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ABSTRACT

The present study was aiming at describing the feeding ethology and assessing surface
sediment reworking together with associated effects on sediment characteristics and aerobic bacterial
community composition by the ampharetid polychadédinna palmatawhich exhibits very dense
populations in the Arcachon Bay (French Atlantic coast). There was a plasticity in the main aspects
(i.e., positioning of the tube at the sediment-water interface, stretching of the worms outside their
tubes while feeding, location and mechanism of faeces production) constitutive of the current
knowledge regarding feeding ethology in ampharetids. On average, worms dedicated 84.6% of their
time to the prospection of surface sediments and produced faeces exclusively at the water sediment
interface, which resulted in surface sediment reworking and induced the zonation of surface sediment
in three distinct areas, namely: undisturbed sediment, prospected and faecal mound areas. Average
individual surface prospected area and surface sediment reworking rate weres2@ &18 mmh™,
respectively. Surface sediments were coarser and their bulk organic contents were lower in prospected
areas, intermediate in faecal mound areas and higher in undisturbed sediments. Oxygen penetrated
deeper in the sediment column in faecal mound areas. Aerobic bacterial community composition
associated with surface oxygenated sediments within these three areas also significantly differed,
which suggests that sediment reworkpey se(i.e., irrespective of changes in redox conditions) do
have an effect on those compositions. These results are discussed in terms of potential food limitation

in the very dense populationsMf palmatapresent in the Arcachon Bay. It is suggested that the high
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densities of these populations result from bothrbgeldimentary fluxes due to tidal currents and from

the enhancement of particle sedimentatioAdstera noltemeadows.
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1. INTRODUCTION

Once sedimented, particulate organic matter unésrgarly diagenesis (i.e., a sequence of
mineralization reactions taking place in the togirsent column). This process is mainly achieved by
bacterial communities featuring different metabelpacities in relation with the availability of a
series of final electron acceptors. In the absefbt@nthic macrofauna, these receptors show adlypic
vertical zonation (Froelich et.all979). By modifying this redox sequence and lgatng
microenvironments submitted to oscillatory condisipbioturbation by benthic macrofauna disturbs
oxidation processes taking place in the top sedimg@nmn (Burdige, 1993). Bioturbation activities
include the mixing and spatial redistribution ottbeediment particles (i.e., sediment reworkingyl a
pore-water solutes (i.e., bioirrigation; Rhoads/4;XKristensen et al2012). They directly affect the
three components cuing the efficiency of minergiimaprocesses taking place in the top sediment
column, namely the spatial distributions of: (1jtjgalate organic matter; (2) final electron acoept
and (3) bacterial community biomass (Aller and %ind.985; Reichardt, 1988), composition (Bertics
and Ziebis, 2009; Laverock et,&010) and biogeochemical functions (Bertics gt24110; Gilbertson
et al, 2012; Yazdani Foshtoni et @2015). By doing so, bioturbation strongly inflees the
biogeochemical processes taking place at the sediweger interface (Aller, 1994; Aller and Aller,
1998; Lohrer et al 2005; Furukawa, 2005; Aller, 2014; Braeckmanl e2814).

Sediment reworking is typically a 3D process (Rbseg et al., 2008). Its quantification is
however usually achieved based on a reduced nuofldémensions due to the difficulty in
penetrating the sediment matrix. Because of theaction with the vertical zonation of
biogeochemical processes (see above) and due itmploetance of the problematic of carbon burial,
most attention has been devoted to the verticagéd#ion (see for example Maire et al., 2008).
Classically, the assessment of sediment reworlkifig$ed on the coupling between: (1) the
assessment of a vertical profile of tracer conedioins, and (2) the modelling of this profile. This
whole process usually results in the computatioa wértical biodiffusion coefficient (Db) and/ormo
local exchange functions, which account for thenstty of vertical sediment reworking through

biodiffusion and non-local transport. Converseig guantification of horizontal sediment reworking
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has received much less attention although somg emdlelling studies have suggested that this
component may be quantitatively as important avéhntcal one (Wheatcroft et al., 1990; Wheatcroft,
1991) and that surface mixing is often consideredraecological trait in studies assessing the
relationship between species diversity and ecosyftactioning (e.g. Hewitt et al., 2008). The u$e o
thin aquaria and luminophores (i.e., sediment gagicoated with a fluorescent paint) coupled with
sophisticated image acquisition and analysis tegles has only been recently introduced allowing for
the 2D (i.e., vertical and horizontal) assessmehsgediment reworking (e.g. Gilbert et al., 2003;
Maire et al., 2007b, 2007c, 2010; Bernard et 811,2).

The analysis of the effects of bioturbation on beat community composition and function has
also favored the assessment of the vertical commpahes to the tight interactions between these
communities and available final electron accept@edlery biodiffusorsgensuKristensen et al.,

2012) have been mostly used to tackle this questibrough the ventilation of their burrow, these
organisms enhance oxygen penetration deep in theeet column (e.g. Papaspyrou ef 2006;
Laverock et al., 2010; Pischedda et 2011) and thereby induce a patchy distributiobaafterial
assemblages (e.g. Laverock et al., 2010). Moreawet because their activity is often discontinuous,
they induce short-term temporal changes in batt@ssemblage functionalities, which results in a
non-equilibrium dynamics of mineralization procesgeg. Wenzhoéfer and Glud, 2004; Pischedda et
al., 2008). One difficulty when studying the effe€tsediment reworking on bacterial assemblages
and functions is the unraveling between the effésediment reworkinger seand those related with
changes in redox conditions (e.g. Laverock eR8al10). A possibility to tackle this difficulty i®t

focus on benthic macrofauna performing sedimenorking without altering the oxygenation of the
sediment. This is potentially the case of “Surfdeposit feeding Sessile Tentaculate” worms (SST,
Fauchald and Jumars, 1979), which collect a vdryl#tyer of particles at the sediment-water
interface. Sediment reworking by these organisipE#jly creates distinct areas at the sediment
surface with a clear distinction between undistdrbediments, and prospected and faecal mound
areas (e.g. Nowell et al., 1984). This allows far éstablishment of a stratified sampling stratefgy

surface oxygenated sediment to assess the effsedohent reworking on sediment characteristics
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and associated aerobic bacterial community conipadisee Warwick et al. (1986) and Olafsson et
al. (1990) for a similar approach regarding meiotagomposition).

During the present study, we used the ampharetictipaeteMelinna palmataas a biological
model. This species is abundant in Zlostera nolteimeadows and the bare intertidal mudflats of the
Arcachon Bay (France) where it has been sugges#tdts dense populations inhibit vertical sediment
reworking (Bernard et al., 2014). Althoud¥, palmataclearly belongs to SST (Fauchald and Jumars,
1979; Jumars et al., 2015), its feeding ethologyria been deeply investigated yet. The presedy stu
therefore aimed at: (1) describing the anatomyeetling organs; (2) establishing a typology of the
different behaviors and assessing the time alloogiattern between these behaviors; (3) quantifying
surface sediment reworking, and (4) assessingfteet® of sediment reworking on surface sediment
main characteristics, oxygen penetration and bhatmymmunity composition. These objectives were
tackled using aex situexperimental approach. Due to the practical/terdirdifficulties in achieving
replication (e.g. Maire et al., 2007a), this resdlin three series of experiments dedicated taone

combinations of the above mentioned specific aspect

2. MATERIAL AND METHODS

2.1. Worm collection and maintenance

Melinna palmatds an ampharetid worm with a large boreo-mediteraandistribution
(Grehan, 1991). It is abundant along the Atlantiasts from Norway to Morocco (Guillou and Hily,
1983; Grehan, 1991; Cacabelos et2011), in the Black Sea, the Sea of Azov, thsiBerGulf and
the Mediterranean Sea (Holthe, 1986; Zaabi and 2006). It has been recorded all along the
metropolitan French coast (http:/resomar.cnraBés/index.php; Dauvin et,@003).Individual
worms are typically between 15 and 50 mm in leragtti between 2 and 3 mm in width. They bear 16
thoracic and about 60 abdominal segments. Thedfabeir two sets of four gills is implanted on the

dorsal part of their first segment (Fauvel, 192@use and Pleijel, 2001). The life span is between 2
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and 2.5 years in inner Galway Bay (Grehan, 199d)sseondary production in Southampton waters is
0.42 g Cyr! (Oyenekan, 1988).

For the present study, adult worms were collectethd April 2012 (anatomy of feeding
organs, 1 and 2? series of experiments) and December 20¥3€8ies of experiments and tentacles
number) in the Arcachon Bay (French Atlantic Coasthe “Germanan” site (44°42'726" N,
1°07'940”"W) where extremely dense populationdvbfpalmatahave been reported Fostera noltei
intertidal seagrass meadows (Blanchet et al., 2B&rhard et al., 2014). Back at the laboratoryetub
were isolated from the sediment by gently sievingad mm square mesh, and collected by hand.
Worms were then acclimatized (>10 days) in aquasigaining sieved (1 mm mesh to discard other
macrofauna; e.g. Queiros et al., 2015) sediment the collection site and fuelled with a continuous
flow of filtered seawater from the Arcachon Baydrefany subsequent

manipulations/experimentations.

2.2. Anatomy of feeding organs

The tentacles of 10 worms collected in DecembeB2@dre counted under a Nikon® SMZ25
stereomicroscope. The anatomy of the feeding orgaissnvestigated using Scanning Electron
Microscopy (SEM). Fifteen worms collected in A@2D12 were left for one hour in filtered (0.22 pum)
and sterilized seawater to ensure that their t@gacere deployed. Heads and tentacles were then
dissected and fixed in 2.5 % glutaraldehyde withN).cacodylate buffer and 7 % NaCl for 24 h.
Samples were rinsed 3 x 30 min in 0.4 M cacodydat4 % NaCl before being post-fixed with 2 %
osmium tetroxide in 0.4 M cacodylate and 10 % Na@ky were then dehydrated through a series of
incubations in increasing alcohol concentratior@sr(iin in 50 %, 10 min in 70 %, 10 min in 90 %, 10
min in 95 %, 2 x 10 min in absolute and 15 miniiogylene oxide). After critical-point-drying,
samples were coated with gold and observed usipgeenta 200 SEM (FEI Company) at the

Bordeaux Imaging Centre (University of Bordeawagriee).
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2.3. Experiments

Three series of experiments were carried out dukipryl 2012, November 2012 and February
2014 (Fig. 1). Before each experiment, worms warefally removed from their tube and examined
under a binocular microscope to check for physidalgrity. All experiments were achieved on single
individual worms, which were introduced at the eertf a parallelepiped (11.5%x17.5%6.5 cm,
corresponding to a density of 50 indraquarium filled with a 6 cm layer of sedimentrfréhe
collection site (sieved on 1 mm-mesh to removeratigcrofauna and previously stabilized for 10
days) and placed under a continuous flow of fileseawater from the Arcachon Bay for 10 days.
This time period proved sufficient for worms to o new tube and to efficiently burrow in the

sediment.

2.3.1First series of experiments

The aims of the first series of experiments (Fi) Were to: (1) describe feeding ethology, (2)
characterize worm behaviors, (3) assess time ditocpattern, (4) quantify the surface of sediment
reworked areas, and (5) assess the effect of sustdiment reworking on main sediment
characteristics and aerobic bacterial communitygasition. Thirteen worms were studied during this

experiment series (temperature: 15.9 + 2.0 °Cnigali30.5 + 1.7).

2.3.1.1. Feeding ethology, typology of behaviors and tinhecakion pattern

A computer piloted IDS peye UI-1580SE-C-HQ videnss® (Stemmer Imaging) was
positioned 30 cm straight above the aquarium setiswaface, which was illuminated with infrared
light. This system allowed for the collection ofdges of the sediment surface during 24 hours at a
frequency of 0.1 Hz. Collected images were asseiblan AVI film, which was then visually
analyzed to assess: (1) feeding ethology, (2) rdiffetypes of behavior, and (3) time allocation

patterns between these behaviors.
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2.3.1.2. Surface sediment reworked areas

Additional images of the sediment surface wereectdd under ambient light on days 10, 15,
20, 25 and 30 (starting from the beginning of tbeienation period) using a Nikon ® D7000 Reflex
16.2 Mpixels camera fitted with a 18-105 mm lensp&cial care was taken to insure that the image
plan was strictly parallel to the sediment surfde. all worms, a zonation of the sediment surface
became rapidly visible. This included: (1) a fagoalund area near the tube opening, (2) a prospected
area devoid of surface particles, and (3) undigidediment (Fig. 2A and B). The faecal mound and
the total affected areas were manually drawn oh ealtected image and their surface was assessed
using the Image J® software (USA National Instisubé Health) after appropriate calibration. The
surfaces of prospected areas were computed affiredce between the surfaces of total affected

and faecal mound areas.

2.3.1.3. Surface sediment sampling

At the end of the 20 d experiment period, the sgrfeediments of: (1) faecal mound areas, (2)
prospected areas, and (3) undisturbed sedimenéssaenpled using a truncated (to allow the passage
of the largest particles) pipette tip fitted to tieedle port of a 10 mL syringe. All the surfacdisent
of each three areas was sucked by gently pulliagyhinge plunger while the truncated tip was
moved to sample the very top (i.e., about 2 mmigsersediment layer. Each sample was
homogenized and divided in two for the assessn@n{d) main sediment characteristics, and (2)

aerobic bacterial community composition.

2.3.1.4. Main sediment characteristics

Sediment granulometry was assessed using a Malvdiasier Sizer laser microgranulometer
and expressed as median diameter (D50) and mudrtdine., the volume % of particles less than 63
pm in size). Particulate organic carbon (POC) atrdgen (PON) were measured on 10 mgDW (dry

weight) freeze dried decarbonated (with 0.2N HGloading to Kennedy et al., 2005) sediment
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samples using a ThermoFinnigan® Flash ElementalydaaSeries 1112. Chlorophyland
phaeophytira were assessed on a 6 mL 90 % acetone extractdahd WW (wet weight) sediment
samples using a Perkin ElImer® spectrofluorometev@ix and Lantoine, 1993). Depending on the

amount of available sediment, these measurememesachieved on 1 to 3 replicates.

2.3.1.5. Aerobic bacterial community composition

Aerobic bacterial community composition was chaggazed by Automated Ribosomal
Intergenic Spacer Analysis (ARISA), a PCR-basedledcommunity fingerprinting method (Fisher
and Triplett, 1999). Within two hours after colliect, 0.465 £+ 0.003 g WW (Wet Weight) of sediment
from each zone was placed in preservative buff@® (dM Tris-HCI [pH 8.0], 10 0 mM EDTA [pH
8.0], 1.5 NaCl and 1 % [wt/vol] cetyltrimethylammiaom bromide) (Zhou et alLl996). Samples were
stored at -80°C until analysis. DNA extraction vaabieved using 700 puL of homogenized thawed
sediment sample. DNA was extracted and purifiegpliog a bead beating method (Lysing matrix E
tubes) and Fast Prep (MP Biomedicals): two rufs%m §" during 30 s with the use of an extraction
kit UltraClean® Soil DNA Isolation Kits (MO BIO Lairatories Inc.). The amount of extracted and
purified DNA was quantified by spectrophotometrgw2 pL of DNA solution, using an Epoch
microplate spectrophotometer (Biotek instrumem§)R amplification of the 16S-23S rDNA
intergenic spacer was carried out using 5’'FAM leake5-D-Bact-1522-B-S-20 (5-TGC GGC TGG
ATC CCC TCC TT-3') and L-D-Bact-132-a-A-18 primgfs-CCG GGT TTC CCC ATT CGG-3))
(Normand et al., 1996). The final reaction mix (B85 consisted of 1X PCR buffer (Promega),

1.5 mM MgCl, 0.3 mg mLC* bovine serum albumin (BSA), 5 % Dimethyl sulfoxi@@MVSO),

200 puM of each deoxynucleoside triphosphate (logien), 0.5 pM of each primer (Invitrogen),
0.25 U of Taq polymerase (Promega) and 10 ng opkates DNA at about 1 ng i Amplification
was performed with a Thermocycler (Eppendorf AG}eAan initial denaturation at 94°C for 5 min,
35 cycles of denaturation (94°C, 1 min), annegal8&fC, 1 min) and extension (72°C, 1 min) were
performed, followed by a final extension (72°C,mid). For each extracted DNA sample, triplicate

PCR assays were performed using 3 x 10 ng of tamplA. Amplification products of the three
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assays were pooled and purified using QIAquick FROHRfication Kit (QlAgen). Purified

amplification products were then quantified using spectrophotometric method previously
described. Finally, 1.5 uL of amplification prodaatjusted by dilution to about 10 ng Tilvere

mixed with 0.1 pL GeneScan 1200 LIZ internal siisdard (Applied Biosystems) and 10 pL Hi-Di
formamide (Applied Biosystems). The mixture wasatared at 94°C for 4 min and fragments were
discriminated using an ABI 3730XL automated seqeepplied Biosystems®) operated by the
Plateforme Genome-Transcriptome Pierrotarjoined facility of INRA and University of Bordex).
Resulting electrophoregrams were analysed using\pipdied Biosystems® Peak Scanner software.
Peak sizes inferior to 200 bp and superior to 1g®@ere considered as background noise and
eliminated. Then, an “optimal divisor” (Od) was elehined to remove fluorescence background
within remaining peaks (Osborne et al., 2006). Beaktributing less than 0.1% (i.e. Od value) ef th
total amplified DNA (as determined by relative ftascence intensity) were indistinguishable from
baseline noise and eliminated. Binning was camwigdunder the R software (available on http://aran.
project.org) using the algorithm “Interactive binhg@vailable on http://www.ecology-research.com —
Ramette, 2009). This allowed for the assessmettteofelative abundance of each Operational
Taxonomic Unit (OTU) in each sediment replicatee BRISA fingerprinting method is based on
16S-23S ITS size. Since bacterial species haveusriumbers and types of ribosomic operons, there
is no simple relationship between the occurrentesbacterial species and the number and types of
retrieved OTU (Hill et al., 2003). Moreover, PCRuses may distort OTU relative abundances
(Wintzingerode et gl 1997). It is nevertheless assumed that OTU rishiaed composition
realistically reflect bacterial taxonomic divers{fyorney et al2004) and support diversity pattern
analyses (Ramette, 2007). It is important to utkethat ARISA only account for changes in OTU

relative abundances.
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2.3.2Second series of experiments

The aim of the second series of experiments (BYwlas to assess the effect of surface
sediment reworking on oxygen penetration withingdiment column. Oxygen microprofiles were
achieved on five aquaria containing individual werafiter an incubation period of 20 days
(temperature: 16.0 +1.6 °C; salinity: 32.5 £0.8).

Four Unisense® A/S Clark-type microelectrodes (Reek, 1989; 100 pm sensor-tip
diameter, 90 % response time < 7 s, stirring seitgik 1) were positioned on a common holder
(forming a 2.5 cm side square) fixed on a MC-238isense ® motorized micromanipulator. These
microelectrodes were connected to a high-sensitifitisense® picoammeter. The whole system was
connected to a portable computer and controllethéysensorTrace® PRO v3.0 software. Oxygen
profiles were performed with a vertical resolut@ml00 um and an equilibration time of 7 s down to
a 1 cm depth in the sediment column. Two to fots e€4 profiles were achieved in each aquarium.
Overall, 13 micro-profiles were located in faecalund areas, 18 in prospected areas and 21 in
undisturbed areas. Oxygen micro profiles were peeg using the PRO2FLUX software (Deflandre

and Duchéne, 2010) to assess oxygen penetratidhsdep

2.3.3Third series of experiments

The aims of the third series of experiments (F@) Were to further assess worm behaviors,
feeding ethology and time allocation patterns, nguantify surface sediment reworking. Thirteen
worms were studied during this series (temperatl8és + 0.9 °C; salinity: 28.9 + 1.8).
Methodologies for the assessments of feeding egigolworm behaviors and time allocation patterns

were strictly similar to those used during thetfgaries of experiments.

Surface sediment reworking rates were assessédifidividual worms (15.2 + 5.0 mgWWw)
through laser telemetry (Maire et al., 2008). Thishnique allowed for successive microtopography

mapping of the sediment surface, which were latengared to assess the volume of reworked
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sediment during the time interval between two contiee scans. Experimental aquaria were placed
under a set of motorized cross tables (401XR Park&nnifin precision linear positioners with 5 mm
ball screw) connected to Vix500 Microstepper IndeReaves with XL-PSU power supplies. These
tables were computer controlled, which alloweddacise (i.e., £1.5 um) positioning (Duchéne,
2012). A laser telemeter (Sick OD80) was attacldtie lower Y table. The raw data (in volts)
generated by the telemeter were converted in lidist&ances using an appropriate calibration (Maire
et al., 2007b). The whole system was used for sisgpthe microtopography of 5 cm side square
surfaces centered on tube openings and includewafanound areas. Each scan was achieved within
a 20 min time period and with a 15 pm vertical heson. Surface sediment reworking rates were
assessed by summing the differences in microtopbgrbetween two consecutive scans of the faecal
mound area divided by the time duration betweerb#ginnings of these two scans. Positive
differences corresponded to an elevation, wheregative ones corresponded to a digging of the
sediment-water interface. Overall, nine couple8 {tr each worm) of consecutive (time interval

between 15 and 74.5 h) scans were achieved durisig@xperiment.

2.4. Data processing

2.4.1Time allocation patterns.

Time periods allocated to the different types didgors were assessed during the first and the
third series of experiments. A Kolmogorov-Smirnesttwas performed to check for possible

differences in time allocation patterns betwees¢h®vo series.

2.4.2Main sediment characteristics.

Changes in main sediment characteristics withiristabed sediment, faecal mound and
prospected areas were described using a hon-mvatiicDimensional Scaling (hMDS; Clarke and
Warwick, 2001) based on untransformed data (i.ediam grain size, POC, PON, chloropteytind

phaeophytira) and using Euclidean distance. Mud content wasised for this analysis because of its
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strong redundancy with D50. The sediment charatiesimainly responsible for the difference
between areas were identified using the SIMiliaABRcentage analysis (SIMPER) procedure (Clarke
and Warwick, 2001). Differences in the values afheaharacteristic between areas were looked for

using univariate Friedman ANOVAs for paired samples

2.4.3Aerobic bacterial community composition.

Aerobic bacterial community composition was desatinsing nMDS (Clarke and Warwick,
2001) based on untransformed data and Bray-Custgdlarities. Significant differences between
community composition were looked for using a nvaltiate One-Way PERMANOVA (Anderson,
2001; McArdle and Anderson, 2001) with the threevamentioned “sediment areas” as fixed factor.
Bacterial diversity was assessed using the compimeof the Simpson index (1-D) and associated

equitability (&p) with:

—\i=S., 2
D=2iz1ipi

1/D
Eip=—
1/D S

where pis the relative abundance of OTU i and S is OTdbmess

Differences in the values of D and&between areas were looked for using univariate

Friedman ANOVAs for paired samples.

2.4.40xygen

Significantdifferences between oxygen penetration depths leehtiee three considered areas

were looked for using a Friedman ANOVA for paireginples.

All statistics, except for Friedman ANOVAs (Excel®ere performed using the PRIMER® 6

package (Clarke and Warwick, 2001) and its PERMANCAdd on (Anderson, 2001).
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3. RESULTS

3.1. Anatomy of feeding organs and feeding ethology

Examined worms bore from 11 to 15 tentacles (1216834mean + sd). Tentacles were
implanted side by side around the upper lip ofrteeith (Fig. 3A and B). On the inner side of each
tentacle, a groove was densely covered with dfig.(3C and D). Tentacle outer side consisted in an
accordion shaped structure with only a few dispecdemps of cilia (Fig. 3E). A particular structure

without cilia was present at the tip of each teleté€ig. 3F).

The position and the elevation of the anterior pathe tube varied between worms. On some
occasions, the anterior part of the tube was \@réiod only slightly emerging from the sediment
surface. On some others, the anterior part ofithe was lying horizontal at the sediment surface.
None of the observed worms left their tube duringexperiments. Moreover, worms did not always
stretch their anterior part out of the tube whdeding (Fig. 4A and B) but they occasionally didy(F
4C). While feeding tentacle tips prospected thénsent surface. For worms 2.0 £ 0.2 cm in length,
everted tentacles stretched up to 3.9 + 0.2 cm thneesediment surface and active tentacles could be
almost four times longer than resting ones. Wendidhotice any evidence of particle-size selection
on tentacles. Conversely, we observed that wormes aldle to detach mineral fragments of several
millimeters in size from the sediment and to tramsthem along the ciliary grooves of their tengscl
to their mouth. We only occasionally observed actentacle retractions toward tube openings. We
also observed the presence of an area where langgahparticles were deposited near tube openings
(see the tip of the red arrow on Fig. 2B). In spit@umerous attempts using thin aquaria and/or
transparent substrates, we never observed the girodwf faeces within the sediment column (CM
personal observation). Faeces were violently explulsom the tube and catapulted on the sediment
surface ca 1 cm away from tube openings (Fig. 4DFRis defecation mode resulted in the creation of
ca 1 cm high faecal mounds where we never obsgmaspection by tentacles while worms were

feeding.
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3.2. Typology of behaviors and time allocation pattern

Seven types of behaviors were identified:Rt)spectionwhen tentacles explored the
sediment surface to collect particles and gillsvésible outside the tube; (Bill movementsvhen gill
waving could be seen outside the tube opening d®hwo tentacle is stretched; Fad movements
when head could be seen quickly entering or exitiiegube; (4Maintenancevhen worms
agglomerated particles at the opening of the tirgutheir tentacles; (3inmobilitywhen gills were
visible outside the tube but remained immobile;H&)den in the tub&hen worms were not visible at
all at the sediment surface; and F&eces egestiowhich occurred concomitantly with the six above-

mentioned behaviors.

Time allocation patterns between behaviors didsigiificantly differ between the first and
the third series of experiments (Kolmogorov-Smirtest, p > 0.05) allowing for the pooling of the
results of these two series. Overall, monitoredviddalswere active (i.e., all behavior types but
ImmobilityandHidden in the tube89.5 £ 2.4 % of the time (Fig. 5). Otherwise tineere either
immobile (7.0 £ 8.9 % of the time) or hidden inititebe (3.5 + 3.6 % of the time). During activity
phasesProspectionwas by far the most dominant behavior (84.6 = 20.4f the time); followed by
Gill movement¢3.3 £ 3.8 % of the time); Maintenance (1.2 + %2f the time); andHead

movement§0.4 + 0.8 % of the timeJ-aeces egestionccurred on average every 45.4 + 3.9 min.

3.3. Surface sediment reworking
During the first series of experiments, averagal tairface sediment reworked area increased
from 37 to 49 cm? between the beginning and theodnide “experiment periods” (Friedman ANOVA
for paired samples, p<0.01). During the same temerage faecal mound surface increased from 9 to
22 cmz (Friedman ANOVA for paired samples, p<0.@gnversely, the average surface of the
prospected area remained stable at 28 cm? (FriedN&@WVA for paired samples p > 0.10). Changes
recorded for individual worms globally showed tlaeng pattern with one exception characterized by a

transitory decline in total and prospected areéas @).
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369 An example of a microtopography scan taken dutiegthird series of experiments is shown
370 in Fig.7. One can distinguish the faecal moundcivineaches 11 mm in height and a prospected area,
371 which extends down to 4 mm in depth relative touhdisturbed area. The average surface sediment
372  reworking rate (+4.9 10+ 1.3 10> mnT h) and the mean change in the height of the undistlarea
373 (3.3 10" mm) were negligible. Average surface sediment rking rates were -4.6 + 7.1 mirn™ and

374 6.8 +5.1 mmh?in the prospected and the faecal mound areaectsgly. In the prospected area,
375 surface sediment reworking induced a sediment extmavof 1.9 £ 0.2 mm in average. Conversely, it
376 resulted in a mean elevation of the faecal moued af 10.5 + 1.9 mm. Considering a simple surface
377 sediment transport between the prospected anéddoalfmound areas, and the fact that the whole
378 prospected areas may not have been covered iiytdtplour scans, the average surface sediment

379  reworking rate oM. palmatawas estimated to be 6.8 mhi.

380
381 3.4. Sediment characteristics and oxygen penetratiothdep
382 Overall, the granulometrical and main biochemideracteristics of surface sediments

383 significantly differed between the undisturbed seeht and the prospected and faecal mound areas
384  (multivariate One-Way PERMANOVA, p < 0.05; Fig. 8he SIMPER analysis showed that POC
385 accounted for 59.2 % of the dissimilarity betweaacal mound and prospected areas, to 62.8 % of the
386 dissimilarity between faecal mound areas and umdietl sediments, and to 64.3 % of the

387 dissimilarity between prospected areas and undhistusediments. However, all characteristics

388 significantly differed between areas (Friedman AN©OMr paired samples, p < 0.01; Table 1).

389 Undisturbed sediments showed the finest mean DB@ @.2.0 um), the second highest mud content
390 (83.8 + 4.8 %), the highest mean POC and PON cts{88.5 + 4.0 mggDW and 3.2 + 0.8 mg'g

391 'DW, respectively) and the highest mean pigmentserds (1.4 + 0.5 ug®W in chlorophylla and
392 6.8 +2.3mg g DW in phaeophytim). Conversely, prospected areas were charactebizéue

393 coarsest sediment particles (D50 = 17.1 + 2.2 pod content = 76.6 + 3.9 %) the lowest mean POC
394 and PON contents (27.0 + 5.4 mgQW and 2.2 + 0.7 mg yDW, respectively) and the lowest mean

395 pigment contents (1.2 + 0.8 pgM@W of chlorophylla (not significantly different from the faecal
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mound area) and 4.0 + 2.3 ugWV of phaeophytira, respectively). Faecal mound areas showed
intermediate D50 (14.5 + 2.3 um), highest mud aoin®@4.3 + 4.6 %), mean POC and PON contents
(30.0 £ 3.6 mg g DW and 2.7 + 0.6 mgyDW, respectively), and mean pigment contents
(1.0 + 0.4 ug gDW of chlorophyllaand 6.7 + 1.4 pg oW of phaeophytira). Overall, there was a
clear opposition between D50 on one-side and PQIJP&N contents on the other side. This
opposition segregated most the three considerdthlspeeas. Changes in pigment contents were
largely independent and did not clearly differetatithese areas (Fig. 8).

Oxygen penetration depths significantly differeteen areas (Friedman ANOVA for paired
samples, p<0.01). Mean oxygen penetration depths siallower in prospected areas (4.0 + 0.1 mm)

than in undisturbed sediments (4.9 £ 0.2 mm) arfdépsal mound areas (7.2 £ 0.4 mm).

3.5. Aerobic bacterial community composition

Overall, 296 OTUs were found, ranging from 200 166 bp. In undisturbed sediments, we
recorded 209 OTUs ranging from 200 to 1032 bp,used 8 ranging from 200 to 1032 bp in faecal
mound areas and, 238 ranging from 200 to 1166 Ippaspected areas. Mean values of 1-D
significantly differed between areas (Friedman AN©OMr paired samples, p<0.01). They were lower
in undisturbed sediments (0.909 * 0.043) thanécdhmound (0.938 + 0.012) and prospected
(0.948 + 0.012) areas,k also significantly differed between areas (FriedlPAAIOVA for paired
samples, p<0.05) with lower values in undisturbedireents (0.177 + 0.049) than in prospected
(0.220 + 0.078) and faecal mound (0.234 + 0.04éasrAerobic bacterial community composition
significantly differed between the three areas (ivatiate One-Way PERMANOVA, p < 0.05 — Fig.
9). Within-group average Bray-Curtis similarity wék.2 % in undisturbed sediments, 66.2 % in
faecal mound and 66.0 % in prospected areas. Madses were clearly higher than between-groups
average similarities (i.e., 48.9 % between undigdrsediments and faecal mound areas, 48.3 %
between undisturbed sediments and prospected ar@h52.9 % between faecal mounds and

prospected areas).
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4. Discussion

4.1. Anatomy of feeding organs and feeding ethology

The observations achieved during the present sillowy refining the current knowledge
regarding the anatomy of the feeding organs andetbding ethology in ampharetid polychaetes. Our
morphological observations confirm that the upgeof Melinna palmatawhich bears the tentacles
is eversible as already describedalinna pacifica(Zhadan and Tzetlin, 2002). Conversely to what
had been previously observed for the tereb&ligolymnia nebuloséGrémare 1988), they showed:
(1) the accordion structure of the tentacle, andh@ existence of a particular structure neatithef
each tentacle that could possibly play the rolaro&dhesive cup.

Bacescu (1972) pictured the positioningvbfpalmatawhile feeding. He described a tube, with a
posterior part vertically penetrating within thelseent column and an anterior part largely emerging
from the sediment surface, which is fastened obkligby the worm when feeding at the sediment-
water interface. Jumars et al. (2015) described meneral pattern for tube positioning in
ampharetids with the posterior part of the tube&iogrdown in the sediment and the anterior part
usually lying parallel to the sediment surfacelitg for a horizontal posture of the worm with its
ventral side down. According to Bacescu (1972) Jevfgeding M. palmata“stretches out of the tube
spreading the tentaculate palate over the substfa@ur own observations clearly show that there is
not a unique pattern of tube positioning. Most mfteibe openings remained vertical only slightly
emerging from the sediment surface with worms pm##d head up. On some occasions, however, we
observed anterior parts of the tube lying on thiéngent surface. Interestingly, Buchanan (1963)
already reported vertical positioning of tube opgsiin dense populations Mlelinna cristataand
Fauchald and Jumars (1979) related this positiowitiythe scarcity of available food. The lack of a
unique general pattern is true as well for theresitsn of worm outside of their tubes while feeding
since most of the time, only a few tentacles amdviry extremities of the gills were visible at the
sediment surface. When everted, tentacles stretghéal ca 4 cm (for 2 cm long worms), which is
rather limited as is the case in ampharetids coeuptar terebellids (Warwick et al., 1986; Grémare,

1988; Jumars et al., 2015). While extended, teat#as prospected the sediment surface to collect
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448 particles, which fully supports that ampharetids their retractable and ciliated tentacles to pigk
449  food particles on the sediment surface (FauchaldJamars, 1979). Overall, and besides differences
450 in their number and extension, the functioninghef tentacles appeared very similar to the one

451  described foEupolymnia nebuloséGrémare, 1988; Maire et al., 2007a). Howevelirgortant

452  difference is that on some occasions we observedrdination of ciliary entrainments along and
453  muscular contractions of the tentacles to convetigbes to the mouth as already reported for

454  Hobsonia florida(Taghon, 1982). Conversely to this author, we weogvever, not able to observe
455  the retraction of mucous coated tentacles intortbeth. During our experiments, worms only

456  produced faeces at the water sediment interfacehwias already been observed for several other
457 ampharetids (e.g. Nowell et al., 1984), includiigpalmata(Olafsson et al., 1990). Faeces were
458  violently expulsed from tubes, which resulted ia tteposition of fresh faeces ca one centimeter away
459  from tube openings. Nowell et al. (1984) observathdlar pattern in the deep-sea ampharetid

460 Amphicteis scaphobranchiat&hese authors described the expulsion mechamibioh includes

461  gills, mucous and body binding, and takes muchtlees 10 s (i.e., the time lag between the

462  acquisitions of two consecutive images during oun @xperiments). We were not able to depict this
463 process foM. palmatabased on the experiments described in the prpsgetr. However, other video
464  recordings show that worms bind their body pricestgpn so that their pygidia are located close to
465 tube openings and directly expelled faeces (CMgreisobservation). According to Nowell et al.
466 (1984), faeces expulsion constitutes an adapt&diomaintain a feeding pit, which enhances new
467  particle deposition within feeding area of indivadid. scaphobranchiatlving in the deep segsee

468 also Taghon, 1982). This hypothesis is not necidggsgpropriate for shallower ampharetids due to
469  stronger hydrodynamism. Moreover,Nh Palmatafaecal pellets were expulsed within the ca 4 cm
470 radius of prospected areas even though worms @etieely transported particles from their faecal
471  mound area (see also below).

472
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473 4.2. Evidence for and quantification of surface sedinmremtorking

474 Queiros et al. (2015) stated that palmata‘is a tube-dweller exhibiting conveyor-belt transip
475  of particulates”. During our own experiments, we@tved that faeces egestion only occurred at the
476  sediment-water interface. Together with the colbecof surface particles by the tentacles, and the
477  lack of motility in ampharetids (Jumars et al., 20donfirmed in the case 8. palmataby our own
478  observations), this is likely to result in mostlyrizontal particle displacements at the sedimenewa
479 interface and thus in surface sediment reworking.

480 To our knowledge, vertical sediment reworkingNdypalmatahas only been experimentally

481 quantified once througéx situluminophore experiments and associated image sisagchniques

482  (Queiros et al., 2015). These authors reportedcathiodiffusion coefficients (Dbs) less than Foyn
483  'with maximal penetration depth typically less ti2mm. Among the 4 species studied by Queiros et
484  al. (2015) M. palmatawas clearly the one with the lowest Dbs. Moreolerpalmatawas also the

485  only species not featuring any marked seasonalgeisim Dbs, thereby suggesting that its vertical
486 sediment reworking intensity is not cued by sealbphanging parameters but rather limited in itsel
487  Although caution should be taken when comparing @#rssed from different studies since their

488 assessments can be greatly affected both by temjinal (e.g. incubation duration, vertical

489 resolution...) and environmental parameters (e.gp&ature, food availability, animal density...),
490 this interpretation is further supported by thelysia of literature data regarding Dbs derived from
491 luminophore experiments (see for example Maird.e2@07c). The Dbs found fdl. palmata

492  (Queiros et al., 2015) are clearly among the lowest reported. They are for example much lower
493 than those reported for the deposit-feeding bivAllea ovataduring summertime (i.e., up to ca

494 31 cnf.y™ in the absence of food addition) and equivaletthése reported during wintertime when
495  this bivalve is considered almost totally inactitee to low temperature (Maire et al., 2007c; Fig.7)
496 Bernard et al. (2014) carried out a seriegdfitu luminophore experiments in both seagrass beds and
497  adjacent bare sediments within the Arcachon Bayr&fie palmatais present. They reported a

498  significant negative correlation betwelgh palmataabundances and Dbs and attributed this effect to

499 the stabilization of the sediment induced by dgaulations of this species (Brenchley, 1982). Here
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again, this supports weak vertical sediment rewaykiyM. palmata Moreover, while running out
these experiments, Bernard (personal communicablosgrved the penetration of luminophores 2 to
4 cm deep in the sediment immediately followingrtirgroduction at the sediment surface. This was
attributed to passive transfers within the tubelslopalmata Similar transfers also likely occurred
within siphonal galleries during thfe ovataexperiments mentioned above and probably partly
accounted for the decrease in Dbs with incubatioattbn reported by Maire et al. (2007¢) during
their wintertime experiments. Anyhow, this typepoftential artefactual luminophore penetration may
clearly contribute to an overestimation of (alreagak) Dbs irM. palmata Based on all this set of
rationale and our own observations, our conclusdhatM. palmatadoes not belong to any existing
functional group of sediment reworking. Indeed, tinéque characteristics of the particle mixingvbf
palmata conveying particles only on the sediment surfagtus to propose a new functional group of
sediment reworking: the surface conveyors. Furshéties would validate this hypothesis.

Such a sediment reworking mode results in the romat the surface sediment in three distinct
areas: (1) faecal mounds resulting from faecesraafation, (2) prospected areas that may be
conversely depressed relative to the general sedisueface (Nowell et al., 1984), and (3)
undisturbed sediments. Such a zonation has alfeaely observed for several surface tentaculate
deposit-feeders (eg Nowell et al., 1984; Warwicklet1986) includingVl. palmata(Olafsson et al.,
1990). During the present study, we observed aisagfi ca 4 cm (for 2 cm long worms) for
prospected areas, which is much higher than the Bported by Gibbs et al. (1981) for 25-35 mm
long worms. Conversely, the distances betweenapkaings and the areas of faeces deposition were
smaller during our experiments (i.e., typicallysgdo 1cm) than the 4-5 cm reported by Olafsson et
al. (1990, Fig. 1) based aom situ observations of a Scottidh. palmatapopulation. To our
knowledge, the only assessment of surface sediexeatvation by an ampharetid is qualitative (i.e.,
several mm) foAmphicteis scaphobranchiaf@aghon, 1982), which is fully compatible with the
mm reported during the present study for time-&aiexperiments.

The use of laser telemetry to infer surface sedimemorking rates has only been introduced
recently (Maire et al., 2007b; Duchéne, 2012), tanour knowledge the only comparable surface

sediment reworking rates to ours are thereforectinosasured by Maire et al. (2007b) in the deposit-



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

22

feeding bivalveAbra ovata These authors reported major short-term tempmbrahges in surface
sediment reworking rates in relation with the isignof inhalant siphon activity. Nevertheless,
average values over 27 h time periods were equalmerior to 50 mrh™, which is about 8 times the
average value (i.e., 6.8 mim™) found during the present study. Irrespectiveitierences in
experimental conditions that we did not control tors suggests that the aspiration by sediment
siphons is a more efficient mechanism of surfagedi¢ feeding than the use of tentacles. This is
supported by the comparison of the average prapwiof time allocated to feeding in: (#f) palmata
(84.6%, present study), (2) another surface tetdteteeder the terebellid&ipolymnia nebulosa
(74.2 %, Maire et al., 2007a), (Bpra ovata(40.5 %, Grémare et al., 2004), andAdya nitida

(54.6 %, Grémare et al., 2004). Duchéne and Rosg1ip801) quantified the activity dflelinna
cristataat the surface of a large sediment core incubatesitu They also concluded to the
investment of a large proportion of time in (feagjiactivity at the sediment-water interface by this
species. All these results/observations suggesthibaneeting of nutritional requirements required
less time allocation in siphon than in tentacutatdace deposit-feeders although additional studies

are clearly required to further tackle this point.

4.3. Effect on surface sediment granulometry biochentbalacteristics and oxygen penetration

depth

Sediment reworking biylelinna palmatanduced an increase in the median size diameted)D
of surface sediment in prospected areas. It isutlgtclear, however, whether this resulted from a
selection for finer particles or from the simpleldgion of finer surface particles and then the
ingestion of coarser particles initially locatembtly deeper in the sediment column. Positive
selection for finer particles by deposit-feeders tlassically been put in relation with the optimal
foraging strategy (Taghon et al., 1978) and thetfeat these particles are the one featuring thledst
organic matter content due to their higher surfagiame ratio (Mayer et al., 2004). Although, this
paradigm is currently under debate for deposit-déegds a whole (see Jumars et al., 2015 for a

review), it is still generally accepted that sugdentaculate deposit feeders do indeed tend to
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preferentially feed on particles smaller than thailable median grain size (Jumars et al., 2015).
Moreover, it has been suggested that in this feegiuld, particle size selection is mostly mechahic
and results from three opposite processes takeemt the tips and along the tentacles (Jumals et
1982), namely: (1) particle encounter by the tdesavhich would lead to a positive selection tajvar
larger particles according to the De Lesse’s ppiegi(2) detachment of particles from the sediment,
which would result in a selection toward smallertigles because of their higher surface/volumeorati
which better counteracts gravity forces; and (8edéntial loss during the transfer of particleshin

the ciliary groove to the mouth, which here agawofs the selection of finer particles due to their
higher surface/volume ratio (Jumars et al., 198@))ta their quicker speed of displacement along the
tentacles (Maire et al., 2007a). This theoreticathanical model of particle selection has beerdest
on the terebellidEupolymnia nebuloséGrémare, 1988; Maire et al., 2007a). Based gndifgct
observations of natural particles transiting altmgtentacles, and (2) comparison of particle size-
selection during feeding (with a positive selectionsmaller particles) and tube building (with a
positive selection for larger particles), theséhatd concluded that tentacles are likely not thg on
organs involved in particle-size selection and #raither selection process probably occurs at the
level of the mouth as already observed in the sgiStreblospio benedic{Kihslinger and Woodin,
2000). During our own experiments, we did not roaay direct evidence of particle-size selection on
the tentacles, which proved able to transport gagiseveral millimeters in size. Conversely, (B t
presence of a structure that may potentially canstian adhesive cup near the tip of each tentacle
may contribute to reduce the mechanical positilectien for finer particles during their detachment
from the sediment surface, (2) the limited maxiextknsion of the tentacles may also contribute to
limit the preferential loss of larger particles ithgrtheir transit along the tentacles so as ocoasio
retraction of tentacles toward the mouth. Moreothes,occurrence of intermediate (i.e., between the
unaffected sediment and the prospected area) Di@aal mound areas suggests that the size of the
particles ingested byl. palmatamay more rely on their availability at the sedimsurface than on
their size. Conversely, the observation of the digjom of large mineral particles at the immediate
vicinity of tube openings supports the occurrenica selection process after the transit of pawdicle

along the tentacles. Indeed such accumulation pitgloes not result from the preferential egestion
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of large inorganic particles (Jumars et al., 2Gibge, during our experiments, faecal pellets were
catapulted away from tube openings (see above).

During the present study, we assessed two bullacteistics of sedimentary organics, namely
POC and PON. Both parameters correlated negativigiyD50, which at least partly reflects the
general negative relationship linking sedimentrysaze and associated organic matter concentrations
(Mayer et al., 2004; see above). Chloroplaydind phaeophytia are derived from (fresh or degraded,
respectively) plant materials and are therefore@ptesentative of bulk sedimentary organics. Qyrin
the present study, changes in their concentrati@mne largely independent of those of D50, POC and
PON, which may reflect the fact that these conegiains result largely from the presence of
individual particles (e.g. diatoms and or planthded detritus) rather than from the coating of miga
matter to the surface of sediment grains. We ifledtPOC as the parameter contributing most to
differences between undisturbed sediments, prospectd faecal mound areas. Chlorophydhd
phaeophytira concentrations contributed much less to theserdifices. Our conclusion is thus that
the main effect oM. palmataon the biochemical characteristics of surfacersedt is quantitative
and probably mainly result from changes in sedingeahulometry.

During the present study, mean oxygen penetraimihg were between 4.0 (prospected areas)
and 7.2 mm (faecal mound areas). These valuediginéyshigher than those (i.e., typically betwezn
and 4 mm) measured batik andin situ at the Germanan site (Delgard, 2013; Rigaud £2@1.8).
Besides biological activity, the two main factoffeeting oxygen penetration within the sediment
column are: (1) sediment granulometry, which laygeintrols sediment porosity and sediment
organic content, and (2) organic mineralizationcpsses, which largely control oxygen consumption
in the sediment column. During the present studgper oxygen penetration were recorded in faecal
mound areas despite the fact that they presenteiiadiate D50 and bulk (i.e., POC and PON)
organic content. This may partly result from thet that faecal mound areas are the ones showing the
lowest concentrations of chlorophgll which is representative of a highly labile comgoinof
sedimented POM. Moreover, faecal mound areas dezthbasically constituted by large particle
aggregates (i.e., faecal pellets at different Sajelislocation; see Fig. 2 and 4), which arerdgsd

during microgranulometrical analyses. Sediment aganulometry measurements therefore probably
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not constitute a sound proxy of sediment porositthis particular case. Unfortunately, sediment
porosity was not directly assessed during the ptestady. A clear possibility is thus that sediment
porisity is especially high in faecal mound areesich would also contribute to enhance oxygen

penetration within the sediment column.

4.4. Potential intraspecific interactions and food liatibn in field populations

In the English Channel and the Celtic sea, theitleoksubtidalMelinna palmatgpopulations
is typically only several hundred of individuals peeter square or less (Gage, 1972; Oyenekan, 1988;
Olafsson et al., 1990; Grehan, 1991; Dauvin eR8l0;7). To our knowledge, the highest recorded
density was 1613 ind.fin the Bay of Morlaix (Ibanez and Dauvin, 1988% far the Bay of Biscay,
the highest recorded density, except for the AroadBay, is apparently 1000 ind’njCacabelos et
al., 2011). Several studies suggest Mapalmatapopulations positively respond to an enrichment in
fine particles and/or organic matter. Some poporetihave apparently benefited from the vicinityaof
local sewage output in the Bay of Brest (Guillod &tily, 1983) and from an enrichment of the Bay
of Seine in fine particles (Dauvin et al., 2007).adarger scale, the spread and the increabt of
palmataduring the 1970s in Romanian waters was attribtgeth increase in the frequency of
phytoplanktonic blooms due to eutrophication (Gam&®82 cited by Grehan, 1991).

During the present study, worms were collected feowery dense (i.e., up to 6745 ind.m
during spring; Bernard et al., 2014) intertidal plgpion associated withZotera nolteimeadow.
These authors also reported high (i.e., up to 200012 during spring) densities in adjacent bare
sediments. To our knowledge, these densities arbitihest ever reported fit. palmata They
respectively correspond ca 1.5 and 5.6 sofaces available per individual worm, respetyivEhese
values are much smaller than those of individuaspected areas measured during the present study
(i.e., mean value of 28 é&nwhich suggests the occurrence of intraspedifieractions in the
populations of the Arcachon Bay. Massé (2014) asskthe effects of worm density on the feeding
ethology and time allocation patternshdf palmatausing the same methodologies as in the present

study. She reported that at high (i.e., >1184 iffil densities, worms did not only forage in
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638 prospected areas but also in neighboring faecahthaveas. Together with the occurrence of lower
639 bulk sedimentary organics in prospected areasajseee), this change in feeding behavior tends to
640 suggest that food limitation may occur in field ptgtions. Ampharetids are classified as discretely
641 motile by Jumars et al. (2015). However, the magtihanism involved in motility is tube elongation,
642  which apparently cannot take place in dense padpukivhen tube anterior parts are vertical

643 (Fauchald and Jumars, 1979) as was most ofteraeeduring the present study and in the Germanan
644  Z. nolteimeadow (Bernard, personal observations). In sasbs; taking into account sediment

645 transport to feeding (i.e., prospected) areasssreil when elaborating foraging theories (Nowell
646 al., 1984). In this context, it is worthwhile totioe that the two populations of the Arcachon Bey a
647  both intertidal, and that tidal currents probalyiibute to sedimentary movements between

648 undisturbed sediments, prospected and faecal mareds thereby allowing for the continuous

649 renewal of the food resources availableNbrpalmata Along the same line, the difference in

650 densities between tl# nolteiand the bare sediment populations may result tremenhancement of

651 particle trapping by seagrass meadows (Gacia,et399; Gacia and Duarte, 2001; Hendricks et al.,

652  2008).
653 4.5. Effect on aerobic bacterial community composition
654 Many studies have assessed the effect of macrabdntiturbators on sediment bacteria (see

655 review in Table 2). These studies have concerratha variety of macrobenthic species belonging to
656 different phylla. They have been carried out eitiyeorin situ and for some of them have involved

657 experimental incubations. They also differ by thegmeters used to assess bacterial responses. Most
658 studies have dealt with abundance, biomass orlitighssessments. As far as ampharetids are

659 concerned, the only available study is the one bgrAand Aller (1986) omphicteissp. It has been

660 achievedn situ by sampling surface sediments around a single vedra827m depth and has shown
661 an increase in surface sediment bacterial abunddram the prospected area to the tube insertion at
662 the sediment-water interface.

663 Studies assessing bacterial community compoditame been mostly carried datsituand

664 have involved samplings at different depths withia sediment column. Observed differences in
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bacterial community composition thus potentiallguked from changes in oxygen and other electron
acceptors availabilities. Only several studies Haekled the effect of macrobenthic bioturbators on
bacterial community composition in surface oxygedatediments. Most of them were however based
on the comparison of bacterial community compositiofield stations (Bertics and Ziebis, 2009) or
experimental enclosures (Laverock et al., 20100 @ifferent bioturbator densities but not from the
direct sampling of reworked and non-reworked s@fsadiments. Wilde and Plante (2002) directly
compared bacterial community composition in the&henounds oBalaglonossus aurantiacusd
ambient surface sediments. Based on functionahpateas, they reported qualitative differences that
were transitory since microbial assemblage comiposdf degrading faeces rapidly converged with
those of ambient surface sediments. These patteresinterpreted as resulting from: (1) the
differential digestion of ingested bacteria, angtf@ stimulation/injection of non culturable bate
during gut passage.

Our own results also show that aerobic bacteriamanity composition differ in undisturbed
sediments, faecal mound and prospected arebtebgna palmataln this sense, they are in good
agreement with previous works based on spatiakassnts of biogeochemical processes (Reichardt,
1988; Bertics and Ziebis, 2010; Bertics et al.,@®012). As mentioned above, changes in sediment
bacterial community composition are often relateditanges in oxygenation. Sediment reworking is
not the only activity of benthic macrofauna that pgoduce such changes. Hydraulic activities (i.e.,
the induction of water transports within biogertimstures and sediment interstices by benthic
macrofauna) could as well be involved (Woodin et2010, 2016; Volkenborn et al., 2010).

However, several rationale suggest that this ibginty not the case Melinna palmataAs stated
above, the gills are most of the time out of tHeetuand no ventilation behavior of the tube was
observed during the present experiments. Secoudi;ated experiments using fluoresceine (Pascal et
al., 2016) have shown that bioirrigation ratesreegligible (Massé, 2014). Third, the transfers of
water and inorganic solutes across the mucougjliofrihe tubes oflelinna cristataare clearly

inhibited (Hannides et al., 2005). Overall, ouenprretation is that surface sediment reworkingisst
indeed responsible of the differences in aerobatdseal community composition recorded during the

present study.
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During our experiments, aerobic bacterial commuodmposition seemed to differ most
between undisturbed sediments and prospected andasere intermediate in faecal mound areas.
Diversity and equitability also tended to be loweundisturbed sediments than in prospected and
faecal mound areas. This last result is in conttami with those of Wilde and Plante (2002) who
reported a lower diversity in faecal mounds thaartbient sediments. Discrepancies between the two
studies may clearly result from differences intiethodological approaches used to assess bacterial
community composition. As far as the present siadypncerned, higher bacterial diversity in faecal
mounds may result from: (1) the egestion of redifiem, enteric) bacteria (Harris, 1993), (2) duic
changes in faeces bacterial community compositidagces as suggested by Wilde and Plante
(2002), which would result in the presence of défe bacterial communities in faecal mounds, and
(3) the possible ingestion (and then the furthexstign) of bacteria associated with the surface
sediment of prospected areas after excavatiora{seghe section of the discussion regarding the
effect on sediment granulometry). The occurrendagiier diversity in prospected areas than in
undisturbed sediments may result from the contisudisturbance experienced by the former due to
feeding byM. palmata The intermediate disturbance hypothesis (IDHn@&(i1973; Connell, 1978)
indeed predicts higher biodiversity in areas suteito intermediate frequency of discrete distugbin
events. In prospected areas, the periodic remd\zaieria attached to organic particles from the
sediment surface might constitute such eventfdnheoretical framework of IDH, the species
richness peak results from co-occurrence of K-rastdategists (Mac Arthur and Wilson, 1967). These
concepts are still in debate for micro-organisnmsuga, 1979), with special respect to general trands
bacterial carbon use in ready biodegradabilitystégtisquez-Rodriguez et al., 2007) or soil
community (Fierer et al., 2007). For bacteria, Katggist species might be slow growing, specialized
exoenzyme producing so-called oligotrophic bacteftide r-strategist species might be fast growing,
generalist, opportunist so-called copiotrophic eaat(Fierer et al., 2007). Accordingly, by remayin
part of the bacterial biomadd, palmatawould promote an optimal degradation of the sedime
organic matter in the oxic layer. Further studiesld take advantage in testing this hypothesis by

addressing community level substrate utilizatiopriospected areas.
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1040 Figurelegends:

1041 Fig. 1: General flowcharts of the three seriesxpiegiments carried out during the present study.

1042  Fig. 2:First series of experiment$op views of the sediment surface after reworkipd/ielinna
1043 palmatg A & B differ by the location of the faecal mounglative to the tube opening. FM: Faecal
1044 Mound area; PA: Prospected Area; TO: Tube Openit®);Undisturbed Sediment. The red arrow

1045 shows large the accumulation of large mineral pladinear the tube opening.

1046 Fig. 3: Picture of the buccal cavity and the telemofMelinna palmateobtained by stereomicroscopy
1047 (A) and scanning electron microscopy (B - F). GQlisgT: tentacles; L: lip; Bc: buccal cavity; As:

1048 Accordion structure; Gr: ciliary groove; Tip: tif the tentacle; Ci: cilia.

1049 Fig. 4:First and third series of experimen&xamples of images showing the different posgioh

1050 the tube and the tentacles at the sediment-wagaface (A-C) and sequence of 3 consecutive images
1051 picturing defaecation (D-F). A: The tube is vertiaad only the tube opening can be seen; B-C: The
1052 anterior part of the tube is lying on the sedinmnface, the gills of the worm are visible outdilde

1053 tube in C; D: Positioning of the worm just befoefetation; E: Expulsion of the faeces (yellow

1054 arrow) from the tube; F: Location of the newly dsjped faeces (yellow arrow) away from the tube
1055 opening. CF: Catapulted Faeces, F: Faeces, G; 8§ Newly Deposited Faeces, T: Tube, TO:
1056 Tube Opening. Red dots indicate the particle movesngetected along the tentacles.

1057  Fig. 5:First and third series of experimen&me allocation pattern dflelinna palmatebetween its

1058 different behaviors. Vertical bars are standardat®ns.

1059 Fig. 6:First series of experiment$emporal changes in the: (A) total surface ofoeked sediment,
1060 (B) surface of the faecal mound area, and (C) sartd the prospected area by individual worms(see

1061 text for details). Each symbol corresponds to aividual worm.

1062 Fig. 7:Third series of experiment&xample of a microtopography scan. FM: Faecal IMHUIPA:
1063 Prospected Area.

1064 Fig. 8:First series of experimentsMDS plot based the granulometrical and biogeosita
1065 characteristics of surface sediments (see texddtails).

1066 Fig. 9:First series of experimentaMDS plot based on aerobic bacterial communitypaosition (see
1067 text for details).

1068
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Fig. 3
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B: Head on lateral view with gills and a tentacle

C: Tip of a tentacle showing the ciliary groove and the F: Particular structure close to the tip of a tentacle
accordion structure
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Fig. 5
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Fig. 8
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Tablelegends:

Table 1: Mean + Standard deviation of several patars measured in the three areas defined by the
sediment reworking d¥lelinna palmatamedian grain size (D50), mud content, chlorophwpldi
phaeophytira, particulate organic carbon (POC) and nitrogenNPénd oxygen penetration depth

Table 2: Review of studies on effects of macrofabiztubation on bacterial abundance, biomass,
activity or composition with the bioturbator usetlahe study type. Each number refers to a referenc
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TABLE 1
Series of _ Mean = Std. Dev.
experiments Undlfs,turbed Prospected Faecal mound
sediments areas areas

D50 (um 1 13.8+2.( 17.1£2.: 14.5+2.°
Mud content (% volume) 1 83.8+4.8 76.6+£3.9 84.3+4.6
Chlorophylla (ug/g DW 1 1.4+0.5 1.2+0.¢ 1.0+0.¢
Phaeophytira (ug/g DW) 1 6.8+2.3 4.0£2.3 6.7+1.4
POC (mg/g DW) 1 33.5+4.0 27.0+5.4 30.0+3.6
PON (mg/g DW 1 3.240.¢ 2.240.% 2.710.¢
Oxygen penetration depth (mm) 2 49+0.2 40+01 7.2+04
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TABLE 2
Study type Effect on bacteria Studied layers
Bioturbators Exsitu _ Abundance . N N Depth Surface
(Experimental) In-situ B]omgs Production Activity Composition (gradlent,.burrow S (horlz‘ontal
Viability ambient) gradient)
Polychaeta
Alitta virens 14 12 12,14 12 12,14
Amphicteissp. 3 3 3 3
Arenicola marina 4,5,7,11 4,5,7,11 4 4,5,7,11 4,11
Branchyoasicus americana 6 6 6 6
Capitella capitata 2 2 2 Tubes (2)
Diopatra cuprea 9 9 9 Tubes (9)
Hediste diversicolor 8,10, 13 12,15 8,10, 12 8,10 12,13, 15 812013, 15
Heteromastus filiformis 1 1 1
Notomastus lobatus 6 6 6 6
Perinereis aibuhitensis 33 33 33 33
Bivalvia
Arctica atlantica 16 16 16
Cerastoderma edule 8,10 7 7,8, 10 8,10 7,8, 10
Macoma balthica 1,14 1,14 1,14
Meretrix meretrix 33 33 33 33
Mya arenaria 14 17 14, 17 17 14, 17
Tellina texana 1 1 1
Crustacea
Biffarius arenosus 26 26 26 26 26
Callianassa kraussi
Callianassa subterranea 19 19 19 19
Callianassa trilobata 28 28 28 28
Corophium volutator 8, 10 8, 10 8,10 8, 10
Neotrypaea californiensis 23,24, 25 22,24, 25 22 23, 24,25 22,24 22 , 23224, 25
Nihonotrypaea harmandi 32 32 32 32
Pestarella tyrrhena 18 18 18 18
Uca crenulata 22 22 22 22 22
Upogebia deltaura 21 20 20,21 21 19 20,21 19
Upogebia major 28 28 28 28 28
Hemichor data
Balaglonossus aurantiacus 6, 30 6, 30 30 6 6 30
Ptychodera bahamensis 31 31 31 31
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