
1t for the chlorophylla of the MPB biofilm and the sandy fraction of thediseent column were
calculated as follows:

Terie = P Ugyit”
With regard to the mud fraction of the sedimentuonh, it was graphically possible to distinguish the
erosion of the biogenic fluff layer from the erasiof the sediment bed (Supplement S4). During the
erosion of the fluff layer, only small quantitiebroud particles were eroded and resuspended. lmasin
during the erosion of the sediment bed, we obseaneeixponential increase of mud particles in theewa
column (Supplement S4). Therefore, both criticalsém thresholds of the biogenic fluff layer ancttod
sediment bed were determined following the procedi@scribed above.
Finally, mean erosion rates of the MPB biofilm, mamtl sand fractions at the sediment-water interface

were calculated over the three steps followingctiitical erosion incipient point:

flux = (Ccrit+3 R Ccrit)(V/S)

WhereC,;; is the concentration of particles when the critie@sion threshold is attaine@.s is the
concentration of particles after three steps falhgathe critical erosion incipient poinl,is the volume of
water in the flume canal arfflis the surface area of the test section. Regarttiegnud fraction, only
fluxes that occurred after the erosion of the bigdluff layer were calculated. The Matlab compagti
environment (v. 2019a, MathWorks) was used. A tedagxample of this analysis can be found in the

Supplementary data (Supplements S2-S4).
2.2.7. Estimation of the metabolic rate of the cockle population

Following erosion experiments, the cockles weee@dl in a seawater open circuit for 24 h beforagei
dissected. The total length of each cockle was aredsusing a digital caliper. The measured size was
rounded down to the nearest mm. The shell wasdpened by cutting the posterior adductor muscle, al
soft tissues were extracted, dried for at leash 48 60 °C and finally weighed (dry weight, DW). DW
were converted in Ash-Free Dry Weight (AFDW) usegonversion factor of 0.8 (pers. obs.). AFDW
were used to calculate basal individual metabddi®,ri.e. metabolic rate of organisms under resting
conditions, following Brey (2010) and using a J/ANDatio of 21.5 (Brey et al., 2010). Metabolic ate
were calculated for a water temperature of 12°GaBmetabolic rates are less than active metalaibs
which include additional energy for locomotion, dé®y, burrowing, etc. activities. However, active

metabolic rates are usually constant multiple elbanetabolic rates (Savage et al., 2004).
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Individual metabolic rates are proxies of the leskhctivity of bioturbators (Cozzoli et al., 2012)18)
and can be used to upscale the influence of indalidioturbators to the population level. Indedd t
contribution of individual cockles to sediment rggension can be described as a function of theid us
energy and be modelled by size scaling laws ofiiddal metabolic rate irrespectively of the seditaen
environment (Cozzoli et al., 2020). Thereby, weoastimated the metabolic rates of the population o
cockles by taking into account the density of bireal in the experimental plots (density of cockles i
experimental plots = 0, 288 and 720 ind®)m

At 12°C, the metabolic rates of the cockle popaladiin experimental plots inhabited by two (density
288 ind. nf) and five (density = 720 ind. f cockles were 80.1 + 4.5 and 172.8 + 10.7 mW(mean *
SE), respectively (Supplement S1). The differemcéne metabolic rates of the cockle populations was

statistically significant (Wilcoxon tegh, < 0.001; Supplement S1).
2.3. Statistical analyses

The influence of cockle density, enrichment ofevatith phytoplankton and enrichment of the surface
of the sediment plots with MPB on (1) the biomasd effective quantum yields of the photosystemfll o
the MPB in the photic layer after 6 days of incidmat (2) critical bed shear stresg; of the different
sediment fractions (chlorophydl, mud and sand) and (3) fluxes of sandy particlahea sediment-water
interface of the experimental plots during the Empsxperiments were assessed using a permutational
multivariate analyses of variances (PERMANOVA) (4Ansbn, 2001; McArdle and Anderson, 2001)
without data transformation. The design consistethiee factors: “Density of cockles” (3 levels:d'n
cockles”, “low density” and “high density”), “Phyptankton” (2 levels: “Without phytoplankton” and
“With phytoplankton”) and “MPB” (2 levels: “WithouMPB” and “With MPB"). We tested the separate
and combined effects of the three factors on ameplieate variability (i.e. dispersion) using the
PERMDISP procedure (Anderson, 2006).

We also used analyses of covariance (ANCOVA) testigate potential differences in the relationship
between the metabolic rate of the cockle populatiand (1) the biomass of MPB effective quantum
yields of the photosystem Il of at the sedimenfaag of experimental plots, (2) the critical beeah
stress of the different sediment fractions andl{8)fluxes of mud, chlorophyll and sand particles at the
sediment-water interface of experimental plots witte “Phytoplankton” and “MPB” factors as
categorical independent variables. Shapiro-Wilk edene tests were used to check for the normality
the data and homogeneity of the variances, resiedetiAll statistical analyses were performed wiitle
free computing environment R (R Core Team, 2019).

11
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3. Results
3.1. Microphytobenthos biomass

3.1.1. Biomass of chlorophyll a

Following the 6-day incubation period, chloroptg/biomass ranged 0.052-0.42 and 0.33-1.27 fhg m
in the photic sediment layer of the plots “WithadPB” and “With MPB”, respectively (Fig. 1A).
Biomasses of MPB in the plots that have been eediakith benthic microalgae were significantly highe
than in plots not enriched with MPB (Fig. 1A, Tallle At high density, cockles reduced significaritig
biomass of the MPB biofilms (Fig. 1A, Table 1). dontrast, there was no significant influence of the
“Phytoplankton” factor on the MPB biomass (Fig. TFgble 1). There was an interacting effect between
the “Phytoplankton”, “Density of cockles” and “MPBactors on MPB biomasses (Table 1). However,
pairwise comparisons did not reveal significantestégnces between entities.

The biomass of chlorophydl in the photic layer of the sediment column decreéasgnificantly with an
increase in the metabolic rate of the cockle pdfmria (Fig. 1A; ANCOVA,p < 0.01). The “MPB” and
“Phytoplankton” factors significantly influenced igshrelationship in an interactive way (Fig. 1A;
ANCOVA, , p < 0.05). Indeed, the relationship between both véggam the plots “With MPB” did not
vary irrespectively of the enrichment of the watetumn with phytoplankton (Fig. 1A; ANCOVA =
0.96). In contrast, “Without MPB” and “With phytapikton” there was no significant relationship
between the chlorophyd biomass and the metabolic rate of the cockle pdipug (ANCOVA, p = 0.35)
while chlorophylla biomasses decreased significantly with an increatiee metabolic rate of the cockle
populations in the plots “Without MPB” and “Withophytoplankton” (Fig. 1A; ANCOVAp < 0.01).

3.1.2. Effective quantum yidld of the photosystem |1

The effective quantum vyields of the photosystem{P8ll) ranged 0.24-0.45 and 0.44-0.51 in the
sediment photic layer of the plots “Without MPB"dcafWith MPB”, respectively (Fig. 1B). There was no
significant effect of the “Phytoplankton” and “Déiysof cockles” factors on the effective quantunrelgli
of the PSII (Fig. 1B, Table 1). Conversely, effeetquantum yields of the PSII were significantlgher
in the sediment surface of the plots “With MPB casnpared to those “Without MPB” (Fig. 1B, Table 1).
The effective quantum yield of the PSII did notwaignificantly with the metabolic rate of the ctek
populations in the plots “With phytoplankton” (FigB; ANCOVA, p = 0.29). In contrast, it was
negatively correlated with the metabolic rates bé tcockle populations in the plots “Without
phytoplankton” (Fig. 1B; ANCOVAp < 0.01). This relationship did not depend on thechiment with
MPB (without vs. with MPB) (Fig. 1B; ANCOVAp = 0.09).
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Fig. 1 Influence of the density of cockleCerastoderma eduland enrichment of the water column v
phytoplankton (“Without phytoplankton” and “With ptoplankton”) on the relationship between (A)
biomass of chlorophylh and (B) associated mean effective quantum yieldphaftosystem Il (“yeld”)
measured in the photic sediment layer of experigiemilots not enriched and enriched \

microphytobenthos (MPB; “Without MPB” and “With MPBrespectively) and the metabolic rates of
cockle populations

3.2. Sediment resuspension dynamics

The concentrations of suspended matter and chighlomin the water column were recorded as proxies
of the erosion of the mud fraction (i.e. fine pales) and biofilms of MPB, respectively. The thieks of

sand eroded was also recorded. These three fractdbrnthe sediment column showed a similar

13



337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362

resuspension pattern characterized by an expohémtizase of the mass of sediment eroded with an
increase in the current flow (Fig. 2). Overall, #resion of the different fractions of the sedimesiumn
were initiated at lower current velocities whenkdes inhabited the experimental plots. In contrasbisre
was no separate effect of the “Phytoplankton” nbrthe “MPB” factors on sediment resuspension
dynamics in the absence of cockles (Fig. 2).

With regards to the mud fraction, we first obsertieel erosion of a biogenic fluff layer at low curre
velocities (ca. 10-30 cni'y except for one of the “Low density”-“With phytapikton™“Without MPB”
sample. The typical erosion of the biogenic fl#lydér was clearly followed by a mass erosion of the
sediment bed at the highest current flows (Fig.. Zy this fraction, we also reported an interactifect
between the “Density of cockles” and “PhytoplanKtdactors. “Without phytoplankton”, there was a
clear decrease in the current velocity needed it@te the erosion with an increase in the density
cockles. “With phytoplankton”, cockles also enhahdbe erosion of mud particles, but we did not
observe such strong differences in the currentcityl;meeded to initiate mud particle erosion betwee
plots inhabited by a “low” and “high” density of ckles (Fig. 2A).

Concerning to the erosion of MPB biofilms, we nothdt the enrichment of the water column with
phytoplankton and the resulting high concentratioihshlorophylla made difficult to detect any increase
in the quantities of chlorophyk caused by the erosion of the MPB biofilms (Fig. .2Rpnetheless,
“Without phytoplankton”, the resuspension of MPBofiims followed the erosion of fine particles
(Supplement S5). We also observed that cocklesneeldathe erosion of MPB in a density-dependent
way. This density effect was more noticeable ingldVith MPB” than in those “Without MPB” (Fig.
2B).

Finally, there was an interactive effect between ‘fhensity of cockles”, “Phytoplankton” and “MPB”
factors on the resuspension of sand particles. IEpa@nhanced the resuspension of sand particlas in
density-dependent way in all treatments, expectethé “Without phytoplankton” and “With MPB”
treatment in which cockles at low and high denkag a similar effect on the current velocity neetied

initiate the erosion of sand particles (Fig. 20).
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369  “Without MPB” and two plots “Without cockles” -“Wit phytoplankton”-“With MPB”, erosion experiments ngestopped before mass erosion
370  occurred.
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3.3. Shear velocity dynamics

Fig. 3 shows the dynamics of the shear velocity; @n s) at the sediment surface of experimental
plots as a function of the current flow for thefeliént treatments. At the sediment surface of the “
cockles” plots, U* initially decreased with an ieese in the current flow (ca. 0-15 ci.sThis initial
decrease in U* is an artefact in the pressure meamnt. Air bubbles were initially present on the
rooftop side of the flume. The initial increasetlie water current in the flume drove out these lshand
influenced the head loss between the upstream anmthisream parts of the samples. As a result, we
recorded a decrease in U*. After this initial dese in U* and for a current flow > ca. 10-15 ¢ we
recorded an increase in U* with the current flownaly, U* reached a stable value above a currient f
of ca. 45 cm'S. The dynamics of U* in the “no cockles” plots didt depend on the enrichment of water
with phytoplankton nor on the enrichment of theisexht surface with MPB. At the sediment surface of
the plots inhabited by cockles, the dynamics ofwits different. For most of the samples there was no
initial decrease in U*, except for cockles at lowndity in the plots “Without phytoplankton” and
“Without MPB". Instead, U* constantly increased lwian increase in the current flow. Although the
presence of cockles modified the dynamics of Uhglthe current flow gradient, i.e. the shaped ef th
curve, there was no density effect. Additionallye did not observe an interactive influence of the
“Phytoplankton” and “MPB?” factors on the dynamids.y.

The presence of cockles in the sediment plotsiatseased the values of U*. The influence of cogkia

U* values depended on the “Phytoplankton” and “MHABttors. “With phytoplankton” and “Without
MPB”, U* reached higher values at the surface ef iots inhabited by cockles compared with values
recorded without cockles. A similar pattern wasestsd “Without phytoplankton” and “With MPB”.
Interestingly, “With phytoplankton” and “With MPB'U* reached higher values only at the surface of
plots inhabited by a high density of cockles compato values recorded without cockles or with a low
density of cockles. A similar trend was also natider plots “Without phytoplankton” and “Without
MPB”.

3.4. Roughnesslength

The roughness length averaged 0.13 + 0.02, 0.P01% and 1.13 + 0.22 mm in the plots without
cockles, inhabited by a low density (i.e. 288 im) and a high density (i.e. 720 ind.)rof cockles,
respectively (mean £ SE) (Fig. 4). There was aifiggmt effect of the “Phytoplankton” and “Density
cockles” factors orgy whereas there was no significant effect of the BVIFactor (Table 1). “With
phytoplankton”, cockles significantly increaseg but there was no density-dependent effect whereas
“Without phytoplanktonzyincreased with an increase in the density of cac{y. 4, Table 1).
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Zyincreased with an increase in the metabolic ratheftockle populations (ANCOVA < 0.01). There
was no significant influence of the “Phytoplanktonbr the “MPB” factors on this relationship
(ANCOVA, p=0.052 ang = 0.55, respectively).
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Fig. 3 Dynamics of the shear velocity U* (cni)sacross a gradient of current flows (cf) st the
sediment surface of experimental plots not enriched enriched with microphytobenthos (MPB;
“Without MPB” and “With MPB”, respectively) and pad in a tidal mesocosm not enriched and
enriched with phytoplankton (“Without phytoplanktoand “With phytoplankton”, respectively). The
influence of cockleCerastoderma edulat three densities (0, 280 and 720 ind) was also evaluated.
Three individual replicates for each treatmentpotted.
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Fig. 4 Influence the enrichment of the water column wittytoplankton (“Without phytoplankton” and

“With phytoplankton”) on the relationship betwedre troughness lengtly measured at the surface of
sediment columns not enriched and enriched withrapltytobenthos (MPB; “Without MPB” and “With

MPB”, respectively) and the metabolic rates of deskerastoderma edulgopulations.

3.5. Critical bed shear stress
3.5.1. Mud fraction

Critical bed shear stressas;{) were determined for the erosion of the biogehif fayer and of the
sediment bed (Fig. 5A and 5B). For one sample, idendt observe the erosion of the biogenic fluffdia
but only mass erosion.
1ot for the biogenic fluff layer and the sediment badged 0.05-2.21 and 0.70-7.10 Pa, respectively.
There was no separate influence of the “Phytoptanikand “MPB” factors and no interactive effect
between them on; for the biogenic fluff layer (Fig. 5A, Table 1). bontrast, the presence of cockles
significantly reduced,;; for the biogenic fluff layer. There was also aremctive effect between the
“Density of cockles” and “Phytoplankton” factors af with the cockles reducing,;to a higher extent
“Without phytoplankton” than “With phytoplanktont,; decreased significantly with an increase in the
metabolic rate of the cockle populations (Fig SAN@OVA, p < 0.05). This relationship was not
significant “With phytoplankton” where it was sidficant “Without phytoplankton” (ANCOVAp <
0.05).
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There was no separate influence of the “Phytoptarikt‘Density of cockles” and “MPB” factors ot

for the sediment bed, but we observed an intemnadteiween these factors (Fig. 5B, Table 1). However
pairwise comparisons did not show any significaiffetences between entities. Finally, there was no
significant relationship betweeg; for the sediment bed and the metabolic rate ottukle populations,
independently of the enrichment with phytoplankboMPB (Fig. 5B; ANCOVA,p = 0.79).

3.5.2. Chlorophyll a

For five samples, the current flow applied at skeeiment surface of the experimental plots durivey t
erosion experiment was too weak to initiate anyificant increase in the chlorophylconcentration in
the water column. Thus, it was not possible to rdeitee 1. for these samples. Considering the large
number of missing values, we did not conduct PERNDAM\ analyses and only provide qualitative
results on the effect of the three tested factggsfor the chlorophyll of MPB biofilms ranged 0.72-6.84
Pa (Fig. 5C). In the plots “Without MPB”, there was apparent effect of cockles of;. In contrasts,
“With MPB”, cockles reduced, without density-dependent effect. There was goificant relationship
betweent;; and the metabolic rate of the cockle populatioldCOVA, p = 0.33).

3.5.3. Sand fraction

Tt for the sand fraction ranged 0.37-2.46 Pa (Fig). Sihere was no significant effect of the
“Phytoplankton” and “MPB” factors (Table 1). In doast, the erosion of sand particles in the plots
inhabited by cockles at a low density was initiagdower 1. than in the plots without cockles or
inhabited by a high density of bivalves (Fig. 5@ble 1). There was no significant relationship leew
1ot @and the metabolic rate of the cockle populatiimespectively of the enrichment with phytoplankton
or MPB (ANCOVA,p = 0.33).
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3.6. Sediment fluxes
3.6.1. Mud fraction

Erosion fluxes of fine particles (mud fractionuspended matter”) during the erosion of the biageni
fluff layer could not be determined for seven samptince the erosion of this layer was immediately
followed by the erosion of the sediment bed. Fatlagr sample, there was no erosion of a biogeuft fl
layer and fluxes of fine particles were then 0 gsh Only qualitative results on the effect of the tBiy
of cockles”, “MPB” and “Phytoplankton” factors atteus provided. Fluxes of fine particles ranged 850.

g m? s! (Fig. 6A). There was no apparent influence of ‘@B factor on the fluxes of fine particles
during the erosion of the biogenic fluff layer (FBA). In contrast, cockles enhanced the fluxe§ire
particles at the sediment-water interface of tlesplWith phytoplankton” (Fig. 6A). However, thenas
no significant relationship between the fluxes iokefparticles during the erosion of the biogenidffl
layer and the metabolic rate of the cockle popoheti(Fig. 6A; ANCOVAp = 0.76).

3.6.2. Chlorophyll a

There was no erosion of the MPB biofilm for fivengples so that no chlorophylfluxes could have
been determined. Therefore, only qualitative resoilt the effect of the “Density of cockles”, “MPBhd
“Phytoplankton” factors are provided. Fluxes ofarbphyll a ranged 0.00-8.29 pg#s* (Fig. 6B). For
the plots “Without MPB”, chlorophylh fluxes were on average higher at the sediment-viaterface of
the plots inhabited by cockles than without cockleghe plots “With MPB”, there was no appareetl
regarding the effect of cockles on chloroprg/fluxes. Nonetheless, fluxes of chlorophglkignificantly
increased with an increase in the metabolic rdtéseocockle populations (ANCOVA < 0.05).

3.6.3. Sand fraction

Fluxes of sand ranged 3.61-98.60 uth (Big. 6C). There was no significant influence ot
“Phytoplankton”, “Density of cockles” and “MPB” fears on the flux of sand particles and no intexacti
effect between them (Fig. 6C, Table 1). There wasignificant relationship between the flux of samdi
the metabolic rate of the cockle populations, pessively of the enrichment with phytoplankton athw
MPB (ANCOVA, p = 0.74).
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487  Table 1 Results of PERMANOVA analyses testing the influené¢he enrichment of the water column
488  with phytoplankton (“Phytoplankton”), the occurrenof cockles at different densities (“Density of
489  cockles”) and the enrichment of the sediment serfat experimental plots with microphytobenthos
490 (“MPB") on different parameters quantified beforedaduring erosion experiments. P(perm) in bold
491 indicate significant effectsp(< 0.05). * denotes significant differences in digien (PERMDISP
492  analysisp < 0.05).

df Pseudo-F P(perm)
Chlorophyll a biomass
Phytoplankton (2 1 0.6¢€ 0.4z
Density of cockles (. 2 70.72 <0.01*
MPB (3] 1 441.6¢ <0.01*
Q) x (2 2 6.7% <0.01*
(1) x (3 1 3.2¢ 0.0¢*
2 x (3 2 28.21 <0.01*
(1) x(2) x (3 2 5.7: <0.05
Effective quantum yield of photosystem ||
Phytoplankton (2 1 1.4¢ 0.24
Density of cockles (. 2 1.64 0.21
MPB (3] 1 77.7¢ <0.01*
1) x (2 2 3.0C 0.07
1) x (3 1 0.01 0.9:
2 x (3 2 0.0z 0.98*
(1) x(2) x (3 2 1.1¢€ 0.34*
Roughnesslength z,
Phytoplankton (2 1 4.87 <0.05
Density of cockles (. 2 13.5( <0.01*
MPB (3 1 0.4C 0.5¢
1) x (2 2 3.31 <0.05
(1) x (3 1 7.1¢ <0.01*
(2 x (3 2 0.1¢ 0.55*
(1) x (2) x (3 2 1.5C 0.26*
Critical bed shear stress
Biogenic fluff layer — muddy fraction
Phytoplankton (1 1 1.52 0.2:
Density of cockles (. 2 4.6¢ <0.05
MPB (3] 1 1.1t 0.2¢
1) x (2 2 4.51] <0.05
(1) x (3 1 0.17 0.6¢
(2) x (3 2 0.1t 0.8t
(1) x(2) x (3 2 1.7 0.19*
Sediment bed — muddy fraction
Phytoplankton (2 1 0.71 0.4<
Density of cockles (. 2 0.3C 0.79*
MPB (3 1 0.4z 0.5¢
1) x (2 2 0.44 0.67*
(1) x (3 1 3.61 0.6¢
2 x (3 2 0.0t 0.07*
(1) x(2) x (3 2 3.9C <0.05*
Sand
Phytoplankton (2 1 2.9¢ 0.1C
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493

Density of cockles (. 2 3.3¢ 0.05
MPB (3 1 0.001 0.97
(1) x (2 2 1.2% 0.31
(1) x (3 1 0.7¢ 0.3¢
(2)x (3) 2 0.04 0.9¢
(1) x(2) x (3 2 3.07 0.06*
Fluxes of sediment

Sand

Phytoplankton (2 1 2.0C 0.17
Density of cockles (. 2 0.4¢ 0.6<
MPB (3] 1 <0.0] 0.9¢
1) x (2 2 0.32 0.7t
(1) x (3 1 <0.01 0.9¢
(2 x (3 2 0.67 0.52
(1) x (2) »(3) 2 1.6C 0.22*
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4. Discussion

4.1. Effect of cockles on sediment stability
4.1.1. Overall effect of cockles

Depending on their bioturbation mode, intensity aaftivity and environmental condition, benthic
organisms can have various impacts on non-cohesinging from no effect (Li et al.,, 2017) to a
destabilizing (Needham et al., 2013) or stabilizeftect (Joensuu et al., 2018). Our results supaort
destabilizing effect of the common cocllerastoderma edulm non-cohesive sediments. In particular,
the resuspension dynamics profiles (Fig. 2) hidtilitpat cockles enhance the resuspension of both mu
and sand particles from the surficial sedimentdayée resuspension of sediment particles was thdee
initiated at lower current velocities in the presemf cockles. In sharp contrast, Li et al. (20dig) not
show any significant effect of cockles on the resmsion dynamics of fine particles in a similar
environment. The densities of cockles being simiahe two studies, such a discrepancy may betalue
differences in the experimental set-ups, espediatharding the duration of the acclimation peried the
time allowed for cockles to settle and bury inteitlhew environments before erosion experiments. sta
Li et al. (2017) conducted erosion experimentsofelhg a 2-day settling period whereas cockles were
presently left for 6 days in the sediment plotsobefwe performed erosion experiments. This longer
acclimation period may allow cockles to signifidgralter the sediment erodibility and/or roughness.
Additionally, Li et al. (2017) placed cockles irpare sand while we used a sediment containing #l sma
proportion of silt (4%). Although both sedimentsrevenon-cohesive, this small proportion of cohesive
particles may have influence biota-mediated praeéSozzoli et al., 2020).

4.1.2.Effect of cockleson sediment roughness and erodibility

The use of a flume allowing to record the pressqwetveen the upstream and downstream parts of
sediment samples (Le Hir et al., 2008) associaidtiad calculation method developed by Guizien et al
(2012) enabled us to accurately estimate the bear siress at the sediment surface of plots witbrsié
topographies. By doing so, critical threshatggfor erosion that take into account the sedimenginoess
were calculated. We also estimated the roughnegshidrom the dynamics of the shear velocity acenss
gradient of current flows for each sample. As ailtesve highlighted that the destabilizing effedt o
cockles results from both their impact on sedimemadibility and roughness. The significant effe€t o
cockles on the roughness lengthindicates that cockles modify the surface topogyaphthe sediment
they inhabit and increase its roughness. Indeedottomotor, burrowing and feeding activities otkles
cause the reworking of sediments and thus altetapegraphy of their surface (Flach, 1996; Li et al
2017). Additionally, some organisms were not fubiyried or emerged at the sediment surface while
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migrating vertically in the sediment column (peobs.). Thus, cockles could also have modified the
topography of the sediment bed by their mere paséhinta et al., 2013). As a result of their effectthe
sediment topography, cockles changed the relatipristween the bed shear stress and hydrodynamics.
This relationship could also have been modulateathgr activities of cockles, such as filtratiorar F
instance, the siphons of cockles were often vis#tl¢he sediment surface during erosion experiments
(pers. obs.) suggesting that the bivalves werevegtifiltering. Bivalves can also produce exhalgets
which can interfere with the current flow and mafitience the bed shear stress as well (Jonssdn et a
2005; van Duren et al., 2006).

Although the methodology employed in this studypwatld to quantify the effect of bioturbators on both
sediment erodibility and bed roughness, it remdifficult to estimate the relative contribution bbth
processes on sediment dynamics. We demonstratéghificant effect of cockles, as considered as a
categorical factor, on the critical threshoigg for erosion of the fluff layer and the sand frantiaf the
sediment column. Nonetheless, th&alueassociated to the influence of cockles in thesédyses were
much lower than those calculated when assessingeffieet of cockles on the roughness length
Thereby, we suggest that the destabilizing impdatoakles is largely driven by effects on sediment
roughness. This is in agreement with Ciutat e{28l07) who reported important changes in the bedrsh
stress of cohesive sediments. The latter couldabeerl by modifications of the sediment topography,
thus roughness. In contrast, Li et al. (2017) noted cockles display different behaviors in nohesive

vs. cohesive environments with cockles generalg kective in cohesive than in non-cohesive sedenent
This had consequences on the topography of thensetlisurface that was less disturbed in the cobesiv
environment than in the non-cohesive one. Yettlale(2017) showed a significant destabilizingeeffof
cockles only in the cohesive sediment. The relativeortance of sediment erodibility and roughness o
sediment dynamics in this case might have beeprdift from what is observed here in a non-cohesive
sediment with a low proportion of silt. Indeed, thestabilizing effect of cockles observed by Liakt
(2017) might have been mainly mediated by changeka erodibility of the cohesive sediment. To our
opinion, an important next step will consist of dimping a method that will clearly evaluate to whic
extent erodibility and roughness respectively matiulsediment dynamics in both non-cohesive and

cohesive environments.
4.2. Modulation of the influence of cockles on sediment stability

In natural environments, it is likely that varioaliotic and biotic parameters modulate the infheeof
bioturbators on sediment erosion processes (AndeP&91; Kristensen et al., 2013). Among the diwers

factors that could interfere with the role of cazkbn sediment dynamics, we focused on three p&gesne
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that greatly vary both temporally and spatiallg, bivalve density, MPB occurrence and suspended fo
(i.e. phytoplankton) availability.

Similarly to Ciutat et al. (2007) we noted an irage of the destabilizing effect of cockles withrarease

in their density. This effect was even greater &kirtg into account the metabolic rates of the ackl
population. Metabolic rates are based on metalibbiories observing that the mass/size of organisms
affect biological structures and processes, ilethal organismal activities needing energy and lving
matter transformation, depend on temperature aadpaportional to the organism mass/size in a size
scaling way (Brown et al., 2004; van der Meer, 208@st, 1997). Recently, Cozzoli et al. (2020, 2018
demonstrated that the metabolic rates of bioturbatould be used as an accurate descriptor of the
activity levels of these organisms and allows tedjmt their influence on sediment resuspension in
different environments. Indeed, metabolic ratebiofurbator populations can be derived from indixd
estimation, taking into account the individual effef organisms and their density (Cozzoli et 2020,
2019, 2018). This novel approach may be more atztioaevaluate the influence of natural populations
with organisms of heterogenous sizes than takitgadncount their sole density. Our results als@esg
that there was no switch in the relative importaoterodibility and roughness on dynamics of thisn
cohesive sediment with an increase in the bivabmsily and metabolic rate. Indeed, there was agtro
correlation between the roughness lerggthnd the metabolic rate of cockle populations wae@lyt;

for the biogenic fluff layer was significantly cetated with the metabolic rate of cockle population

The enrichment of the sediment column with phytoklan also slightly modulated the sediment
resuspension dynamics in the presence of bivalveleed, the density-dependent effect of cockles on
sediment resuspension was less clear when the watemn was enriched with phytoplankton, i.e.
cockles at high and low density had a similar imhacsediment resuspension. There was also nav@osit
correlation between the critical bed shear stresshe fluff layer and the metabolic rates of tluelde
populations in plots enriched with phytoplankton endas this correlation was significant without
phytoplankton. The high availability of food mayeainfluence the levels of activity of cockles, kvihe
bivalves less active (in term of locomotion andrbwing) when phytoplankton was at high concentratio
This hypothesis is in accordance with the work @find et al. (2007) who highlighted a reduced sedime
reworking activity of the bivalvé\bra ovatawhen food was highly available. Here, the high emation

of phytoplankton in the water column may also hambanced the filtration activity of cockles andshu
the rapid deposition of feces and pseudo-feces thetsediment surface (Navarro and Widdows, 1997).
This resulting biodeposition may have led to a “glifidation” (Soissons et al., 2019) of the sedimzmd

an increase resistance to hydrodynamics forcing.

We also observed that the enrichment of the sedinsemface of the experimental plots with

microphytobenthos (MPB) did not modulate the stgbif non-cohesive sediments both in the presence
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and absence of cockles. Given the extensive litexathat unravels a stabilizing role of MPB (e.g.,
Holland et al. 1974; Yallop et al. 1994; Millerat 1996), our results may be surprising. HowelPB
stabilizing effects have been mainly reported fahesive substrates and notably in sandy mud
environments (Ubertini et al., 2015). Conversely, non-cohesive environments, only a very thick
microbial mat could interfere with sediment erosprncesses (Yallop et al., 1994). The microbial mat
our experimental plots was thus probably insuffidiedeveloped to counteract the hydrodynamicssstre
at the sediment surface and thus to efficientlydothe sediment erosion potential. In the presarice
cockles, we also quantified a lower MPB biomasbiofilms at the sediment surface. Cockles have been
previously shown to have contrasting effects on tlewelopment of benthic microalgae biofilms
depending on the respective intensities of theitupbation processes, i.e. bioirrigation vs. sedime
reworking. The porewater transport generated byklesccan indeed stimulate nutrient fluxes at the
sediment-water interface on which MPB relies (Esiks et al., 2017; Swanberg, 1991), while particle
reworking activities can mechanically disrupt MPHofttms and interfere with their growth
(Rakotomalala et al., 2015). Our results clearlypkasize that the sediment reworking activity ofides
was the main process influencing the developmentRB in this study.

Finally, we evidenced that the combined availabitf suspended-food and MPB may modulate the
influence of cockles on non-cohesive sediment dyosanindeed, cockles seemed to have a lower impact
on sediment roughness and thus a reduced destapiifect when suspended food (i.e. phytoplankton)
and MPB biofilms were together at high availabiliithough this trend was not statistically sigodt
(Fig. 2 and Fig. 3), the reasons behind this pattemain unclear.

5. Conclusion

The influence of burrowing organisms on sedimegmagnics have been assessed through numerous
field and laboratory studies. Nonetheless, the @@stic understanding of how bioturbating organisms
affect the erosion of sediments, i.e. both thewdivility and roughness, is still limited. Our lab
investigation highlighted a significant destabitigieffect of the common cockieerastoderma edulen
non-cohesive sediments with a low silt content (4¥hjis was a direct consequence of cockles’ effect
the sediment bed topography and roughness rather changes in the sediment erodibility. We also
demonstrated that the cockle-mediated impact ommsgd dynamics depend on several environment
factors. First, the destabilizing effect ©f eduleincreased with an increase in the bivalve den3itys
pattern was even more apparent taking into acdhentetabolic rates of the cockle population. Sdcon
the presence of suspended food limited the dewtalgilrole of cockles. High availability of suspet
food may lower the bioturbation potential of coekland/or promote their filtering activity and
biodeposition. Finally, we noted that while MPB filims did not temper the destabilizing role of clask
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at low availability of suspended food, the bivak/éhpact on sediment roughness may have been niinima
when both phytoplankton and MPB biofilms are prés&he understanding of how environmental drivers
may influence the role of macrofauna in both nohesive and cohesive substrates remains scarcéand t
latter results are thus of particular interest. dar knowledge only the influence of intraspecific
competition (e.g., Ciutat et al., 2006; Cozzoliagét 2020; Kristensen et al., 2013), and more rgen
parasitism (Dairain et al., 2020), on macrofaunganisms and their knock-on effect on sediment
dynamics have been assessed so far. We thus angae fdentification of abiotic and biotic driveo$
macrofauna-mediated processes on sediment dynamiparticular, the evaluation on how and to what
extent stress factors of major concern, such dsagldimate change or metal and organic contanunati
influence the behavior of bioturbators could leadiévelop accurate and site-specific calibratedeisod

predicting the importance of macrofauna in sedineeosion processes in a near future.
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Highlights

Therole of cockles on non-cohesive sediment dynamics was tested

The influence of cockles on sediment erodibility and bed roughness was disentangled
Cocklesincreased the sediment bed roughness and, to a lesser extent its erodibility
The destabilization effect of cockles increased with their density

Phytoplankton and microphytobenthos presence limited the cockle destabilizing role
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