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Abstract

Marine habitat function has been typically investigated in terms of biogeochemical regulation
but rarely in terms of population renewal, which is mainly controlled by recruitment dynamics.
The recruitment phase is crucial for organisms with a bentho-pelagic life cycle, such as
bivalves, and it regulates the population renewal success. This study provides new insight on
the role of temperate benthic habitats on bivalve recruitment, as a function of nursery areas.
Six dominant benthic habitats of the Chausey archipelago (Normandy, France) were studied.
In each habitat, bivalve recruit assemblages were described at the end of two reproductive
seasons. Furthermore, Ostrea edulis juveniles were immerged on each habitat during two
months to compare growth performances and feeding status, estimated by fatty acid
composition. Recruit assemblages differ from each habitat according to sediment grain-size
composition and bathymetrical levels. Subtidal habitats, and especially Crepidula fornicata
banks and Glycymeris glycymeris coarse sands, supported the highest species abundance
and richness of recruits. All O. edulis juveniles fed on the same trophic resources but
digestive glands of juveniles from C. fornicata banks were more concentrated in total fatty
acids than those from subtidal G. glycymeris coarse sands and maerl banks. Our results
depict the key role of subtidal and structured habitats, composed of ecosystem engineers, in
enhancing bivalve recruitment and extending the bivalve population renewal. This study
suggests that the crucial role of these habitats as bivalve nurseries must be integrated in

management perspectives.
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1. Introduction

The marine seafloor is comprised of 70% soft sediment areas, including a large
diversity of benthic habitats (Snelgrove 1999), which ensure multiple functions at the base of
the ecosystem goods and services (De Groot et al. 2010; Haines-Young et Potschin 2010). A
habitat, as strictly defined by Begon et al. (1996), is a place where an organism
(microorganisms, plants, animals) lives. However, the most widely used definition is a
spatially defined area, where the physical, chemical, or biological environment is distinctly
different from those surrounding it (Kostylev et al. 2001). This implies that spatial boundaries
coincide with environmental preferences or survival of an organism or a group of organisms
that share the same habitat. In Europe, major habitats are defined and surveyed according to
the EUNIS (European Union Nature Information System) habitat classification (Davies et al.
2004), providing a comprehensive typology based on hierarchical levels, for which the first
concerns “Marine habitats” (EUNIS habitat type hierarchical view
http://eunis.eea.europa.eu/habitats-code-browser.jsp). With the exception of the pelagic
water column and ice-associated marine habitats, all habitat classifications are benthic.
Among these habitat types, several are defined by ecosystem engineer species. These
species, as defined by Jones et al. (1994) are “organisms that modulate resource availability
for other species through their abiotic or biotic material, leading to the maintenance or
creation of new habitats”. The engineering effects of structuring species, in addition to their
direct impact on resources, positively and negatively affect abundance and species richness
at small scales, leading to the emergence of particular habitat functions (Jones et al. 1994;
Jones et al. 1997).

According to De Groot et al. (2002) the ecosystem or habitat “function” is “the capacity of
natural processes and components to provide goods and services that satisfy human needs,
directly or indirectly”. To propose effective biodiversity conservation policies, Liquete et al.
(2013) reviewed ecosystem services associated with marine and coastal environments. Due
to the initial influence of comparable terrestrial studies (i.e. Bardgett et van der Putten 2014),
benthic habitat functions were often investigated solely in terms of energy and matter fluxes.
In addition to such physicochemical properties/roles/functions, benthic habitats have
ecological functions, such as providing shelter from prey, nursery habitat, and feeding areas,
depending on species composition and abundances (Eyre et al. 2011; Snelgrove 1999;
Thrush et Dayton 2002). Moreover, these ecological functions can be enhanced when
habitats interact (Srivastava 2006). The “reproduction and nursery area” habitat function was
almost exclusively assessed for fisheries (Seitz et al. 2013). This function, defined as “the

provision of the appropriate environmental conditions for reproduction and growing during the



early stages of marine species” (Salomidi et al. 2012), is essential for the renewal of

dominant populations.

In temperate marine systems, a large majority of marine invertebrates, such as bivalves,
have a bentho-pelagic life cycle with a long pelagic phase represented by a large number of
planktonotrophic larvae (Thorson 1950). Renewal of bivalve populations is thus mainly due to
the recruitment success, i.e. the settlement-metamorphosis, and the subsequent juvenile
survival in the benthic compartment. During this critical life stage, the loss ratio between
invertebrate larvae and adult stage is generally over 97% (Pedersen et al. 2008). Recruit
assemblages observed in a benthic habitat result from pre- and post-settlement processes
that condition the presence or absence of organisms. Pre-settlement processes act on the
larval pool from fecundation to metamorphosis, and post-settlement processes control post-
larval and juvenile stages. Such processes are under the influence of many abiotic factors,
including water physicochemical parameters and hydrodynamic disturbances, as well as
biotic factors, such as food availability, biological interactions, and species behavior (Hunt et
Scheibling 1997; Pechenik 1999; Pineda et al. 2009). It is well known that specific benthic
boundary flows can cause sediment resuspension and subsequent drifting of benthic
organisms in the water column, which may have important consequences on population
dynamics (Olivier et al. 1996; Olivier et Retiére 1998). Recent studies have emphasized the
crucial role of trophic resources (quality and quantity) in the recruitment success. For
example, the bivalve diets at each development stage may affect the genitor gonadic
development, the larval survival and growth, and even the trigger of their settlement
(Gonzélez-Araya et al. 2011; Gonzalez-Araya et al. 2012; Jolivet et al. 2016; Toupoint et al.
2012). Stresses that affect early life cycle stages are sources of latent-effects, inducing
within-species variations of juveniles and adults’ survival and reproduction (Pechenik 2006).
Recently, St-Onge et al. (2015) showed that, at a reproductive season scale, bivalve larvae
in a kin aggregated larval pool issued from multi-spawning events do not have the same
recruitment survival success and the first produced larvae will mainly regulate the final
recruitment composition. It seems thus crucial to understand accurately all factors insuring

minimum recruitment to keep bivalve population sustainable.

Bivalves constitute a major component of benthic habitat as they often dominate the biomass
of soft-bottom sediments (Peterson 1977) and have key functions (Gosling 2003), including
bioturbation and primary consumers, affecting their surrounding environment. The
persistence of bivalve populations can provide numerous ecosystem services that include
provision, regulating and maintenance services (Katsanevakis et al. 2014; Liquete et al.

2013). Moreover, bivalves are an important economic resource, as shellfish farming areas,



like the Mont Saint Michel Bay (MSMB), produce tens of millions of shellfish and generate
more than 30 million Euros per year (Cugier et al. 2010). The present study was carried out
in Chausey Archipelago (MSMB, Normandy, France), which is characterized by semidiurnal
tidal pattern and a maximal tidal range of 14m during spring tides. This archipelago covers a
surface of 5100 ha, including emerged islands, subtidal and intertidal seabeds, where almost
a third is represented by sandflats (1388 ha; Godet et al. 2009). About nine intertidal and
seven subtidal benthic habitats are found across the archipelago supporting 769 marine
invertebrate species, with about 100 known bivalve species (Fournier et al. 2014; Godet et
al. 2010).

The aim of this study is to provide new insights on the renewal of wild bivalve populations
within a temperate coastal megatidal system, and in particular, with regards to the
“reproductive and nursery area” habitat function across several benthic habitats (Table 1).
We analyzed this function during two main phases of the bivalve recruitment: 1) at the end of
a reproductive season by determining the natural bivalve recruit assemblages and 2) during
the development of Ostrea edulis juveniles, by estimating their growth performances and

feeding status.

2. Materials and methods

2.1 Study site

The present study focuses on six main benthic habitats of the archipelago (Table 1)
as defined by their surface area and ecological significance. The Glycymeris glycymeris
coarse sands (Godet 2008; Coarse sands and gravels from coastal circumlittoral with
Mediomastus fragilis, Lumbrineris spp. and Veneridae bivalves, A5.142 EUNIS Classification
2008), the most widespread habitat of the English channel (Larsonneur et al. 1982), were
investigated at intertidal (SHI) and subtidal (SHS) levels where they are found on ¥4 (350ha)
of the Chausey soft-sediment tidal flats (Godet 2008). Intertidal beds of Lanice conchilega
(Polychaeta, Terebellidae) (L) (Godet 2008; L. conchilega in littoral sand, A2.245 EUNIS
Classification 2008), a commonly European found tube-building polychaete and engineer
species forming large bioherms when reaching a specific threshold density (Godet et al.
2011). Intertidal Zostera marina beds (Z) (Godet 2008; Z. marina / Z. angustifolia beds on
lower shore or infralittoral clean or muddy sand, A5.5331 EUNIS Classification 2008) are the
most represented seagrass over the archipelago acting like a nursery to numerous marine
species (Godet et al. 2008a; Bostrom et al. 2014). This marine plant beds can also be
considered as key ecosystem engineer (Jones et al. 1994, but see also Passarelli et al.

2014). Subtidal maerl (Corallinophycidae, Rhodophyta) beds (M) (maerl beds on infralittoral



muddy gravel, A5.513 EUNIS Classification 2004) are characterized by a high macrofaunal
specific richness, especially of molluscan species (Grall et Glemarec 1997). Subtidal slipper
limpet's (Crepidula fornicata) banks (C) (C. fornicata with ascidians and anemones on
infralittoral coarse mixed sediments, A5.431 EUNIS Classification 2004) are constituted by
the introduced species from North America, C. fornicata, which became invasive on the
European coasts at the end of the 19" century (Blanchard 1997). Sampling and experiment
sites of this study were carefully chosen according to previous studies conducted in the
Chausey archipelago, allowing us to select the most adequate sites for each benthic habitat
(Fournier et al. 2014; Godet 2008; Godet et al. 2008a; Godet et al. 2008b; Godet et al. 2009;
Godet et al. 2011; Perez et al. 2013; Toupoint et al. 2008).

Habitat Abb. RecruitmentBssessment InBituR®xperiment
Min.@epthdm) Max.@lepthEm) Min.@lepthdm) Max.&EepthEm)

Crepidula@ornicataianks C -16.5 -8.8 -6.8 -10.7
Lanice@onchilegatbeds L +3 +3.8 0 -0.9
Maerlibeds M -11 -13.5 -3.2 -5.8
Subtidal@oarse®ands SHS -5.5 -6.6 -1.9 -4.6
Intertidal®@oarse@ands SHI +1.9 +3.5

Zostera@narinateds z +0.2 +1 -1 -1.9

Table 1 Main features of the study sites including habitat name, abbreviation, minimum and
maximum depth (m) for the recruitment assessment and the in situ experiment. Positive and
negative depth refers about the zero of the chart datum. Abb: Abbreviation; SHI: Intertidal
coarse sands; SHS: Subtidal coarse sands; L: L. conchilega beds; Z: Z. marina beds; M:
Maerl beds; C: C. fornicata banks.

1-column fitting table

Sampling sites selection mainly depends on the habitat recovering at the sea bottom. For
example, maerl beds are mostly present in the Northern part of the archipelago, while Lanice
conchilega beds dominated soft bottoms from the West-center area. We consider the effects
of a heterogeneous distribution of larval pool along the water column should not be
considered due to high hydrodynamic constraints located in this kind of megatidal
environment and post-settlement processes (i.e. secondary migration) that structure bivalve

recruits assemblages at the end of each reproductive season (Toupoint et al. 2016).

2.2 Assemblages of bivalve recruits at the end of the reproductive season

In order to compare bivalve recruitment assemblages on dominant benthic habitats of
the archipelago, two sampling campaigns (September the 10" 2013 and October the 3™
2014) were conducted at the end of the reproductive season of most wild bivalves species of
European coasts (reviewed by Gosling 2003). Distributed from the center towards the West

of the archipelago (Fig. 1a), three sites per habitat were sampled using a Smith-Mcintyre



Grab (one replicate of 0.2 m? per site; Smith and Mclintyre 1954). Collected material was
sorted through a 5 and 2 mm circular mesh sieves to keep only bivalve recruits of the
sampled year. Even if few studies have examined bivalve post-larvae growth, they mostly
presented a large variability in growth according to species and locations (Andresen et al.
2013; Bownes et McQuaid 2009; Chicharo et Chicharo 2001; Jenewein et Gosselin 2013;
Martel et al. 2014; Toupoint et al. 2016; Van der Geest et al. 2011). Only veliger larvae of
300 pm, mean size at metamorphosis and a mean post-larval growth rate of 30 pm d™* were
considered. The latter growth rate induced a final post-larval/juvenile size in
September/October falling into the 2-5 mm range for a large part of bivalve species. We are
aware that the mesh size used to retain the recruits certainly does not allow the collection of
all the species recruiting based on their variable growth rates and reproductive cycles.
However, the 2-5 mm size range adopted in our sampling protocol optimized a reasonable
sorting effort with the collection of most of the bivalve species found in the studied habitats

as shown by concomitant work (Toupoint et al. 2016).

After fixation (4% buffered formalin) of sieved material, bivalve recruits were sorted, counted
and identified to the lowest taxonomic level, and finally preserved in 70% ethanol. For each
benthic habitat, a simplified classification of sediments derived from nomenclature of Folk
(1954) was elaborated, by using five sedimentary textural groups: sandy gravel, gravelly
sand, sand, muddy sand and sandy mud. Sedimentary data (percentages of grain-size
classes) originate from previous field works on close sites of the Chausey Archipelago
(Fournier et al. 2014; Godet 2008; unpublished data).

2.3 Growth performances and feeding status of Ostrea edulis juveniles

2.3.1 Biological material and experimental design

Ostrea edulis recruits were produced at the experimental station of Ifremer Argenton
(Brittany, France). Briefly, 100 of 4 y-old flat oysters free from Bonamia ostreae and Marteilia
refringens were conditioned at 19°C and ambient 34 ppt salinity in a 600L tank in flow
through and continuously fed 6% of microalgal dry weight (DW) (Rhodomonas salina +
Chaetoceros neogracile) per g of oyster DW). The release of larvae (760,000) recorded on
mid-October 2013, were used for the present grow out trials. Expelled larvae were distributed
at 40 larvae ml™, reared at 25°C and ambient 34 ppt salinity, in six 5L transparent tank with a
diet of 1500 um?® ul* of Tisochysis lutea (T) and Chaetoceros neogracile (Cg). Post-larvae
were transferred in upwellers (7g total weight = 1850 individuals per unit) on mid-November

2013, reared at 25°C on filtered 1 um seawater at a flow rate increasing progressively from 5



to 30 I and fed a standard TCg diet (Gonzalez-Araya et al. 2012; Rico-Villa et al. 2006)
before their transfer 1.5 months later at a density of = 10 000 spat per bag on the sea bottom

at St Anne in the bay of Brest.

In late April 2014, 7500 six month-old juveniles were acclimatized during a 4-weeks period in
a plastic bag (5 mm square mesh size) fixed on a mooring located in the Chausey Sound
Channel, below the water surface (~ 2m). Then on May 27" 2014, oysters mean length was
of 13.4 £ 0.37 mm (mean + SE) and 15 batches of 500 randomly selected individuals were
redistributed in bags (5 mm square mesh size). One bag was deployed per experimental site
of each of the chosen habitats (three bags per habitats; Fig. 1b), at low tidal level for the
intertidal sites, during 2 months. For this experiment, only the subtidal level of Glycymeris
glycymeris coarse sands habitat was investigated because of the natural distribution of
Ostrea edulis in the subtidal zone (Rufino et al. 2010). Sampling sites were mainly distributed
at the northwestern part of the archipelago since all 5 habitats studied were concentrated in
that area, enabling easy accessibility for the technical support available. On July 25" 2014,
those 15 batches were recovered and the bivalves immediately frozen at -80°C until further

laboratory analysis.

2.3.2 Biometry and fatty acid analyses of recruits

Shell morphology (length, width, thickness in mm) was recorded, as well as shell (g) and soft
tissues (mg) dry weight, on 10 reared juvenile oysters after acclimation (i.e. before
deployment; control) and 24 juveniles collected from each experimental batch after
experimentation (24 oysters x 3 sites x 5 habitats). Shell length, width and thickness, defined
as the longest dimension along the hinge-margin, antero-posterior and the two valves axis,
respectively, were measured with a digital caliper (0.01 mm accuracy). Tissues and shells for
dry weight measurements were freeze-dried for 24h and weighed on a precision balance.
Digestive glands of 4 juveniles per experimental batch were dissected (4 digestive glands x 3
sites x 5 habitats), humid mass measured and fatty acids (FAs) extraction done according to
a modified method of Bligh and Dyer (1959) as described in Meziane et al. (2006).
Saponification and methylation of extracts were realized in order to collect total FAs and to
permit their quantification by gas chromatography (Leroy et al 2013). Isotopic ratio analyses
were performed with the whole tissue (excluding the digestive gland) of each individual. Each
sample was soaked during 24h in Milli-Q water, lyophilized and finally 0.7 mg of dry weight
tissue was encapsulated in a tin capsule. Carbon and Nitrogen were reported in %o using the
standard delta notation (5'*C and 5"°N).



2.4 Statistical analyses

The matrix of bivalve species abundances (individuals m?) and FA relative abundances (%)
from all samples, were used to create two triangular matrix based on Bray-Curtis similarity
index which were used to generate n-MDS plots (Legendre et Legendre 1998). Assumptions
of homoscedasticity were verified with PERMDISP tests. A 2-way PERMANOVA was then
performed to test potential effects of benthic habitats, years and their interaction on bivalve
recruits. Differences in the relative abundance of FAs between habitats were tested using a
1-way PERMANOVA. Similarity percentages (SIMPER) analyses were performed on bivalve
species abundance and FAs relative abundance to determine similarity index within habitats
and to identify which FA contributed the most to differences between groups (Clarke et
Gorley 2006). Those analyses were performed with PRIMER-E v6 software (Anderson et al.
2008).

The species covariance between benthic habitats was analyzed using a factorial
correspondence analysis (FCA). To estimate the proportion of variance in bivalve species
assemblages by sedimentary textures of benthic habitats, a redundancy analysis (RDA) was
performed (Legendre et Legendre 1998). The statistical significance of the relationship
between bivalve species and sedimentary variables was evaluated using a permutation test
(9999 permutations). Differences in mean total abundances, specific richness, rare species
abundances, as well as mean concentrations, sums and ratios of FAs (selected from
multivariate analysis), biometric data and isotopic ratios in each habitat were tested using a
1-way ANOVA followed by a Tukey’s HSD post-hoc test. Box-Cox transformations of FA
concentrations values were performed prior the analyses in order to achieve normality
(Shapiro-Wilk test). In case of non-normality or heteroscedasticity (Bartlett test) of data (raw
and transformed), both tested on residues arising from 1-way ANOVA, a Kruskal-Wallis test
was performed and a posteriori comparisons made using a Mann-Whitney test. Latest tests

were achieved on R software.

The condition index (CI) of each Ostrea edulis juvenile was determined as a ratio between
dried meat weight and the sum of cooked meat weight and shell weight according to
Davenport and Chen (1987). The daily growth rate (GR; mm j*) was calculated as a ratio
between shell length and number of experiment days. Both Cl and GR were calculated using

biometric parameters measured on O. edulis juvenile after 2 months of immersion.
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Fig. 1. Map of the Chausey Archipelago showing locations of sampling points for a) the
recruitment assessment (square) and b) the in situ experiment (circle). Letters refers to
benthic habitats: SHI: Intertidal coarse sands; SHS: Subtidal coarse sands; L: L. conchilega
beds; Z: Z. marina beds; M: Maerl beds; C: C. fornicata banks
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3. Results

3.1 Assemblages of bivalve recruits at the end of the reproductive season

From a pool of 16 bivalve species collected in the studied habitats, only five of them were
dominant (=5% of total cumulative abundances, all species pooled; by decreasing
abundance): Nucula sp., Parvicardium scabrum, Goodalia triangularis, Lucinoma borealis
and Timoclea ovata, whereas the remaining species were rare (< 5% of total cumulative
abundances, all species pooled; by decreasing abundance): Glycymeris glycymeris, Abra
alba, Abra tenuis, Spisula ovalis, Loripes lucinalis, Paphia rhomboides, Venus verrucosa,
Ensis ensis, Gari depressa, Modiolus modiolus and Epilepton clarkiae. When pooling data of
the two sampling seasons, it appears that some species were restricted to a particular
habitat such as L. lucinalis, E. clarkiae, M. modiolus and V. verrucosa in Zostera marina
beds, Crepidula fornicata banks, maerl beds and subtidal coarse sands, respectively. In
contrast, no exclusive species were found in Lanice and the intertidal coarse sands habitats
(Table Al).

The assemblage structure of bivalve recruits significantly differs between habitats
(PERMANOVA, p = 0.001), with no significant differences between years and without
interactions between both factors (p > 0.05, Table 2). Pairwise comparisons tests reveal only
significant differences between intertidal and subtidal assemblages (p < 0.05). Moreover, the
recruit assemblages differed significantly between Zostera marina beds and both intertidal
coarse sands and Lanice habitats (p = 0.041 and p = 0.032, respectively), which were similar
(p > 0.05). Therefore, if there is no effect of the sampling year and the interaction between
year and habitat on bivalve assemblage, further analyzes were performed by grouping

samples from the two years as replicates (6 per habitat).

Sources®fl

variation df SS F p
Ha 5 56426.0 5.1398 0.001
Da 1 2455.2 1.1182 0.326
HalkM@Da 5 13059.0 1.1895 0.240
Residuals 22 48304.0

Table 2 Results of permutational multivariate analyze of variance (PERMANOVA) testing the
effect of Habitat (Ha), Date (Da) and their interaction (Ha x Da) on the assemblage of bivalve
recruits based on the Bray-Curtis dissimilarity matrix. Significant values (p < 0.05) in bold. df:
Degree of freedom; SS: Sum of square; F: Fisher’s statistic; p: p-value.

1-column fitting table
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The n-MDS results showed a clear distinction between sub- and intertidal habitats (Fig. 2).
The intra-group similarity index was higher in Zostera marina, Crepidula fornicata and maerl
beds (50.6%, 44.1% and 42.9%, respectively) in comparison to sub- and intertidal coarse
sands and Lanice beds (26.5%, 20.2% and 14.7%, respectively) (Fig. 2).
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Fig. 2. n-MDS ordination plot of Bray-Curtis similarities based on assemblages of bivalve
recruits for each sampling sites with superimposed symbols for benthic habitats (n=6):
Intertidal coarse sands (SHI), Subtidal coarse sands (SHS), L. conchilega beds (L), Z.
marina beds (Z), Maerl beds (M), C. fornicata banks (C). Grey and black symbols represent
intertidal and subtidal benthic habitats, respectively

1-column fitting image

Covariance results showed that the first three axes explained 56.6% of total variance. Axis 1
(24.4% of the total inertia) distinguishes principally inter- and subtidal habitats with the
abundance of Lucinoma borealis, Loripes lucinalis and Abra tenuis contributing to 49.0%,
16.6% and 15.2% of the axis 1 total inertia, respectively (Fig. Al). Axis 2 (20.2% of the total
inertia) discriminates sites mostly dominated by Goodalia triangularis, Nucula sp. and
Glycymeris glycymeris, which explained 51.6%, 29.3% and 8.5% of the axis 2 total inertia,
respectively (Fig. Al).

RDA results showed that the first two axes explain 72% of the variance of constrained data
(Fig. 3). Axis 1 is correlated with gravelly sand (17.8%), muddy sands (15.8%), sand (28.8%)

12



and sandy gravel (23.8%), whereas axis 2 is correlated with sandy mud (61.4%) (Fig. 3).
Only sandy gravel, gravelly sand and muddy sand had significant influence (p < 0.05) with

60% of the total explained inertia.
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Fig. 3. Redundancy analysis (RDA) biplots of bivalve recruit abundances (plain line), in six
benthic habitats, constrained to sedimentary textures variables (dotted line). Letters refers to
benthic habitats (n=6): Intertidal coarse sands (SHI), Subtidal coarse sands (SHS), L.
conchilega beds (L), Z. marina beds (Z), Maerl beds (M), C. fornicata banks (C). Grey and
black symbols represent intertidal and subtidal benthic habitats, respectively. Percentage
inertia: species data and between brackets: species environment relation

2-column fitting image

Bivalves total abundance was low, ranging from 15 + 6 ind.m™ in the Lanice beds to 153 + 35
ind.m? in the slipper-limpet habitat. The recruitment was significantly higher in areas
colonized by Crepidula fornicata and in subtidal coarse sands than in the Lanice habitat and
of the intertidal coarse sands (p < 0.05) (Fig. 4a). In general, the recruitment was inferior in
intertidal vs subtidal habitats (p < 0.002). Abundances of individuals of rare species were
significantly higher in subtidal coarse sands (p < 0.01) than in the other benthic habitats, with

the exception of Zostera marina (Fig. 4b). Species richness (SR) differed strongly between
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three groups of habitats. Firstly, SR related to C. fornicata banks and subtidal coarse sands
was about twice than that of Lanice habitat and intertidal coarse sands (p < 0.05; Fig. 4c).
SR of maerl and Z. marina beds was intermediate and did not differ significantly that of other
habitats (Fig. 4c).

a) Total abundance b) Rare species c) Species richness
(ind.m-) abundance (ind.m) (number of species)

81

1 1

1 1 1
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1
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Fig. 4. Boxplots of a) bivalve recruits total abundance (mean = SE), b) abundance of rare
species (mean + SE) and c) species richness (mean + SE) as a function of benthic habitats
studied (n=6). Letters refers to benthic habitats: Intertidal coarse sands (SHI), Subtidal
coarse sands (SHS), L. conchilega beds (L), Z. marina beds (Z), Maerl beds (M), C. fornicata
banks (C). Bold letters indicate significant differences (p < 0.05) between benthic habitats
2-column fitting image

3.2 Growth performances and feeding status of Ostrea edulis juveniles

Mean length (27.64 + 0.5 mm) and thickness (4.97 + 0.1 mm) of oyster recruits did not differ
between habitat treatment (p > 0.05 for both). Also, dry shell (1.12 + 0.2 g) and soft tissues
(25.75 £ 1.4 mg) weights were similar between treatments (p > 0.05; Table 3). In contrast,
significant differences between treatments were observed (p < 0.05) for shell width, ranging
from 21.26 + 0.9 mm in subtidal coarse sands to 26.21 + 1.3 mm in Zostera marina habitat
(Table 3). During the experimental period, the mean daily shell growth rate was equal to 0.24
+ 0.01 mm day™ and was the same for all habitats. By contrast, the condition index was
significantly higher in subtidal coarse sands (2.98 + 0.5) than in Z. marina beds (1.94 + 0.1)
(Table 3).
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C L M SHS Z

LAmm) 26.93 + 1.08 28.97 + 1.04 27.32 + 1.04 26.10 + 1.11 28.89 + 1.27
WaAmm) 2501+ 1.11 ® 2568+ 0.99 @ 2486+ 096 3  2126+095 ® 2621+ 130 @
TAmm) 493 + 028 522 + 0.34 470 + 0.29 471 +0.36 526 +0.24
M eig) 1.11 + 0.32 1.37 + 0.39 1.09 + 0.31 0.89 +0.26 1.17 +0.34
M gssuesBiMg) 22.8 + 0.00 31.4 + 0.00 249 + 0.00 23.6 +0.00 26.0 * 0.00
cl 227 +006 ® 224 +009 ® 238 +015 3 298 +053 2 194 +011 P
GRAmMm/d) 0.22 + 0.02 0.25 + 0.02 0.24 + 0.02 022 +0.02 0.25 + 0.02

Table 3 Means + SE of biometric measures for Ostrea edulis juveniles from each benthic
habitats (n=72): Length (L), Width (W), Thickness (T), shell (Mghe) and soft tissues (Myissues)
dry weight, Condition Index (CI) and daily Growth Rate (GR). Letters on column labels refers
to benthic habitats: Subtidal coarse sands (SHS), L. conchilega beds (L), Z. marina beds (2),
Maerl beds (M), C. fornicata banks (C). Bold letters indicate significant differences (p < 0.05)
2-column fitting table

About 48 individual FAs were identified in the digestive gland of Ostrea edulis juveniles
(Table A2). Polyunsaturated FA (PUFA) dominated (44.4 to 50.1%) the oysters digestive
gland, with high proportions of saturated FAs (SFA; 30.0 to 33.1%), monounsaturated FAs
(MUFA; 17.6 to 21.7%) and a low contribution of branched FAs (BFA; 1.01 to 1.09%).
PERMANOVA analysis and n-MDS results show a clear segregation between FA profiles of
reared oysters (control) and those of the other treatments (p < 0.001) (Fig. 5), which were all
similar to each other (p > 0.05). Indeed, PERMANOVA analysis performed on the relative
contribution of all FAs does not show significant differences between benthic habitats (p >
0.05). The PUFA 20:5w3, 22:6w3, 22:2w6, 20:4w6 and 18:4w3, the SFA 16:0, 18:0 and 14:0
and the MUFA 20:1w7, 18:1w7, 16:1w7 and 18:1w9 were the most abundant FAs (Table 4).
Subsequent SIMPER analysis revealed that 25 FAs contributed to 90% of the dissimilarities
within and between FAs profiles of the groups (Table 4).

Total FAs concentration in the digestive gland ranged from 19.5 + 0.1 to 32.5 + 0.1 mg.g™ dry
weight in maerl and slipper-limpet beds, respectively (Table 4). Also, total FA concentration
differed significantly between juveniles settled in both maerl beds and subtidal coarse sands
from Crepidula fornicata areas (p < 0.05). In Lanice and Zostera habitats concentration were
of intermediate range (Table 4). The PERMANOVA analysis performed on the
concentrations of 25 FAs (Table 4) reveal significant differences only between the bivalves
settled on the slipper limpet beds and all of the other habitats (p < 0.014). The concentration
of FAs differed significantly between habitats, with higher values associated to C. fornicata
and lower values in maerl beds, except for the 14:0, 16:1w7, 18:1w7, 16C and 18C PUFA
that were equal between habitats (Table 4). In L. conchilega, Z. marina beds and subtidal
coarse sands, FAs concentrations were in intermediate levels from C. fornicata banks and
maerl beds (Table 4). Total SFA, MUFA, PUFA were significantly higher in C. fornicata than
in maerl beds, and total BFA was also higher in area colonized by the slipper-limpet than in
the other habitats (Table 4).
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FAs@oncentrationdmg.g-1) (o L M SHS z
Saturated

14:0 0.88 + 0.1 0.73 + 0.0 0.66 + 0.1 0.89 + 0.1 0.65 + 0.0
15:0 0.26 + 0.0 0.15 + 0.0 P 014 + 00 P 016 + 00 b 0.17 + 00 b
16:0 5.40 + 0.5 391 + 02 @ 339 +04bP 396 +033 390 +023
17:0 0.38 + 0.0 026 + 0.0 P 022 +00P 025 +00Fb 0.27 + 00 b
18:0 3.25 + 0.3 175 + 01 b 177 + 01 P 199 +01 P 213 £+ 01 b
sBMean3FA 10.3 + 0.6 689 + 04 3 628 + 03P 736 +043a 720 +04 3
Monounsaturated

16:1w7 091 + 0.1 0.81 + 0.1 0.68 + 0.1 0.87 + 0.1 0.70 + 0.0
18:1w7 1.00 + 0.1 0.76 + 0.0 071 + 0.1 0.80 + 0.1 0.78 + 0.0
18:1w9 0.84 + 0.0 061 + 0023 049 + 002 056 +00°" 0.63 + 0.0 ab
20:1w7 1.82 + 0.1 136 + 013 105 +01 P 115 +o00P 139 + 0.0 2@
20:1w9 0.16 + 0.0 0.10 + 0.0 009 +00 P 010 +00P 0.10 + 0.0 b
20:1wll 0.70 * 0.0 049 + 003 038 + 00" 041 +to00°%P" 0.50 + 0.0 @b
sMMeanBMUFA 574 + 0.1 431 + 01 @ 358 + 01 P 407 +01 3 429 + 01 2
Polyunsaturated

16:2w4 0.06 + 0.0 0.05 + 0.0 0.04 + 0.0 0.06 + 0.0 0.03 + 0.0
16:3w4 0.01 * 0.0 0.01 + 0.0 0.01 + 0.0 0.02 + 0.0 0.01 + 0.0
16:4w1l 0.03 + 0.0 0.03 + 0.0 0.02 + 0.0 0.03 + 0.0 0.01 + 0.0
18:2w3 0.05 + 0.0 0.05 + 0.0 0.04 + 0.0 0.05 + 0.0 0.04 + 0.0
18:2w6 0.40 + 0.0 034 + 0.0 0.27 + 0.0 033 + 0.0 0.33 + 0.0
18:3w3 0.45 + 0.0 0.38 + 0.0 03 + 00 0.38 + 0.0 0.34 + 0.0
18:4w3 0.60 * 0.1 0.48 + 0.0 0.41 * 0.0 0.52 + 0.0 0.41 + 0.0
20:4w6 1.58 + 0.1 111 + 00 3 08 +00P 094 +00P 1.14 + 0.0 23
20:5w3 5.07 + 0.7 369 + 02 @ 315 + 04 P 364 + 04 3 365 + 03 3
22:2w6 2.16 + 0.2 149 + 013 115 + 01 P 122 +01Pb 1.63 + 0.1 ab
22:2w9 0.30 + 0.0 017 + 0.0 P 016 + 00 P 018 + 00 b 0.19 + 0.0 @b
22:4w6 0.33 + 0.0 017 + 00 3 012 +00P 014 +00 23 021 + 00 2
22:5w3 0.42 + 0.0 029 + 0023 022+00P 025+00°%P 0.29 + 0.0 @b
22:6w3 3.80 + 04 259 + 013 214 +02P 241 +020P 258 + 01 b
sBMean®UFA 16.1 + 0.2 114 + 02 3 944 + 01 P 108 + 013 114 + 02 3
sMMeanEFA 104 + 1.0 739 + 07 @ 617 + 06 P 700 + 07 @ 738 + 07 2
sAiean@BFA 0.34 + 0.0 024 + 00 P 020 + 00 P 022 +00°P 0.25 + 0.0 b
w3 10.8 + 0.6 783 + 04 3 654 +04P 757 +043 765 +04 3
w6 479 + 0.2 334 + 0123 260+01P 28 +01Pb 3.53 + 0.2 @b
w3/w6 2.26 + 0.1 234 + 0.1 251 + 0.1 263 + 0.1 217 + 0.1
16:1w7/16:0 0.17 + 0.0 021 + 0.0 0.20 + 0.0 0.22 + 0.0 0.18 + 0.0
DHA/EPA 0.78 + 0.0 0.72 + 0.0 0.71 + 0.0 0.68 + 0.0 0.73 + 0.0
TotalFAsk 325 + 0.1 229 + 0123 195 + 01> 24 +01P 232 + 01 2
Table 4 Concentration (mg g* + SE) of fatty acids in digestive gland of Ostrea edulis

juveniles after 2 months growth in five benthic habitats (n=12). Letters on column labels
refers to benthic habitats: Subtidal coarse sands (SHS), L. conchilega beds (L), Z. marina
beds (2), Maerl beds (M), C. fornicata banks (C). Bold letters indicate significant differences
(p = 0.05) for one FA between benthic habitats

2-column fitting table
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Values of 3°N and 8"C in O. edulis tissues, ranged from 8.60 + 0.09 %o to 8.90 + 0.12 %o
and -22.24 1 0.15 %o to -21.64 + 0.18 %o, respectively (Fig. A2). No significant differences
were found in 8N and &“C values according to the habitats (p = 0.53 and 0.56,
respectively) with mean signature of 5°N and 5**C of 8.76 + 0.05 %o and -21.84 + 0.09 %o,
respectively. No significant differences in nitrogen and carbon contents (%) of oyster tissues
were observed between habitats (p = 0.52 and 0.62, respectively) with mean values of 13.27
+ 0.65% and 46.98 + 2.14%, respectively.
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Fig. 5. n-MDS ordination plot of Bray-Curtis similarities based on FA composition of Ostrea
edulis digestive gland after two months growth in five benthic habitats (n=12): Subtidal
coarse sands (SHS), L. conchilega beds (L), Z. marina beds (Z), Maerl beds (M), Crepidula
fornicata banks (C); and Control refers reared oysters after acclimation (n=10). Grey and
black symbols represent intertidal and subtidal benthic habitats, respectively

1-column fitting image

4. Discussion

4.1 Assemblages of bivalve recruits at the end of the reproductive season

Bivalve recruit assemblages in 6 benthic habitats were investigated at the end of two
succeeding reproductive seasons. During the period of this study, temporal variability in
bivalve assemblages was not observed. This indicates that benthic habitats have a strong

control on the bivalve recruitment in the absence of local perturbations such as localized
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pollution or storms, which strongly impact the structure of benthic communities at short
(Negrello Filho et Lana 2013) or long-time scales (e.g. climate changes) (Novoa et al. 2016;
Underwood 1999).

The abundance and diversity of bivalve recruits clearly differs between inter- and subtidal
habitats. In general, intertidal habitats have fewer recruits and are less diverse than subtidal
habitats. The strongest example of this can be seen between the two bathymetric levels of
the coarse sands habitats, where there are nearly three times as many recruits, four times as
many rare species and a doubled species richness value in the subtidal in comparison with
the intertidal counterpart. Such results are in agreement with previous studies that have
compared macrofaunal assemblages at intertidal and subtidal levels within a given site (Borja
et al. 2009; Dorjes et al. 1986; McLusky et al. 1993; Ysebaert et al. 2003). Several
environmental factors explain these differences in macrofaunal assemblages and may have
an influence on post-larvae of bivalves. The main factor differing between bathymetric levels
is the immersion time, which directly impacts the duration of the bivalve settlement period
and aerial exposure (Ysebaert et al. 2003). In a diurnal and megatidal system such as the
Chausey archipelago, immersion time drastically affects sediment properties (e.g.
temperature, salinity and oxygen concentration) and animal behaviors (e.g. feeding time,
burrowing). Moreover, hydrodynamic pressures, such as wave action or storm perturbations,
make the intertidal zone a more stressful environment than the subtidal zone, forcing the
species to live within their optimal range of distribution (Bouma et al. 2001; Ddérjes et al.
1986; Karleskint et al. 2010).

Bivalve recruit assemblages from the Chausey benthic habitats can be portrayed by the
sediment grain-size composition, which explains at least 60% of the species composition.
This result is consistent with previous studies on the relationship between environmental
factors and macrofauna community structure, which find average grain-size and particle size
distribution to be the most important structuring factor for benthic invertebrates (Bloom et al.
1972; Sanders 1958). For example, juveniles of Glycymeris glycymeris, Paphia rhomboides,
Timoclea ovata and Venus verrucosa recruit on G. glycymeris coarse sands assemblage, the
natural habitat of the adults of such species (Godet et al. 2009; Trigui 2009). V. verrucosa
was only recorded in subtidal area whereas adults were present in intertidal area (Godet
2008). This difference could be a result of secondary migration processes that did not occur
at that sampling time, or to a non-adequate sampling effort in intertidal areas. Due to the
lower recruit abundance in the intertidal area, more sediment cores may be required to have

an accurate estimation of their abundance.
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Between habitats, differences in grain-size composition can be explained by structure, often
created by engineer species/ecosystem engineers. Crepidula fornicata, Zostera marina,
maerl, and Lanice conchilega spatially structure environments through their rugosity
elements (shells, leaves, rigid formation and sandy tube) and are considered as engineer
species (Passarelli et al. 2013). Vertical structures provided by these species drastically
affect near-bottom hydrodynamics by decreasing shear stress (Katsanevakis et al. 2014;
Passarelli et al. 2014). Bottom current strength directly influences both organic and inorganic
particle sedimentation, such that low current enriches near-bottom waters in fine sediment
while high current enriches near-bottom waters in larger particles (Sanders 1958). Silted
slipper limpet's banks of Chausey are typically old colonies, characterized by dense
populations, promoting sediment trapping (Blanchard 1997; Herhold et al. 1998) and
explaining the high abundances of species that are typically recruited on muddy sediments,
like deposit-feeders (De Montaudouin et Sauriau 1999), such as Abra alba, Abra tenuis and
Nucula sp., (Creutzberg 1986; Hughes 1973). Moreover, Bouma et al. (2001) showed that
environments characterized by high hydrosedimentary dynamics directly control the spatial

distribution of bivalve recruits by promoting their passive resuspension.

The presence of engineer species, both living and non-living, effects the structure of
macrofaunic assemblages by increasing both the total abundance and species richness (De
Montaudouin et Sauriau 1999; Godet et al. 2008; Grall et al. 2006; Jackson et al. 2004; van
der Heide et al. 2012; Wilson et al. 2004). Biogenic structures provide physical complexity
that create suitable habitats for numerous taxa (De Montaudouin et Sauriau 1999) and
diversify carbon sources (Grall et al. 2006; Wilson et al. 2004). This enhances biodiversity by
improving species richness and abundance relative to the surrounding environment
(Blanchard 1997; De Montaudouin et Sauriau 1999). With respect to bivalve recruits,
Crepidula fornicata banks provide the highest species richness and abundance, highlighting
a novel and positive influence of this habitat on bivalve recruitment dynamics. Thus,
structured habitats, directly and indirectly, influence the abundance and diversity of bivalve
recruit assemblages by promoting fine particle sedimentation and post-larval establishment

Success.

In Lanice conchilega beds, both adults and recruits of the typical bivalve species are present
(Godet 2008), but ecosystem engineers were not found to have a positive influence on the
bivalve recruitment in this habitat. When the density of sandy tubes exceeds a threshold
value, they induce a “skimming flow” at the benthic boundary layer; this effect diverts the
main water flow above structures and decreases flow velocity and turbulence levels through

these structures (Nowell et Jumars 1984). Experiments conducted with artificial Lanice like
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tubes show the effect of a “skimming flow” in L. conchilega beds when densities exceed
2000 tubes.m™ (Friedrichs et al. 2000). This flow facilitates fine particle deposition, increases
sediment stability, and increases organic matter content by stimulating the microphytobenthic
compartment (Friedrichs et al. 2000; Passarelli et al. 2013). Surprisingly, the Lanice habitat
was characterized by the smallest total species abundance and among the lowest in terms of
species richness of bivalve recruits. Such results suggest the density of L. conchilega is
below the threshold density required for such beneficial effects on the associated fauna.
Moreover, the population dynamics of this ecosystem engineer are strongly influenced by
shellfish farming. In Chausey, manila clam cultivation decreases Lanice density, from 460
ind.m? in non-impacted areas to less than 70 ind.m™ one year after seeding (Toupoint et al.
2008). Thus, the shellfish industry may prohibit the positive engineering effect of “skimming

flow” by reducing Lanice densities (Friedrichs et al. 2000; Passarelli et al. 2013).

In Zostera marina beds, whose sediment usually contains a high concentration of toxic
sulfides (van der Heide et al. 2012), Lucinoma borealis and Loripes lucinalis recruits are
present in high abundances. In fact, Lucinidae may dominate the infauna of these anoxic
substrata due to their mixotrophic diet. Lucinidae can shift their feeding behavior from
heterotrophic deposit feeding on POM to chemotrophic nutrition via their sulfide-oxidizing
endosymbionts, which provide carbon metabolites from sulfate (van der Geest et al. 2014;
van der Heide et al. 2012). Considering that recruits of these bivalve species are well
adapted to anoxic conditions, sulfides may act as chemical cues at young bivalve stages
(Hadfield et Paul 2001), by promoting the preferential selection of this habitat. For its part,
maerl habitat displays similar photosynthetic and respiratory metabolisms as the Z. marina
habitat (Martin et al. 2005). Nucula sp. dominated bivalve recruit assemblages of maer| beds,
thus confirming previous studies of Bosence (1979) and Jackson et al. (2004) on bivalve
species associated to maerl assemblages (Carlier et al. 2007; Creutzberg 1986).

Results highlight the prevailing homogeneity in such structured habitats. In fact, more than
43% similarity in recruit assemblages was found in ecosystem engineer habitats in
comparison with flat bottom habitats, which showed a maximum similarity of 27%. Habitat-
modifying species are known to increase heterogeneity of the environment, by transforming
the flat and two-dimensional landscape to complex, three-dimensional structures (Bruno and
Bertness 2001). However, at the habitat scale, highly complex structures generated by
ecosystem engineers provide an environmental stability. This stability is obtained by the
reduction of multiple stresses, like the flow velocity or hydro-sedimentary disturbances
(Bruno et Bertness 2001), and permits the stable establishment of similar communities within

specific habitats. For example, Barnes and Hendy (2015) compared three macrofaunal
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assemblages of intertidal seagrass meadows from northeast Atlantic, southwest Indian and
southwest Pacific oceans and found taxa and functional group compositions to be closely

similar.

Our results show that subtidal Glycymeris glycymeris coarse sands and Crepidula fornicata
banks are two distinct habitats, according to their spatial configurations (i.e. in two- and
three-dimensions), sedimentary compositions, and recruits assemblages. However, both of
these habitats provide a suitable environment for early stage bivalve recruitment in a highly
hydrodynamic coastal temperate area. Globally, bivalve recruitment is intensified and
diversified in structured habitats, while recruit assemblages are specific to particular habitats,
according to hydro-sedimentary characteristics. These unique assemblages likely result from
habitat selection processes (Hadfield et Paul 2001), such as delay of metamorphosis or
secondary migrations (bysso-pelagic drifting; Toupoint 2012), as well as differential
mortalities of bivalve perimetamorphic stages. More studies are needed to quantify the

importance of each process in the composition of bivalve assemblages.

4.2 Growth performances and feeding status of Ostrea edulis juveniles

The flat oyster, Ostrea edulis, is a native European oyster and largely widespread along
French coasts. This fast-growing bivalve (Laing et Millican 1986; Utting 1988) is able to
colonize a large number of habitats in shallow coastal waters (Launey et al. 2002; McKenzie
et al. 1997), and was therefore selected as a model species to assess the role of benthic

habitats on bivalve feeding related to recruitment success.

No clear evidence was found on differential growth performances between oysters implanted
in the benthic habitats during this study, and no difference in shell growth and tissue weight
was observed after two months of immersion. However, significant differences were
observed in the CI, which represents a differential energy allocation between the shell and
tissue growth. This observation suggests local variability in the feeding conditions
encountered by oysters between habitats. The temperature and the quality and quantity of
trophic resources are the main factors conditioning the Ostrea edulis growths (Berntsson et
al 1997; Laing et Millican 1986; Nerot et al. 2012; Richardson et al. 1980; Utting 1988). While
a lack of growth differences could originate from use of plastic bags, this set up is similar to
the one used by professional shellfish farmers, who have not detected growth limitation;
moreover, any potential impact should effect both sites in a similar manner. Consequently,
the benthic habitats of Chausey seem to provide similar trophic environments. Fatty acid

profiles of O. edulis sampled at the end of the experiment did not differ between the 5 tested
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habitats. At the archipelago scale, FA biomarkers (Dalsgaard et al. 2003; Kelly et Scheibling
2012; Meziane et al. 1997) show a predominant microalgal diet, as shown by the abundance
of specific markers of diatoms (16:1w7 and 20:5w3) and dinoflagellates (18:4w3 and
22:6w3; Dalsgaard et al. 2003; Kelly et Scheibling 2012). This result corroborates those of
Perez et al. (2012) who found that the diet of Venus verrucosa, a filter-feeder like O. edulis
(Bremner et al. 2003), does not differ at the archipelago scale. Moreover, isotopic data reveal
that oysters from different habitats are of equal trophic level. No significant differences were
found in carbon isotope signatures between juveniles, which supports the hypothesis that
their diet is comprised on the same carbon sources. However, while all oysters feed on
similar food sources, the CI values show that food availability varies across habitats.
Significant differences in FA concentrations in the digestive glands of oysters recovered from
the different habitats were also in accordance with this observation. At the end of the
experiment, oysters from Crepidula fornicata banks are fatter, and of the majority of FAs
classes, compared to maerl beds and Glycymeris glycymeris coarse sands habitat. The
discrepancy in FA quantity can be explained by different intensities of hydro-sedimentary
stresses occurring between habitats, especially when habitats contain complex structures
(Gonzales-Ortiz et al. 2014). Among stresses, the benthic boundary layer flows can
determine bivalve food access. Nevertheless, this effect is short-term in scale, as fatty acid
concentration differences in the digestive glands at the end of the experiment were not
related to growth differences. Likewise, Fréchette et al. (1989) explain that the diffusion of
phytoplankton is an important mechanism controlling energy flow for benthic suspension
feeders. Bivalve filtration can be inhibited when currents are too weak or too strong, limiting
the rates of food assimilation (Kamermans 1994; Newell et al. 2001; Wildish et al. 1992;
Wildish et Kristmanson 1985; Wildish et Saulnier 1992). Additionally, sediment instability may
force bivalves to bury several times into the sediment, which would constitute a major
energetic loss (St-Onge et al. 2007; Urban 1994).

FAs have both important structural and functional roles in cells. PUFAs play a key role in
building cell membranes and assist cells in responding to external stimuli, and the oxidation
of FAs provides an important source of energy (Dalsgaard et al. 2003; Lee et Patton 1989;
Sargent et al, 1993; Sargent et Whittle 1981). Nevertheless, in contrast with previous studies,
we do not find that high densities of Crepidula fornicata negatively affect the survival and
fitness of bivalve adults, such as Crassostrea gigas and Mytilus edulis (see review in
Thieltges et al. 2006).

Our study clearly suggests that benthic habitats associated with ecosystem engineering
species have a more important role in the bivalve juvenile survival than flat habitats.

Additional studies are needed to compare these results with other bivalve models and to test
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additional factors influencing early-stage recruit survival, such as the vulnerability of recruits

to pathogens or inter-specific relationships within a highly fragmented habitat.

5. Conclusion

For the first time in megatidal temperate coastal waters, the nursery function of benthic
habitats was studied in terms of bivalve population renewal, by investigating two steps of
their recruitment cycle. Crepidula fornicata banks appear to be a favorable habitat for bivalve
recruitment, with regards to the early-recruitment intensity (recruit abundance and diversity)
and the feeding quality (fatty acids contents of digestive gland) of juveniles. Amongst other
habitats, each of them provides some advantages for benthic recruitment, namely sustaining
more diversified and abundant assemblages or greater juveniles physiological quality.
Overall, the “reproductive and nursery area” habitat function is higher in the subtidal zone
than in the intertidal zone. Habitats comprised of ecosystem engineers, who govern
hydrodynamic properties, play a structural role in bivalve recruit assemblages and juvenile
survival. However, more studies are needed to compare this function between different
habitats and with other species models. Thus, to preserve the goods and services provided
by bivalve populations, management perspectives must consider bivalve recruitment as an
essential component of the “reproductive and nursery areas” function of benthic habitats.
Moreover, the influence of anthropogenic pressure and climate change in coastal zones is
increasing, with cascading effects on the goods and services of related ecosystems (Barbier
et al. 2008). Additional studies are needed to determine the combined effects of these two
stressors at different spatial scales. For example, Hughes et al. (2015) demonstrate how
climate change (i.e. precipitation) increases anthropogenic nutrient loading within nursery
habitats of estuaries, which ultimately decreased offshore flatfish production. Finally, results
from our study should be integrated into ecosystem-based management models to predict
variations of ecological functions and their associated economic values, in order to facilitate
community-based conservation decisions (Barbier et al. 2008; Hughes et al. 2015; Sinclair et
Byrom 2006).
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6. Glossary

BFA: Branched Fatty Acids are mostly saturated fatty acids with one or more methyl
branches on the carbon chain and they are found in two distinct families: the iso-series and
anteiso-series

EUNIS: European Union Nature Information System

FA: Fatty Acids are lipidic components

MUFA: MonoUnsaturated Fatty Acids have one double bond in the fatty acid chain

PUFA : PolyUnsaturated Fatty Acids have more than one double bond in the fatty acid chain
SFA: Saturated Fatty Acids have no double bond in the fatty acid chain
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7. Appendix

fEiiiiii O fEiiiiii N Eidiiii Y] IS HI S HS Fidiiii)
Abra@ilba 2.50@m.71 2.50@®.50 0&m.00 O&m.00 5.83&m.9 3.33&A.67
Abra@enuis 1.672.05 0.83@®.83 0=®.00 5.74@@.12 0.83@@.83 4.17@2.01
Ensis@nsis O&[@D.00 1.67@3.67 0=®.00 1.15@F.15 0=D.00 O&[@D.00
Epilepton@larkiae 0.83=®.83 0=®.00 0=®.00 0=®D.00 0zD.00 0&@.00
Gariltlepressa 1.67@.05 0.83@®.83 0=®.00 0=®D.00 0=D.00 0=@D.00
Glycymeris@lycymeris O0&@D.00 0=®D.00 2.922A.36 2.3022.30 16.3937.22 O0=@.00
Goodalia@&riangularis 1.67@3.67 4.17@R2.01 O=@D.00 13.78@@3.78  15.19@M1.49 O&[@D.00
Loripestucinalis O&[@D.00 O0=®D.00 0=@.00 0=®.00 O=®D.00 7.5@3%.59
Lucinomatorealis 0.83@@.83 4.17@R2.39 0=®D.00 4.59=3.41 0=®D.00 21.67@3%.27
Modiolus@nodiolus O[@D.00 0=®D.00 0.83@@.83 0=®D.00 O=®D.00 OR[D.00
NuculaBp 115.83@237.91 O=[.00 62.92@20.78 OR.00 35.47@A6.55 1.67@.05
Paphia@homboides 0.83@[.83 0.83@[.83 1.67&.05 O=@.00 0.83@M.83 OR[.00
ParvicardiumBcabrum 19.17@®.55 O=[.00 6.25E3.97 1.15@F.15 24.89@70.31 O=[.00
Spisula@®valis 0.83@[.83 O=[.00 OR[@.00 OR™.00 8.33@3.33 O=[.00
Timoclea®vata 7.5033.82 OZ[.00 2.08@.36 OR[.00 13.08B.27 O=[.00
Venus@errucosa O=[.00 0Z[.00 O@.00 O=[.00 3.8@R2.43 O=[.00

Table A1 Means + SE of bivalve recruits abundances (ind.m®) from each benthic habitats
(n=6), compiled from the two sampling years. Letters on column labels refers to benthic
habitats: Intertidal coarse sands (SHI), Subtidal coarse sands (SHS), L. conchilega beds (L),
Z. marina beds (2), Maerl beds (M), C. fornicata banks (C)
2-column fitting table
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FAstelative@ontributiond%) Control c L M SHS z
Saturated

12:0 0.04 + 13 0.10 = 0.0 0.01 = 0.0 0.09 + 0.0 0.06 = 0.0 0.06 + 0.0
13:0 0.02 + 0.0 0.02 = 0.0 0.02 = 0.0 0.03 = 0.0 0.04 = 0.0 0.01 + 0.0
14:0 3.77 £ 0.0 2.70 + 0.3 3.13 + 0.3 3.12 + 0.2 387 + 0.3 2.76 + 0.2
15:0 0.71 + 0.0 0.84 + 0.0 0.67 + 0.0 0.76 = 0.0 0.75 = 0.0 0.78 + 0.0
16:0 183 + 0.2 16.7 + 0.2 17.0 £ 0.3 173 + 0.3 179 + 0.7 16.7 = 0.2
17:0 1.29 + 0.0 1.20 + 0.0 1.16 + 0.0 1.17 + 0.0 1.16 + 0.0 1.17 + 0.0
18:0 8.36 + 0.0 10.1 + 0.7 7.73 + 0.4 942 + 0.4 9.04 + 0.7 9.37 + 0.7
19:0 019 + 1.1 0.20 + 0.0 0.14 + 0.0 0.18 + 0.0 0.17 = 0.0 0.18 + 0.0
20:0 0.05 + 0.1 0.11 + 0.0 0.08 + 0.0 0.11 + 0.0 0.12 = 0.0 0.09 + 0.0
I@MeanBFA 32.8 + 2.0 320 + 19 30.0 + 19 322 + 19 33.1 = 2.0 312 + 19
Branched

15:0is0 0.13 + 1.2 0.15 = 0.0 0.14 + 0.0 0.15 + 0.0 0.16 = 0.0 0.16 + 0.0
15:0anteiso 0.02 + 0.0 0.04 + 0.0 0.03 + 0.0 0.04 + 0.0 0.04 + 0.0 0.04 + 0.0
16:0iso 0.24 + 56 0.20 = 0.0 0.17 = 0.0 0.19 + 0.0 0.17 + 0.0 0.19 + 0.0
17:0iso 0.44 + 0.0 0.44 + 0.0 0.45 = 0.0 0.43 = 0.0 041 = 0.0 0.45 + 0.0
17:0anteiso 0.12 + 0.0 0.16 + 0.0 0.19 = 0.0 0.16 + 0.0 0.16 = 0.0 0.17 + 0.0
18:0is0 0.04 + 0.0 0.08 + 0.0 0.06 + 0.0 0.09 + 0.0 0.06 + 0.0 0.05 + 0.0
I@Mean@BFA 1.01 + 0.0 1.09 + 0.0 1.06 + 0.0 1.08 + 0.0 1.03 + 0.0 1.09 + 0.0
Monounsaturated

14:1 0.00 + 0.0 0.00 = 0.0 0.00 = 0.0 0.00 = 0.0 0.00 = 0.0 0.00 + 0.0
16:1w5 0.12 + 0.3 0.15 + 0.0 0.17 + 0.0 0.20 + 0.0 0.19 = 0.0 0.16 + 0.0
16:1w7 418 + 2.8 279 + 0.3 346 + 0.3 323 + 0.2 3.75 + 0.3 297 + 0.2
16:1w9 0.20 + 0.0 0.26 = 0.0 0.17 = 0.0 0.13 + 0.0 0.19 = 0.0 0.13 + 0.0
17:1w7 0.51 + 0.1 0.32 + 0.0 0.19 = 0.0 0.25 + 0.0 0.22 + 0.0 0.18 + 0.0
18:1w5 0.14 + 0.3 0.15 = 0.0 0.13 + 0.0 0.16 + 0.0 0.15 = 0.0 0.14 + 0.0
18:1w7 498 + 0.0 3.05 + 0.1 329 + 0.1 347 + 0.1 348 + 0.2 335 + 0.1
18:1w9 3.12 + 0.0 260 + 0.1 267 + 0.1 2.58 + 0.1 2.50 + 0.0 273 £+ 0.1
20:1w7 6.62 + 1.6 5.63 + 0.2 596 * 0.2 5.55 + 0.1 5.18 + 0.1 6.07 + 0.2
20:1w9 043 t+ 0.1 0.50 + 0.0 0.46 = 0.0 0.50 = 0.0 0.47 = 0.0 0.46 + 0.0
20:1wll 134 + 0.7 2.16 + 0.1 2.17 + 0.1 2.04 + 0.0 1.87 + 0.1 221 + 0.1
I@MeanMUFA 21.7 + 0.7 17.6 + 0.5 18.7 + 0.5 18.1 + 0.5 18.0 + 0.5 184 + 0.5
Polyunsaturated

16:2w4 0.63 + 0.0 0.18 + 0.0 0.21 = 0.0 0.20 + 0.0 0.27 = 0.0 0.14 + 0.0
16:2w6 0.07 + 0.0 0.06 + 0.0 0.05 + 0.0 0.04 + 0.0 0.07 = 0.0 0.03 + 0.0
16:3w4 0.45 + 0.1 0.05 + 0.0 0.07 = 0.0 0.06 + 0.0 0.08 = 0.0 0.04 + 0.0
16:4wl 0.58 + 0.0 0.10 = 0.0 0.12 = 0.0 0.12 + 0.0 0.16 = 0.0 0.07 + 0.0
18:2w3 0.81 + 0.0 0.16 = 0.0 0.23 = 0.0 0.20 = 0.0 0.21 = 0.0 0.18 + 0.0
18:2w6 1.27 £ 11 1.24 + 0.0 1.48 + 0.0 1.36 + 0.0 1.46 + 0.0 1.39 + 0.0
18:3w3 1.33 + 0.0 137 + 0.1 1.68 + 0.1 1.48 + 0.0 1.66 + 0.1 1.44 + 0.1
18:3w6 0.19 + 0.0 0.16 + 0.0 0.19 = 0.0 0.18 + 0.0 0.20 = 0.0 0.16 + 0.0
18:4w3 479 + 0.0 1.80 + 0.2 2.06 + 0.1 196 + 0.1 222 + 0.1 1.71 £+ 0.1
20:2w7 0.05 + 5.0 0.06 + 0.0 0.03 = 0.0 0.09 = 0.0 0.11 = 0.1 0.00 + 0.0
20:2w9 0.11 + 0.5 0.11 + 0.0 0.09 + 0.0 0.10 + 0.0 0.08 + 0.0 0.09 + 0.0
20:3w6 0.14 + 57 0.20 + 0.0 0.21 = 0.0 0.18 + 0.0 0.21 = 0.0 0.18 + 0.0
20:4w3 0.52 + 0.0 0.32 + 0.0 0.43 = 0.0 0.36 = 0.0 0.42 = 0.0 0.36 + 0.0
20:4w6 1.60 + 0.0 488 + 0.1 4.86 + 0.2 457 + 0.2 423 + 0.2 497 + 0.1
20:5w3 13.7 £+ 0.0 15.3 + 0.7 16.1 + 0.6 159 + 0.4 159 + 0.7 15.6 + 0.9
21:5w3 1.03 + 0.0 0.95 = 0.0 0.97 + 0.0 0.95 *+ 0.0 0.93 + 0.0 0.98 + 0.0
22:2w6 6.61 + 0.0 6.70 + 0.4 6.54 + 0.5 6.21 + 0.4 552 + 04 7.11 + 04
22:2w9 0.64 + 0.0 0.92 = 0.0 0.77 = 0.0 0.92 = 0.0 0.81 = 0.0 0.83 + 0.0
22:4w6 312 + 0.4 1.02 + 0.1 0.80 + 0.1 0.65 = 0.0 0.67 = 0.0 0.92 + 0.1
22:5w3 0.76 + 0.5 131 + 0.0 1.29 + 0.0 1.19 + 0.0 1.10 + 0.0 1.29 + 0.0
22:5w6 0.42 + 0.0 0.51 + 0.0 0.52 = 0.0 0.45 + 0.0 0.51 = 0.0 0.51 + 0.0
22:6w3 549 + 0.7 11.6 + 0.2 113 + 0.2 11.1 + 0.3 10.7 + 0.5 11.1 + 0.4
I@MeanPUFA 44.4 + 0.6 49.1 + 0.8 50.1 + 0.8 48.4 + 0.8 47.7 + 0.8 49.2 + 0.8
S@MeanEFA 20.8 + 3.5 31.8 + 3.0 323 + 3.2 316 + 3.2 309 + 33 31.7 + 3.0
w3 285 + 1.6 329 + 2.0 341 + 2.1 332 + 21 332 + 20 32.7 £ 2.0
w6 134 + 0.7 14.8 + 0.8 146 + 0.8 13.6 + 0.8 129 + 0.7 15.3 + 0.9
w3/wé 246 + 0.4 2.30 + 0.2 243 + 0.2 249 + 0.1 264 £ 0.2 221 + 0.2
16:1w7/16:0 0.23 + 0.0 0.17 + 0.0 0.20 + 0.0 0.19 + 0.0 0.21 = 0.0 0.18 + 0.0
DHA/EPA 0.41 + 0.0 0.78 + 0.0 0.72 + 0.0 0.71 + 0.0 0.68 + 0.0 0.73 + 0.0

Table A2 Relative contribution (%) of fatty acids in digestive gland of Ostrea edulis juveniles
after 2 months growth in five benthic habitats (n=12). Letters on column labels refers to
benthic habitats: Subtidal coarse sands (SHS), L. conchilega beds (L), Z. marina beds (2Z),
Maerl beds (M), C. fornicata banks (C); and Control refers to reared oysters after acclimation
(n=10)

2-column fitting table
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Fig. Al. Biplot of the first two factorial axes form factorial correspondence analysis (FCA)
resulting of bivalve recruits sorting (n=6). Letters refer to benthic habitats: Intertidal coarse
sands (SHI), Subtidal coarse sands (SHS), L. conchilega beds (L), Z. marina beds (Z), Maerl

beds (M), C. fornicata banks (C). Grey and black symbols represent intertidal and subtidal
benthic habitats, respectively

2-column fitting image
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Fig. A2. Carbon and nitrogen isotopic signatures (mean + SE) from Ostrea edulis tissues
after two months growth in five benthic habitats (n=12). Letters refers to benthic habitats:
Subtidal coarse sands (SHS), L. conchilega beds (L), Z. marina beds (Z), Maerl beds (M), C.
fornicata banks (C)

1-column fitting image

28



8. Acknoledgements

Part of the HEIMa (Habitats, species and marine interactions) action program, this research
was sustained by the Conservatoire de I'Espace Littoral (CEL) and the Syndicat Mixte des
Espaces Littoraux de la Manche (SyMEL), and funded by the Agence de I'Eau Seine
Normandie (AESN), the Fondation Total and the Direction régionale de I'environnement, de
laménagement et du logement (DREAL) de Basse-Normandie. Integrated within the
DRIVER workpackage (Determinism of bivalves recruitment under environmental and
anthropic constraints), the present study was supported by the Ressources Aquatiques du
Québec (RAQ) network. We thank the Centre de Recherche et d'Enseignement sur les
Systemes Coétiers (CRESCO, MNHN, Dinard, France), the experimental station of Argenton
(IFREMER, France with special regards to Christian Mingant for oyster rearing), the Comité
Régional des Péches Maritimes et des Elevages Marins de Basse-Normandie, and the
professional fisherman Patrick Delacour, for all the technical and logistic supports. We
address special thanks to Nicolas Toupoint, the littoral guards Pierre Scolan and Arnaud
Guigny and project managers (SyMEL, France) for their help with sampling. This work was
performed in the framework of the International Laboratory BeBEST funded by the Institut
des Sciences de la Mer de Rimouski (UQAR, Quebec) and the Institut Environnement
Ecologie (CNRS, France).

29



9. References

- Anderson, Marty J., Ray N. Gorley and Robert K. Clarke. 2008. PERMANOVA+ for
PRIMER: Guide to Software and Statistical Methods. Plymouth: PRIMER-E Ltd

- Andresen, Henrike, Ine Dorresteijn, and Jaap van der Meer .2013. Growth and size-
dependent loss of newly settled bivalves in two distant regions of the Wadden Sea.
Marine Ecology Progress Series 472: 141-154. doi: 10.3354/meps10011

- Barbier, Edward B., Evamaria W. Koch, Brian R. Silliman, Sally D. Hacker, Eric Wolanski,
Jurgenne Primavera, Elise F. Granek, Stephen Polasky, Shankar Aswani, Lori A.
Cramer, David M. Stoms, Chris J. Kennedy, David Bael, Carrie V. Kappell, Gerardo
M. E. Perillol, and Denise J. Reed. 2008. Coastal ecosystem-based management with
nonlinear ecological functions and values. Science 319: 321-323. doi:
10.1126/science.1150349

- Bardgett, Richard D., and Wim H. van der Putten. 2014. Belowground biodiversity and
ecosystem functioning. Nature 515: 505-511. doi: 10.1038/nature13855

- Barnes R. S. K. and lan, W. Hendy. 2015. Functional uniformity underlies the common
spatial structure of macrofaunal assemblages in intertidal seagrass beds. Biological
Journal of the Linnean Society 115: 114-126. doi: 10.1111/bij.12483

- Begon, Michael, John L. Harper, and Colin R. Townsend. 1996. Ecology: individuals,
populations and communities. Oxford: Blackwell Science

- Berntsson, Kent M., P.R. Jonsson, S.A. Wangberg, and A.S. Carlsson. 1997. Effects of
broodstock diets on fatty acid composition, survival and growth rates in larvae of the
European flat oyster, Ostrea edulis. Aquaculture 154: 139-153. do0i:10.1016/S0044-
8486(97)00041-0

- Blanchard, Michel. 1997. Spread of the slipper limpet Crepidula fornicata (L. 1758) in
Europe. Current state and consequences. Scientia Marina 61: 109-118

- Bligh, E.G., and W.J. Dyer. 1959. A rapid method of total lipid extraction and purification.
Canadian Journal of Biochemistry and Physiology 37: 911-917. doi: 10.1139/059-099

- Bloom S.A., J.L. Simon, and V.D Hunter. 1972. Animal-sediment relations and community
analysis of a Florida estuary. Marine Biology 13: 43-56

- Borja, Angel, Ifiigo Muxika, and José G. Rodriguez. 2009. Paradigmatic responses of
marine benthic communities to different anthropogenic pressures, using M-AMBI,
within the European Water Framework Directive. Marine Ecology 30: 214-227.
doi: 10.1111/j.1439-0485.2008.00272.x

- Bosence, Daniel W.J. 1979. Live and dead faunas from coralline algal gravels, Co.

Galway. Palaeontology 22: 449-478

30



- Bostrom, Christoffer, Susanne Baden, Anna-Christina Bockelmann, Karsten Dromph, Stein
Fredriksen, Camilla Gustafsson, Dorte Krause-Jensen, Tiia Moller, Sgren L. Nielsen,
Birgit Olesen, Jeanine Olsen, Leif Pihl, and Eli Rinde. 2014. Distribution, structure and
function of Nordic eelgrass (Zostera marina) ecosystems: implications for coastal
management and conservation. Aquatic Conservation-Marine and freshwater
ecosystems 24: 410-434. doi: 10.1002/aqgc.2424

- Bouma, H., J.M.C. Duiker, P.P. Herman, P.M.J. De Vries, and W.J. Wolff. 2001. Spatial
pattern of early recruitment of Macoma balthica (L.) and Cerastoderma edule (L.) in
relation to sediment dynamics on a highly dynamic intertidal sandflat. Journal of Sea
Research 45: 79-93. doi: 10.1016/S1385-1101(01)00054-5

- Bownes, Sarah J., and Christopher D. McQuaid. 2009. Mechanisms of habitat segregation
between an invasive and an indigenous mussel: settlement, post-settlement mortality
and recruitment. Marine Biology 156: 991-1006

- Bremner, J., S.I. Rogers, and C.L.J Frid . 2003. Assessing functional diversity in marine
benthic ecosystems: a comparison of approaches. Marine Ecology Progress Series
254: 11-25. doi:10.3354/meps254011

- Bruno, John F., and Mark D. Bertness. 2001. Habitat modification and facilitation in benthic
marine communities. In Marine Community Ecology, ed. Mark D. Bertness, Steven D.
Gaines, and Mark E. Hay, 201-218. Sunderland: Sinauer

- Carlier, Antoine, Pascal Riera, Jean-Michel Amouroux, Jea-Yves Bodiou, and Antoine
Grémare. 2007. Benthic trophic network in the Bay of Banyuls-sur-Mer (northwest
Mediterranean, France): an assessment based on stable carbon and nitrogen isotopes
analysis. Estuarine, Coastal and Shelf Science 72: 1-15.  doi:
10.1016/j.ecss.2006.10.001

- Chicharo, Luis, Maria A. Chicharo. 2001. A juvenile recruitment prediction model for
Ruditapes decussatus (L.) (Bivalvia: Mollusca). Fisheries Research 53: 219-233

- Clarke, K.R., R.N. Gorley. 2006. PRIMER v6: User Manual/Tutorial. Plymouth: PRIMER-E
Ltd

- Creutzberg, F. 1986. Distribution patterns of two bivalve species (Nucula turgida, Tellina
fabula) along a frontal system in the Southern North Sea. Netherlands Journal of Sea
Research 20: 305-311. doi: 10.1016/0077-7579(86)90052-9

- Cugier P., C. Struski, M. Blanchard, J. Mazurié, S. Pouvreau, F. Olivier, J.R. Trigui, and E.
Thiébaut. 2010. Assessing the role of benthic filter feeders on phytoplankton
production in a shellfish-farming site: Mont Saint Michel Bay, France. Journal of
Marine Systems 82: 21-34

31



- Dalsgaard, Johanne, Michael St. John, Gerhard Kattner, Dérthe Miuller-Navarra, and
Wilhelm Hagen. 2003. Fatty acid trophic markers in the pelagic marine environment.
Advances in Marine Biology 46: 225-340. doi: 10.1016/S0065-2881(03)46005-7

- Davenport, John, and Xiaogang Chen. 1987. A comparison of methods for the assessment
of condition in the mussel (Mytilus edulis L.). Journal of Molluscan Studies 53: 293-
297. doi: 10.1093/mollus/53.3.293

- Davies, Cynthia E., Dorian Moss, and Mark O. Hill. 2004. EUNIS habitat classification
(revised 2004). Report to European Environmental Agency and European Topic
Centre on Nature Protection and Biodiversity

- De Groot, Rudolf S., Matthew A Wilson, and Roelof M.J. Boumans. 2002. A typology for
the classification, description and valuation of ecosystem functions, goods and
services. Ecological Economics 41: 393-408. doi: 10.1016/S0921-8009(02)00089-7

- De Groot, Rudolf S., R. Alkemade, L. Braat, L. Hein, and L. Willemen. 2010. Challenges in
integrating the concept of ecosystem services and values in landscape planning,
management and decision making. = Ecological Complexity 7:260-272.
doi:10.1016/j.ecocom.2009.10.006

- De Montaudouin, Xavier, and Pierre-Guy Sauriau. 1999. The proliferating Gastropoda
Crepidula fornicata may stimulate macrozoobenthic diversity. Journal of the Marine
Biological Association of the UK 79: 1069-1077. doi: 10.1017/S0025315499001319

- Dorjes, J., H. Michaelis, and B. Rhode. 1986. Long-term studies of macrozoobenthos in

intertidal and shallow subtidal habitats near the island of Norderney (East Frisian
coast, Germany). Hydrobiologia 142: 217-232. doi: 10.1007/BF00026761

Eyre, Bradley D., Angus J.P. Ferguson, Arthur Webb, Damien Maher, and Joanne M.

Oakes. 2011. Metabolism of different benthic habitats and their contribution to the
carbon budget of a shallow oligotrophic sub-tropical coastal system (southern Moreton
Bay, Australia). Biogeochemistry 102: 87-110. doi: 10.1007/s10533-010-9424-7
- Folk, Rober L. 1954. The Distinction between Grain Size and Mineral Composition in
Sedimentary-Rock Nomenclature. The Journal of Geology 62: 344-359. doi:
10.1086/626171
Fournier J., Autret E., Baltzer A., Cordier C., Desroy N., Ehrhold A., Godet L., Janson A.L.,
Le Vot M. et Toupoint N. 2014. Cartographie bio-sédimentaire des fonds subtidaux de
I'archipel de Chausey. Programme HEIMa. IFREMER, CNRS, MNHN, Dinard
Fréchette, Marcel, Cheryl A. Butman, and W. Rockwell Geyer. 1989. The importance of

boundary-layer flows in supplying phytoplankton to the benthic suspension feeder,
Mytilus edulis. Limnology and Oceanography 34: 19-36. doi:
10.4319/10.1989.34.1.0019

32



Friedrichs, Michael, Gerhard Graf, and Barbara Springer. 2000. Skimming flow induced

over a simulated polychaete tube lawn at low population densities. Marine Ecology
Progress Series 192: 219-228. doi: 10.3354/meps192219

8Godet, Laurent, Jérome Fournier, Mariek van Katwijk, Frédéric Olivier, Christian Retiere,

and Patrick Le Mao. 2008. Before and after wasting disease in common eelgrass
Zostera marina along the French Atlantic coasts: a general overview and first accurate
mapping. Diseases of Aquatic Organisms 79: 249-255. doi: 10.3354/dao01897

®Godet L., N. Toupoint, F. Olivier, J. Fournier, and C. Retiére. 2008. Considering the

Functional Value of Common Marine Species as a Conservation Stake: The Case of
Sandmason Worm Lanice conchilega (Pallas 1766) (Annelida, Polychaeta) Beds.
Ambio 37: 347-355

Godet, Laurent, Jérome Fournier, Nicolas Toupoint, and Frédéric Olivier. 2009. Mapping

and monitoring intertidal benthic habitats: a review of techniques and a proposal for a
new visual methodology for the European coasts. Progress in Physical Geography 33:
378-402. doi: 10.1177/0309133309342650

Godet, Laurent, Patrick Le Mao, Cindy Grant, and Frédéric Olivier. 2010. Marine

invertebrate fauna of the Chausey archipelago: an annotated checklist of historical
data from 1828 to 2008. Cahiers de Biologie Marine 51: 147-165

Godet L., J. Fournier, M. Jaffré, and N. Desroy. 2011. Influence of stability and

fragmentation of a worm-reef on benthic macrofauna. Estuarine, Coastal and Shelf
Science 92: 472-479

- Godet, Laurent. 2008. L’évaluation des besoins de conservation d’'un patrimoine naturel

littoral marin: 'exemple des estrans meubles de I'archipel de Chausey. PhD thesis,

Paris: Muséum National Histoire Naturelle

- Gonzélez-Araya, R., I. Quéau, C. Quéré, J. Moal and R. Robert. 2011. A physiological and

biochemical approach to selecting the ideal diet for Ostrea edulis (L.) broodstock
conditioning (Part A). Aquaculture Research 42: 710-726

- Gonzélez-Araya, Ricardo, Bruno Petton, Christian Mingant, and René Robert. 2012.

Influence of diet assemblage on Ostrea edulis broodstock conditioning and
subsequent larval development.  Aquaculture  364-365, 272-280. doi:
10.1016/j.aquaculture.2012.08.036

- Gonzélez-Ortis, Vanessa, Luis G. Egea, Rocio Jiménez-Ramos, Francisco Moreno-Marin,

José L. Pérez-Llorens JL, Tjeed J. Bouma, and Fernando G. Brun. 2014. Interactions
between seagrass somplexity, hydrodynamic flow and biomixing alter food availability
for associated filter-feeding organisms. PLoS One 9: e1949. doi:
10.1371/journal.pone.0104949

33



- Gosling, Elizabeth. 2003 Bivalve Molluscs. Biology, Ecology and Culture. Oxford: Blackwell
Science

- Grall, Jacques, Francois le Loch, Benjamin Guyonnet, and Pascal Riera. 2006. Community
structure and food web based on stable isotopes (5'°N and &°C) analysis of a North
Eastern Atlantic maerl bed. Journal of Experimental Marine Biologie and Ecology 338:
1-15. doi: 10.1016/j.jembe.2006.06.013

- Hadfield, Michael G., and Valerie J. Paul. 2001. Natural chemical cues for settlement and
metamorphosis of marine invertebrate larvae. In Marine chemical ecology, ed. James
B. McClintock, and Bill J. Baker, 431-461. Boca Raton: CRC Press

- Haines-Young RH, Potschin MP. 2010. The links between biodiversity, ecosystem services
and human well-being. In Ecosystem Ecology: A New Synthesis, ed. David G.
Raffaelli, and Christopher L.J. Frid, 110-139. Cambridge: Cambridge University Press

- Hughes, Brent B., Matthew B. Levey, Monique C. Fountain, Aaron B. Carlisle, Francisco P.
Chavez, and Mary G. Gleason. 2015. Climate mediates hypoxic stress on fish diversity
and nursery function at the land-sea interface. Proceedings of the National Academy
of Sciences of USA 112: 8025-8030. doi: 10.1073/pnas.1505815112

- Hughes, T.G. 1973. Deposit feeding in Abra tenuis (Bivalvia: tellinacea). Journal of Zoology
171: 499-512. doi: 10.1111/j.1469-7998.1973.tb02232.x

- Hunt, Heather L., and Robert E. Scheibling. 1997 Role of early post-settlement mortality in
recruitment of benthic marine invertebrates. Marine Ecology Progress Series 155: 269-
301. doi: 10.3354/meps155269

- Jackson, C.M., N.A. Kamenos, P.G. Moore, and M. Young. 2004. Meiofaunal bivalves in
maerl and other substrata; their diversity and community structure. Ophelia 58: 48-60.
doi: 10.1080/00785236.2004.10410212

- Jenewein, B. T., and L. A. Gosselin. 2013. Ontogenetic shift in stress tolerance thresholds
of Mytilus trossulus: effects of desiccation and heat on juvenile mortality. Marine
Ecology Progress Series 481:147-159

- Jolivet A., R. Tremblay, F. Olivier, C. Gervaise, R. Sonier, B. Genard and L. Chauvaud.
2016. Validation of trophic and anthropic underwater noise as settlement trigger in
blue mussels. Scientific reports 6: 33829. doi:10.1038/srep33829

- Jones, Clive G., John H. Lawton, and Moshe Shachak. 1994. Organisms as ecosystem
engineers. Oikos 69: 373-386. doi: 10.2307/3545850

- Jones, Clive G., John H. Lawton, Moshe Shachak. 1997. Positive and negative effects of
organisms as physical ecosystem engineers. Ecology 78: 1946-1957

- Kamermans, Pauline. 1994. Similarity in food source and timing of feeding in deposit- and

suspension-feeding bivalves. Marine Ecology Progress Series 104: 63-75

34



- Karleskint, George, Richard L. Turner, and James W. Small. 2010. Introduction to marine
biology. Australia: Brooks/Cole Cengage Learning

- Katsanevakis, Stelios, Inger Wallentinus, Argyro Zenetos, Erkki Leppakoski, Melhi E.
Cinar, Bayram OztulIrk, Michal Grabowski, Daniel Golani, and Ana C. Cardoso. 2014.
Impacts of marine invasive alien species on ecosystem services and biodiversity: a
pan-European review. Aquatic Invasions 9: 391-423. doi: 10.3391/ai.2014.9.4.01

- Kelly, Jennifer R., and Robert E. Scheibling. 2012. Fatty acids as dietary tracers in benthic
food webs. Marine Ecology Progress Series 446: 1-22. doi: 10.3354/meps09559

- Kostylev, Vladimir E., Brian J. Todd, Gordon B.J. Fader, R.C. Courtney, Gordon D.M.
Cameron, and Richard A. Pickrill. 2001. Benthic habitat mapping on the Scotian Shelf
based on multibeam bathymetry, surficial geology and sea floor photographs. Marine
Ecology Progress Series 219: 121-137. doi: 10.3354/meps219121

- Laing, Il.,and P.F. Millican. 1986. Relative growth and growth efficiency of Ostrea edulis L.
spat fed various algal diets. Aquaculture 54: 245-262. doi: 10.1016/0044-
8486(86)90270-x

- Launey, S., C. Ledu, P. Boudry, F. Bonhomme, and Y. Naciri-Graven. 2002. Geographic
structure in the European flat oyster (Ostrea edulis L.) as revealed by microsatellite
polymorphism. Journal of Heredity 93: 40-47. doi: 10.1093/jhered/93.5.331

- Lee RF, Patton JS (1989) Alcohol and waxes. In Marine biogenic lipids, fats, and oils, ed.
R.G. Ackman, 73-102. Boca Raton: CRC Press

- Legendre, Pierre, and Loic Legendre. 1998. Numerical ecology. Amsterdam: Elsevier
Science

- Leroy, Fanny, Tarik Meziane, Pascal Riera, and Thierry Comtet. 2013. Seasonal Variations
in Maternal Provisioning of Crepidula fornicata (Gastropoda): Fatty Acid Composition
of Females, Embryos and Larvae. PL0S ONE 8: e75316. doi:
10.1371/journal.pone.0075316

- Liguete, Camino, Chiara Piroddi, Evangelia G. Drakou, Leigh Gurney, Stelios
Katsanevakis, Aymen Charef, and Benis Egoh. 2013. Current status and future
prospects for the assessment of marine and coastal ecosystem services: a systematic
review. PLoS ONE 8: e67737. doi: 10.1371/journal.pone.0067737

- Martel, André L., Réjean Tremblay, Nicolas Toupoint, Frédéric Olivier, and Bruno Myrand.
2014. Veliger Size at Metamorphosis and Temporal Variability in Prodissoconch I
Morphometry in the Blue Mussel (Mytilus edulis): Potential Impact on Recruitment.
Journal of Shellfish Research 33: 443-455. doi: 10.2983/035.033.0213

- Martin, Sophie, Jacques Clavier, Jean-Marc Guarini, Laurent Chauvaud, Christian Hily,

Jacques Grall, Gérard Thouzeau, Frédéric Jean, and Joélle Richard. 2005.

35



Comparison of Zostera marina and maerl community metabolism. Aquatic Botany 83:
161-174. doi: 10.1016/j.aquabot.2005.06.002

- McKenzie, Cide L., Victor G. Burrell, Aaron Rosefield, and Willis L. Hobart. 1997. The
history, present condition, and future of the molluscan fisheries of north and central
America and Europe. Washington: NOAA/National Marine Fisheries Service, (NOAA
Technical Report NMFS 129)

- McLusky, DS, S.C. Hull, and M. Elliott. 1993. Variations in the intertidal and subtidal
macrofauna and sediments along a salinity gradient in the upper Forth estuary.
Netherland Journal of Aquatic Ecology 27: 101-109. doi: 10.1007/BF02334773

- Meziane, Tarik, Frederique d’Agata, and Shing Y. Lee. 2006. Fate of mangrove organic
matter along a subtropical estuary: small-scale exportation and contribution to the food
of crab communities. Marine Ecology Progress Series 312: 15-27. doi:
10.3354/meps312015

- Meziane, Tarik, Laurent Bodineau, Christian Retiere, and Guy Thoumelin. 1997. The use
of lipid markers to define sources of organic matter in sediment and food web of the
intertidal salt-marsh-flat ecosystem of Mont-Saint-Michel Bay, France. Journal of Sea
Research 38: 47-58. doi: 10.1016/S1385-1101(97)00035-x

- Negrello Filho, Orlei A. and Paulo C. Lana. 2013. Short-term stability of estuarine benthic
assemblages: are storms pattern-defining events? Zoologia 30(3): 266-272

- Nerot, Caroline, Anne Lorrain, Jacques Grall, David P. Gillikin, Jean-Marie Munaron, Hervé
Le Bris, and Yves-Marie Paulet. 2012. Stable isotope variations in benthic filter feeders
across a large depth gradient on the continental shelf. Estuarine, Coastal and Shelf
Science 96: 228-235. doi :10.1016/j.ecss.2011.11.004

- Newell, Carter R., D.J. Wildish, and B.A. MacDonald. 2001. The effects of velocity and
seston concentration on the exhalant siphon area, valve gape and filtration rate of the
mussel Mytilus edulis. Journal of Experimental Marine Biology and Ecology 262: 91-
111. doi: 10.1016/S0022-0981(01)00285-4

- Novoa A, T.S Talley, D.M. Talley, J.A. Crooks and N.B. Reyns. 2016. Spatial and temporal
examination of bivalve communities in several estuaries of southern california and
northern Baja, California, MX. PLoS ONE 11(2): €0148220.
doi:10.1371/journal.pone.0148220

- Nowell, A.R.M., and P.A. Jumars. 1984. Flow environments of aquatic benthos. Annual

Review of Ecology and Systematics 15: 303-328. doi:
10.1146/annurev.ecolsys.15.1.303

Olivier, Frédéric, C. Vallet, JC Dauvin and C. Retiére. 1996. Drifting in post-larvae and

juveniles in an Abra alba (Wood) community of the eastern part of the Bay of Seine

(English Channel). Journal of Experimental Marine Biology and Ecology 199:89-109

36



- Olivier, Frédéric, and Christian Retiere. 1998. The role of physical-biological coupling in the
benthic boundary layer under megatidal conditions: the case of the dominant species
of the Abra alba community in the eastern baie de Seine (English Channel). Estuaries
21:571-584

- Passarelli, Claire, Frédéric Olivier, David M. Paterson, and Cédric Hubas. 2013. Impacts of
biogenic structures on benthic assemblages: microbes, meiofauna, macrofauna and
related ecosystem functions. Marine Ecology Progress Series 465: 85-97. doi:
10.3354/meps09915

- Passarelli, Claire, Frédéric Olivier, David M. Paterson, Tarik Meziane, and Cédric Hubas.
2014. Organisms as Cooperative Ecosystem Engineers in Intertidal Flats. Journal of
Sea Research 92: 92-101. doi: 10.1016/j.seares.2013.07.010

- Pechenik, Jan A. 1999. On the advantages and disadvantages of larval stages in benthic
marine invertebrate life cycles. Marine Ecology Progress Series 177: 269-297. doi:
10.3354/meps177269

- Pechenik, Jan A. 2006. Larval experience and latent effects - metamorphosis is not a new
beginning. Integrative and Comparative Biology 46: 323-333. doi: 10.1093/icb/icj028

- Pedersen, Troels M., Jagrgen L.S. Hansen, Alf B. Josefson, Benni W. Hansen. 2008.

Mortality through ontogeny of soft-bottom marine invertebrates with planktonic larvae.
Journal of Marine Systems 73: 185-207. doi: 10.1016/j.jmarsys.2007.10.008
Perez, Véronique, Frédéric Olivier, Réjean Tremblay, Urs Neumeier, Julien Thébault,

Laurent Chauvaud, and Tarik Meziane. 2013. Trophic resources of the bivalve, Venus
verrucosa, in the Chausey archipelago (Normandy, France) determined by stable
isotopes and fatty acids. Aquatic Living Resources 26: 229-239. doi:
10.1051/alr/2013058

- Peterson, Charles H. 1977. The paleoecological significance of undetected short-term
temporal variability. Journal of Paleontology 51: 976-981

- Pineda, Jesus, Nathalie B. Reyns, and Victoria R. Starczak. 2009. Complexity and
simplification in understanding recruitment in benthic populations. Population Ecology
51: 17-32. doi: 10.1007/s10144-008-0118-0

- Richardson, C.A., D.J. Crisp, and N.W. Runham. 1980. Factors influencing shell growth in
Cerastoderma edule. Proceedings of the Royal Society of London B 210: 513-531. doi:
10.1098/rspb.1980.0150

- Rico-Villa, Benjamin, Jean-René Le Coz, Christian Mingant, and René Robert (2006).
Influence of phytoplankton diet mixtures on microalgae consumption, larval
development and settlement of the Pacific oyster Crassostrea gigas (Thunberg).
Aquaculture 256 : 377-388. doi: 10.1016/j.aquaculture.2006.02.015

37



- Rufino, Marta M., Miguel B. Gaspar, Alewandre M. Pereira, Francesc Maynou, and Carlos
C. Monteiro. 2010. Ecology of megabenthic bivalve communities from sandy beaches
on the south coast of Portugal. Scitia Marina 74: 163-178. doi:
10.3989/scimar.2010.74n1163

- Salomidi M, S. Katsanevakis, A. Borja, U. Braeckman, D. Damalas, |. Galparsoro, R.
Mifsud, S. Mirto, M. Pascual, C. Pipitone, M. Rabaut, V. Todorova, V. Vassilopoulou,
and T. Vega Fernandez. 2012. Assessment of goods and services, vulnerability, and
conservation status of European seabed biotopes: a stepping stone towards
ecosystem;based marine spatial management. Mediterranean Marine Science 13: 49-
88

- Sargent, J.R., and K.J. Whittle. 1981. Lipids and hydrocarbons in the marine food web. In
Analysis of marine ecosystems, ed. A.R. Longhurst, 491-533. New York: Academic
Press

- Sargent, J.R., J.G. Bell, M.V. Bell, R.J. Henderson, and D.R. Tocher. 1993. The
metabolism of phospholipids and polyunsaturated fatty acids in fish. Coastal and
Estuarine Studies 43: 103-124

- Seitz R.D., H. Wennhage, U. Bergstrom, R.N. Lipcius, and T. Ysebaert. 2014. Ecological

value of coastal habitats for commercially and ecologically important species. ICES
Journal of Marine Science 71: 648-66
Sinclair, A.R.E., and A.E. Byrom. 2006. Understanding ecosystem dynamics for the

conservation of biota. Journal of Animal Ecology 75: 64-79

Smith, W., and A.D. MclIntyre. 1954. A spring loaded bottom sampler. Journal of the Marine
Biological Association of the UK 33: 257-264
- Snelgrove, Paul V.R. 1999. Getting to the bottom of marine biodiversity: sedimentary
habitats ocean bottom are the most widespread habitat on Earth and support high
biodiversity and - key ecosystem services. Bioscience 49: 129-38. doi:
10.2307/1313538
- Srivastava, Diane S. 2006. Habitat structure, trophic structure and ecosystem function:
interactive effects in a bromeliad-insect community. Oecologia 149: 493-504. doi:
10.1007/s00442-006-0467-3
- St-Onge, Philippe, Gilles Miron, and Gaéran Moreau. 2007. Burrowing behaviour of the
softshell clam (Mya arenaria) following erosion and transport. Journal of Experimental
Marine Biology and Ecology 340: 103-111. doi: 10.1016/j.jembe.2006.08.011
St-Onge, Philippe, Réjean Tremblay, and Jean-Marie Sévigny. 2015. Tracking larvae with

molecular markers reveals high relatedness and early seasonal recruitment success in
a partially spawning marine bivalve. Oecologia 178: 733-46. doi : 10.1007/s00442-
015-3245-2

38



- Thieltges, David W., Matthias Strasser, and Karsten Reise. 2006. How bad are invaders in
coastal waters? The case of the American slipper limpet Crepidula fornicata in
Western Europe. Biological Invasions 8: 1673-1680. doi: 10.1007/s10530-005-5279-6

- Thorson, Gunnar. 1950. Reproductive and larval ecology of marine bottom invertebrates.
Biological Reviews 25: 1-45. doi: 10.1111/j.1469-185X.1950.tb00585.x

- Thrush, Simon F., and Paul K. Dayton. 2002. Disturbance to marine benthic habitats by
trawling and dredging: Implications for marine biodiversity. Annual Review of Ecology
and Systematics 33: 449-473. doi: 10.1146/annurev.ecolsys.33.010802.150515

- Toupoint, Nicolas, Laurent Godet, Jérome Fournier, Christian Retiére, and Frédéric Olivier.
2008. Does Manila clam cultivation affect habitats of the engineer species Lanice
conchilega (Pallas, 1766). Marine Pollution Bulletin 56: 1429-1438. doi:
10.1016/j.marpolbul.2008.04.046

- Toupoint, Nicolas. 2012. Le succes de recrutement de la moule bleue: influence de la
gualité de la ressource trophique. PhD thesis. Rimouski: Université du Québec a
Rimouski

- Toupoint, Nicolas, L. Gilmore-Solomon, F. Bourque, B. Myrand, F. Pernet, F. Olivier and R.
Tremblay. 2012. Match/mismatch between the Mytilus edulis larval supply and seston
guality: effect on recruitment. Ecology 93:1922-1934

- Toupoint. Nicolas, Pierrick Barbier, Réjean Tremblay, Philippe Archambault, Christopher
W. McKindsey, Gesche Winkler, Tarik Meziane and Frédéric Olivier. 2016. Influence of
intertidal recreational fisheries and bouchots mussel culture on bivalve recruitment.
Marine Environmental Research 117: 1-12. 10.1016/j.marenvres.2016.03.006)

Trigui, Jihane. 2009. Influence des facteurs environnementaux et anthropiques sur la

structure et le fonctionnement des peuplements benthiques du golfe Normano-Breton.

PhD thesis. Dinard: Muséum National d’Histoire Naturelle

Underwood, A.J. 1999. Physical disturbances and their direct effect on an indirect effect:
responses of an intertidal assemblage to a severe storm. Journal of Experimental
Marine Biology and Ecology 232: 125-140

Urban, H. J. 1994. Adaptations of six infaunal bivalve species of Chile: Coexistence

resulting from differences in morphology, burrowing depth and substrate preference.
Archive of Fishery and Marine Research 42: 183-193

- Utting, Susan D. 1988. Growth and survival of hatchery-reared Ostrea edulis in relation to
environmental conditions at the on-growing site. Aquaculture 69: 27-38. doi:
10.1016/0044-8486(88)90183-4

- Van der Geest, Matthijs, Jan A. van Gils, J. van der Meer, H. OIff and Theunis Piersma.
2011. Suitability of calcein as an in situ growth marker in burrowing bivalves. Journal

of Experimental Marine Biology and Ecology 399(1): 1-7

39



- Van der Geest, Matthijs, Amadou A. Sall, Sidi O. Ely, Reindert W. Nauta, Jan A. Van Gils,

and Theunis Piersma. 2014. Nutritional and reproductive strategies in a
chemosymbiotic bivalve living in a tropical intertidal seagrass bed. Marine Ecology
Progress Series 501: 113-126. doi: 10.3354/meps10702

- Van der Heide, Tjisse, Laura L. Govers, Jimmy de Fouw, Han OIff, Matthijs van der Geest,

Marieke M. van Katwijk, Theunis Piersma, Johan van de Koppel, Brian R. Silliman,
Alfons J.P. Smolders, and Jan A. van Gils. 2012. A three-stage symbiosis forms the
foundation of seagrass ecosystems. Science 336: 1432-1434. doi:
10.1126/science.1219973

- Wildish, D.J., and A.M. Saulnier. 1992. The effect of velocity and flow direction on the

growth of juvenile and adult giant scallops. Journal of Experimental Marine Biology
and Ecology 133: 133-143. doi: 10.1016/0022-0981(92)90032-6

Wildish, D.J., and D.D. Kristmanson. 1985. Control of suspension feeding bivalve

production by current speed. Helgolander Meeresunters 39: 237-243. doi:
10.1007/BF01992771

Wildish, D.J., D.D. Kristmanson, and A.M. Saulinier. 1992. Interactive effects of velocity

and seston concentration of giant scallop feeding inhibition. Journal of Experimental
Marine Biology and Ecology 155: 161-168. doi: 10.1016/0022-0981(92)90060-n

Wilson, Sian, Charmaine Blake, John A. Berges, and Christine A. Maggs. 2004.

Environmental tolerances of free-living coralline algae (maerl): implications for
European marine conservation. Biological Conservation 120: 279-289. doi:
10.1016/j.biocon.2004.03.001

Ysebaert, T, P.M.J. Herman, P. Meire, J. Craeymeersch, H. Verbeek, and C.H.R. Heip.

2003. Large-scale spatial patterns in estuaries: estuarine macrobenthic communities in
the Schelde estuary, NW Europe. Estuarine, Coastal and Shelf Science 57: 335-355.
doi: 10.1016/S0272-7714(02)00359-1

40



Highlights

e The “nursery” function of 6 benthic habitats was investigated for wild bivalve
populations.

e C. fornicata banks and G. glycymeris coarse sands habitats exhibit the most
abundant and diversified assemblages of bivalve recruits.

e The digestive glands of experimental flat oyster spat have higher fatty acid contents
when settled on C. fornicata banks.

e Engineers species associated habitats constitute better nursery areas for bivalve

species than unstructured ones.
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