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A R T I C L E  I N F O  A B S T R A C T

The study investigated the trophic ecology o f the gastropod Hydrobia ulvae  in different habitat types w ith in  
an intertidal bay. The results point out tw o  m ajor trophic pathw ays involving H. ulvae  in this bay. On the one  
hand, in sandy/m uddy sed im ents Hydrobia  derives m ost o f its energy from  allochtonous detritus derived  
from Enterom orpha  sp and the total SOM pool. In addition, in these sedim ents, the phototrophic purple 
bacteria m ats played a substantial trophic role in the d iet o f Hydrobia. On the other hand, in a Spartina  
m aritim a  marsh, the gastropod appears firstly depend en t o f autochtonous detritus derived from this plant. 
The m inor contribution o f m icrophytobenthos to the d iet o f Hydrobia is consisten t w ith  a relatively low  
presence o f ep ipelic diatom s at the sam pling sites. These results provide evidence that the trophic ecology of 
H. ulvae inhabiting intertidal sed im ents is quite plastic and does not necessarily rely primarly on  
m icrophytobenthos. Consequently, in a single bay, the small spatial scale variability in the origin and 
availability o f detritus have direct im plications on the food incorporation by H. ulvae.
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1. Introduction

In in tertidal habitats, th e  high diversity  o f organic m atte r sources 
m akes it difficult to de term ine  th e  m ost im po rtan t trophic  pathw ays, 
and generates an  im po rtan t detrital organic m atte r pool (M ann, 1988) 
w hich can be used  differently  by anim als. Hence, there  is no paradigm  
stating, w hich  m ain source o f organic m atte r fuels th e  food w eb  of 
coastal areas, and how  d ie ta ry  con tribu tions can shift spatially and /o r 
tem porally  for th e  m ost re levan t species o f  these  areas (Kwak and 
Zedler, 1997). Hydrobia ulvae  (P en n an t) is characteristically  an 
inhab itan t o f in tertidal m udflats and m uddy /sandy  sedim ents, w hich 
can also be found abundan tly  in a w ide varie ty  o f  in tertidal substrata, 
including saltm arshes o r m acroalgae assem blages w h en  p resen t a t 
sed im ent o r rocky surface (Newell, 1965). W here  abundant, the  
population  densities o f th is gastropod can reach 30.000 ind m 2 as 
reported  by Barnes and G reenw ood (1978) w ho provide to H. ulvae  a 
key trophic  role as prim ary  consum er and as p rey  for b irds and fishes. 
Previous results concerning th e  d ie ta ry  p a tte rn s o f  H. ulvae  provided 
evidence o f (1) its preferential trophic  link w ith  ben th ic  d iatom s in 
various in tertidal m udflats in W estern  Europe (Lopez and Kofoed, 
1980; M orrisey, 1988; Haubois e t  al., 2005) and (2) its influence on 
ben th ic  d iatom  assem blages (H agerthey e t  al., 2002). In th e  Aber bay 
of Roscoff, H. ulvae w as reported  to  reach m axim um  densities o f abou t

* CNRS, Station Biologique de Roscoff, Place Georges Teissier, 29682 ROSCOFF, France. 
E-mail address: riera@sb-roscoff.fr.

1385-1101/$ -  see front m atter © 2009 Elsevier B.V. All rights reserved, 
doi: 10.1016/j.seares.2009.10.001

10 000 in d /m 2 (Rullier, 1959). Interestingly, in th is bay, dense  purple 
sulfur bacteria  m ats are com m only observed a t th e  sed im ent surface, 
and reach th e ir m axim um  developm en t during  sum m er (Riera, pers. 
obs.). These sulphide-oxidizing bacteria  w ere  hypothsized  to  con trib ­
u te  significantly to trophic  transfers in salt m arshes (H ow arth  and 
Teal, 1980). However, th e  possible con tribu tion  o f purple bacteria  to  
th e  d ie t o f  Hydrobiids rem ains unknow n, especially as o th er coexisting 
food sources are po tentially  available to  th e  gastropods. The ecological 
situation  o f th e  Aber bay during  sum m er was, then , favourable to 
exam ine th e  significance o f purple bacteria  m ats as food source o f H. 
ulvae  as com pared to th e  o th er co-existing sources. In addition, in 
th is bay, H. ulvae occurred abundan tly  in a localised Spartina maritima  
m arsh  allow ing to investigate th e  trophic  role o f th e  organic m atte r 
derived from  th e  Spartina for H. ulvae.

ô13C and ô15N distributions have further show n prom ise as a tool 
th a t provide a tim e-in tegrated  m easure o f food w eb relationships. ô13C 
show  little en richm ent (<l% o), then  being useful for th e  identification 
of the  organic m atter sources a t the  base o f food chains. Because ô15N of 
a consum er ultim ately  builds on the  stable n itrogen isotope com position 
of food sources sustaining the  food web, ô15N can efficiently com ple­
m en t ô13C in distinguishing am ong various possible d ie t sources.

The aim  of th is study  w as to survey th e  ab u n dan tly  rep resen ted  
H. ulvae  in d ifferent h ab ita t types w ith in  a single in tertidal bay in 
o rder ( 1 ) to de te rm in e  th e  degree o f d ependence  of th is gastropod on 
locally occurring organic m atte r sources including purple bacteria  
m ats and (2) to answ er th e  question  th e  possible trophic  plasticity a t 
sm all spatial scale.
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2. Material and methods

2.Í. Sampling site

The study  w as conducted  in th e  Roscoff Aber Bay, w hich  is about 
2 km  long and 1 km  wide, and includes d ifferent types o f intertidal 
sedim ents. The bay is shallow  (average d ep th  4  m ), to ta lly  located 
above th e  m id-tide  level, has strong currents, and a tidal range of 
abou t 4  m  th a t leads to  generally  good m ixing and high tu rb id ity  
(Chauris, 1988). The so u thern  end o f th e  bay is lim ited by a dike, 
w hich  contains a sluice-gate th a t allows river inpu t (Fig. 1). In this 
bay, th ree  in tertidal stations corresponding to th ree  hab ita t-types for 
H. ulvae have been  considered. The “River station" located a t th e  river 
en tran ce  into th e  bay consists o f  estuarine  m uddy-sandy  sedim ents 
extensively  covered by stranded  Enteromorpha sp and purple bacteria  
m ats. The “Sandy station" consists o f sandy sed im ents largely covered 
by stran d ed  Enteromorpha sp and pu rp le  bacteria  m ats during 
sum m er. The th ird  station, located in th e  so u thern  pa rt o f th e  bay, is 
colonised by a sm all S. maritima  m arsh  from  abou t 4 0 -5 0  m  in length 
and w idth . In th is bay, organic m atte r co n ten t in m uddy /sandy  and 
Spartina sed im ents w as m easured  b e tw een  2.5 and 4.5% w hile 
sandy sed im ents show  values b e tw een  0.6 and 1.2% (Riera, da ta  no t 
published). From a recen t study  (Hubas e t al, 2006), th e  m edian grain 
size o f th e  River sta tion  corresponded  to  very  fine-sand sedim ents 
(132 ± 5 4  pm), w hile  close to  th e  sandy  sta tion  fine-sand sedim ents 
( 2 1 5 ± 4 3  pm) w ere  reported . U nfortunately, no values are available

Marine entrance

Roscoff
-O

Spartina maritima 
marsh

Sandy/muddy
scdintems

km

S am p lin g  sites

Fig. 1. Location of the sampling station in the Roscoff Aber Bay (France).

for th e  Spartina m arsh, b u t from  its location w ith in  th e  bay th e  
sed im en t grain size appears close to th e  Sandy sta tion  (Riera, pers. 
obs.).

2.2. Collection and sample preparation

Sam ples o f organic m atte r sources and individuals o f H. ulvae w ere  
co llected  du rin g  A ugust 2004. The d ensities o f  H. ulvae  w ere  
m onito red  a t th e  th ree  sam pling sites. Five replicate sam ples w ere  
taken  a t each site w ith  a rectangular 2 cm  deep  scoop of area  0.01 m 2. 
Sam ples w ere  sieved on  site th rough  a 1.0 m m  m esh sieve, and th e  
re ta ined  m aterial w as transported  to th e  laboratory  and th e  num bers 
o f living Hydrobia counted  over a light box. At low  tide, sed im ent 
sam ples w ere  taken  by scraping th e  u p p e r 1 cm  o f th e  sedim ent. For 
th e  m easu rem en ts o f stable isotope ratios o f th e  sed im ented  organic 
m atte r (SOM), th e  sand w as sieved to  a grain size o f <63 m  to separate  
sand grains from  m ost o f  th e  SOM. Then, th e  SOM fraction <63 m  w as 
acidified (10% HC1) rinsed several tim es w ith  distilled w ater, dried 
(60 °C) and ground to pow der. The stranded  Enteromorpha sp was 
abundan tly  p re sen t a t th e  sed im en t surface and easily identified to 
genus level (Cabioc'h e t  al., 1992). The d e trita l Enteromorpha sp was 
rinsed w ith  filtered seaw ater (p recom busted  GF/F) to  clean off 
epibionts, trea ted  w ith  10% HC1 to rem ove any residual carbonates, 
and rinsed w ith  distilled w ater.

At th e  m arine en tran ce  o f th e  bay, POM (suspended  particulate 
organic m atter) w as sam pled by collecting 2-1 bo ttles o f w a te r a t high 
tide  ( ±  1 h) from  a d ep th  o f abou t 50 cm  below  th e  w a te r  surface. 
POM w as ob tained  by filtration on p recom busted  W hatm an  GF/F glass 
fiber m em branes w ith in  2 h afte r collection. Subsequently , th e  
m em branes w ere  acidified (10% HC1) in o rder to  rem ove carbonates, 
briefly rinsed w ith  Milli-Q w ater, freeze-dried and kep t a t — 32 °C 
until analysis. At low  tide, live and dead  leaves o f S. maritima  w ere  
collected by hand and prepared  as for Enteromorpha sp. Subsequently, 
th e  sam ples w ere  d ried  (60 °C) and ground  to pow der using a m ortar 
and pestle. Sam ple o f free-living purp le  bacteria  w ere  collected in th e  
field w here  dense  purple m ats developed a t th e  sed im en t surface. 
These pho tosyn thetic  purple bacteria  w ere  collected by suction 
p ip e ttin g  sam ples from  th e  surface o f creek  sed im ent. At th e  
laboratory, th e  sam ples w ere  observed u n d e r m agnifying glass to 
rem ove carefully any rem aining d e tritu s and dried  a t 50 °C. In th e  
Aber bay of Roscoff, purp le  bacteria  m ats w ere  reported  to be m ostly  
associated w ith  th e  decom position  o f Enteromorpha  sp and w ere  
do m in a ted  by th e  purp le  su lp h u r bacteria  Thiorhodobacter spp 
(Rullier, 1959).

H. ulvae w as collected from  th e  surficial sed im en t a t low  tide  close 
to th e  quadrats used  for d ensity  estim ation . Specim ens w ere  taken  by 
hand and kep t alive overn igh t a t th e  laboratory  in filtered w a te r from 
th e  sam pling site to allow  evacuation of gu t contents. Then, th ey  w ere  
killed by freezing, dissected and th e  flesh quickly trea ted  w ith  10% HC1 
to rem ove any carbonate  debris from  th e  shell and rinsed w ith  
distilled w ater. They w ere  th en  freeze-dried, ground  to  a pow der 
using m o rta r and pestle  and kep t frozen un til analysis.

2.3. Stable isotope measurem ents

Carbon and n itrogen  isotope ratios w ere  d e term ined  using a Fisons 
CN analyser coupled w ith  a Finnigan Delta S m ass spectrom eter, via a 
Finnigan Con-Flo 111 interface. Data are  expressed in th e  standard  ô 
un it notation.

S X  =  [ ( ^ s a m p l e / ^ r e f e r e n c e )  “ 1] x  I O 3

W ith R =  13C/12C for carbon and 15N/14N for nitrogen. The standard 
deviation o f repeated  m easurem ents o f ô13C and ô15N values o f a 
laboratory standard  w as 0.10%» versus V-PDB and 0.13%» versus at-air,
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respectively. These abundances are calculated in relation to th e  certified 
reference m aterials Vienna Pee Dee Belem nite-lim estone (V-PDB) and 
atm ospheric dinitrogen (at-air). The VPDB and a t-a ir scale is achieved 
using in-house peptone standards th a t have been calibrated against 
NBS-21 and IAEA N3 reference m aterials.

2.4. Estimation o f  food  sources contributions

The contribution o f th e  food sources to specim ens o f H. ulvae from  
the  th ree  sites w as assessed em ploying th e  source-partitioning m odel 
(IsoSource) outlined in Phillips and Gregg (2003) to  statistically 
constrain th e  relative proportions o f various sources to  consum ers. 
Before th e  Isosource analysis, ad justm ents w ere m ade for trophic 
fractionation w hich accounts for m etabolic-based increases in heavier 
isotopes during  th e  conversion o f assim ilated d ietary  sources to 
consum er tissues (DeNiro and Epstein, 1978). The m ean trophic 
fractionation coefficients o f 1%» for ô13C w ere subtracted from  the 
consum ers ' ô13C (DeNiro and Epstein, 1978). M ore variability  is 
associated to ô15N trophic fractionation. In particular, th e  m ean ô15N 
enrichm ent betw een  food sources and prim ary consum ers has been 
reported  m ore variable th an  the  usual 3.4%» trophic enrichm ent because 
it varies be tw een  2.5%» (V ander Z anden and Rasm ussen, 2001; 
Vanderklift and Ponsard, 2003), and 3.4%» (Post, 2002). However, 
previous studies along the  French Atlantic coast, in sim ilar intertidal 
sandy /m uddy  env ironm ents, allow ed to precise th e  15N trophic  
enrichm ent associated to H. ulvae. In fact, in th e  M arenne-Oléron bay 
H. ulvae w as clearly identified to feed alm ost exclusively on m icro­
phytobenthos (Blanchard e t al., 2000). In th e  intertidal mudflat, a stable 
isotope study perform ed by Riera (1998) confirm ed this privileged 
trophic link and pointed ou t a m ean 15N -enrichm ent o f 2%» be tw een  the 
m icrophytobenthos (5.7 ±  0.8%») and H. ulvae (7.7 ±  0.3%»). In addition, 
this m ean fractionation coefficient is consistent w ith  the  m ean value of 
2.5±2.5% o reported  by Vander Zanden and Rasm ussen (2001) for 
invertebrate prim ary consum ers.

In th e  Aber bay of Roscoff, ben th ic  d iatom s did no t occur as algal 
m ats during th e  sam pling period, and, then , could no t be ex tracted  for 
stable isotope analyses (Riera, pers.obs.). However, it w as possible to 
collect and m easure  th e  C and N stable isotope ratios o f th e  epipelic 
d iatom s in th e  sandy /m uddy  sed im en t o f  th e  Aber bay during  A ugust 
and close to th e  sam pling stations o f th e  p resen t study, as reported  in 
Riera and Hubas (2003). Even if no t being an  ap p aren t substantial 
source in th e  Aber bay during  th e  sam pling period 1) it has been  
recognized th a t ben th ic  d iatom s can act as th e  m ajor co m ponen t in 
H. ulvae d ie t in o th er in tertidal areas, 2) in fine sandy sedim ents, the  
p roduction  o f m icrophytoben thos m ay be high w ith o u t th e  form ation 
of stable biofilms (M iddelburg e t al., 2000). C onsequently, benth ic  
d iatom s have been  considered  as a potential source in th e  p resen t 
study, th rough  th e  use o f m ixing equations.

3. Results

The m axim um  density  o f H. ulvae w as estim ated  a t 52620 ±  
4939 ind /m 2 (n =  5) in th e  sandy sed im ent w hereas m uch low er 
values w ere  m easured  in m uddy/sandy  sed im ents (620 ± 4 6 5  ind /m 2 
(n =  5) near th e  river en tran ce  in th e  bay. In th e  Spartina m arsh, H. 
ulvae reached im po rtan t densities 35940 ±  37398 ind /m 2 (n =  5) 
sim ilar to th e  sandy sedim ents.

3.1. 613C and 615N  o f organic m atter sources and H. ulvae

ô13C and ô15N (range o f values) o f  POM, SOM, food sources and 
H. ulvae are p resen ted  in Table 1. Organic m atte r sources differed 
significantly for ô13C (Kruskal W allis te s t,p < 0 .0 0 1 ) and ô15N (Kruskal 
W allis test, p< 0 .001). The m ean  ô13C and ô15N for m arine POM 
en tering  th e  bay w as h igher th an  th e  corresponding values o f  river 
POM, these  tw o en d -m em b er sources being greatly  13C -depleted as

Table 1
ö13C and ö15N (range of values) of the organic m atter sources and Hydrobia ulvae of the 
intertidal Aber Bay in the Spartina marsh, the sandy and the sandy/muddy sediments.

Sample type 013C Ô15 N n

Sources
SOM (mud flat) -1 5 .9  to -1 5 .2 5.9 to 6.7 3
SOM (Spartina marsh) -1 5 .1 6.7 1
Marine POM -2 5 .0  to -2 3 .1 7.0 to 7.7 3
River POM -2 8 .8  to -2 6 .7 5.4 to 7.3 3
Detrital Enteromorpha sp -1 3 .5  to -1 1 .5 7.8 to 7.9 3
Living Spartina maritima -1 4 .3  to -1 3 .2 5.1 to 5.6 4
Detrital Spartina maritima -1 3 .6  to -1 2 .1 3.2 to 4.4 3
Vaucheria sp (Spartina marsh) -1 7 .6  to -1 7 .3 5.4 to 6.8 3
Purple bacteria (sandy mats) -1 5 .0  to -1 4 .8 6.3 to 6.6 3
Purple bacteria (muddy mats) -1 5 .9  to -1 4 .6 7.5 to 7.6 3
Benthic diatoms -1 7 .3  to -1 6 .9 8.3 to 9.1 3

Consumers
Hydrobia ulvae (sand) -1 4 .4  to -1 3 .0 7.1 to 10.8 8
Hydrobia ulvae (mud/sand) -1 3 .9  to -1 3 .2 5.5 to 9.5 8
Hydrobia ulvae (Spartina marsh) -1 4 .1  to -1 2 .1 5.1 to 6.7 8

Values for benthic diatoms of Aber Bay bay are given from Riera and Hubas (2003).

com pared to locally occurring sources (Fig. 2). In con tast to ô13C, a 
large ô15N difference w as observed be tw een  live and dead S. maritima  
w hich  is m ore 15N -depleted. Low ô15N w as reported  for detritic  leaves 
o f  Spartina alterniflora (2.6%») by Riera e t al. (2000) sim ilar to the  
m ean  ô15N o f th is study  for S. maritima  (1.9%»). From previous 
studies, ô15N variation  observed for d e tritu s from  m arine  plants (i.e., 
S. alterniflora) resu lted  largely from  up take  o f ex ternal n itrogen by 
bacteria  associated w ith  p lan t d e tritu s as w ell as from  adsorbed 
ex ternal n itrogenous com pounds (Rice, 1982). This is also consisten t 
w ith  th e  recen t experim ental study  o f Fellerhoff e t al. (2003), w hich 
provided evidence th a t hetero troph ic  processes do no t significantly 
fractionate ô13C during  decom position  of aquatic  p lan ts w hereas the  
d e tritu s ô15N could greatly  differ from  th a t o f th e  source plant. M ats of 
purple su lphur bacteria  had m ean  ô13C and ô15N o f —15.2%» and 
7.1%», respectively.

There w as no consisten t differences o f ô13C am ong H. ulvae 
com m unities from  th e  th ree  sam pling stations (K ruskall-W allis test, 
p =  0.27). ô15N of gastropods did no t differ be tw een  th e  m uddy/ 
sandy and th e  sandy stations w hereas H. ulvae specim ens inhabiting 
th e  S. maritima  m arsh  show ed m uch low er ô15N w h en  com pared 
w ith  ô15N pooled values from  bo th  o th er sites (M an n -W ith n ey  U- 
test, p<  0.001).

3.2. Dietary analysis

M odelling iso top ic  sig n a tu re s  o f  H. ulvae  in h ab itin g  sandy  
sed im ents suggested th a t Enteromorpha sp d e tritu s con tribu ted  the  
m ost (m eans 44.9 %) follow ed by th e  SOM pool and th e  purple 
bacteria  m ats (m eans 29.8 and 19.1%, respectively) w hereas the  
m arine  and river POM ranked m uch low er (Table 2). Similar tren d  
w as observed for Hydrobia specim ens associated to  m uddy/sandy  
sed im ents near th e  river en trance, th e  h ighest m ean  contributions 
being a tta ined  by Enteromorpha sp d e tritu s (31.7%), th e  SOM pool and 
purple bacteria  m ats (30.8 and 26.3%, respectively), follow ed by 
m inor con tributions o f th e  m arine and river POM. For H. ulvae 
inhabiting  th e  Spartina m arsh, th e  m ixing m odel show ed a m ajor 
co n tribu tion  of Spartina d e tr itu s  (m ean  value o f 65.3%). O ther 
coexisting sources w ere  less im po rtan t in th e  d ie t o f th e  gastropod 
exhibiting  m ean contribu tions from  5.0% (ben th ic  d iatom s) to 9.2% 
(Vaucheria sp). In fact, in th is small m arsh, river POM and Entero­
morpha sp have no t been  considered because th is sta tion  is clearly no t 
subm itted  to th e  river influence (Fig. 1) and Enteromorpha sp de tritu s 
w as only scarcely rep resen ted  during  th is sum m er season (Riera, pers. 
obs.). In these  habitats, ben th ic  d iatom s appear to  con tribu te  a m inor
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Fig. 2 .613C and 615N values (mean ±  standard deviation) of the main organic m atter sources and Hydrobia ulvae from the different natural habitats in the in the Roscoff Aber Bay 
(sandy and muddy/sandy sediments and Spartina marsh).

part (m ean  values from  3.3 to 5.9%) o f th e  d ie t o f H. ulvae a lthough 
th ey  can reach up to 33% in m uddy sedim ents.

4. D iscussion

4. Í. Trophic role o f purple bacteria mats and Enteromorpha sp fo r H. ulvae

The stable isotope ratios indicate th a t pho to troph ic  purple bacteria  
m ats and Enteromorpha sp d e tritu s can con tribu te  a substantial 
fraction o f th e  C and N assim ilated  by El. ulvae  in sandy  and sandy/ 
m uddy  sedim ents. These im p o rtan t trophic  links are consisten t w ith  
th e  fact that, during  th e  sam pling period, individuals o f H. ulvae o ften 
occurred  in small depression  a t th e  sed im en t surface th a t w as filled 
w ith  purple bacteria  m ats and decaying Enteromorpha  sp (Riera, pers. 
obs.). Previous ô13C results suggested  a carbon transfer be tw een  the  
photo troph ic  sulfur bacteria  and Zooplankton in lakes (Fry, 1986). 
More recently , in situ  m easu rem en ts show ed significant carbon 
transfer (i.e., 75-85%) from  purp le  su lphur bacteria  and th e  copepod 
Diaptomus connexus in m erom ictic salt lake (O verm ann e t al., 1999). 
In contrast, C and S stable isotope da ta  from  th e  G reat Sippew isset 
M arsh suggested  th a t m ost o f  th e  m arsh  m acrofauna, excep t th e  green 
head fly larvae (Tabanus sp.), did no t incorporate a large fraction of

organic m atte r from  th e  sulfur oxidizing bacteria  (Peterson  e t al., 
1986).

In th e  Aber bay o f Roscoff, th e  m ajor im portance of stranded  
m acroalgae as food w as previously rep o rted  for th e  nem atode  
com m unity  (Riera and Hubas, 2003). The functional role o f stranded  
Enteromorpha sp in th is bay is supported  by regular field observations 
th a t stranded  m acroalgae from  closely located rocks are  regularly 
deposited  by cu rren ts and w aves (Riera, pers. obs.). These m acroalgae 
rep resen t a food source regularly  available in th e  bay. The con tribu ­
tion  o f Enteromorpha sp patches to th e  d ie t o f H. ulvae w as also 
previously observed (Newell, 1965). This au th o r hypothesized  th a t 
H. ulvae used  d e trita l algae as food b u t th rough  a d igestion  occurring 
m ostly  on th e  bacterial com m unity  from  th e  surface o f th e  algae. ô15N 
can be used  to  p o in t o u t a tro p h ic  m ed ia tio n  w ith in  coastal 
ecosystem s due to th e  m ean ô15N en rich m en t o f 2.5%» w hich  occurs 
as n itrogen  is transferred  (V ander Z anden and Rasm ussen, 2001 ). The 
presen t results provide evidence th a t d e tritu s derived from  stranded  
m acroalgae can be directly  assim ilated  by H. ulvae confirm ing that, as 
opposed to m arine plants, m icrobial conversion is no t necessary for 
m acroalgae-derived  organic m atte r  to  be consum ed by m arine 
invertebrates (Findlay and Tenore, 1982).

4.2. Importance o f the SOM pool as a food  source

The im portance o f th e  SOM in th e  d ie t o f  Hydrobia indicates th a t 
th is species typically acts as a grazer o f th e  surficial SOM pool in 
m uddy/sandy  areas. The proxim ity o f ô13C versus ô15N of purple 
bacteria  m ats and detritic  Enteromorpha sp w ith  th e  SOM pool 
suggests a m ajor con tribu tion  o f these  sources to SOM, in co n trast to 
m arine and river POM w hich are  too 13C -depleted (Fig. 2). This is 
consisten t w ith  th e  abundance o f these  bacteria  and Enteromorpha sp 
a t th e  sed im ent surface of th e  Aber bay during  sum m er. Benthic 
d iatom s m ay also con tribu te  a substantial pa rt o f  th e  SOM pool. 
However, th e ir high ô15N and th e  absence o f b row n m ats a t th e  
sed im en t surface seem  to p rev en t th em  from  a d o m inan t con tribu tion  
to th e  SOM pool.

In fact, a lthough  it consists o f a m ixture o f various sources under 
decom position, th e  SOM pool can be considered  as a po tential source

Table 2
Mean contributions (% together with ranges in brackets) of the main organic m atter 
sources in the diet of Hydrobia ulvae in the three natural sediments in the held 
calculated by a mixing model run according to Phillips and Gregg (2003) using an 
increment of 1% and a tolerance of 1%,.. —  : source virtually absent from the site.

Sandy Muddy/sandy Spartina maritima
sediments sediments marsh

Marine POM 1.6 (0-10) 2.9 (0-18) 5.6 (0-23)
River POM 1.3 (0-9) 2.4 (0-15) —
Enteromorpha sp (detritic) 44.9 (19-67) 31.7 (0-67) —
Purple bacteria 19.1 (0-81) 26.3 (0-100) 7.0 (0-41)
SOM 29.8 (0-72) 30.8 (0-100) 7.9 (0-45)
Vaucheria sp — — 9.2 (0-53)
Spartina maritima (detritic) — — 65.3 (47-93)
Benthic diatoms 3.3 (0-19) 5.9 (0-33) 5 (0-29)
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in th e  p resen t study  because ( 1 ) ist ô13C versus ô15N signature cannot 
be explained by a sim ple m ix ture  o f  th e  pure  sources occurring a t this 
site, and (2) in regard to consum ers, th e  total SOM pool can be 
considered  as an  additional food source. In fact, th e  sed im ented  POM 
is affected by d iagenetic  processes, and its ô15N and ô13C change due 
to a selective rem oval o f particula te  com ponents w hich  vary  in 
isotopic ratio (Altabet, 1996). For exam ple, th e  preferential u tilisation 
of 14N during  rem ineralization  can enrich  organic substra tes in 15N 
(B enner e t al. 1991; Thornton and McManus, 1994). In addition, the  
ô15N o f decaying tissues m ay be e ith e r h igher or low er th an  th e  ô15N 
of living plants, depending  on species and season (Cloern e ta l.,2 0 0 2 ). 
C onsequently, due to these  chem ical m odifications, th e  SOM pool can 
be considered as a new  organic m atte r pool, w hose isotopic signature 
is no t a sim ple m ix ture  o f en d -m em b er sources and can be used 
directly  as a food com ponent.

4.3. Spartina-derived organic m atter as food  source fo r  H. ulvae

C onsidering th e  ô13C and ô15N o f th e  sources, th e  15N -depletion of 
th e  Hydrobia specim ens inhabiting  th e  Spartina m arsh  can be explain 
by a p referential u tilization  o f d e tritu s o f S. maritima. In addition, the  
ô15N difference be tw een  H. ulvae and  Spartina d e tritu s and th e  ô15N 
difference be tw een  living and detrital Spartina o f abou t 2.5%» indicate 
th a t th e  organic m atte r derived from  Spartina m akes an  im portan t 
con tribu tion  to th e  d ie t o f H. ulvae (up  to 86%) via a trophic  pathw ay  
in th e  d e tritu s food w eb. The u tilization  of Spartina d e tritu s by 
H. ulvae m ay appear surprising because m arine p lan t d e tritu s are not 
as readily u tilisable for prim ary consum ers as o th e r sources like algae, 
w hich contain  h igher am oun ts o f n itrogen (Findlay and Tenore, 
1982). However, m icrobially m ediated  processes occurring during 
decom position  o f m arine  plants resu lt in th e  p roduction  o f de tritu s 
and associated living bacteria, w hich a re  m ore nu tritious and readily 
utilisable (Tenore e t al„ 1982). The decom position  o f Spartina de tritu s 
has been  show n to largely involve bacterial and fungal carbon- 
conversion (Newell and Hicks, 1982). In addition, trophic  m ediation  
be tw een  gastropods and S. alterniflora m ay occur th rough  associated 
bacteria  o r fungi as suggested  for th e  periw inkle Littorina irrorata 
(Newell e t al„ 1989). In fact, th e  n itrogen  co n ten t o f th e  detritic  
com plex ten d s to  increase during degradation , especially as original 
substra tes are  refractory (Rice, 1982). In th e  p resen t study, th e  ô15N 
suggests an  absence o f trophic  in te rm ed iate  be tw een  H. ulvae  and 
detritic  com plex derived from  Spartina because th e ir m ean  ô15N 
difference o f 2%» likely correspond to only one trophic  level. Hence, 
th e  m ajor u tilization  o f S. maritima  d e tritu s by hydrobiids is consisten t 
w ith  th e  general p a tte rn  o f  use  o f  d e tritu s  derived  of m arine 
phanérogam es by m arine invertebrates, th e  availability o f organic 
m atte r derived from  m acrophytes depending  on m icrobial coloniza­
tion. In addition, these  results confirm s th e  ability o f th e  ô15N value to 
efficiently d ifferen tia te  specific d ie ta ry  sources, and  to provide 
evidence o f d ifferent trophic  pathw ays tow ard  a single species.

4.4. Feeding behaviour characteristics ofH. ulvae in the Aber bay o f Roscoff

The p resen t results d ep art from  several recen t investigations 
w hich clearly poin ted  th a t Hydrobia species are m ajor consum ers o f 
epipelic ben th ic  d iatom s. In fact, th e  im portance o f Hydrobiid snails in 
th e  food chain o f in tertidal m udflats w as largely investigated  in 
W estern  Europe (Lopez and Kofoed, 1980; M orrisey, 1988; Haubois 
e t al„ 2005). For exam ple, in th e  in tertidal m udflats o f M arennes- 
Oléron Bay, ô13C show ed a preferential u tilization  o f ben th ic  d iatom s 
(m ean ô13C: -16.1%») as food source by H. ulvae (m ean ô13C: —15.1%») 
in accordance w ith  ô15N data w hich provided evidence o f a direct 
trophic link betw een  these  trophic com partm ents (Riera, 1998). In 
contrast, in the  Aber bay o f Roscoff, benthic diatom s played a m inor role 
in Hydrobia's diet, even during sum m er, as m icrophytobenthic micro- 
algal m ats can be observed a t the  sedim ent surface. Considering that,

w hen  significantly present, benthic d iatom s have been often described 
as the  privileged food source for H. ulvae in intertidal flats, th e  m inor 
contribution o f m icrophytobenthos to  their d iet is consistent w ith  a 
relatively low  presence o f epipelic diatom s in these  sedim ents. The 
absence o f m icrophytobenthic m ats a t the  sedim ent surface of the  
sam pling sites can be due to local hydrodynam ic conditions and /o r the  
fact th a t the  sed im ent surface is largely and regularly covered by 
decaying algae (i.e. detritic Enteromorpha sp) lim iting its exposure to 
illum ination (Riera, pers.obs.).

Interestingly, H. ulvae specim ens exhibited a high variability in ô15N 
especially in sandy and sandy /m uddy  sedim ents. However, due to the  
well recognized trophic status o f prim ary consum er o f th e  species, the  
ô15N variability observed in this study does not reflect d ifferent trophic 
levels for th e  individuals considered. M ost likely, the  intra-specific ô15N 
variability o f H. ulvae could be explained by a high diversity in its diet, 
w hich confirm s th e  trophic  plasticity. A sim ilar observation was 
previously reported  for o th er opportunistic prim ary consum ers, Ligia 
oceanica and Littorina saxatilis, by Laurand and Riera (2006).

O therw ise, an ecological characteristic  o f  H. ulvae is its ability to  
float w ith in  th e  w a te r colum n being resuspended  by tidal cu rren ts or 
suspended  ben ea th  th e  a ir/w a te r interface during  calm  conditions 
(Little and Nix, 1976). From these  authors, th is “floating activity" 
likely leads to a rapid and extensive d ispersion o f individuals w ith in  
an  in tertidal area. However, in spite o f th is capacity, th e  differences in 
ô15N for specim ens inhabiting  th e  Spartina m arsh  and th e  o th er sites 
o f  th e  bay suggest relative seden tarity  for H. ulvae specim ens w ith in  
specific hab ita t types. The du ra tion  o f th is seden tary  period m u st be a t 
least enough  to incorporate th e  isotopic signature o f th e  trophic  
h ab ita t in w hich  th ey  occur.

5. Conclusion

Hence, this study points ou t m ajor sources o f nutrition  for H. ulvae 
d ifferent from living epipelic benthic microalgae. This is consistent w ith 
th e  predom inance of detritic organic m atte r o f intertidal sedim ents in 
H. ulvae d ie t w hich w as reported  previously (see Newell, 1965, for 
review). Because H. ulvae constitutes a m ain food source for m any 
predators such as fishes, and birds, this study illustrates th e  key role o f 
th e  close trophic links am ong Enteromorpha sp detritus, Spartina 
detritus, phototrophic purple bacteria and H. ulvae in th e  transfer o f 
organic m atter tow ard  higher trophic levels. Finally, the  high variability 
observed a t the  base o f a trophic cascade for a single key species, even 
w ith in  a single intertidal soft bo ttom  bay, lim its th e  generalisation of 
sim ple consum er-resource m odels am ong sim ilar ecosystems.
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