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Abstract : 
 
Suspension-feeders predominate in the vast majority of the coastal marine benthic ecosystems, with 
several species co-occurring at low spatial scale. Understanding how these species cope with 
competition for trophic resources has been the core of numerous studies, mostly in coastal shallow 
systems where food supplies are diverse and abundant. Oligotrophic systems have received less 
attention. The aim of the present study was thus to investigate the trophic relationships established 
between 9 suspension feeders collected in an oligotrophic zone (Bay of Marseille, French 
Mediterranean). Species displayed similar isotopic ratios, consistently with the use of one main source, 
identified as nanophytoplankton and diazotrophic bacteria as the δ15N values were low, in contrast to 
interspecific differences generally observed. The seasonal variations of the isotopic ratios and isotopic 
niche indices were explained by differential sorting abilities, higher for bivalves than for ascidians and 
the polychaete Chaetopterus variopedatus. The present results demonstrate that resource availability in 
oligotrophic systems is a major driver of trophic competition. It precludes a general conclusion about 
suspension feeders trophic patterns drawn exclusively from highly productive systems, and stresses the 
need for an extensive assessment of those patterns in a vast range of ecosystems. 
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1. Introduction 

Interspecific competition is one of the major mechanisms driving biological functioning, at both 

individual and community level (Connell, 1961; Schoener, 1974). In marine benthic communities, 

space has long being considered as the dominant limiting resource but food resource limitation by 

co-occurring species is also recognized as a predominant driver of individual and community 

functioning (Buss and Jackson, 1981; Côté et al., 1994; Dubois and Colombo, 2014; Svensson and 

Marshall, 2014). Resource partitioning and trophic plasticity are commonly considered as strategies 

established by co-occurring organisms to limit the adverse effects of trophic competition (Gutt, 2006; 

Riera, 2008; Kang et al., 2009; Lefebvre et al., 2009). Suspension-feeders predominate in most 

benthic ecosystems, where they are considered as engineer species, since they create new biogenic 

habitats and alter the tridimensional structure of the community (Gili and Coma, 1998; Ribes and 

Coma, 2005). They also drive bentho-pelagic coupling, as their strong filtering abilities alter the 

organic matter (hereafter OM) fluxes and provide trophic subsidies for other benthic consumers, 

directly or through OM pools (Gili and Coma, 1998; Dubois et al., 2007b; Cheung et al., 2010; Bracken 

et al., 2012). Most benthic suspension-feeder communities are composed of several co-occurring 

species which have to cope with competition at a small spatial scale (Kang et al., 2009; Yakovis et al., 

2012; Richoux and Ndhlovu, 2014; Dubois and Colombo, 2014). Understanding how trophic 

competition drives interspecific relationships and OM fluxes provided case studies to document 

interspecific trophic competition and resource sharing mechanisms.  

Suspension-feeders are of major commercial interest and are cultivated worldwide. Documenting 

how the biomass production of cultivated species might be affected by trophic competition with wild 

or invasive species has thus been widely investigated (Lesser et al., 1992; de Montaudoin et al., 1999; 

Riera et al., 2002; Decottignies et al., 2007; Dubois et al., 2007b, 2007c; Riera, 2007; Xu and Yang, 

2007; Kang et al., 2009; Lefebvre et al., 2009; Lacoste et al., in press). Patterns in natural uncultivated 

systems received less attention until recently (Bode et al., 2006; Schaal et al., 2010; Colombo et al., 

2013; Dubois and Colombo, 2014; Richoux et al., 2014). In both cases, studies have been conducted 

in coastal shallow eutrophic ecosystems, where trophic subsidies available to suspension feeders are 

diverse and abundant. Stable isotope analyses were powerful tools to discriminate the relative 

contribution of these sources. The premise of this technique is that the isotopic ratios of a consumer 

are dependent upon the ratios of its diet with a trophic enrichment factor (hereafter TEF) between 

consumer and diet. Since C and N isotopic ratios differ between OM sources, measuring isotopic 

ratios of suspension-feeders enables identification of the major contributing source. These studies 

demonstrated that, although receiving the same mixture of suspended matter, co-occurring 

suspension feeders are able to be largely plastic in their diet and to partition the food resources to 
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limit competition (Coma et al., 2001; Riera et al., 2002; Riera, 2008; Marín Leal et al., 2008; Lefebvre 

et al., 2009; Dubois and Colombo, 2014; Richoux and Ndhlovu, 2014; Richoux et al., 2014). Size and 

nutritional quality of the particles appeared to be the main factors explaining the difference in 

resource use, since species differ in their filtration and retention mechanisms and in their ability to 

sort and select particles before ingestion and then to digest them. In bivalve species, laterofrontal 

cirri are key organs located in the gills. They beat alternatively to generate a current and to collect 

particles, with 100% retention efficiency for particles up to 4 µm. In addition, labial palps can sort 

and select particles, and reject particles of low nutritional interest in pseudo feces. Some species, 

such as Mimachlamys varia, lack such cirri, and possess only prolaterofrontal cirri, causing a less 

efficient retention of particles (Dubois and Colombo, 2014; Riisgård and Larsen, 2010; Ward and 

Shumway, 2004). The annelid Chaetopterus variopedatus and the ascidians use a similar system, 

based on the active pumping of water by muscular pistons in C. variopedatus or through the inhalant 

siphon in ascidians, and the retention of particles on a mucous net, constantly ingested and renewed. 

This system is efficient to retain 100 % of particles down to 0.5 to 1 µm for C. variopedatus and to 1-3 

µm for ascidians (Flood and Fiala-Médioni, 1982; Jumars et al., 2015; Petersen, 2007; Riisgård and 

Larsen, 2010). Seasonal variation of the available food sources was also demonstrated to be a crucial 

factor, as suspension-feeders use the predominant component of the suspended OM (Coma et al., 

2001; Lefebvre et al., 2009; Richoux and Ndhlovu, 2014). Nevertheless, since patterns in deep and 

oligotrophic environments are poorly documented (Ribes et al., 2003; Elias-Piera et al., 2013; Lesser 

and Slattery, 2015), it is rather difficult to provide generalized trends regarding the suspension-

feeders’ trophic mechanisms. The deployment in the bay of Marseille of the largest Mediterranean 

artificial reef system in 2007-2008 provided a major opportunity to assess the effect of oligotrophy 

on suspension-feeders trophic mechanisms. Artificial reefs are efficient scientific tools to question 

ecological hypotheses concerning suspension-feeders, since they provide a man-made ecosystem 

where there are few technical and ethical issues related to the sampling of natural communities 

(Miller, 2002) and they are mainly colonized by suspension-feeders (Rouanet et al., 2015). Thus, the 

aims of the present study were to assess the trophic relationships between co-occurring suspension-

feeders and to answer the following questions. How does food scarcity in an oligotrophic system 

affect resource sharing? Are food-sorting mechanisms still applicable in this context? How do 

suspension-feeders cope with the seasonal variation of food resources?  

2. Material and methods 

In the bay of Marseille, artificial reefs were deployed in 6 triangular-shaped groups named “villages”. 

Sampling was carried out on two “metal basket” artificial reefs in the north (village V3, 30 m depth) 

and the south (village V6, 25 m depth) of the deployment zone, with V6 reef located close to the 
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shore and to the mouth of the Huveaune River (Fig. 1). Metal basket reefs were large, high structures 

(6 m high, 187 m3) of which the architectural complexity was increased by the addition of devices 

such as concrete cubes or oyster bags (i.e. bags filled with dead oyster shells deployed inside artificial 

reefs), creating shelter for small cryptic organisms. More details on the architectural structure of the 

bay of Marseille’s artificial reefs can be found in previously published works (Charbonnel et al., 2011; 

Rouanet et al., 2015). The bay of Marseille is considered oligotrophic, with chlorophyll-a 

concentrations always lower than 0.5 µg L-1 during sampling periods (SOMLIT data, http://somlit-

db.epoc.u-bordeaux1.fr/bdd.php?serie=ST&sm=6, P. Raimbault, pers. comm.; Cresson et al. 2012). In 

summer and winter 2012, all suspension-feeding species were collected by scuba diving, manually 

scraping organisms settled on artificial reef structures or sampling the oyster bag fauna. Back in the 

laboratory, all organisms were sorted, identified and dissected to remove all calcified parts, such as 

bivalve shells or polychaete tubes. Species collected at one season only were discarded, resulting in a 

dataset of 9 species (Table 1). No major differences in the size of individuals were detected during 

field sampling, leading to the analysis of one size class for each species. This would limit the 

intraspecific size effect but may cause interspecific differences, if the age of the individuals differs 

between species. Organisms were stored dried, before freeze-drying and grinding with a mechanical 

grinder.  

Four OM sources were considered to determine the fluxes fuelling suspension-feeders and to assess 

couplings between pelagic, benthic and terrigenous ecosystems. Benthic primary production was 

considered by using the average isotopic ratios of 18 macroalgal species collected seasonally on and 

around artificial reefs, since no robust data on the relative abundance of each species is available. For 

pelagic primary production, most studies so far considered the isotopic ratios of the heterogenous 

particulate OM pool. Since previous results disentangled the local heterogeneity of this pool (Gregori 

et al., 2001; Cresson et al., 2012; Bănaru et al., 2014), the isotopic ratios of its two main components, 

nanophytoplankton (2 to 20 µm cells) and microphytoplankton (> 20 µm cells), were collected from 

the literature (Rau et al., 1990; Darnaude et al., 2004). Determination of phytoplankton isotopic 

ratios is a complex task that requires specific environmental conditions or complex methodologies 

(Hansman and Sessions, 2015; Miller and Page, 2012). Since the present study was part of a larger 

project, this would have represented a greater amount of work than could be undertaken. Marine 

POM sampled in subsurface at the SOMLIT station (Fig.1) was considered as a proxy of 

microphytoplankton, as it was sampled at a deep (60 m depth) offshore station, where influences of 

benthic primary production and terrigeneous inputs are negligible, and where C/N and POC/Chl a 

ratios are consistent with the predominance of microphytoplankton in the POM (Cresson et al., 

2012). Details of the methodology used for nanophytoplankton collection can be found in Rau et al. 
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(1990). Briefly, large volumes (140 L) of marine water were filtered on sieves of decreasing porosity 

(from 150 to < 3µm). The fraction <3 µm was then resuspended and filtered on GF/F filters, before 

drying and isotopic analyses. To our knowledge, this study is the only one determining isotopic ratios 

for this phytoplankton size class in the French Mediterranean. Finally, terrigenous influences were 

assessed by determining the average isotopic ratios of the suspended OM discharged in the sea by 

the Huveaune River, a coastal river flowing into the sea, during flash flooding events. All four flooding 

events that occurred during the studied period were sampled. Riverine OM was filtered on 

precombusted GF/F filters. Filters were acidified for δ13C analyses and untreated for δ15N analyses. 

The actual sampling protocol and values can be found in Cresson et al. (2012, 2014).  

Stable isotope ratios of suspension-feeders and OM sources were obtained with a continuous flow 

mass spectrometer (Delta V Advantage, Thermo Scientific). Results are expressed with the classical δ 

notation     
       

         
       , where X is 13C or 15N and R the isotopic ratio 13C/ 12C or 15N/14N, 

respectively). Standards were V-PDB for carbon and atmospheric N2 for nitrogen. Measurement 

precision was calculated from replicated measurements of acetanilide laboratory standard and is 

< 0.1 ‰. Seasonal, spatial and interspecific differences of isotopic ratios were tested by ANOVA 

mean comparison tests. Species were gathered in groups of similar isotopic ratios by a clustering 

analysis, using Euclidean distance and Ward criterion. Numerical analyses were run with R software, 

using “cluster” packages (Maechler et al., 2013; R Core Team, 2014) 

The potential contribution of each OM source to filter-feeders issued from clustering analysis and its 

seasonal variation was assessed with a Bayesian mixing model, using the SIAR (Stable Isotope 

Analyses in R) package (Parnell et al., 2010), and considering the 4 OM sources previously cited 

(Table 2). The choice of an accurate Trophic Enrichment Factor (hereafter TEF) is crucial to the design 

of the mixing models, as incorrect values can significantly bias the outputs of the model (Bond and 

Diamond, 2011; Phillips et al., 2014). Assessing accurate TEF is currently one of the key questions in 

isotopic ecology (Caut et al., 2009; Perga and Grey, 2010; Blanchet-Aurigny et al., 2012). Numerous 

factors (taxonomy, metabolism, sex, reproduction status, trophic position, nutritional quality of the 

diet, etc.) can affect the TEF, precluding the use of generalized values, but calling for the use of 

specifically determined values. Unfortunately, few experimental studies have specifically investigated 

TEF for suspension-feeders, and for bivalves only (Yokoyama et al., 2005a, 2008; Dubois et al., 

2007a). In most studies applying mixing models to suspension-feeders, the TEF used were rather 

classical and close to the theoretical 1 ‰ – 3 ‰ values (Riera et al., 2004; Gao et al., 2006; Dubois et 

al., 2007a). The TEF values used in the present study (Δδ13C = 1.28 ± 0.72, Δδ15N = 3.25 ± 0.67) were 

calculated as the average of the values used in the studies previously cited. The trophic level of the 
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organism i was calculated with the following:     
       

     

     
  , with δ15NTB the δ15N ratio of 

nanophytoplankton (δ15N = 1.77), considered as the trophic baseline 

Since the isotopic ratios of an organism represent integrated information on its diet, this technique 

provides a convenient tool to determine the realized trophic niche of a community. Several metrics 

based on isotopic ratios have recently been proposed to describe it (Bearhop et al., 2004; Layman et 

al., 2007; Newsome et al., 2007; Jackson et al., 2011; Layman et al., 2012; Brind’Amour and Dubois, 

2013; Rigolet et al., 2015). In the present study, the interspecific and seasonal variations of the 

trophic niche were assessed using the δ13C range (i.e. the difference between maximum and 

minimum δ13C value) as a proxy of the change in food source use (Layman et al., 2007). The area 

occupied by organisms in the isotopic space was estimated with TA and SEAb. Total Area (TA, the 

area of the convex hull encompassing all the points in the δ13C-δ15N biplot, Layman et al. 2007) 

provides information regarding the whole trophic niche occupied by the population but is dependent 

upon the sample size, whereas the Bayesian estimator of the Standard Ellipse Area (SEAb, Jackson et 

al., 2011) is a proxy of the averaged isotopic niche corrected for sample size. Finally, trophic diversity 

and redundancy were assessed by calculating the mean distance to centroid (CD, the average 

Euclidean distance between each individual and the centroid of the group, a proxy of the trophic 

diversity) and the mean nearest neighbor distance (MNND, the mean of the Euclidean distances 

between each individual and its nearest neighbor, as a proxy of the trophic redundancy). 

3. Results 

Suspension-feeders exhibited similar isotopic ratios (Fig. 2, Table 1), since differences between 

minimum and maximum values were ~2 ‰ for δ13C (between -22.65 ± 0.44 ‰ for Limaria hians and -

20.48 ± 0.75 ‰ for Hiatella artica) and for δ15N (between 3.57 ± 0.68 ‰ for Ostrea edulis and 5.69 ± 

0.61 ‰ for Phallusia mamillata). Clustering analysis separated two major groups (Fig. S1) with 

significantly different isotopic ratios (Table 2). The first included ascidians and two bivalve species 

(Mymachlamis varia and H. artica, hereafter referred to as the “bivalves 2” group). Ascidians and 

bivalves 2 separated themselves within two distinct sub-clusters. The second cluster grouped all 

other bivalves (hereafter referred to as the “bivalves 1” group) with the annelid Chaetopterus 

variopedatus. C. variopedatus will be considered in a separate group, based on both isotopic and 

taxonomic differences. Carbon isotopic ratios only separated bivalves 2 from the other species, 

whereas δ15N was most discriminating, with C. variopedatus and bivalves 1 group exhibiting the 

lowest mean values in summer and winter respectively, bivalves 2 group intermediate mean values 

and ascidians the highest values (Table 1). These differences resulted into differences in trophic 

levels with the lowest values for C. variopedatus and bivalves 1 group, and the highest for ascidians. 
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Trophic levels were generally low, ranging between 1.5 and 2.3. Regarding temporal variation, δ13C 

values were significantly higher in winter than in summer, whatever the group. No other spatio-

temporal variations were detected (Table 3). Therefore, individuals from both reefs were considered 

together in the subsequent analyses. 

The mixing model was applied separately to the groups resulting from the clustering analysis (Fig. 3, 

Table S1). Results demonstrated a strong contribution of the pelagic primary production, with a 

predominance of nanophytoplankton. This contribution was higher in summer for ascidians and the 

two groups of bivalves. Benthic primary production was not a significant OM source except for the 

bivalves 2 group in winter. Similarly, isotopic ratios measured for all groups except ascidians and 

C. variopedatus in summer were consistent with no contribution of terrigenous OM to the diet of 

these individuals (i.e. lower limit of the 95 % Bayesian credibility interval = 0 and higher limit < 15 %). 

Regarding C. variopedatus, all sources seemed to be potential contributors but the wide range of 

contributions mostly denoted that the resolution of the current model might not be sufficient and 

that potential sources might be lacking.  

Interspecific and seasonal differences in isotopic niches were also detected. For ascidians, bivalves 2 

and C. variopedatus, isotopic niche was higher in summer than in winter, notably due to a higher δ13C 

range in this season (Fig. 4). Ascidians displayed the highest δ13C range, with a markedly high value 

(5.48 ‰) in summer. In contrast, bivalves 1 displayed the opposite pattern, with lowest δ13C range 

and SEAb values in summer. The trophic diversity (CD) and redundancy (MNND) proxies separated 

two patterns (Fig. 5). For ascidians and C. variopedatus, values for both indices were lower in winter. 

For bivalves, indices were higher in winter, with a marked increase for bivalves 2. The seasonal 

changes for all indices are summarized in Table 4 

4. Discussion 

Suspension-feeders are the predominant species in the vast majority of benthic habitats. The 

coexistence of several syntopic suspension-feeding species at a small-spatial scale and the potential 

trophic competition between cultured and wild suspension-feeders have generated a large body of 

work regarding trophic competition in highly productive environments, where benthic, pelagic and 

terrestrial OM sources were abundant. Is this trend conserved in an oligotrophic environment?  

4.1. What OM source fuels which suspension-feeder? 

In the present study, the use of stable isotope ratios to track the origin of the OM fueling the 

suspension feeders appeared appropriate, since few OM sources (i.e. the most relevant to the 

system) with well discriminated isotopic ratios were considered. This enabled identification of 
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nanophytoplankton as the main OM source fueling the system. Nanophytoplankton is the main 

component of the pelagic ecosystem in the bay of Marseille (Gregori et al., 2001; Cresson et al., 

2012; Bănaru et al., 2014) as well as in other coastal zones in the Mediterranean (Coma and Ribes, 

2003; Garrido et al., 2014). On the basis of the analysis of the morphology of the filtration and 

retention systems (Ward and Shumway, 2004; Riisgård and Larsen, 2010) and on experimental 

filtration studies, nanophytoplankton was demonstrated as the main food source for ascidians (Ribes 

et al., 1998; Coma and Ribes, 2003; Kang et al., 2009; Lesser and Slattery, 2015; Lacoste et al., in 

press) and as potentially important for suspension-feeding annelids (Jordana et al., 2001). The 

smallest size-classes of phytoplankton were also identified as the main OM source for other 

suspension-feeding groups, mainly sponges or octocorals in the Mediterranean (Topçu et al., 2010) 

or in other oligotrophic ecosystems (Elias-Piera et al., 2013; Orejas et al., 2003; Ribes et al., 2003; 

Trussell et al., 2006). Regarding bivalves, studies identified diatoms, whether pelagic or benthic, as 

the preferred dietary substrates (Riera and Richard, 1996; Dupuy et al., 2000; Riera et al., 2002; 

Riera, 2007, 2008; Xu and Yang, 2007; Kang et al., 2009; Lefebvre et al., 2009; Pernet et al., 2012). In 

the artificial reef system studied here, benthic diatoms can be considered as absent due to the 

depth, and pelagic diatoms were scarce in most seasons (Bănaru et al., 2014). Nevertheless, bivalves 

can show a high degree of trophic plasticity and retain a large amount of food from other sources, 

even the smallest ones (Dupuy et al., 2000; Xu and Yang, 2007). In addition, the seasonal variation of 

the isotopic ratios in suspension-feeders is consistent with the seasonal succession in the pelagic 

community and the spring bloom of nanophytoplankton already detected in the Bay of Marseille 

(Gregori et al., 2001; Cresson et al., 2012). Considering an integration time of ca. 2 months in 

bivalves’ tissues (Dubois et al., 2007a), the lower isotopic values in summer would reflect the 

integration of the predominant production during the spring bloom. Suspension feeding is 

considered as an optimized feeding mechanism minimizing energy costs (Riisgård and Larsen, 2010). 

Even if the smallest phytoplanktonic cells might represent a lower gross amount of carbon (Dupuy et 

al., 2000), as denoted by the lower concentration of biochemical compounds in suspension during 

their bloom (Cresson et al., 2012), the higher cell concentration might allow easier retention for a 

lower energy cost (Kach and Ward, 2008) and thus optimize the feeding efficiency. In winter, 

nanophytoplankton is still observed in the water column but in lower quantities (Gregori et al., 

2001). It is thus unsurprising that its contribution decreases for all groups. 

The other surprising trend is the rather low trophic position calculated for all organisms. In the 

present study, calculation of trophic levels based on δ15N values ranged between 1.5 and 2.2, which 

is lower than the trophic levels of 2 or 3 expected and observed for suspension feeders (Colombo et 

al., 2013; Richoux et al., 2014). The use of an inappropriate TEF value may be considered, since the 
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direct application of laboratory-derived values to natural individuals has been questioned (Yokoyama 

et al., 2008). The bias might be stronger for ascidians and C. variopedatus, since the TEF values result 

from bivalve-derived studies. A predominant integration of bacterial-derived OM could be another 

explanation for these rather low values. Diazotrophic bacteria have δ15N ratios close to 0 ‰ or even 

negative (Karlson et al., 2014; Briand et al., 2015) and are predominant in two terrigenous water 

inputs in the bay of Marseille (Huveaune River and wastewater outfall), with the low isotopic ratios 

of the wastewater outfall consistent with the predominance of diazotrophic bacteria (Bănaru et al., 

2014). They are also abundant during summer blooms in the bay of Marseille (2 to 5 102 cells mL-1, Le 

Moal and Biegala, 2009; 7 104 events mL -1 Zhao et al., 2012). With such high abundance, bacteria can 

form aggregates allowing easier retention by suspension feeders (Kach and Ward, 2008). A significant 

contribution of diazotrophic bacteria to the diet of suspension feeders might explain the 

unexpectedly low δ15N and trophic levels measured in the Bay of Marseille. Considering bacteria as a 

food source might also explain why the lowest δ15N values were measured for C. variopedatus. Its 

retention-system based on a mucus-net mesh is the most efficient to retain particles as small as 0.5 

µm (Flood and Fiala-Médioni, 1982; Riisgård and Larsen, 2010; Jumars et al., 2015). Bacteria might 

represent the missing end-member to complete the mixing-model for this species and are considered 

as a potential food source for bivalves (Xu and Yang, 2007; Kharlamenko et al., 2008; Pernet et al., 

2012; Karlson et al., 2014) and for ascidians (Lesser and Slattery, 2015; Ribes et al., 1998). It could 

also explain the generalized pattern of low δ15N values recorded in the Bay of Marseille, notably for 

zooplankton (Bănaru et al., 2014; Espinasse et al., 2014; Tiano et al., 2014). In the Baltic Sea, previous 

results confirmed that diazotrophic bacteria can be a significant food source for the whole trophic 

network (zooplankton and benthic invertebrates), since it can represent up to 80 % of the diet of 

some species (Karlson et al., 2014; Lesutienė et al., 2014). Assessing accurately the contribution of 

this source to the diet of suspension feeders, for example through their integration as an end-

member in a mixing model, is nevertheless complex since it would require an accurate determination 

of δ13C value for diazotrophic bacteria in the bay of Marseille. Other trophic markers, such as fatty 

acids, can be considered as a useful complementary tool, since their use demonstrated a higher 

contribution of bacteria to oysters’ diet during summer in a Mediterranean lagoon (Pernet et al., 

2012).  

4.2. Is the suspension-feeder community trophic pattern conserved in oligotrophic ecosystems? 

Since C and N stable isotope ratios provide information about the organic matter sources integrated 

by organisms, they have been used as a proxy of ecosystem functioning, as oligotrophy may affect 

resources availability for consumers. In eutrophic systems, enhanced primary production increases 

coupling between pelagic and benthic trophic networks, and reduces the isotopic differences 
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between suspension feeders and deposit feeders, grazers or predators (Vadeboncoeur et al., 2003; 

Gaudron et al., 2015). Nevertheless, no study has assessed such a pattern on suspension feeders 

only. In a eutrophic context where food sources are diverse and available, wide (up to 4 ‰ for δ13C) 

interspecific differences can be observed, in contrast to to the pattern observed in the present study. 

Such a difference is classically interpreted as the establishment of resource sharing mechanisms, to 

limit interspecific trophic competition (Riera et al., 2002; Rossi et al., 2004; Yokoyama et al., 2005b; 

Dubois et al., 2007b, 2007c; Lefebvre et al., 2009). But similar differences are also observed in zones 

where chlorophyll a concentrations are lower (Kang et al., 2009; Yakovis et al., 2012; Lacoste et al., in 

press), meaning that oligotrophy may not be the major factor driving this difference. Species-specific 

abilities to increase the filtration rate, to reject particle of poor nutritional interest, or conversely, 

their inability to exert a feeding choice, may mask the effects of oligotrophy. In addition, chlorophyll 

a or nutrient concentrations were rarely combined with isotope ratios, precluding a firm conclusion 

on that point (Table S3). Interestingly, all studies except one were performed in coastal shallow zones 

(Table S3). Isotopic similarity among suspension-feeders was also observed in deep (66-350 m depth) 

Arctic gorgonians, and was also interpreted as the consumption of the sole food source available 

outside the phytoplankton blooming period (Elias-Piera et al., 2013). In deep zones, food supply 

might be even less diverse but not less abundant. In a study comparing dietary patterns in deep (25 

m) and shallow (12 m depth) sponges, Trussel et al. (2006) demonstrated that picoplankton was 

more abundant in deep sites, resulting in a more efficient retention and a higher growth rate for 

deeper sponges. Inferring a similar pattern in the Bay of Marseille’s  artificial reefs may explain the 

colonization success of suspension feeders (Rouanet et al., 2015). Another interesting trend 

commonly observed, is the similarity of the relative trophic positions between species, whatever the 

location (Dubois and Colombo, 2014). Bivalves display markedly higher values than ascidians, due to 

the retention of 13C-enriched diatoms for bivalves and of nanophytoplankton for ascidians. This 

pattern is observed in all studies comparing ascidians and bivalves except the present one, 

confirming that local environmental conditions have a strong effect on bivalve feeding patterns (Grall 

et al., 2006; Dubois et al., 2007c; Kang et al., 2009; Schaal et al., 2010; Yakovis et al., 2012; Lacoste et 

al., in press; Tab S3). Suspension-feeding annelids are commonly considered to have the highest 

trophic position, based on their expected ability to retain zooplankton (Dubois et al., 2007c; Lefebvre 

et al., 2009; Richoux et al., 2014; Richoux and Ndhlovu, 2014). This trend is not conserved in the 

present system and could also trace the influence of the low diversity and availability of food 

resources on the food partitioning.  

4.3. Seasonal variation of isotopic indices as a proxy of species specific abilities 
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The different seasonal patterns observed for all groups of suspension-feeders might reflect their 

interspecific difference in sorting abilities. Previous studies have already demonstrated that species-

specific retention mechanisms can strongly affect the inter- and intraspecific trophic relationships 

(Dubois and Colombo, 2014; Richoux and Ndhlovu, 2014). Bivalves are commonly considered as a 

group with high capability to sort and select or reject food sources (Ward and Shumway, 2004; 

Richoux and Ndhlovu, 2014; Dubois and Colombo, 2014). They can select particles with higher 

nutritional value and reject in pseudo-feces the particles of poor nutritional interest (Bracken et al., 

2012). In winter, an increase of CD and NND was detected for both bivalve groups. In the face of a 

decrease of nanophytoplankton concentrations in winter, the CD increase reflected an increase of 

the trophic diversity, i.e. an increase of the number of sources retained. For the bivalves 1 group, the 

change was slight and might be explained by the increased retention of microphytoplankton. For the 

bivalves 2 group, the increase was more pronounced and was largely explained by the use of 

macroalgal detritus. The absence of laterofrontal cirri in the retention system was demonstrated for 

pectinid bivalves (such as M. varia), causing a lower retention efficiency for small particles (Ward and 

Shumway, 2004; Riisgård and Larsen, 2010). M. varia also displayed the highest δ13C values of all 

bivalve species in a previous study (Schaal et al., 2010) potentially confirming that the morphological 

constraint is conserved regardless of the ecosystems. This lower efficiency might also prevent some 

individuals of the bivalves 2 group from depending exclusively on nanophytoplankton in summer, 

explaining the opposite seasonal trend for δ13C range between the two groups of bivalves and the 

wide ranges of source contributions in the mixing-model for the bivalves 2 group. Even if the inter-

individual variation was not specifically investigated in the present study, it was demonstrated to 

play a significant role, potentially driven by intraspecific variation in morphological structures (Dubois 

and Colombo, 2014). In addition, using detrital vegetal matter requires specific enzymatic systems 

(Navarro et al., 2009). It may thus be hypothesized that these species also used nanophytoplankton 

as the preferred food source when abundant but have their feeding selection constrained by 

anatomical specificities in winter. Macroalgal detritus can thus represent an interesting food source 

to complete the diet of those species even if the ratio between energy input and filtration cost is 

lower for this food source. Finally, the results observed for ascidians and for the polychaete 

C. variopedatus were consistent with the expected opportunism of these species. Even if 

nanophytoplankton is their preferred food source, ascidians have the ability to retain all particles 

from 0.5 to 100 µm (Ribes et al., 1998). Similarly, polychaetes are considered to have limited sorting 

abilities and a wide range of possible food sources (Dubois and Colombo, 2014). Both groups share a 

similar sieving system, based on the retention of particles on a mucus trap (Flood and Fiala-Médioni, 

1982; Jumars et al., 2015; Ribes et al., 1998; Riisgård and Larsen, 2010). The similar isotopic trends 

observed for both groups (i.e. lower index values in winter, whatever the magnitude of the change) 
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support the idea that these species were “the ultimate opportunists” (sensu Coma et al., 2001) in the 

sense that their trophic behavior is directly coupled with the composition of the suspended OM pool. 

In summer, the δ13C range recorded for ascidians was consistent with the use of a wide range of food 

sources and without preferential sorting between them. Similarly, CD and NND were high for 

C. variopedatus, consistently with the maximized use of all food sources available. The seasonal 

decrease observed in winter for all trophic niche indices was thus consistent with the constrained use 

of a lower range of available food sources. The contribution of riverine derived OM only to the 

summer diet of C. variopedatus, and to a lesser extent of ascidians, might also demonstrate the 

influence of their lower sorting abilities. The Huveaune River OM inputs are of poor nutritional 

quality, as denoted by their high insoluble carbohydrate concentrations and C/N ratios, and by the 

predominance of bacteria (Cresson, 2013; Bănaru et al., 2014). These inputs might be sorted by 

bivalves but not by ascidians and C. variopedatus. Richoux and Ndhlovu (2014) previously observed a 

similar decreasing influence of terrigenous inputs based on sorting abilities. The contribution of 

riverine inputs is higher in the polychaete Gunnarea gaimardi than in the bivalve Perna perna, since 

the mussel sorting abilities allow discarding riverine inputs of poor nutritional quality. Nevertheless, 

firm conclusions are precluded for the polychaete since the low sample size might bias some metrics 

calculations and the TEF might be questioned. More generally, assessing efficiently the trophic 

ecology of polychaetes on the basis of their stable isotope ratios was demonstrated to be a complex 

task (Richoux and Ndhlovu, 2014), possibly due to the wide range of feeding mechanisms in use in 

this taxon (Jumars et al., 2015). 

Analyzing the trophic ecology of co-occurring suspension-feeders has been the core of numerous 

studies but the effect of depth and oligotrophy has been poorly documented. The present study 

demonstrated that lower food diversity and availability clearly limits the interspecific partitioning of 

resources. This lower diversity also constrained the sorting between food resources, even if the 

mechanisms observed elsewhere seemed to be conserved in the present study. The high trophic 

plasticity and opportunism of suspension-feeders was also confirmed, since benthic and pelagic food 

sources can contribute to their diet, and since suspension-feeders were able to switch their diet to 

cope with resource scarcity. Unexpectedly, diazotrophic bacteria can be considered as a significant 

food source in the bay of Marseille, originating in the low δ15N and trophic level values. The present 

results demonstrated that a firm conclusion regarding resource sharing mechanisms in suspension 

feeders cannot be only based on results from eutrophic environments, and that further studies in 

other ecological contexts are needed before considering a general pattern.  
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List of figures: 

Fig. 1: Map of the sampling zone, with sampling sites identified with black stars. Bottom pictures 

represent a schematic view of the unitary cubic module and a picture of the whole “metal basket” 

artificial reef before its deployment (modified from Charbonnel et al., 2011). 

Fig. 2: Seasonal variation of the isotopic ratios of suspension feeder groups resulting from clustering 

analyses. Stars represent the actual values measured for OM sources, uncorrected for trophic 

enrichment factor.  

Fig.3: Seasonal variations (summer: left boxes with light border, winter: right boxes, hard border) of 

potential food source contribution to the diet of the four filter-feeders group issued from the 

clustering analysis. Boxes represent 50, 75 and 95 % Bayesian credibility intervals, from light to dark 

grey. The point in the middle of each box is the mode of the distribution. 

Fig. 4: Seasonal variation of δ13C mean values (squares) and ranges (dotted areas). Groups are 

vertically ordinated based on their δ15N value (the highest position, the highest δ15N) but the relative 

position is not representative of the δ15N difference between groups. 

Fig. 5: Seasonal variation of the mean distance to centroid (CD, above panel) and of the mean 

distance to nearest neighbor (MNND, below panel). Color of the boxes stands for the season (black 

border, white background: summer, grey border and background: winter)  
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Fig. 1: 
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Fig. 2 (colored version, for online publication only):  
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Fig. 2 (black and white version, for printed version only) 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

22 
 

Fig. 3:  
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Fig. 4: 
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Fig.5: 
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Tables 

Table 1: Seasonal variation of isotopic ratios. n SIA: number of stable isotope analyses 

Taxonomic 
groups 

Species 
CAH 

group 

Summer  Winter 

n 
SIA 

δ
13

C 
(‰

) 

δ
15

N 
(‰) 

Trophic 
level 

 
n 
SI
A 

δ
13

C 
(‰

) 

δ
15

N 
(

‰
) 

Trop
hic 

level 

Annelida, 
Polychaeta 

Chaetopterus variopedatus 
(Renier, 1804) 

Chaetopt
erus 

10 

-
23.
16 
± 
0.4
1 

3.37 ± 
0.27 

1.5 ± 0.1  
1
0 

-
21.
17 
± 
0.3
8 

3.8
3 ± 
0.5
0 

1.6 ± 
0.2 

 
           

Mollusca, 
Bivalvia 

Anomia ephippium Linnaeus, 
1758 

Bivalves 
1 

8 

-
23.
18 
± 
1.8
3 

3.96 ± 
0.16 

1.7 ± 0.0  6 

-
20.
54 
± 
0.4
3 

3.4
9 ± 
0.3
1 

1.5 ± 
01 

Limaria hians (Gmelin, 1791) 
Bivalves 
1 

10 

-
22.
88 
± 
0.4
3 

3.72 ± 
0.18 

1.6 ± 0.0  
1
0 

-
22.
43 
± 
0.3
4 

3.6
4 ± 
0.0
9 

1.6 ± 
0.0 

Ostrea edulis Linnaeus 1758 
Bivalves 
1 

10 

-
21.
84 
± 
0.7
3 

3.98 ± 
0.71 

1.7 ± 0.2  
1
0 

-
21.
19 
± 
0.6
0 

3.1
6 ± 
0.3
3 

1.7 ± 
0.2 

Average 28 

-
22.
41 
± 
0.7
5 

3.90 ± 
0.49 

1.7 ± 0.2  
2
6 

-
21.
52 
± 
0.9
0 

3.3
8 ± 
0.3
4 

1.5 ± 
0.1 

            

 

Mimachlamys varia 
(Linnaeus, 1758) 

Bivalves 
2 

6 

-
21.
87 
± 
0.2
9 

4.79 ± 
0.11 

1.9 ± 0.0  6 

-
20.
24 
± 
0.4
1 

4.3
1 ± 
0.2
2 

1.8 ± 
0.1 

 

Hiatella artica (Linnaeus, 
1767) 

Bivalves 
2 

6 

-
20.
99 
± 
0.7
0 

4.38 ± 
0.09 

1.8 ± 0.0  6 

-
19.
96 
± 
0.3
1 

4.4
2 ± 
0.1
8 

1.8 ± 
0.1 

 
Average 12 

-
21.

4.59 ± 
0.23 

1.9 ± 0.1  
1
2 

-
20.

4.3
7 ± 

1.8 ± 
0.1 
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43 
± 
0.6
9 

10 
± 
0.3
7 

0.2
0 

            

Chordata, 
Ascidiacea 

Ciona intestinalis (Linnaeus, 
1767) 

Ascidians 8 

-
21.
74 
± 
0.7
0 

5.41 ± 
0.56 

2.1 ± 0.2  
1
0 

-
20.
82 
± 
0.4
0 

5.1
9 ± 
0.4
9 

2.2 ± 
0.2 

 

Halocyntia papillosa 
(Linnaeus, 1767) 

Ascidians 8 

-
22.
03 
± 
2.1
5 

5.75 ± 
0.37 

2.2 ± 0.1  
1
0 

-
21.
75 
± 
0.4
0 

5.4
6 ± 
0.7
0 

2.2 ± 
0.2 

 

Phallusia mamillata (Cuvier, 
1815) 

Ascidians 10 

-
23.
04 
± 
0.4
6 

5.40 ± 
0.53 

2.1 ± 0.2  9 

-
22.
15 
± 
0.6
2 

5.9
8 ± 
0.5
5 

2.3 ± 
0.2 

 

 Average 18 

-
22.
33 
± 
1.3
6 

5.51 ± 
0.50 

2.2 ± 0.2  
1
9 

-
21.
55 
± 
0.7
3 

5.5
3 ± 
0.6
5 

2.2 ± 
0.2 
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Table 2: SIAR Bayesian mixing model design 

OM source 
δ13C 

(mean ± sd) 
δ15N 

(mean ± sd) 
Explanation Source 

Microphytoplancton -22.70 ± 0.76 ‰ 3.17 ± 1.25 ‰ Cells size : > 10 µm (Darnaude et al., 2004) 
Nanophytoplancton -25.23 ± 1.16 ‰ 1.77 ± 0.25 ‰ Cells size : 2 – 10 µm (Rau et al., 1990) 

Macroalgae - 21.09 ± 2.41 ‰ 3.74 ± 0.81 ‰ 
Average values measured for 

18 species 
present study ; (Cresson 

et al., 2014) 

Terrigenous inputs -26.25 ± 0.51 ‰ 4.48 ± 0.41 ‰ 
Average value of 4 sampling 

during flooding events 
present study; (Cresson 

et al., 2012) 
Trophic enrichment 

factors 
1.28 ± 0.72 3.25 ± 0.67 

Calculated as the average of several values used in the 
literature 
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Table 3: Interspecific and spatio-temporal variations of filter-feeders isotopic ratios. Results of the 

post-hoc mean comparison tests are provided in the last column, with the names of the groups 

abbreviated 

 Factor Stats p-value post hoc 

δ13C Group F(3,136) = 14.82 < 0.0001 Chaeto = Ascid = Biv1 < Biv2 
 Season F(1,136) = 69.83 < 0.0001 Summer < Winter 
 Site F(1,136) = 0.965 0.33 ns 
 Group x Season F(3,136) = 2.95 0.03 ns 
 Group x Site F(3,136) = 2.29 0.08 ns 
 Site x Season F(1,136) = 1.79 0.18 ns 
 Group x Site x Season F(3,136) = 1.13 0.34 ns 

     

δ15N Group F(3,125) = 165.70 < 0.0001 Chaeto = Biv1 < Biv2 < Ascid 
 Season F(1,125) = 1.21 0.27 ns 
 Site F(1,125) = 3.71 0.06 ns 
 Group x Season F(3,125) = 4.79 0.03 ns 
 Group x Site F(3,125) = 0.15 0.93 ns 
 Site x Season F(1,125) = 0.35 0.56 ns 
 Group x Site x Season F(3,125) = 0.55 0.64 ns 
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Table 4: Summary of the seasonal trends observed for the 5 isotopic metrics considered. Sum: 

summer, Win: winter. 

Group δ13C range SEAb TA CD MNND 

Ascidians Sum > Win Sum > Win Sum > Win Sum > Win Sum > Win 
Bivalve 1 Sum < Win Sum < Win Sum > Win Sum < Win Sum < Win 
Bivalve 2 Sum > Win Sum > Win Sum > Win Sum < Win Sum < Win 
Chaetopterus Sum > Win Sum < Win Sum < Win Sum > Win Sum > Win 
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