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ABSTRACT

A current predominant paradigm emphasizes theafodpiphytic algae for
invertebrates in most of seagrass food webs. Homveveome intertidaZostera noltii
beds, epiphyte biomass is very low compared toapltytobenthos and seagrass
biomasses. We assessed the role of microphytobeittaotemperate intertidl noltii
bed by combining stable isotope and fatty acid (&#glyses on primary producers,
composite sources — suspended particulate orgaatien{SPOM) and sediment surface
organic matter (SSOM) — and the main macrofaunasamersZ. noltii showed high
813C (-9.9%0) and high 18:2(6) and 18:3¢-3) contents. Microphytobenthos was slightly
more’*C-depleted (-15.4%0) and had high levels of diatoarkers: 14:0, 16:17)c,
20:5(-3). Low meard*>C (-22.0%0) and large amounts of diatom and bactésal (-
7)c) markers indicated that SPOM was mainly compagea mixture of fresh and
decayed pelagic diatoms. Higher m&aiC (-17.9 %.) and high amounts of diatom FAs
were found in SSOM, showing that microphytobentha&toms dominate. Very low
percentages of 18:26) and 18:3¢-3) in consumers indicated a low contributiorZof
noltii material to their diets. Grazers, deposit and susipn-deposit feeders h&tfC
close to microphytobenthos and high levels of aratAs, confirming that
microphytobenthos represented the main part of thei. Lowers**C and higher
amounts of flagellate FAs — 22r68) and 16:4¢-3) — in suspension feeders indicated that
their diet resulted from a mixture of SPOM and mopdrytobenthos. These results
demonstrate that invertebrates do not consumeangiunts of seagrass and highlight the

main role of benthic diatoms in this intertidal gesss bed.
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1. INTRODUCTION

Seagrass beds are widespread in shallow coastalsi&@reen and Short, 2003),
where they are considered to be one of the mosgiuptive ecosystems (Duarte and
Chiscano, 1999). This high productivity is not daengiosperm production alone, even

though it can be very high (in average more thabD1C.n¥.year" according to Duarte



and Chiscano, 1999), since algae are known toiboitgrsignificantly to total system
production (Daehnick et al., 1992; Moncreiff et 4092; Borowitzka et al., 2006).
Epiphytic algae can thus represent up to 62 % (Weal., 1999, but see Borowitzka et
al., 2006 for a review) and microphytobenthic algae represent up to 54 % (Lebreton et
al., 2009 and reference therein) of the seagrasptmeluction. Organic matter sources
that support seagrass food webs are still debaigddepending on sites, different sources
have been described as the main drivers of theasatpod web (Mateo et al., 2006).
The current predominant paradigm, based on the/sisaif subtidal seagrass beds,
asserts that diverse micro- or macroalgal epiphstieehed to seagrass leaves are the
main food source for macrofaunal invertebratestiigtet al., 1984; Moncreiff and
Sullivan, 2001; Borowitzka et al., 2006; Mateo ket 2006; Jaschinski et al., 2008)
because they can reach high biomass (Borowitzkh,&t006) and may provide better
quality nutrients compared to seagrasses (Celi#9).

However, in intertidaZostera noltii beds, widespread along European Atlantic coasts
(Green and Short, 2003), this paradigm might néd because epiphyte biomass has been
shown to be very low (between 0.001 and 0.20 %eid¢af biomass according to
Hootsmans et al., 1993; Philippart, 1995; Scharat. eP002; Lebreton et al., 2009)
compared to the large amount of seagrass or migtopénthos biomass, which is
sometimes equal to leaf biomass (Asmus and Asn@8%; XGuarini et al., 1998; Lebreton
et al., 2009). Microphytobenthos plays an importatd in most intertidal habitats,
particularly in bare mudflats (Riera and Richaré9@; Choy et al., 2008) but little is
known about its trophic role in seagrass beds (Blamrcet al., 2000; Moncreiff and
Sullivan, 2001; Jaschinski et al., 2008).

Discriminating microphytobenthos and its potentigportance in such ecosystems is
technically challenging because of the high divgrand variability (qualitatively and
guantitatively) of the different food sources. S@ag ecosystems are fueled by numerous
primary producers and composite food sources @M, SSOM) which are themselves
mixtures of primary producers and/or their degraiechs (Mateo et al., 2006). These
primary producers and composite food sources hadengo seasonal changes in their
characteristics which affect their quality and #aaility for consumers (Duarte, 1989;
Borowitzka et al., 2006). Moreover, metabolic pissas can affect fresh organic matter
properties during its assimilation or degradatmymplexifying trophodynamics
understanding (Benner et al., 1987). Natural ratfostable isotopes and FAs profiles of

primary consumers are known to be generally clogbdse of their main food sources



(Sargent and Whittle, 1981; Fry, 2006). Althougltunal ratios of stable isotopes have
been shown to be useful to identify trophic relasioips, they often lead to ambiguous
conclusions in such complex systems becausé viadues of sources frequently overlap
and are highly variable (Fry et al., 1987), patacly for benthic producers. Moreover,
stable isotopes do not allow a reliable discrimorabf bacterial material, since bacteria
have isotopic ratios close to their substrate (Ahma et al., 1998; Boschker et al., 2000)
and because isolation of bacteria for stable isotalyses are practically impossible.
Thus, the analysis of food web functioning requadditional complementary
information to better discriminate food sources.r&lecent ecological studies that use a
combination of stable isotope ratios and FA prsfilave demonstrated the usefulness of
these two tracers to improve the understandingwiptex trophic relationships
(Kharlamenko et al., 2001; Nyssen et al., 2005chiaski et al., 2008). In our case, FA
profiles can improve discrimination between micrgiplhenthos and. noltii sources
because they can be distinguished based on thesifispFAs, particularlyr-3)
polyunsaturated FAs and saturated long chain FAsu(limenko et al., 2001; Jaschinski
et al., 2008). Moreover, FAs clearly discriminaseteria due to the high specificity of
prokaryotic FAs.

The present study was undertaken to determineoteef microphytobenthos in an
intertidal seagrass bed in Marennes-Oléron Bayn@&a Stable isotope ratios and FA
profiles of major primary producers were charazeiand the origin of composite food
sources was determined. The fate of these resowaestudied on six macrofaunal
species, largely representative of the total troflilnixes since they account for more than
90% of macrofaunal biomass (Lebreton, 2009). Theparison of stable isotope ratios
and FA profiles in food sources and in dominant mofaeinal consumers allowed for the

identification of the main trophic fluxes and higjtited the role of benthic diatoms.

2. MATERIALSAND METHODS
2.1 Study area

The study was carried out inZanoltii meadow in Marennes-Oléron Bay, a semi-
enclosed system along the French Atlantic coas6@bl, 1°12'W) (Fig. 1). This
macrotidal bay (tidal range 0.9 - 6.5 m), locatetileen Oléron Island and the mainland,
receives continental water mainly from the Char&iter, which flows out into the

eastern side of the bay. The studied seagrasshechted on the western side of the bay,



along Oléron Island, where the bay is more stroimglyenced by offshore marine waters
(Dechambenoy et al., 1977). The studfedoltii bed extends over 15 km along the shore
and is 1.5 km wide in the upper part of the flahited in its lower part by extensive
oyster farm structures (Guillaumont, 1991).

The sampling station in the seagrass bed was lbeat@bout 250 m seaward its upper
limit (Fig. 1). Fluctuations in the biomass of tthé&erent benthic food sourcez.(noltii
and its detrital matter, epiphytes and microphytmbes) and of macrofaunal consumers
were studied previously in 2006 (Lebreton, 200%Qre¢on et al., 2009). The major
feature of this seagrass bed is that epiphytesxaiesively composed of diatoms from
the genugocconeis and have very low biomass, three orders of madaitawer than
that of microphytobenthos (Lebreton et al., 20@@mninated by a large diversity of small
pennate diatoms (Bogaczewicz-Adamczak, unpublisla¢a). The macrofaunal
community is largely dominated by grazers, maielyresented biydrobia ulvae (71%
of the biomass) as in many other seagrass bedsb§aad Huisman, 1982; Asmus and
Asmus, 1985; Schanz et al., 2002) anttbrina littorea (6% of the biomass). Suspension
feedersTapes phillipinarum andCerastoderma edule are much less abundant and account
for about 13% of the biomasScrobicularia plana andArenicola marina represent on
average 7 and 0.4 % of the biomass, respectivayréton, 2009).

2.2 Sample collection and preparation for isotape BA analyses

Food sources and consumers were sampled in windesianmer 2006 for stable
isotopes analyses and in winter and summer 200tdbie isotope and FA profile
analyses. All food sources (except SPOM in 2006¢wellected in the middle of each
season and consumers at the end of each seasmotmafor the dynamic nature of the
marker signal integration within tissues of constsnBlumerous studies have shown that
consumer isotope signature or FA composition refldte average isotopic or FA
composition of the diet assimilated over periods/eéks to months (Tieszen et al., 1983;
Shin et al., 2008). A 1 month time lag between stigan of sources and their integration
in invertebrate consumers’ tissues appeared as@gompromise taking into account the
size of the macrofaunal species studied here bat@ssible variations of source isotopic
compositions. In 2006, SPOM was biweekly samplet @ replicates per sample) to
study intraseasonal variations. Epiphytes weresaotpled in winter due to the absence of

Z. noltii leaves.



Above-ground (leaves) and below-ground (roots)gpafZ. noltii were rinsed with
tap water to remove detrital fragments. Coarsatdetnatter fromZ. noltii was collected
for stable isotope analysis by sieving sedimera 800 um mesh sieve. Two types of
detrital matter were collected by handpicking: ffreetrital matter, characterized by light
brown colored pieces of rhizomes and roots, andadiegl detrital matter, mostly
composed of dark brown to black material. Sampleevireeze-dried then ground to a
fine and homogeneous powder using a ball mill. Saswere stored at -20°C for stable

isotope analysis and at -80°C under a nitrogen spimere for FA analysis.

For SSOM analyses, surface sediment was sievedm&t315 pm mesh sieve,
freeze-dried, ground using a mortar and pestle storéd in the same mannerZasoltii

samples.

SPOM from surface water was sampled at mid-tideolime of seawater from 50 to
60 mL for stable isotopes and from 16 to 20 L férdnalyses was pre-filtered on a 200
pm mesh sieve to eliminate large zooplankton amdtaeparticles. Then water was
filtered on precombusted Whatman GF/F glass filtter$ under moderate vacuum and

stored in the same manner as other food sources.

The scraping methods generally used to collectrsp@s on seagrass leaves were not
satisfactory owing to the very low biomass of epiels (Lebreton et al., 2009) and of the
narrowness oZ. noltii leaves: from 0.5 to 2 mm width. The best sepanatiethod was
found to be agitation (Cattaneo et al., 1995): ésawere first thoroughly rinsed with
filtered seawater then vigorously shaken usingréexamixer. The only epiphytes found
onZ. noltii leaves in this seagrass bed were two speciesmifygje diatoms Cocconeis
scutellum andCocconeis placentula) (Lebreton et al., 2009) so these diatoms were
separated from organic and mineral detrital matseng a filtration method based on the
narrow size spectrum @occoneis spp. diatoms (Round et al., 1990). The extracted
solution was successively filtered on 48 and 10mesh nets, then concentrated on 5 um
mesh polycarbonate membranes (Nucleopore, Whatomater moderate vacuum.
Membranes were carefully washed in filtered seanyvatel epiphyte samples were
concentrated by successive centrifugations (10,000 g), after checking the sample
quality (state of cells, absence of detrital matieder a microscope. Diatoms were then
freeze-dried, homogenized and stored in the sanmaenas other food sources. Around
200 g of fresh leaves were necessary to obtain thare50 mg of dry material, which
was the minimal total mass for isotope and FAs\aes.



In the studied seagrass bed, mats of epipelicimtwere very rare at the sediment
surface. Nevertheless, surficial sediment was scrand microphytobenthos was
extracted in the laboratory following Riera andhriad (1996) and Herlory et al. (2007).
Extracted samples were checked under a microscogrifity (samples exclusively
composed by microalgae), then centrifuged, freem®dnd stored in the same manner as
other food sources.

Six dominant macrofaunal species (representing itinane 90% of the total
macrofaunal biomass) were sampled (Lebreton, 2@@®)gastropod grazersi(ulvae
andLittorina littorea), two bivalve exclusive suspension feed€&sefule andT.
phillipinarum), one bivalve suspension-deposit feed@erdbicularia plana) and one
annelid deposit feedeAfenicola marina). These species were collected by sieving the
sediment in the field and were kept alive for 3Giisan filtered seawater to allow gut
content evacuation, before storage at -20°C orG86f stable isotope and FA analyses,
respectively. Mollusks were removed from their sHeteze-dried and ground using a
ball mill. For stable isotope analyses, three entidividuals were analyzed (one small,
one medium, one large) to be representative oivti@e population, except fét. ulvae,
which smallest individuals were pooled in group$iwé individuals to obtain enough
material. For FA analyses, 4 to 300 entire indigiduyer species, depending on their size,

were pooled.

2.3 Stable isotope ratio analyses

When necessary, samples were acidified to remawmiates: filters using HCI
fumes, sediments using 1 mof.HCI. Samples were then precisely weighe® 001
mg) in a tin capsule for stable isotope analyst\aare analyzed using an isotope ratio
mass spectrometer (Isoprime Micromass, UK) coufdexh elemental analyzer
(EuroVector EA 3024, Italy). Isotope values areresped in thé unit notation as
deviations from standards (Vienna Pee Dee Belerfmii&C and atmospheric Nor 6
N) following the formulas™*C or8™°N = [(Rsample/Rstandard-11*10°, whereR is **C/*°C or
15N/*N. The analytical precision of the measurements«@a$5%. and <0.2%o for carbon

and nitrogen, respectively.

2.4 Lipid extraction and FA analysis



Lipids were extracted from freeze-dried powderalprocedure modified from Folch
et al. (1957). Samples were extracted 3 times @htbroform:methanol (1:2, 2:1 and 4:1,
v/v). A volume of 1% NaCl solution was added anel thixture separated into 2 phases.
The lower layer containing lipids was collected avater removed by addition of dry
sodium sulfate. These extracts were stored in dnle ak -26°C. Total lipids were
quantified by flow injection analysis (FIA) using &IPLC system (Agilent Technologies)
without column, coupled to an evaporative lighttsrang detector (Polymer
Laboratories).

Lipids were transmethylated by acid catalysis &C8for 2 h in HSO,-methanol (4%,
w/v) reagent (Christie, 1984) with addition of tehe (10%, v/v), to yield FA methyl
esters (FAMES). An internal standard (21:0) waseadakfore transmethylation for the
quantification of FAMEs. Water was added and FANMEse extracted twice with a
mixture of hexane:methyért-butyl ether (MTBE) 80:20 (v/v).

FAME purification was done in two steps. First,lagh-LC was carried out on the
HPLC fitted with a semi-preparative column (100 demgth * 10 mm ID) filled with a
Puriflash Si-CN 60 um phase (Interchim, Francepoharity gradient from 0.010 to
0.614, based on hexane:dichloromethane:methanalirass allowed the separation of
semi-polar compounds from non-polar compounds dioly FAMEs. Second, the HPLC
was fitted with a semi-preparative HPLC column (2&@ length * 10 mm ID) filled with
an Uptisphere Si-CN 5 um phase (Interchim, Frarkg@plarity gradient from 0.010 to
0.121, based on hexane:MTBE:acetone mixtures seplangdrocarbons and wax or
sterol esterrom FAMESs. The collected FAMEs were quantifiedfA as for total
lipids before separating them by gas chromatography

FA compositions were determined using a gas chrognaph (GC-6890N, Agilent
Technologies) equipped with an automatic sampldraad&W DB-23 capillary column
(60 m x 0.25 mm ID x 0.25 um film). Operating cdratis were as follows: injector in
split mode (1/20 to 1/40) at 240°C, 1 pL injectddtector FID at 260°C; carrier gas
hydrogen in constant flow mode at an average linekicity of 30 cm.set; linear
temperature gradient from 100 to 240°C at 1°Cmin

FAME identification was performed by comparing tela retention times with those
of known standard mixtures: 37-FAME Mix, 26-BAME ¥MiPUFA-2 and PUFA-3
(Supelco, Sigma Aldrich Chemicals). Equivalent oHangths (Christie, 1988) were used

as an aid in peak localization and identificatiBach FAME area was corrected from the



corresponding FID response factor (Bannon et 8B6) and from the difference in
weight between the FAME and its corresponding FAe

2.5 Data and statistical analyses

Isotope ratios of consumers and food sources wampared considering a trophic
enrichment of 0.8%. fo8>°C and of 2.5%. fob*°N (Vander Zanden and Rasmussen,
2001). FA results are expressed as the percerichf [eA relative to the sum of all
identified FAs. Only FAs with proportions higheiath0.004% were used in the data
analysis. FA biomarkers were identified from pulsdid literature and, for trophic relation
analysis, were associated with single groups opRary producer markers (vascular
plants, diatoms, flagellates or bacteria) or com®@d as ubiquitous marker (Table 1). In
order to enhance the discrimination between prinpaogucers4. noltii,
microphytobenthos, epiphytes), composite food ssI(EPOM, SSOM) and consumers,
813C values were plotted versus values from eachesfettiour groups of FA primary

producer markers, as suggested by Nyssen et &5)20

Due to small sample size (replicate number almiegys < 10) and non-
independence of data within series, non-parametdcedures were used to achieve more
robust statistics. Kruskal-Wallis tests were agpba isotopic data in order to compare
the different food sources and consumers, andsteseasonal isotopic variations. These
tests were followed by multiple comparisons of nseasing the pgirmess R package.
Wilcoxon signed-ranks tests were used to identiffigiences in FA compositions of food
sources and consumers among seasons. Hierarchistring analyses (Ward’s method,
Euclidean distance) were used to compare sourecksarsumers within seasons using
the pvclust R package. Using this package, p-valezs computed based on multiscale

bootstrap resampling to determine the level ofifigance of identified clusters.

3.RESULTS
3.1 Stable isotope composition of food sources

Meand*C of food sources ranged from -23.8 (SPOM, win@86) to -9.3%o (roots,
summer 2006) (Fig. 2A). Except for SPOM, tempokaiations were low and, when
statistical differences were observed, they doaflotv detecting any seasonal pattern
(Table 2). On an annual basis, some food sourdebited large differences in theit’c

values (Kruskal-Wallis test, p < 0.001, table G was always the moSC-depleted



except in summer 2007 (annual mean: -22.0%0) andswagicantly different froniZ.

noltii material all year long (Table 2). In 2006, intr@senal variations of SPOM>C

were observed in winter, with low&t°C at the end, but not in summer (Table 3). SPOM
was much moré&®C-enriched in summer 2007 than in all other seaswitis values close
to those of microphytobenthos. Alive or fresh datrorganic matter originating fro
noltii showed the highest>C values (from -10.4 to -9.7%o) but degraded ddtnitatter
was slightly, but not significantly, more depleted®C (annual mean = -12.8%.). SSOM
(annual mean = -17.9%o0) was significantly more diggléhanZ. noltii leaves and roots.
Microphytobentho$**C values (annual mean = -15.4%o) were intermediateden

those of SSOM andl. noltii material and th&'C value of epiphytic diatoms (-12.8%a)

was close to those &t noltii material.

Meand™N of food sources ranged from 4.9 (leaves, win@€6} to 10.5%o (roots,
summer 2007) andf°N values ofZ. noltii material showed large standard deviations
relative to3**C (Table 2). No seasonal pattern was observediégeme statistical
differences could be observed between seasonsg(2abDn an annual basis, SSOM was
more depleted if*N thanZ. noltii material (Kruskal-Wallis test, p = 0.012).

3.2 Stable isotope composition of consumers

Meand*C values of consumers ranged from -1€9eflule, winter 2007) to -8.8%o
(L. littorea, summer 2007) (Fig. 2B). On an annual basis, gsafk ulvae andL.
littorea) were the most’C-enriched §°C ranging from -8.8 to -11.8%o). Graze&rsC
were significantly different from these of suspensieeders. edule andT.
phillipinarum), which were the most depleted organisit&Q ranging from -16.9 to -
13.9%0).5"C values ol.. littorea were also higher than those/fmarina (deposit
feeder) (Kruskal-Wallis test, p < 0.008.plana andA. marina showed**C that were
intermediate between suspension feeders and grémems-13.2 to -14.3%0 and from -
12.6 to -14.0, respectively. All consumers exdeptarina exhibited highes**C values
in summer than in winter, but no significant difaces were observed. littorea andC.
edule '*C presented large standard deviations (Fig. 2Be b

Meand™N values ranged from 7.6 (philippinarum, summer 2007) to 12.8%&(
plana, winter 2007) and, on an annual basgisnarina presente@'*N values higher than
those ofH. ulvae, T. phillipinarum andC. edule (Kruskal-Wallis test, p < 0.001). No clear

seasonal pattern was observed'fdt values (Table 2).
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3.3 FA profiles of food sources

Eighty-one FAs were identified and used for foodrse data analysis. Within
seasons, FA profiles @& noltii material were clearly distinguished from
microphytobenthos, epiphytes, SSOM and SPOM (Fig.3)

Roots and leaves contained large quantities ovascular plant FA markers in
contrasting proportions (18126) mean: leaves = 14.5%, roots = 35.3%; 183 (mean:
leaves = 47.7%, roots = 16.0%).noltii was also enriched in some saturated long-chain
FAs (LCFASs) such as 24:0 in roots (mean = 5.4%)laades (mean = 1.4%), as well as
26:0 (mean = 2.4%) and 28:0 (mean = 1.3%) in ragascular plant FA markers thus
represented, on an annual basis, 62.5% and 65.48tabfAs in roots and leaves,
respectively (Fig. 3). FAs profiles df noltii roots and leaves were significantly different
between winter and summer (Wilcoxon tests, legpe€).0001, roots: p = 0.020), with
higher proportions of ubiquitous FAs in summer.

Microphytobenthos presented high proportions ofcstramarkers (mean = 34.8%),
including large quantities of 201%@) (mean = 17.9%), 16:4{(7)c (mean = 5.8%) and
14:0 (mean = 5.2%). Concentrations of typical fleege FAs were also relatively high
(mean = 6.9%), particularly those of 221&) (mean = 1.9%) and 18r@) (mean =
1.1%) (Fig. 3). FAs profiles were different betwesinter and summer (p = 0.020) with a
higher proportion of diatom FAs in winter.

FA composition in epiphytes was also characterined large proportion of diatom
markers (21.2%), including 161%{)c (11.4%), 20:5(-3) (3.3%) and 14:0 (3.9%).
Percentages of flagellate FA markers were low@piphytes (3.7%) than in
microphytobenthos (Fig. 3).

SSOM FAs profiles followed those of microphytobesgtlat each season and were
thus different between winter and summer (p < 01008SOM contained large
proportions of diatom FA markers, with the highgstcentage in winter (56.6%)
compared to summer (33.6%). In contrast, propostmfnvascular plant and bacterial FAs
were higher in summer (vascular plants: summeR&6winter = 2.3%; bacteria:
summer = 17.3%, winter = 6.2%).

SPOM profiles were dominated by ubiquitous FAs0168:0 and 18:19)c,
representing on average 37.0% of the total (FigH&)h proportions of 16:1¢7)c (mean
=7.7%), 20:5¢-3) (mean = 4.8%) and 14:0 (mean = 6.6%) FAs,iatbdh markers, and
large quantities of bacterial FAs (mean = 15.9%9luding 5.3% of 18:1(7)c, were also

11



observed. Flagellate FA markers were rather l08%@. No difference of profile was
observed between summer and winter (p = 0.430).

3.4 FA profiles of consumers

Seventy-height FAs were identified and used forscomer data analysis. Hierarchical
clustering analyses allow discriminating 3 groupsansumers: 1. deposit feedefs (
marina), 2. suspension feederk phillipinarum andC. edule) and 3. grazers and
suspension-deposit feedét. Ulvae, L. littorea andS. plana) (Fig. 4). Among seasons,
FA profiles differed only folC. edule andS. plana (Wilcoxon-testsA. marina: p = 0.323,
C.edule p=0.003H. ulvae: p = 0.512]. littorea: p = 0.482S plana: p = 0.045TT.
philippinarum: p = 0.151).

Both species of grazers were highly enriched itodiamarkers (mean = 22.3%),
including on average 15.1% of 20n58). Large proportions of flagellate markers were
also observed (mean = 11.8%). Bacterial and vaspldat markers had low proportions,
with on average 7.0 and 4.5% of total FAs, respelbti

S plana FA composition was dominated by diatom markersafme 19.0%),
particularly 20:50-3). Flagellate markers were the second most frgquarker (mean =
13.1%), followed by bacterial markers (mean = 7.8¥%d vascular plant markers (mean =
1.8%).

Suspension feeders FA profiles were dominateddgeflate compounds, while
percentages of diatom FAs were rather low (meah.8%). Bacterial FA percentages
were higher than in grazers and suspension-dejgesiers with on average 10.2% of total
FAs, and the proportion of vascular FAs was vewy, lvith percentages less than 2.0%.

A. marina had a characteristic FA profile in which bacteR&ls prevailed (mean =
23.9%), particularly the 18:4{7)c. Proportions of diatom markers (mean = 19.%84e
also high contrary to those of flagellate markensdn = 10.0%)A. marina exhibited the
lowest percentage of vascular plant markers (Big. 4

3.5 Two-dimensional analysis on food sources am$wmers using*>C and FA profiles
Except for SPOM in summer 2005°C ratios discriminate relatively well among
SPOM, SSOM, microphytobenthos and a fourth grouppmsed of epiphytes axd
noltii material. A great difference in FA composition oxed betweei. noltii material
and all other food sources, including epiphytesabeeZ. noltii has high quantities of

vascular plant FAs while proportions of these FAAsther sources are very low (Fig. 5A).

12



In contrast, percentages of diatom marker FAs erefood sources were relatively high,
except forZ. noltii material. Composite food sources (SPOM and SSGid)atso high
proportions of diatom FAs, with the highest projortin SSOM in winter 2007 (Fig.

5B). On all plots, SPOM and microphytobenthos sasflom summer 2007 presented
very similar composition. Relatively low percentage flagellate and bacterial FAs were
observed (Fig. 5C and 5D).

The low proportions of vascular plant FA markersglinconsumers made it difficult to
differentiate any particular consumer from the asi{&ig. 6A). The highest proportion of
vascular plant FA markers was observed in gragsudis, particularly. littorea. All
consumers presented high proportions of diatom engslexcept suspension feeders
which were also slightly depleted ifC (Fig. 6B). Suspension feeders were relatively
enriched in flagellate markers (Fig. 6C) whered®otonsumers were depletéd.

marina was very different from other species due tomsaament in bacterial FAs.

4. DISCUSSION

4.1 Characterization of primary producers

Few isotope composition data of the microphytobesitbr epiphytic diatoms are
available, probably due to technical difficulti@ssampling. In this seagrass bed, isotope
compositions of epiphytic diatoms are in the saamge than those of Carlier et al.
(2009). For microphytobenthos, values measureldrptesent study are well within the
range of previous observations from other seadreds: from -18 to -11.5%. (Dauby,
1995; Leduc et al., 2006; Kharlamenko et al., 2@0®) from bare mudflats in Marennes-
Oléron Bay (Riera and Richard, 1996; Malet et2008).5*C values of. noltii roots,
leaves and fresh detrital matter fractions were sisnilar to the values found in the

literature for the same species (Boschker et @0p2Schaal et al., 2008).

Z. noltii roots and leaves, microphytobenthos and epipljgitoms are much better
characterized by the#*C values and FA profiles than by th&iPN values that largely
overlap. Howevers*C of Z. noltii material are sometimes close to those of epiptortes
microphytobenthos, particularly detrital fractianfsZostera, because phanerogam
degradation leads to'3C-depletion likely due to higher levels of lignirhigh is**C-
depleted (Benner et al., 1987). Nevertheless, alivaetritalZ. noltii material can be well
distinguished from epiphytes and microphytobenthotheir FA profiles. Epiphytic
diatoms and microphytobenthos present in fact lgrgatities of typical diatom FAs

13



such as 16:1€7)c, 14:0 and 20:5¢3) (Viso and Marty, 1993; Dunstan et al., 1994,
Bergé et al., 1995; Kharlamenko et al., 2008) amdrs low proportion of FAs
considered as markers of seagrass species. Ooritrany, leaf and root FA profiles were
typical of seagrass species with high levels o2(@86), 18:3(-3) (Kharlamenko et al.,
2001; Jaschinski et al., 2008 ) and of some LCpagjcularly 24:0 in roots (Nichols et
al., 1982; Khotimchenko, 1993; Viso et al., 1993).

The decaying process probably do not affect theulasplant FAs in the same way:
the LCFAs are very resistant to degradation (Nistedlal., 1982; Volkman et al., 1998)
and can help identify decayiZg noltii matter, especially in sediment. In contrast, 118:2(
6) and 18:3¢-3) FAs are labile and degrade quickly (Nicholalet1982; Kharlamenko et
al., 2001); they are therefore good markers ohfiésioltii material. These FA properties
can consequently be used to characterize the pesénlifferent decay stages during

data analysis of composite food sources and consume

Epiphytic and microphytobenthic diatoms could piaigde distinguished each other,
due to their contrasting proportions of 16=¥()c and of 20:5¢-3).

4.2 Discrimination and composition of composited@murces

The relative stability of stable isotope signatuaed FA profiles of the primary
producers throughout the year facilitated soureatification using a dual-tracer
approach. Nevertheless, some of them, suéh iadtii (Auby and Labourg, 1996;
Lebreton et al., 2009) or phytoplankton (Héralletl®87; Galois et al., 1996), exhibit
large seasonal variations of their biomass, thatpcdentially affect the isotopic and FA
composition of SPOM and SSOM.

Except in summer 2007, SPOM>C were very similar to previous measurements in
the same area (Malet et al., 2008). These sigrmameompasses the full rangesbiC
between oceanic (-19.5 to -21.8%o) and estuarineNbR&ues (-22.6 to -24.4%o)
observed by Riera and Richard (1997) and clasgiealtountered on an estuary-ocean
continuum. This indicates that SPOM was composed tmyxture of material from both
origins. Intraseasonal variation &fC in winter is thus probably related with the more
variable hydrodynamic conditions (Charente Riveodls, storms...). FA profiles indicate
that SPOM was composed by a mixture of fresh acdydeg diatoms (Galois et al.,

1996) associated with bacteria, whereas flagell@@sined low. There are thus

relatively high levels of 20:5¢3) and 16:1-7)c, which are markers of living diatoms
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(Viso and Marty, 1993; Dunstan et al., 1994; Bargal., 1995), of 14:0, which presents a
lower degradation rate than 161i{)c (Canuel and Martens, 1996), and of bacteda F
(18:1(-7)c). Even if 18:11¢-7)c has mainly a bacterial origin (Sargent etk887;
Volkman et al., 1998), it may also be presentiffedent microalgae (Nicholet al.,
1984; Volkmaret al., 1989), suggesting that other groups than diatmnstitute also the
phytoplanktonic assemblage. In summer 2007, tiseegidence for high levels of
resuspended microphytobenthos in SPOM samples $e&ROM FA profile and*>C
were very similar to those of microphytobenthosisTdbservation highlights the
importance of high frequency samplings for a goashitoring of SPOM composition.
SSOMS™C values, intermediate between those of SPOM apsktbf benthic sources
(i. e. Zostera material, microphytobenthos), showed that SPOMrdmrtes significantly
in SSOM composition. In seagrass beds, SPOM sedatiem may thus be enhanced
because the seagrass canopy greatly weakens tradiigdmism (Koch et al., 2006).
SSOM FAs profiles, with high levels of diatom FAsddow levels of flagellate FA
markers, demonstrate that SSOM was composed bsnadoce of diatoms. This diatom
material was present as living or fresh detritatterasince diatom FA markers are quickly
degraded (Canuel and Martens, 1996). FA profileS®M, which followed marked
summer/winter difference of microphytobenthos FAfipes, confirmed that
microphytobenthos largely contributes to SSOM cositpm. SSOM was thus mainly
constituted by microphytobenthic diatoms, withgn#ficant contribution of sedimented
phytoplankton (Kharlamenko et al., 2008). Microghgnthic diatoms thus can be
available to deposit feeders and grazers but alsagpension feeders when resuspended

in the water column.

These observations ruled out a possible contribuwdf@. noltii organic matter or
terrestrial organic matter (Copeman et al,. 2009 $OM since vascular plant FAs
represented only a low percentage: 2.6 to 6.4%efdtal, even when accounting for
degradation-resistant LCFAs. This low contributwas unexpected considering the large
amount of larg&. noltii organic matter in the sediment (Lebreton et &l09, that is
probably deeply buried and thus locally much lesslable to consumers. This low
contribution of seagrass organic matter and theid@mee of diatom in SSOM
composition has already been demonstrated at the siie (Vouvé, 2000) and in other
seagrass beds (Boschker et al., 2000; Volkman,2G08).
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4.3 Limited use of seagrass material by macrofaco@sumers

813C values of deposit feeders, suspension-deposiefsand grazers are in the range
of those ofZ. naltii fresh or degraded material. Thus, consideringatopic enrichment
from food to consumers of 0.8%. (Vander Zanden aashiussen, 2001, noltii
material could appear as a potential food resoiorcnese consumers and particularly for
grazers when fresh. However, the very low percergaj vascular plant FAs in these
consumers—with sum less than 6%—indicate that éimribution of fresizZ. noltii
material was very low in their diets. Moreover, tbe percentages of bacterial FAs and
of LCFAs suggest also that degraded seagrass maatsenot utilized via bacteria
mediation. Even if the biomass &fnoaltii highly increased in summer, high&fC values
observed for grazers at that period are probakiyalated with a higher consumption of
seagrass material since grazer FA profiles showeadarease of vascular plant and
bacteria markers. This absence of temporal vandtighlights the limited utilization of
seagrass material by grazers. Nevertheless, graaérthe highest>C values and the
highest percentages of vascular plant FAs, dematirggrthat these consumers are the
most influenced by seagrass sources among alestu@ihese observations highlight the
importance of trophic marker combination for comxpieod web analysis. In this case, a
single stable isotope analysis would have beenduhfor a clear understanding of

ecosystem trophodynamics.

A number of previous studies has emphasized therirapce of fresh seagrass as the
main food source for invertebrates (Valentine et24100; Leduc et al., 2006; Schaal et
al., 2008) but many others have demonstrated hiatrtaterial is not consumed by most
consumers (Kitting et al., 1984; Moncreiff and 8alh, 2001; Borowitzka et al., 2006;
Mateo et al., 2006; Jaschinski et al., 2008), amdobservations confirmed this last
hypothesis. This low utilization by invertebrateneamers can be explained by low
nutritional quality of seagrass material that isgpassimilated, has a low nitrogen
content (Cebrian, 1999), high levels of lignin aadnins and can synthesize phenols,
which consumers generally avoid (Harrison, 1982)rédver, even though large amounts
of Z. noltii detrital matter are stored in the sediment (Lebret al., 2009)this material
is relatively unavailable for consumers becausetiiapped in deep sediment layers, such
as previously demonstrated in SSOM compositionysesl

4.4 Influence of phytoplanktonic material
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Large amounts of flagellate FAs in suspension fepd#iles, particularly 22:6(¢3)
and 16:44-3), confirmed the influence of SPOM in their dig$, shown in other seagrass
meadows (Kharlamenko et al., 2001; Jaschinski.e2@08). Abundances of flagellates
can be high in the water column (Fenchel, 1988piSait al., 1996) and are generally
very low in sediment (Moorthi and Berninger, 200@scal et al., 2009), suggesting that
flagellates come from phytoplankton. In our SPONhgkes, low percentages of flagellate
FAs were observed, that may be linked to eithestizecity of flagellate cells compared
with those of diatoms or bacteria, or to sampliagied out between the short successions
of flagellate blooms observed in Marennes-Olérop @#eral et al., 1987). It is worth
noting that the stable isotope ratios and FA pesfof suspension feeders were not
affected by the strong temporal variation in thaligy and quantity of SPOM (Héral et
al., 1987; Galois et al., 1996), probably due ®o¢bnsumption of microphytobenthos
resuspended by waves and tidal currents, whichligegconsumer tissue compositions.

4.5 Importance of diatoms in the seagrass food web

Considering trophic enrichmert:3C values of suspension-deposit feeders, deposit
feeders and suspension feeders suggested thatctheseners utilize microphytobenthos
and SSOM as main food sources. We previously detrated that SSOM originates
mostly from microphytobenthic diatoms (see sectid), reinforcing the role of this
resource in these consumer diets. FA profiles sdawarge influence of diatoms in diets
of grazers, suspension-deposit feeders and ddpediers. The combination of trophic
markers for this study allows thus to determine thatoms constitute the main part of the

diet of all studied consumers, whichever their fegdypes.

The high proportions of diatom markers3rplana profiles and thé**C close to
microphytobenthos showed that this suspension-dgpesler feeds mainly as a deposit
feeder all year long on this area. Diatom FA petages, particularly of 20:6(3), are
higher than those observed by Kharlamenko et @0XRin another typical suspension-
deposit feedeMMacoma incongrua) from the Novgorodskaya Bight, where
microphytobenthos biomass is considered to be logryOn the contrary, high
microphytobenthos biomass was observed all yea@rilothe Marennes-Oléron seagrass

bed, explaining this higher contribution.

813C values and high FA percentages of diatom madssdemonstrated the high

influence of microphytobenthos A marina diet. Nevertheless, large amounts of
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bacterial FAs and relatively high&PN clearly discriminated it from other consumers.
This deposit feeder generally has large amountsdteria in its digestive tract, which is
considered as a form of gardening (Grossmann arch&edt, 1991)A. marina has
probably a diet based on these bacteria, whichdbbms use likely microphytobenthos
as a substrate. Relatively higlsé?™ observed or\. marina are thus possibly related with
this bacterial activity, known to increaS&l concentration due to isotopic fractionation
(Dijkstra et al., 2008).

Diet of suspension feederE. phillipinarum, C. edule) is also influenced by
microphytobenthic diatoms, which are probably resusled in the water column at high
tide. Tides and waves make microphytobenthos aMeil® suspension feeders, such as
previously described on the east side of the Masi®iéron Bay, where epipelic diatoms
contributed to the main part of suspension feedkets (Riera and Richard, 1996).
Nevertheless the relatively low proportions of dratmarkers in FA profiles indicated
that diatoms have a lower influence on these coesuliets compared to others. The
large standard deviations observed®rdule §'°C were due to the wide size range of
individuals analyzed, since in this bay a cleamgjgain cocckle diet with age has been
observed (Kang et al., 1999).

Considering that seagrass material representedlkh gant of grazer diets (see section
4.3),8"%C indicated that they were probably mostly basechamophytobenthic or
epiphytic diatoms. The high percentages of diatéwm €onfirmed that diatoms constitute
the main part of grazers’ diets and the balancedxt the high proportions of 20r58)
and the low percentages of 161IA)c suggests that diatoms have mainly a

microphytobenthic origin.

4.6 Epiphyticvs. microphytobenthic diatoms

Some arguments are in favour of a higher role efophytobenthos rather than
epiphytes. Firstly, epiphytes are almost absentimer due to the lack of seagrass leaves
whereas microphytobenthos biomass is constantghmu the year (Lebreton et al.,
2009). An exclusive or a large utilization of epypds by grazers in summer would lead to
a large variation 08**C between this season and winter, when epiphyeeakaent, and
our observations showed only a moderate enrichofeitfC. Moreover, proportions of
20:5(-3) (high in microphytobenthos) and of 161I{)c (high in epiphytes) remain
constant among seasons for these grazers, withphaglortions of 20:5(-3). Even if
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epiphytes are probably used by grazers as a famdiree in summer, this suggests that
epiphytes have a minor role in food fluxes in corngman with microphytobenthos.

Secondly, in the studied seagrass bed, the oy es species found afostera
leaves ar€occoneis diatoms which biomass are three orders of magaitoer than
microphytobenthos biomass (Lebreton et al., 2008hsidering that the productivity of
epiphytic and microphytobenthic diatoms are retdjiclose (see Coleman and
Burkholder (1995), Raniello et al. (2007), Lebre{@009) for epiphytes and Macintyre et
al. (1996), Guarini et al. (2000) for microphytob®ws), productions of these sources are
directly related to their biomass and should be aisa large disproportion. A rough
calculation, based on the highest exponential groaties found in literature for
Cocconeis culture (1.03 @) (Raniello et al., 2007) and the highest biomdsseoved on
the Marennes-Oléron seagrass bed 3.97 mgCLebreton et al., 2009), shows that the
potential production of epiphytic diatoms is arodhohg C.n7.d*, while the ingestion of
diatoms by the main grazet, ulvae, can be estimated to be 37 times more, based on a
meanH. ulvae biomass of 4 000 mg.f(Lebreton, 2009) and an ingestion rate of 0.04
Mg Good sourceMd CGeonsumer .M 2.d™* (Baird et al., 2007). On the contrary,
microphytobenthos biomass is always very high, irnffom 5.7 to 14.5 g C. f with
values close to the biomassZufstera leaves (Lebreton et al., 2009) and its production,
even it is less available to grazers, appears trhech more important resources for
invertebrates than epiphytes.

The importance of microphytobenthos for grazers aligsady noticed in the Gulf of
Mexico (Moncreiff and Sullivan, 2001), in the Bal{iJaschinski et al., 2008) and the
Mediterranean Seas (Dauby, 1995; Lepoint et aO02(ut only as a complementary
source to epiphytic diatoms. On the contrary, Kdmagnko et al. (2001) consider that the
main diet of gastropod grazers in NovgorodskayaiBdased on epiphytes; however, the
microphytobenthos was not quantified in their stadd it is thus not possible to conclude
on the actual importance of this food source. \fewy studies have really quantified the
actual contributions of different sources, probdidgause the microphytobenthos is

difficult to isolate.

In the intertidal seagrass bed studied here, tip@itance of the microphytobenthos
compared to epiphytes was more easily highlighded,to the very low biomass — and
potential production — of epiphytes. Microphytolbers appears to be the main trophic
resource for four consumers having different fegdypes (grazers, deposit feeders,
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suspension-deposit feeders) and accounts for @ fgion of the diet in the two
suspension feeders. The role of microphytobenthtiserefore of paramount importance
in this seagrass bed food web: the predominanberahic microalgae in macrofaunal
diets is probably due to their higher nutritionabtity and assimilation rates compared to
those of vascular plants (Cebrian, 1999) and tw tdomstant biomass throughout the year
(Auby and Labourg, 1996; Lebreton et al., 2009).

5. CONCLUSION

As the six consumer species analyzed dominate #oeafauna (representing more
than 90% of the total biomass), the present stilalstiates the general trophodynamics
between producers and macrofaunal consumers imtkeisidal seagrass bed. We showed
that pelagic, epiphytic or microphytobenthic diatorapresent the main part of these
consumers’ diets. Among these food sources, migtopenthos appears to be the main
trophic resource in consumer diets, which couléx@ained by its high biomass, its
constant availability and its high nutritional gityal The role of microphytobenthos
nevertheless remains poorly understood in mostassadeds and may be largely
underestimated, even when seagrass leaves hangeafaphyte load, and it deserves a

better consideration in future studies of seagraghic webs.
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FIGURE CAPTIONS

Fig. 1. Position of the sampling station in #mstera noltii seagrass in Marennes Oléron
Bay.

Fig. 2.5"°C (mean + SD) of food sources (Fig. 2A) and conssrtieig. 2B) from winter
2006 to summer 2007 in Marennes-Oléron seagrassSisdM: Surface sediment
organic matter; SPOM: Suspended particulate orgaaiter. In order to distinguish error

bars,5**C were temporally shifted ahead 3 days.

Fig. 3. FA composition (relative percentages) afldsources in winter (Fig. 3A) and
summer 2007 (Fig. 3B) in Marennes-Oléron seagredsiAs are grouped according to
their marker groups (see Materials and Methods)y BAs with proportion$5% are
given and asterisks represent sum of other FAedoh marker group. Hierarchical
clustering (Ward’'s method, Euclidean distance)shi@ved for each season. p-values
from multiscale boostrap resampling are showed uedeh node and identified clusters

(p < 0.050) are highlighted with grey rectangles.

Fig. 4. FA composition (relative percentages) afstaners in winter (Fig. 4A) and
summer 2007 (Fig. 4B) in Marennes-Oléron seagredsiAs are grouped according to
their marker groups (see Materials and Methods)y BAs with proportion$5% are
given and asterisks represent sum of other FAedoh marker group. Hierarchical
clustering (Ward’'s method, Euclidean distance)shi@ved for each season. p-values
from multiscale boostrap resampling are showed uedeh node and identified clusters

(p < 0.050) are highlighted with grey rectangles.

Fig. 5. Plots of mead™C (%o) and marker FA composition (relative percer&pf food
sources in Marennes-Oléron seagrass bed. FAs Yemsfied according to their marker
groups (see Materials and Methods): A: vasculantp|aB: diatoms, C: flagellates, D:
bacteria. SSOM: Surface sediment organic matte@NsFPSuspended particulate organic

matter.
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Fig. 6. Plots of mead™*C (%) and marker FA composition (relative percea&dor
consumers in Marennes-Oléron seagrass bed sampladter and summer 2007. FAs
were classified according to their biomarker prtipsr(see Materials and Methods): A:

vascular plants, B: diatoms, C: flagellates, D:tbaa.
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TABLES

Table 1. Fatty acids used as markers of food seuncthe studiedostera noltii seagrass
bed. References: 1: Sargent and Whittle, 1981gPg®et al., 1995; 3: Rajendran et al.,
1993; 4: Wannigama et al., 1981; 5: Kharlamenkal.e2001; 6: Meziane and Tsuchiya,
2000; 7: Sargent et al., 1987; 8: Viso et al., 1¥93/olkman et al., 1989; 10: Viso and
Marty, 1993; 11: Dunstan et al., 1994; 12: Renduwal.1999; 13: Volkman et al., 1998;
14: Ramos et al., 2003; 15: Volkman et al., 1980;@alois et al., 1996.
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Fatty acid

Group
Saturated Monoenoic Polyenoic
Bacteria 13:0 (3, 15) 15:1(n-5)c (3, 15)
15:0 (3, 15) 15:1(n-7)c (3, 15)
17:0 (7) 17:1(n-5)c (3, 15)
19:0 (7) 17:1(n-7)c (3, 15)
23:0 (3, 6, 15) 17:1(n-8)c (3, 7, 15)
25:0 (3, 15) 18:1(n-7)c (7, 13)
Iso 14:0 (3, 7, 15) 19:1(n-5)c (3, 15)
Iso 15:0 (3, 7, 15) 19:1(n-7)c (3, 15)
Iso 16:0 (3, 7, 15) 19:1(n-8)c (3, 15)
Iso 17:0 (3, 7, 15) 19:1(n-9)c (3, 15)
Iso 19:0 (3, 7, 15)
Anteiso 15:0 (3, 7, 15)
Anteiso 17:0 (7, 15)
Diatoms 14:0 (1, 9, 10, 11, 14) 16:1(n-7)c (2, 9, 11, 14) 16:2(n-4) (9, 11)
16:0 (1, 7, 13) 16:2(n-7) (9)
16:3(n-4) (2, 9, 11)
16:4(n-1) (2, 9, 11, 14)
18:2(n-7) (11)
20:5(n-3) (1, 10, 11, 14)
Flagellates 16:2(n-6) (9)
16:3(n-3) (9, 10)
16:4(n-3) (9, 10, 12)
18:4(n-3) (7, 9, 12, 14)
18:5(n-3) (7, 9)
22:5(n-3) (16)
22:6(n-3) (1, 14)
Vascular plants  22:0 (8) 18:2(n-6) (5, 6, 8)
24:0 (4, 8) 18:3(n-3) (5, 8, 10)
26:0 (4, 8)
28:0 (4, 8)
Ubiquitous 16:0 (1, 7, 13)
18:0 (1, 7, 13)

18:1(n-9)c (1, 7)
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Table 2. Annual mean, minimum and maximum meartaifls isotope ratio$t°C, §'°N)

of food sources and main consumers (%o, mean = 8hmary of Kruskal-Wallis tests
and comparisons of means between sampling seadansifter, S: summer). Replicate
numbers are in brackets. Sampling season is statadinimum and maximum values.
Consumer feeding types: DF: Deposit feeder, G: &re&&DF. Suspension-deposit feeder,
SF: Suspension feeder.
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Table 3. Seasonal mean, minimum and maximum mean°@fof SPOM (%., mean *
SD) and summary of Kruskal-Wallis tests. Replicgatenbers are in brackets.

5"3C (%o)

Seasonal mean Min. mean Max. mean p-values
Winter 2006 -225+1.6 (14) -23.8+0.2(3) -21.0 £0.1 (3) 0.028
Summer 2006 -22.5+0.7 (16) -22.9+0.2(3) 214+ 05 (4) 0.062
Winter 2007 -23.2+1.5(5) - - -
Summer 2007 -15.3+£0.4 (3) - - -
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