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Foreword

This doctoral thesis was realized at the University of La Rochelle, within the team BIOFEEL
(BIOdiversité et Fonctionnement des EcosystEmes Littoraux) of the Littoral, ENvironnement et
Sociétés (UMR 7266, CNRS — University of La Rochelle, France) and at the Wadden Sea Station Sylt
of the Alfred Wegener Institute, within the team Ecosystem analysis of the Alfred Wegener Institute —
Helmholtz Association for Polar and Marine Research, Germany. This thesis was part of a co-
supervision agreement between the University of La Rochelle, France, and the Christian-Albrechts-

University, Kiel, Germany.

This work was financially supported by the University of La Rochelle through a grant provided
by the ‘Ministére de I’Enseignement Supérieur et de la Recherche’. This work was supported by the
CNRS through the CNRS research chair provided to B. Lebreton. Financial support was provided by
the Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, as well as the University
of La Rochelle (Mobility for doctoral students) and the German Academic Exchange Service (DAAD:
short-term research grant, 2017, no. 57314023).

Part of this work was carried out on a study area located within the Réserve Naturelle de Moéze-
Oléron, France, administered by the Ligue de Protection des Oiseaux, as well as on a study location
within the UNESCO World Heritage Site of the Wadden Sea, Germany.

The technical and analytical work of this thesis was carried out with the help of many people.

Fieldwork:

- Fieldwork sampling was performed at two habitats of the Marennes-Oléron Bay, France, with the
help of Juliette Baumann, Denis Fichet, Nicolas Lachaussée, Benoit Lebreton and Philippe Pineau.

- Fieldwork sampling was performed at three habitats of the Sylt-Rgmg Bight, Germany, with the
help of Birgit Hussel, Petra Kadel, Sabine Horn, Martin Paar, Lasse Sander, Martin Burgdorf and
Benoit Lebreton.

- Seawater samples were collected at two stations in the Marennes-Oléron Bay, France, with the
help of Philippe Pineau, Nicolas Lachaussée and Benoit Lebreton. Seawater was also sampled at
three stations in the Sylt-Remg Bight, Germany, with the help of Petra Kadel, Benoit Lebreton and
the Mya crew of AWI Syilt.



Sample preparation:

- Seagrass leaves and roots were handpicked for biomass estimations as well as later analyses of
isotope compositions with the help of Martine Bréret.

- Seawater samples were filtered for collection of suspended particulate organic matter with the help
of Martine Bréret and Petra Kadel.

- Preparation of organic material from potential food sources for isotope analyses were done with
the help of Quentin Bernier.

Samples analyses:

- Taxonomic analyses of meiofauna was done with the help of Jadwiga Rzeznik-Orignac with a
small training on meiofauna taxonomy at the Oceanography Station in Banyuls-sur-Mer, France.

- Bacteria abundances were analyzed using a flow cytometer with the help of Laureen Beaugeard.

- Isotope analyses were run at the University of La Rochelle, France, with the help of Gaél Guillou.

- Fatty acid analyses and compound specific isotope analyses were conducted at the Alfred Wegener
Institute Helmholtz Centre for Polar and Marine Research, Bremerhaven. | worked within the
Marine Chemistry working group under supervision of Martin Graeve and had help from Dieter

Janssen and Valeria Adrian.

Food web models:

- Food web models of the five intertidal habitats were constructed with the help of Harald Asmus,
Ragnhild Asmus, Matilda Haraldsson, Nathalie Niquil, Quentin Nogues, Stephen Pacella, Blanche

Saint-Béat and Camille de la Vega.

This work has also been accomplished thanks to the help of an intern, Quentin Bernier. Quentin
did this internship as part of the compulsory internship of the 3" year bachelor (co-supervision with
Benoit Lebreton). He helped with the sorting and preparation of food sources for isotope analyses. His

data analyses provided helpful information which was used in this thesis.

At the end of September part of the work in this thesis was published:
van der Heijden, L.H., Rzeznik-Orignac, J., Asmus, R., Fichet, D., Bréret, M., Kadel, P., Beaugeard,
L., Asmus, H., Lebreton, B. How do food sources drive meiofauna community structure in soft-
bottom coastal food webs? Marine Biology, 165:166. doi:10.1007/s00227-018-3419-7

Part of this thesis has been presented at the Coastal estuarine Research Federation conference
in November, 2017, in Providence, Rhode Island, USA. Other work related to the thesis was also
presented at:

- the 2" year symposium of the University of La Rochelle, France.



- the ENA-workshop 2017 at the Wadden Sea Station Sylt, Alfred Wegener Institute, Germany.
- the AWI PhD-days 2018 at the Wadden Sea Station Sylt, Alfred Wegener Institute, Germany.

This work has also been vulgarized in the form of a 5-minute video with which the jury price
was won at the Festival de Film (pas trop) Scientique 2017 organized by the association of doctoral
students (ADOCYS) at the University of La Rochelle, France.

In parallel of this thesis two years of teaching was conducted at the University of La Rochelle
as part of a DCACE contract. Lectures were given in “Ecophysiologie marine” (1% year of Master). As
well as practical work in “Biologie animale 1” (1% year of Bachelor) and “Expérimentation au

laboratoire appliquée au domaine marine” (3" year of Bachelor).
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General introduction

CHAPTER 1

General introduction

“Life originated in the sea, and about eighty percent of it is still there”

Isaac Asimov
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General introduction

1. GENERAL BACKGROUND

1.1.  Functioning of coastal ecosystems and role for human societies

Coastal ecosystems, at the interface between land and sea on Earth, are made of a high diversity
of habitats, connected with each other by flows of energy and organic matter, and support diverse
communities (Burke et al. 2001). Coastal ecosystems are characterized high productivities (Reed 1990;
Maclintyre et al. 1996; Duarte and Chiscano 1999; Underwood and Kromkamp 1999; Hemminga and
Duarte 2000; Simas et al. 2001; McLusky and Elliott 2004) related to the massive inputs of terrestrial
organic matter and nutrients they receive and the high amounts of material and energy they exchange

with the open ocean (Gattuso et al. 1998; Gazeau et al. 2004).

Benthic habitats are important ecological components of the coastal areas in relation to their
shallow depths and the high benthic-pelagic coupling (Day et al. 1989; Alongi 1998). Soft-bottom
benthic habitats host a wide diversity of biota (i.e., plants and animals) that inhabit the marine sediments
and play important roles in coastal ecosystem processes (Snelgrove 1997): e.g. direct or indirect nutrient
cycling (Romero et al. 2006), food web dynamics (Lavelle et al. 2005), production and transport of
organic matter and oxygen (Alongi 1998), carbon sequestration (Barbier et al. 2011), restructuring of
sediment, i.e., bioturbation (Kristensen et al. 2012). Such ecosystem processes provide ecological
functions, which are essential in the functioning of coastal socio-ecosystems and to human societies
(Snelgrove 1999). As a result, human societies benefit from ecological functions provided by coastal
ecosystems (Millennium Ecosystem Assessment 2005): exploitation (e.g. food, biofuels, leisure
activities), regulation (e.g. waste treatment, nutrient cycling) (Schratzberger and Ingels 2017), nurseries
and feeding grounds for fish and shore birds (Coull 1990; Asmus and Asmus 2000; Hemminga and
Duarte 2000; Simas et al. 2001), coastal protection (Koch et al. 2009; Barbier et al. 2011). These
ecological functions are often related to the presence of particular species (e.g. engineer species),
functional groups (e.g. feeding groups) or habitat types (Prather et al. 2013). Meiofauna, a very diverse
and highly productive group of fauna, contribute to these ecosystem processes and thus to this provision
of ecological functions (Fig. 1.1.) but are, due to their small size, often poorly studied (Giere, 2009)

and/or taken into account.
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Figure 1.1. Conceptual diagram highlighting the relationship between meiofauna activities and ecosystems
processes. These processes are linked to service flows that provided benefits for the socio-economic system, which

can be also expressed in monetary or non-monetary values. After Schratzberger and Ingels (2017).

1.2 Meiofauna and ecosystem processes

The contribution of meiofauna to ecological functions ranges from stabilization of the sediment
to nutrient cycling, including as well breakdown of pollutants and participation into food web dynamics
(Fig. 1.2, Schratzberger & Ingels (2017)). Meiofauna are known to affect sediment processes (Fig.
1.2a) via bioturbation (Cullen 1973; Reichelt 1991; Fenchel 1996; Jensen 1996) and grazing on
microphytobenthos (de Deckere et al., 2001; Moens et al., 2002), leading to a destabilization of the
sediment due to biofilm disruption. Meiofauna directly affect nutrient cycling in the sediment
(Fig. 1.2b) via bioturbation as it enhances the diffusion of solutes (Schratzberger and Ingels 2017).
Meiofauna also indirectly affect nutrient cycling via its effect on microfauna. Microfauna is indeed
playing a strong role in nutrient cycling and its distribution is strongly related to meiofauna grazing
pressures (Montagna 1984; de Mesel et al. 2004; Nascimento et al. 2012). Meiofauna are also involved
in waste removal and contaminant breakdown (Fig. 1.2c) by bioturbation (Bradshaw et al. 2006),
grazing (Naslund et al. 2010; Louati et al. 2013) and accumulation of contaminants in their tissues
(Monserrat et al. 2003). Meiofauna play also a very important role in food web dynamics: they have an
intermediate position in the food web as they rely on primary producers (Rzeznik-Orignac et al. 2008;
Leduc et al. 2009) as well as bacteria (Pascal et al. 2008; Vafeiadou et al. 2014) and transfer energy
towards higher trophic levels (Coull 1999). As a result, meiofauna are a strong ecological agent.
However, contributions of meiofauna to energy flows (i.e., consumption, production, respiration,
egestion) within benthic food webs as well as their role in food web dynamics remains under debate
(Fig. 1.2d) (Schratzberger and Ingels 2017). This role is even more complex to apprehend in soft-bottom
coastal ecosystems due to their very complex functioning, as well as the large spatio-temporal variations

occurring in these systems.

Soft-bottom coastal habitats are characterized by a relatively large diversity of food sources

(i.e., seagrass, micro- and macroalgae, phytoplankton, bacteria), following spatial and temporal

-4 -

T -



General introduction

variations (Gazeau et al. 2004), supporting complex and dynamic food webs (Boschker and Middelburg
2002; Baird et al. 2004b). Energy flows within soft-bottom intertidal food webs are mainly controlled
by the production rate of microphytobenthos (Middelburg et al. 2000; Pinckney et al. 2003; van Oevelen
et al. 2006) and the transfer of the produced carbon within the coastal food web via meiofauna
(Montagna et al. 1995) and macrofauna (Kang et al. 2003, 2015; Haubois et al. 2005a).
Microphytobenthos dominates primary production in soft-bottom intertidal habitats (Asmus and Asmus
1985; Daehnick et al. 1992; Maclntyre et al. 1996; Underwood and Kromkamp 1999; Kaldy et al. 2002;
McLusky and Elliott 2004) and is an important food source for benthic herbivores (Herman et al. 1999,
2000; Lebreton et al. 2011b). Meiofauna are connected to microorganisms in the food web via the
consumption of microalgae and bacteria (Moens and Vincx 1997b; Pascal et al. 2008; Rzeznik-Orignac
et al. 2008; Giere 2009) and to the food webs of macroconsumers especially via its consumption by
predatory invertebrates and small benthic fish (Gee 1989; Coull 1999; Hyndes and Lavery 2005).
Meiofauna transfer material towards higher trophic levels (Coull 1990) and are an important factor in
food web functioning because of their intermediate trophic position (Leguerrier et al. 2003; Giere 2009),
high turn-over rate (Kuipers et al. 1981) and high secondary production (from 4 to 29 g C m™ year™)
(Warwick et al. 1979; Escaravage et al. 1989; Chardy and Dauvin 1992; Danovaro et al. 2002b) often

exceeding that of macrofauna (Giere 2009).

1.3.  Current stakes about functioning of coastal ecosystems

Anthropogenic activities, global change and natural evolution of shorelines are affecting the
geomorphology of coastal ecosystems (Davis & Fitzgerald 2004, Orth et al. 2006, Halpern et al. 2008,
Waycott et al. 2009) as well as exert increasing pressures on the functioning of these systems.
Continuous exploitations of coastal ecosystems leads to loss of habitats (Davis and Fitzgerald 2004;
Orth et al. 2006) and negatively affects the stability and resilience of coastal areas (Lotze et al. 2006).
For example, oyster farming increase the trapping of fine sediment close to oyster farming areas in the
Marennes-Oléron bay (Sornin et al. 1983; Nugues et al. 1996; Mallet et al. 2006). In the bay of Sylt-
Remg, sand bank movements, due to tidal currents, regularly change the morphology of the Bay (Dolch
and Hass 2008), leading to the disappearance of seagrass beds (Dolch and Reise 2010). Additionally,
in soft-bottom ecosystems, geomorphological changes of coastal embayments also affect the structure
of benthic microalgae assemblages, as these depend on sediment grain size (van de Koppel et al. 2001;
Ubertini et al. 2015). Changes in availability, quantity and quality of food sources (e.g. microalgae,
fresh or detrital seagrass material) therefore might alter meiofauna communities in terms of biomass,
productivity and trophic positions. As a result, these geomorphological changes probably affect the role
of meiofauna in the functioning of intertidal food webs (Schratzberger and Ingels 2017) and the
ecosystem functions they provide (Eriksson et al. 2010). There is therefore a need to better

understand the role of meiofauna communities in the functioning of soft-bottom coastal

-5-



General introduction

ecosystems and to define how this role is changing when abiotic and biotic factors are modified,
in order to better predict how ecological functions provided by meiofauna can be altered.
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AIMS OF THE THESIS

The general aim of this thesis is to better understand the role of the meiofauna in food

webs of soft-bottom habitats and, more precisely, to determine the major trophic resources of

meiofauna in these habitats in relation to availability of these food sources. The potential

differences in food web structure and functioning depending on food source availability will be

determined using habitat comparisons (three different habitats from two ecosystems). Such an approach

based on habitat comparisons will be used to define how changes in habitat structure can affect the

functioning of these food webs. In this aim, several habitats (i.e., bare mudflats, seagrass beds and a

sandflat) and ecosystems (i.e., Marennes-Oléron Bay, Sylt-Rgmg Bight) were selected so the

functioning of food webs could be compared depending on several gradients of potential food sources:

From systems with high loads of detrital matter (i.e., seagrass beds) to systems mostly
dominated by fresh material (i.e., sandflat). Seagrass are highly productive but most of the
organic matter which is produced is exported or stored as detritus into the sediment (Mateo et
al. 2006), thus representing a high load of detrital matter available to consumers. Contrarily,
sandflats are generally characterized by low organic matter content into the sediment
(Bergamaschi et al. 1997), likely due to hydrodynamics.

From systems dominated by epipelic diatoms (i.e., mudflats) to systems dominated by
epipsammic diatoms (i.e., sandflats). Benthic microalgae communities of intertidal bare
mudflats are dominated by epipelic microalgae (Round 1971; Yallop et al. 1994; Thornton et
al. 2002). These diatoms migrate towards the surface of the sediment at every diurnal low tide
and create biofilms at the sediment surface (Blanchard et al. 2001). These biofilms represent a
high concentration of food resources of high quality at the sediment surface. Benthic microalgae
communities of intertidal bare sandflats are dominated by epipsammic microalgae (Asmus and
Bauerfeind 1994). These diatoms attach to sediment grains and are therefore non- or very poorly
motile (Round 1971). Such food resources are of high quality but are less available at the
sediment surface as they are distributed within the first millimeters of the sediment (Méléder et
al. 2005).

From systems largely influenced by inputs of estuarine and terrestrial organic matter
(i.e., Marennes-Oléron Bay systems) to systems mostly influenced by oceanic inputs
(i.e., Sylt-Romo Bight). The Marennes-Oléron Bay receives continental inputs of organic
matter from the Charente River (Riera et al. 1996), while the Sylt-Rgmg Bight is without any
large direct tributary (Asmus 2011).
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In total, five food webs from different habitats will be described and compared: a bare mudflat
and a seagrass bed in the Marennes-Oléron Bay, a bare mudflat, a sandflat and a seagrass bed in the
Sylt-Remg Bight. The description of these food webs will be carried out following a holistic way and
using a combination of different approaches (community structure assessment, use of trophic markers,
construction of food web models) so that the role of the meiofauna will be assessed in the framework
of the whole system functioning, considering the other compartments and flows of organic matter. Each
approach developed during this project corresponds to a chapter of this thesis. The combination of these
chapters allows the reader to have a better understanding of the role of the meiofauna in soft-bottom
coastal ecosystem food webs, and to determine how flows of organic matter change when habitat
properties (particularly food resources) change. Before this, a first chapter will provide the reader the
major information requested to well understand this thesis, in terms of scientific and methodological

knowledge.

As stated before, the aim of chapter two will be to provide some general background
information about the role of meiofauna in the functioning of coastal ecosystems, about how biotic
and abiotic factors affect the meiofauna community structure. As this thesis is about food resources
used by meiofauna, this chapter will also provide some information about feeding ecology of
meiofauna, and more particularly about nematode trophic groups, about potential food sources
meiofauna is relying on, and about the methods to determine the food resources used by these
consumers. Due to the large range of knowledge and methods this thesis refers to, the aim of this chapter
is not to provide exhaustive information, but to give the reader the major information needed for a good
understanding of this manuscript. The references of the major publications are cited in this chapter so

the reader can refer to these studies to get complementary information.

The third chapter describes the temporal and spatial variation of both food sources and
meiobenthic assemblages in the five studied habitats (Fig. 1.3: indicated in green). The aim is to
determine how food sources drive meiofauna community structure in soft-bottom intertidal food webs.
Habitat comparison is carried out to reveal the effects of changes in availability, quality and quantity of
food sources on meiofauna communities, with a particular focus on nematodes and benthic copepods.
The relationships between different trophic groups of meiofauna and their food sources are described

based on species composition of meiobenthos.

The fourth chapter describes the food resource uses by the two major groups of
meiofauna, nematodes and benthic copepods in the five habitats, using trophic markers (Fig. 1.3:
indicated in blue). These trophic markers are bulk stable isotope compositions (carbon and nitrogen),
fatty acid profiles and compound-specific stable isotope compositions of fatty acids. Stable isotope

compositions are useful in describing trophic relationships, however, they might be misleading in
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complex systems, due to overlapping isotope compositions of food sources. Thus, additional
information is required to discriminate some food sources in the form of fatty acid profiles (Sargent and
Whittle 1981; Dalsgaard et al. 2003; Parrish 2013) and compound-specific isotope compositions of fatty
acids (Boschker and Middelburg 2002; Bouillon and Boschker 2006; Middelburg 2014). The
combination of bulk- and compound-specific stable isotope compositions and fatty acid profiles are
effective for a good understanding of the functioning of complex food webs (Kharlamenko et al. 2001;
Nyssen et al. 2005; Jaschinski et al. 2008; Leduc et al. 2009; Lebreton et al. 2011b; Braeckman et al.
2015).

In the fifth chapter, the role of the meiofauna in soft-bottom intertidal coastal food webs
is determined (Fig. 1.3: indicated in orange) based on the integration of the new information from
chapters three and four into food web models. The outputs of these food web models (i.e., one model
per habitat) are compared to determine whether the feeding strategies of meiofauna depend on the
availability of food sources. The food web models used in this chapter are built using previous ones
describing the food web functioning in habitats of the Marennes-Oléron Bay and of the Sylt-Rgmg
Bight (Leguerrier et al. 2003, 2007, Baird et al. 2004b, 2007, 2012; Degré et al. 2006; Pacella et al.
2013; de la Vega et al. 2018b).

As stated before, chapters three, four and five provide some complementary information in
order to give the reader a global understanding of the role of meiofauna in soft-bottom ecosystems. In
a general discussion, the main information from these different approaches is gathered to provide
the reader an overview of the results from the systematic approach carried out in this thesis. A
section of this general discussion is also dedicated to scientific questions raised in this thesis and
provides some recommendations about the future research which should be carried out to address these

questions.
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Habitat scale

Socio-ecosystem scale
Ecosystem scale

Figure 1.3. Conceptual diagram illustrating the influence of human and natural pressures on meiofauna
community structure and the role of meiofauna in ecological processes and functions. The different observation
scale (i.e., socio-ecosystem, ecosystem and habitat) are described on the left side of the diagram. To simplify the
conceptual diagram, abiotic and biotic parameters are only illustrated for meiofauna. Chapters are referred to by

colors as green refers to chapter 3, blue to chapter 4 and orange to chapter 5.

-11 -



General introduction

-12-



Chapter 2

CHAPTER 2

Background and

methodology



Chapter 2

Meiofauna community structure and feeding
ecology:

Background and methodology

-14 -



Chapter 2

1 EFFECTS OF ABIOTIC AND BIOTIC FACTORS ON MEIOFAUNA COMMUNITY
STRUCTURE

Meiofauna consist of microscopically small, motile aquatic animals (size ranging from 44 to
500 um) occurring in and on soft substrates of both marine and freshwater ecosystems (Giere, 2009).
Meiofauna are known for their high abundance within coastal ecosystems but their role within these
complex ecosystems remains poorly understood (Rzeznik-Orignac et al. 2008; Lebreton et al. 2012).
Nematodes generally dominate meiofauna communities in coastal intertidal ecosystems (Heip et al.
1985), often followed by benthic copepods as the second most abundant group (Hicks and Coull 1983).
Nematodes, occurring from polar- to tropical regions and from sandy beaches to deep-sea sediments
(Giere 2009). Their abundance is very high in intertidal soft-bottom coastal ecosystems, however this
abundance can be quite variable (10° to 10° ind. m? Heip et al. 1985, Soetaert et al. 1995). Benthic
copepods typically occur in habitats with medium-to-find sand, where their abundance can be slightly
higher than those of nematodes (Giere 2009). Other groups of meiofauna, such as foraminifera,
ostracods, and polychaetes, are generally less abundant in soft-bottom intertidal habitats (Giere 2009).
Distribution of meiofauna is regulated by complex interactions with biotic and abiotic factors (Fig. 2.1),

which will be detailed in the following sections.
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Figure 2.1. Conceptual diagram illustrating the abiotic and biotic parameters structuring meiofauna communities

after Giere (2009).

1.1. Abiotic factors

The impact of abiotic factors on meiofauna communities have been studied since the 1960s.
Among abiotic factors, oxygen depletion (Josefson and Widbom 1988; Austen and Wibdom 1991),
hydrodynamics (Menn 2002; Reise 2002; Gheskiere et al. 2005), sediment grain size (Coull 1985; Heip
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et al. 1985; Ndaro and Olafsson 1999; Steyaert et al. 2003; Schratzberger et al. 2004; Semprucci et al.
2010; Dupuy et al. 2015), changes in salinity (Ingole and Parulekar 1998; Richmond et al. 2007),
temperature (Vafeiadou et al. 2018) and intertidal water levels (Smol et al. 1994; Steyaert et al. 2001)
have been identified as structuring parameters (Fig. 2.2).

Abiotic parameters
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Figure 2.2. Conceptual diagram illustrating the effects of abiotic parameters on meiofauna community structure
(i.e., biomass, abundance, biodiversity, characteristics species). After literature in section 1.1. and from Giere

(2009). + = stimulating effect, - = negative effect

Meiofauna have a high tolerance to low oxygen concentrations (Wieser and Kanwisher 1961;
Lassere and Renaud-Mornant 1973; Ott and Schiemer 1973) and Josefson & Widbom (1988) observed
that the meiofauna community was hardly affected by low oxygen concentrations, whereas macrofauna
was highly affected. However, an extreme event, such as hypoxia, could result in decreasing diversity
and increased dissimilarity of the meiofauna community, also due to indirect effects related to decrease
of macrofauna, changing macrofauna-meiofauna interactions (Austen and Wibdom 1991). Sediment
grain size is known to affect meiofauna abundance, biomass and communities, both directly as well as
indirectly (Heip et al. 1985), with generally higher abundances and biomass when sediment grain size
is decreasing (Moens et al. 2013). Similar effects of smaller sediment grains related to higher
abundances has been observed as well by Ndaro & Olafsson (1999) and Soetaert et al. (2009). Dupuy
et al. (2015) showed that a larger sediment grain size leads to a higher abundance of larger nematodes,
generally omnivorous/predating nematodes, and thus suggested a relationship between feeding ecology

of nematodes and sediment grain size.

In addition to spatial variation, meiofauna communities also vary over depth which could be

linked to sediment grain size and oxygen concentration (Steyaert et al. 2003; Vanaverbeke et al. 2004).
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Lower diversity and abundance were observed in deeper layers related to decreasing oxygen
concentration and sediment grain size (Steyaert et al. 2003, 2007). Hydrodynamics can play a role as
well since both upward and downward migration have been observed during a tidal cycle (Steyaert et
al. 2001).

Of course, these patterns of distribution and of migration are not only related to one of the
previous factors, but to the combination and the interaction of all these factors (Steyaert et al. 2001,
Giere 2009).

1.2. Biotic factors

As for studies on the effects of abiotic factors, investigations on the influence of biotic factors
on meiofauna abundance and community structure have increased since the 1970s. Biotic parameters
such as food availability and quality (Castel et al. 1989; Danovaro 1996; Danovaro et al. 2002b), the
availability of specific food sources, i.e., microphytobenthos, bacteria (Danovaro and Gambi 2002;
Fisher and Sheaves 2003; Fonseca et al. 2011) and phytodetritus (Vanaverbeke et al. 2004; Franco et
al. 2008b), are known to affect meiofauna community (Fig. 2.3) (Woodin and Jackson 1979). Rudnick
(1989) indicated that higher abundance of benthic copepods was linked to an increase in pelagic organic
carbon, whereas abundance of nematodes and foraminifera was more related to increasing sediment

organic carbon.

Danovaro (1996) and Fisher & Sheaves (2003) indicated a higher meiofauna abundance with
increasing microbial biomass. Increase in food quantity and quality i.e., microphytobenthos and organic
carbon lead to increasing meiofauna abundance and biomass as observed by Castel et al. (1989). The
variations in availability of food sources, e.g. due to absence or seasonal variations of food sources,
affected the meiofauna community as well. This relationship between seasonal fluctuations of
meiofauna abundance and seasonal variations in its food sources, i.e., microphytobenthos and
suspended particulate organic matter, has been observed frequently (Coull 1970; Montagna et al. 1983;
Rudnick et al. 1985). Tietjen (1969) observed similar patterns linking increasing abundance of certain
trophic groups such as epigrowth feeding nematodes as well as deposit and omnivorous feeding
nematodes to increases in microphytobenthos and detritus, respectively. Danovaro & Gambi (2002) and
Fonseca et al. (2011) observed that dominant trophic groups of meiofauna followed seasonal
fluctuations of food sources. Seasonal or spatial variations also occur in the availability of habitat
structuring vegetation, i.e., the presence or absence of vegetation, resulting in characteristic meiofauna
taxa and nematode species as well as in an small effect on the meiofauna and nematode abundances
(Fonseca et al. 2011). This could be linked to differences in habitat structure between vegetated and

unvegetated habitats, e.g. lower hydrodynamics (Reise 2002) and lower and/or higher sediment grain

-18 -



Chapter 2

size in vegetated habitats (Fonseca et al. 2011; Leduc and Probert 2011).As a result, this is likely that
meiofauna community structure changes between habitats (i.e., different food sources) and seasons (i.e.,
variation of food sources). Danovaro et al. (2002) observed an increase in meiofaunal production during
microphytobenthos blooms and with the fall of seagrass leaves.

Biotic parameters
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Figure 2.3. Conceptual diagram illustrating the effects of biotic parameters on meiofauna community structure
(i.e., biomass, abundance, biodiversity, characteristics species) and production. After literature in section 1.2. and
from Giere (2009). + = stimulating effect, SOM = sediment organic matter, SPOM = suspended particulate organic

matter.
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2. MEIOFAUNA FEEDING ECOLOGY

Meiofauna, with its relatively small size has the ability to migrate through the interstitial space
of the sediment and can therefore access a large diversity of food sources. Large heterogeneity, as well
as high diversity of taxa, enables meiofauna to rely on a large diversity of food sources in marine coastal
habitats (Fig. 1, Giere 2009). Free-living nematodes, generally the most abundant taxa, are known to
feed on a large range of food sources (Leduc et al. 2009; Lebreton et al. 2012; Vafeiadou et al. 2014)
but some trophic groups have very specific feeding behaviors (Rzeznik-Orignac et al. 2008; Maria et
al. 2011; Moens et al. 2014). Several studies have demonstrated the important role of
microphytobenthos in hematodes diets, either for non-selective deposit feeders or epigrowth feeders
(Moens and Vincx 1997b; Moens et al. 1999a; Rzeznik-Orignac et al. 2008; Rzeznik-Orighac and
Fichet 2012; Vafeiadou et al. 2014). The importance of bacteria was highlighted by Vafeiadou et al.
(2014) for selective deposit feeders, which correspond to their mouth morphology. Nematodes are, due
to their ability to migrate, involved in the degradation of seagrass detritus by both chemical and
mechanical processes (Giere 2009). They seem to rely less on trapped phytoplankton as a food source,
probably due to their ability to migrate through the sediment layers (Lebreton et al. 2012). Benthic
copepods seem to be important consumers of settled phytoplankton (Vizzini and Mazzola 2003; de
Troch et al. 2006b; Lebreton et al. 2012). However, they have been considered to rely on a broad range
of food sources as well, including epipelic or epiphytic diatoms, phytoplankton, bacteria, fungi and
ciliates (Hicks and Coull 1983; de Troch et al. 2005; Giere 2009). Despite generally having a lower
biomass than macrofauna, free-living nematodes and benthic copepods are considered as having an
important role in marine food webs where they represent an important link from primary producers and
bacteria to higher trophic levels (Hicks and Coull 1983; Coull 1999; Leguerrier et al. 2003; Rzeznik-
Orignac et al. 2008; Giere 2009).

The grazing rates of meiofauna are considered to be high enough to control microphytobenthos
biomass and production (Montagna et al. 1995; Rzeznik-Orignac et al. 2003). The short life cycle and
high turnover rate of meiofauna (Heip et al. 1985) enables them to respond rapidly to inputs of primary
production (e.g., microphytobenthos) and organic matter (Escaravage et al. 1989). Meiofauna grazing
is tightly coupled to bacterial assemblages and there are multiple indications of meiofauna grazing on
bacteria (Giere 2009). However, this connection is often indirect and not through direct bacterivory
(Giere 2009), even though some nematodes specifically rely on bacteria (Wieser 1953; Pascal et al.
2008, 2009; Vafeiadou et al. 2014). In addition to control biomass of primary producers, detritus and
bacteria via grazing, meiofauna are also known to affect food source biomass via the bioturbation and
biostabilization of the sediment (Blanchard et al. 2001; Giere 2009). Last but not least, the grazing on
detritus derived from phytoplankton creates a strong link between the benthic and the pelagic

compartments (Giere 2009). Despite the important role of meiofauna in marine food webs, the
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knowledge on their feeding ecology is still incomplete (Pace and Carman 1996; Moens et al. 2013). A
comprehensive understanding of meiofauna feeding ecology is required to better assess their role in
ecosystem functioning (Giere 2009; Moens et al. 2013).

2.1. Potential food sources

Food sources in benthic habitats that are known to be used by meiofauna communities, varies
from benthic to pelagic organic matter, including living organisms such as microphytobenthos, trapped
phytoplankton, vascular plants and bacteria. Benthic and pelagic organic matter, i.e., sediment organic
matter (SOM) and suspended particulate organic matter (SPOM), consist of mixtures of several food
sources, such as microphytobenthos, phytoplankton, bacteria and detritus (Dubois et al. 2012; Lebreton
et al. 2012). SOM and SPOM are potential food sources for meiofauna as well, however the reliance of
meiofauna on these food sources might be related to their quality (Danovaro et al. 2002a). Variations
in availability of food sources as well as differences in quantity and quality might affect the meiofauna
community structure and their feeding behavior (Castel et al. 1989; Danovaro and Gambi 2002;
Danovaro et al. 2002a). The role of some of these food sources for meiofauna is, however, still under
debate, e.g. seagrass material (Leduc et al. 2009; Lebreton et al. 2012), SPOM (Vafeiadou et al. 2014),
and bacteria (Vafeiadou et al. 2014).

2.1.1. Microphytobenthos

Microphytobenthos, which refers to microscopic, unicellular algae and cyanobacteria living at
the sediment surface, contributes significantly to total primary production of estuarine and shallow
water ecosystems (Maclntyre et al. 1996; Underwood and Kromkamp 1999). Functional typology of
benthic microalgae is closely related to sediment grain size (Giere 2009; Ubertini et al. 2015), promoting
the dominance of epipelic (i.e., motile) diatoms on muddy sediment (Yallop et al. 1994; Thornton et al.
2002) whereas epipsammic (i.e., non-motile) diatoms mostly occur in sandy habitats (Asmus and
Bauerfeind 1994). Benthic epipelic diatoms migrate vertically towards the sediment surface during
diurnal low tide exposure, and form biofilms in combination with heterotrophic bacteria (Consalvey et
al. 2004; Herlory et al. 2004). These diatoms and bacteria secrete a wide range of extracellular
polymeric substances (EPS) which are the major components of biofilms (Holland et al. 1974; Smith
and Underwood 1998). EPS are rich in polysaccharides, proteins, proteoglycans and lipids (Underwood
et al. 2004; Pierre et al. 2010, 2012) and increase sediment stability (Sutherland et al. 1998; Underwood
and Paterson 2003; Lubarsky et al. 2010). Microphytobenthos is responsible for the very high
production in intertidal bare mudflats (Maclntyre et al. 1996; Underwood and Kromkamp 1999;
McLusky and Elliott 2004) and seagrass beds (Asmus and Asmus 1985; Daehnick et al. 1992; Kaldy et

al. 2002). The main factors determining microphytobenthos production are light availability,
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temperature and sediment stability (Maclntyre et al. 1996; Underwood and Kromkamp 1999). Benthic
microalgae are considered as an essential food source for numerous benthic species (macro- and
microconsumers) in bare mudflats (Herman et al. 1999, 2000) as well as in seagrass meadows (Lebreton
et al. 2011b). The biomass of microphytobenthos is relatively stable all year round whereas biomass of
other primary producers (e.g., phytoplankton and seagrass) can be highly variable throughout the year
(Gazeau et al. 2004; Lebreton et al. 2009).

2.1.2.  Phytoplankton

In open water, phytoplankton is mainly consumed by microzooplankton (Jackson 1980; Landry
and Hassett 1982) or removed from the system by sedimentation or cell lysis (Brussaard et al. 1995).
However, in coastal and estuarine systems, the fate of the phytoplankton in the food web is highly
variable (Calbet and Landry 2004) and there is a strong coupling between the water column and benthos:
large quantities of phytoplankton can be grazed by suspension feeders (Asmus and Asmus 1991) or
settle to the sediment (Grebmeier et al. 1988; Turner 2002; Gazeau et al. 2004). Resuspension of benthic
material back to the water column can also be very high (Lucas et al. 2001). For example, resuspension
of the benthic microbial biofilm stimulates pelagic phytoplankton production and the microbial food
web (Saint-Béat et al. 2014). Vice versa, seagrass beds trap high quantities of pelagic material in the
sediment because of reduced hydrodynamic forces within the canopy (Asmus and Asmus 2000; Koch
et al. 2006).

2.1.3. Vascular plant material

Seagrass beds are valuable habitats of shallow coastal waters (Terrados and Borum 2004) and
considered as one of the most productive marine habitats in the world (Duarte and Chiscano 1999;
Hemminga and Duarte 2000). Seagrass meadows offer shelter and subsiding conditions to many
organisms (Fig. 1, Hemminga & Duarte 2000). They provide a high diversity of food sources (Valentine
and Duffy 2006) following temporal and spatial variations (Duarte 1989; Mateo et al. 2006). The surface
of seagrass leaves is a substrate for epiphytic organisms forming an integral component of seagrass
meadows (Borowitzka et al. 2006). Epiphytic algae are considered as important primary producers and
contributors to the food web within seagrass meadows (Moncreiff and Sullivan 2001; Borowitzka et al.
2006; Hoshika et al. 2006). The seagrass leaves and roots themselves, however, are seldom used directly
as a food source by invertebrate consumers (Valentine and Heck 1999). Seagrass material that is not
consumed by herbivores enters the detrital compartment and is then stored as detritus or exported out
of the system (Cebrian 1999). Within seagrass beds, the consumers usually feed on detritus (Cebrian
1999) being a substrate for the development of bacteria (Anesio et al. 2003; Holmer et al. 2004). A
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study by Moriarty et al. (1986) suggests that bacterial productivity is most likely increasing due to

excretion and decomposition of seagrass roots and rhizomes.

2.1.4. Bacteria

Bacterial abundance is generally considered to be constant in marine sediments (Schmidt et al.
1998), whereas large fluctuations are observed in production rates of bacteria (Sander and Kalff 1993).
Bacteria are considered to be essential in processes such as remineralization of organic matter as well
as production of particulate and dissolved organic carbon (Legendre and Rassoulzadegan 1996; Rivkin
et al. 1996). Meiofauna communities might enhance the abundance (Lacoste et al. 2018) and production
(Bonaglia et al. 2014) of bacteria due to bioturbation as well as grazing on bacteria (i.e., for production).
Bacteria are consumed by microfauna (ciliates and flagellates) as well as by meiofauna and macrofauna
in benthic systems (Kemp 1990; Moens et al. 1999b). Pascal et al. (2009) suggested that bacteria are an
alternative food source for meiofauna when microphytobenthos is absent. However, meiofauna are
considered to have a preference for microphytobenthos as food source over bacteria (Pascal et al. 2008).
Studies about the consumption of bacteria by meiofauna and the role of benthic bacteria within food

webs are scarce however, mostly because of technical difficulties (Kemp 1990; Pascal et al. 2008).

2.2. Determination of meiofauna feeding ecology

Over the last five decades, many techniques have been developed providing information about
the food sources of meiofauna. This is especially the case for free-living marine nematodes, for which
methods vary from observation of mouth morphology (Wieser 1953), feeding experiments on living
nematodes (Moens and Vincx 1997b), stable isotope analyses (Moens et al. 2002; Rzeznik-Orignac et
al. 2008; Leduc et al. 2009; Lebreton et al. 2012), gut content analyses (Majdi et al. 2012) and fatty acid

analyses (Braeckman et al. 2015).

2.2.1.  Buccal morphology of free-living marine nematodes

Free-living nematodes, generally the most dominant meiofauna taxa in coastal ecosystems, are
known to feed on a broad range of resources (Giere 2009). Several classification methods have been
utilized to determine the main food sources of nematode species based on mouth morphology, and
thereby assign them to trophic groups. According to the morphology of their buccal cavity, Wieser
(1953) classified nematode species in four feeding types: selective deposit feeders (1A), non-selective

deposit feeders (1B), epigrowth feeders (2A), and omnivores/predators (2B) (Fig. 2.4).
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FINE SAND, RICH ORGANIC CONTENT
Selective and non-selective deposit feeders, carnivores

SHELTERED OR EXPOSED PHYTAL
Epistrate feeders, ommnivores, selective deposit feeders

Camivores, ommnivores, epistrate feeders

COARSE SAND, LOW ORGANIC CONTENT

Deposit feeders, often non-selective
MUD, SILTY SAND

Figure 2.4. Trophic guilds of nematodes from different intertidal habitats based on buccal cavity morphology and
related to sediment grain-size and organic content. After Giere (2009).

Primary division was based on the presence (2A and 2B) or absence (1A or 1B) of a buccal
armature, i.e., teeth, onchia, denticles, mandibles or other sclerotized structures. Feeding types without
buccal armature, i.e., 1A and 1B, are mainly distinguished from each other by the size of their buccal
cavity. Selective deposit feeders with their smaller buccal cavity feed mainly on small, bacteria-sized
food sources, whereas larger mouth openings of non-selective deposit feeders allow them to feed on a
larger spectra of resource sizes. Epigrowth feeders and omnivores/predators are distinguished from
these deposit feeders by the presence of a buccal armature. Epigrowth feeders are known to use their
teeth to pierce or crack the food particles and scrape off food from the substrate (Moens and Vincx
1997b). This trophic group is assumed to feed mainly on microalgae (Moens and Vincx 1997b),
however, bacteria and fungi are suggested as potential food sources as well (lken et al. 2001).
Omnivores/predators, generally larger nematodes, have usually wider mouth openings including a teeth
or another buccal armature. Omnivores/predators consume their prey entirely or utilize their armature

to pierce or tear open the prey. However, this classification scheme, based on buccal cavities, has
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limitations in accurately representing the feeding behavior of nematodes. In situ observations of feeding
behavior are contradicting particular classifications (Moens and Vincx 1997b; Pape et al. 2011; Guilini
et al. 2013), and demonstrate difficulties in specifying a preference for bacteria or microphytobenthos
based on buccal cavities (Moens and Vincx 1997Db).

2.2.2.  Bulk stable isotope analyses

Stable isotopes have been used more and more over the last decades to determine the food
sources of meiofauna (Couch 1989; Moens et al. 2005b; Vafeiadou et al. 2014). The carbon stable
isotope compositions of food sources differ due to variation in the origin of the CO; they rely on (e.g.
terrestrial plants, marine phytoplankton, estuarine phytoplankton) or due to different biochemical
pathways during photosynthesis (e.g. Cs plants, C4 plants), providing a good discrimination between
food sources from terrestrial, pelagic and benthic origin (DeNiro and Epstein 1978; Rau et al. 1983;
Hobson et al. 1994; Fry 2006). Carbon isotope compositions can be utilized to define consumption of
resources since there is generally little differentiation in the isotope compositions of a consumer and its
resource (Peterson and Fry 1987; Fry 2006). Nitrogen isotope composition differs substantially and can
therefore provide information about the trophic level of a consumer (Fry 2006). Hence, stable isotope
composition gives information about food source uses and trophic level of consumers. Isotope
compositions of food sources might, however, be highly variable (e.g. spatial and/or seasonal variation)
and 8°C and 8N values may overlap, which makes it sometimes difficult to determine trophic
relationships (Mutchler et al. 2004; Fry 2006). Partially due to these overlapping isotope compositions,
stable isotope studies highlighted that nematodes can rely on a very large range of food sources in soft-
bottom coastal habitats, i.e., microphytobenthos, seagrass material, phytoplankton and bacteria (Moens
et al. 2005b; Rzeznik-Orignac et al. 2008; Leduc et al. 2009; Lebreton et al. 2012; Vafeiadou et al.
2014). Moreover, bacteria are difficult to isolate from environmental material for stable isotope analysis
(Coffin et al. 1990; Pelz et al. 1997), and tend to have an isotope composition close to their substrate
(Boschker et al. 2000). Therefore, additional information is required to distinguish food sources in these
complex habitats, for instance fatty acid profiles, which have been proven to be useful tracers (Carman
and Fry 2002; Kelly and Scheibling 2012).

2.2.3. Fatty acid analyses

Fatty acids (FAs) have been used as semi-quantitative markers to trace flows of organic matter
in coastal food web studies (Kelly and Scheibling 2012) and they are frequently used to define trophic
relationships (Sargent and Whittle 1981; Dalsgaard et al. 2003; Parrish 2013). However, lipid markers
such as FAs have been only utilized occasionally for identifying meiofauna trophic relationships (Leduc

et al. 2009; Braeckman et al. 2015; Cnudde et al. 2015). Primary producers and bacteria synthesize
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specific FAs which can be used as good marker for organisms such as bacteria, diatoms, flagellates and
vascular plants (Dalsgaard et al. 2003). Consumers are unable to synthesize these FAs or to largely alter
their structure and therefore incorporate some of the FAs unchanged, reflecting the FA composition of
their diet (Parrish et al. 2000; Dalsgaard et al. 2003).

Compound specific isotope analysis (CSIA) of FAs can be used as well to better determine the
contributions of food sources with similar FA compositions when they have different isotope
compositions (e.g. diatoms from the microphytobenthos vs. diatoms from the phytoplankton). Such a
method is very useful to determine compositions of composite food sources such as sediment organic
matter (SOM) and suspended particulate organic matter (SPOM) (van Gaever et al. 2009; Middelburg
2014; Braeckman et al. 2015), which are mixtures of various primary producers, bacteria and
decomposed material (Mateo et al. 2006). CSIA of fatty acids can be utilized as well to determine the
origin of organic matter in the diet of consumers, but, so far, have been rarely used in identifying feeding

behavior and food sources used by meiofauna (Braeckman et al. 2015).

2.2.4.  Combination of trophic marker analyses

All the trophic marker approaches have their limits and shortcomings (e.g. overlap of isotope
compositions, similar FA profiles in composite food sources, Table 2.1). The combination of stable
isotope compositions and fatty acid profiles has been shown to be effective in advancing the
understanding of complex food webs (Kharlamenko et al. 2001; Nyssen et al. 2005; Jaschinski et al.
2008; Leduc et al. 2009; Lebreton et al. 2011b). Therefore, discriminating food sources with the
combination of multiple trophic markers is a novel approach to determine the food resources of
meiofauna in soft-bottom coastal systems. Few studies combined trophic markers, such as stable isotope
compositions and fatty acid profiles (Leduc et al. 2009) or fatty acid profiles and fatty acid specific

isotope ratios (Braeckman et al. 2015), to determine food resources of meiofauna.
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Table 2.1. Synthesis of the main advantages and drawbacks of several methods used in determining feeding behavior. Assessment of the methods in accordance with 12

variables: price, investment, scale (i.e., micro, small, and large), organization level (i.e., individual, population, community, and ecosystem), ecological question (i.e., interaction,

flux) and data type (qualitative or quantitative). 0 indicates “not adapted” and 1 indicates “strong affinity”. Exceptions on this are for the variables price, investment (0 = low,

1 = high) and data (0 = qualitative, 1 = quantitative). Modified from Majdi et al. (2018).

Scale Organization
level
. >
Det(ejcttlng prey- § Tg 5 = g 5
predator = 3% 3 8|8
relationships,or g §|2 3 8|2 3 E % E x| Advantages Drawbacks
_ > .= © < S| ®
foodsources & 215 § S|£ & § &|E 2|8
Straightforward and well-established / relatively cheap / various
Observation of 10111100 0 1 interactions and scales (incl. intraspecific variability) / In situ or under Temporal and spatial scale are design-dependent / difficult to measure
feeding activity controlled conditions / Large scale records of feeding-behaviors are assimilation
possible with miniaturization of loggers
Incubation . e . ) . .
experiments 1 1 101 1 1 0 1 1 1 Effectsizeofspecificvariables/ suitable for filter-feeders Mostly laboratory-based, so deviation from natural conditions
Gut & feces 0111111000101 Well-established / relatively cheap / information on nature and size of Snapshot of diet (does not reveal interaction strength) / time consuming /
content ingested food items labile tissues or prey might be overlooked
Identification of gut microbiomes / works on partly digested, poorly Expensive / susceptible to typical drawbacks associated to molecular
Gut DNA 110111110100 recognizable, food items approaches
- e . . . . . . Lethal / no information on prey size / needs empirical knowledge of life-
E.a rIaSI.teslis 010011110100 m?ginigtei(gr?glr?:ji/etl ntrz%:;f:ce()f diet over long time periods / potential cycles (and potentially biogeography) of parasites / bias due to side-effects
1ological tags P of parasites on hosts’ health and behavior
Bulk stable Well-established / relatively cheap / traces the C and N food sources in Turnover times and isotopic discrimination might vary among species,
isot I 0 01 1 1 1 1 1 0 1 1 |consumers/importantreplication is possible /suited for in situ as well as tissues and the environment studied / not well-suited when a large number
ISOtope analyses laboratory studies of potential resources are considered
Trace the fate (timing and scale) of carbon and nitrogen from microbes to !leflcult FO pr(zjwde 'qua'ntltgtlve fluxes_ / ne?ds .;0 klno:/vb t:J'rnovher
Isotopesaslabels 1 1 0 1 1 1 1 1 1 0 1 1 |macroscopic consumers / differentiation between N and C uptake from incorporation and routing in tissues (e.g. issue of uniformly labeling the
unlabeled C and N pools food source) / can be relatively expensive depending on the scale or nature
P of the labeling
Fatty acids 11 1 1 1 1 1 1 1 0 1 O |well-established/traces fluxand nutritional quality Non-speufjc biomarkers / needs a priori knowledge of producers” and
consumers’ metabolism / relatively expensive
Compound- Integrative traces when coupled with a labeling / target analysis promising
specific isotone 110111110011 in microbial ecology / ideally it can trace limiting compounds and Needs a good understanding of the biochemical and physiological
P P eventually detect minor food sources unseen by classical methods / better pathways in investigated organisms or tissues / relatively expensive
analyses knowledge in fractionation and turnover times for specific compounds
Might trace spatio-temporal ingestion and assimilation depending on the Needs a source of contamination / biases due to side-effects on health and
Contaminants 111111110110 persistence of compounds within tissues (e.g. lipophilic contaminants behavior / needs knowledge of contaminants’ biogeochemical cycle,

might biomagnify along food chains) / potentially information on foraging distribution and persistence in organisms and in the environment /
area, and on contamination status of species and ecosystems relatively expensive
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2.3. Food web models

Food web models and ecological networks are used quite regularly to describe the functioning of large
scale food webs. Such food webs, typically occurring in coastal ecosystems, are generally characterized by
multiple interactions and variable responses to external stressors (Baird et al. 2007; Leguerrier et al. 2007;
Kaufman and Borrett 2010; Pacella et al. 2013; Fath 2015; Horn et al. 2017; de la Vega et al. 2018b). The
functioning of coastal ecosystems can be described and analyzed thanks to these holistic approaches, which
permit defining the global properties of these systems (Jgrgensen and Miller 2000; Breckling et al. 2005).
Holistic perspectives are indeed required to adequately address the increasing changes of ecosystem
functioning due to anthropogenic activities, global change and natural evolution of shorelines (Davis and
Fitzgerald 2004). These geomorphological changes indeed affect the general functioning of coastal food webs,
as they alter the availability and dynamics of food resources (Eriksson et al. 2010).

2.3.1.  Stable isotope mixing models

Consumption is generally estimated using feeding experiments, feeding observations and stomach
content analyses (Jacobsen 1967; Hofmann and Horschelmann 1969; Goss-Custard et al. 1977; Fauchald and
Jumars 1979; Jensen and Siegismund 1980; Turpie and Hockey 1984; Zwarts and Blomert 1992; Haubois et
al. 2005a). However, for smaller organisms, such as meiofauna, carrying out such measurements and
observations is very challenging (Moens et al. 2005b; Rzeznik-Orignac et al. 2008; Leduc et al. 2009; Lebreton
et al. 2012). This problem led to the use of trophic marker based approaches to determine the feeding ecology
of these animals (van Oevelen et al. 2009; Pacella et al. 2013). While the use of stable isotopes in trophic
studies is becoming more common (Post 2002; Fry 2006; Lebreton et al. 2012), the use of stable isotope data
in food web models is still rare (Baeta et al. 2011; Navarro et al. 2011; Pacella et al. 2013). However,
integrating stable isotope data into food web models, by use of stable isotope mixing models (Parnell et al.
2010; Phillips et al. 2014; Stock et al. 2018), can provide more accurate estimations of food source used by

consumers.

2.3.2. Linear inverse modeling

Field measurements, conceptual and physiological information as well as food source distributions
derived from stable isotope mixing models can be translated into constraints related to production, respiration,
consumption and egestion (Leguerrier et al. 2003, 2007; Degré et al. 2006; Niquil et al. 2006; Pacella et al.
2013; Saint-Béat et al. 2013b). The flows of energy can be determined using these constraints in linear inverse
model-Markov chain Monte Carlo (LIM-MCMC) technique (Niquil et al. 2012). This technique provides the
probability distribution of flows in underdetermined systems using a combination of field and relevant
experimental data (Vézina and Platt 1988), and enable generating a static, mass-balanced, temporally

integrated snapshot of complete food webs and its flows (Pacella et al. 2013). Defining the compartments,
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which can range from a single species to functional groups, is the first requirement for inverse modeling.
Functional groups are here defined as groups including species with similar diets and similar feeding modes.
Johnson et al. (2009) highlighted that aggregating species into functional groups affects the structural and
functional properties of food webs to a minor extent. These food web models are generally expressed in flow
of carbon (Leguerrier et al. 2003; Baird et al. 2004b; Fath et al. 2007).

2.3.3. Ecological network analysis

Complex interactions within ecosystems have been assessed holistically using ecological network
analyses (ENA), which examines the structural and functional properties of an ecosystem (Ulanowicz 2004;
Baird et al. 2007; Fath et al. 2007). These network analyses provide insights about ecosystem complexity,
cycling, transfer efficiency, assimilation efficiency, activity, and trophic structure (Baird and Ulanowicz 1989;
Gaedke and Straile 1994; Niquil et al. 1999; Baird et al. 2004b; Saint-Béat et al. 2014), in the form of indices
and system properties (Ulanowicz 2004; Borrett and Lau 2014). The information provided by ENA can be
used for ecosystem management and policy making (de la Vega et al. 2018a). For example, the indices related
to ascendency provide information about the organization of the system as well as the specialization by flows
and maturity (Ulanowicz 2004). Another index related to cycling, expressed in the form of the Finn cycling
index, is assumed to provide information on the recycling potential of these systems and can be combined with

other indices as stress indicator on system level (Baird et al. 2007).

In addition to indices which provide information at the global scale, individual indices can also be
valuable for more detailed perspectives (Ulanowicz and Kay, 1991). These individual indices provide
information on characteristics of single or multiple compartments, which can emphasize the variability of the
whole food web model characteristics (Ulanowicz and Kay, 1991). The characteristics of compartments can
be expressed with the use of individual indices, e.g. omnivory, mean trophic efficiency, dependency
coefficients and detritivory/herbivory ratios (Baird and Ulanowicz, 1989; Kay et al., 1989; Ulanowicz, 2004;
Ulanowicz and Kay, 1991).
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“The heart of man is very much like the sea, it has its storms, it has its tides
and in its depths it has its pearls t0o”

Vincent van Gogh
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ABSTRACT

Meiofauna have a strong role in the functioning of coastal ecosystems but how their food sources
affect their community structure remains unclear, likely due to the influence of abiotic parameters and
the small size of these organisms. The meiofauna and their potential food sources were sampled in
several intertidal habitats (i.e., mudflat, seagrass bed, sandflat) of the Marennes-Oléron Bay, France,
and the Sylt-Rgmg Bight, Germany, to assess the relationships between habitat characteristics and
meiofauna community structure. Biomass and quality (carbon/chlorophyll a ratios) of food sources
were estimated. Meiofauna community structure based on density and biomass was determined, as well
as nematode diversity and feeding types. Meiofauna density and biomass varied highly within habitats
and within ecosystems, ranging from 1.7*10° ind. m™ to 3.4*10° ind. m? and from 0.057 gC m™ to
1.541 gC m?, respectively. Benthic microalgae and sediment organic matter are important drivers in
these food webs as the density of two important trophic groups of nematodes, non-selective deposit
feeders and epigrowth feeders, varied in accordance with these food sources. No clear relationship was
observed between bacterial biomass and selective deposit feeders (i.e., bacterivores) probably due to
the high production rate of bacteria. Complementary information about production rates of food source
as well as data from trophic markers would provide complimentary information to better understand
flows of organic matter in intertidal habitats, particularly for opportunistic species such as non-selective

deposit feeders.

Keywords: free-living nematodes; benthic copepods; benthic diatoms; meiofauna community

structure; trophic groups; seagrass beds; mudflats; sandflat
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1. INTRODUCTION

Soft-bottom intertidal habitats are highly productive (Underwood and Kromkamp 1999;
Hemminga and Duarte 2000), fueling complex food webs and providing food resources for a large
diversity of top consumers like fish and birds (Day et al. 1989; Duarte and Cebrian 1996) via trophic
pathways going through meiofauna (Chardy and Dauvin 1992) and macrofauna (Haubois et al. 2005a).
Meiofauna, here defined as metazoans associated with sediments with a size range from 40 to 500 pum,
are considered as an important trophic component in the functioning of coastal ecosystems. They have
an intermediate trophic position (Leguerrier et al. 2003; Giere 2009) and high secondary production
(from 4 to 29 gC m™ year™) (Escaravage et al. 1989; Chardy and Dauvin 1992; Danovaro et al. 2002b)
that often exceeds that of the macrofauna (Giere 2009). Meiofauna are connected to the microorganisms
in the food web via the consumption of microalgae and bacteria (Rzeznik-Orignac et al. 2003;
Vafeiadou et al. 2014) and to the food webs of macroconsumers especially via their consumption by
small benthic fish and predatory invertebrates (Coull 1999). Nematodes are the most dominant group
in meiofauna; their food resources can be very specific, or in the contrary, relatively diverse, and their
buccal cavity is very distinct based on these feeding types. This morphological trait has been used for
decades to define feeding types (Wieser 1953; Warwick 1971; Heip et al. 1985) and some more recent
methods (i.e., feeding behavior experiments; (Moens and Vincx 1997), trophic markers (Moens et al.
2005)) permitted to revise or precise the feeding types of some genera (e.g. assort of Metachromadora

from omnivores/predators to epigrowth feeders).

Both, biotic and abiotic parameters, have been shown to affect meiofauna community structure.
Among biotic parameters, food availability in general (Castel et al. 1989; Danovaro 1996), availability
of specific food sources such as bacteria and microphytobenthos (Danovaro and Gambi 2002; Fonseca
et al. 2011), the quality of the food (Danovaro et al. 2002b) and the deposition of organic material of
pelagic origin (Franco et al. 2008a) have been identified as structuring parameters. Abiotic parameters
such as sediment grain-size (Steyaert et al. 2003; Dupuy et al. 2015), habitat structure (Fonseca et al.
2011), oxygen gradients (Josefson and Widbom 1988), intertidal water level (Steyaert et al. 2001) as
well as anthropogenic impacts (Semprucci et al. 2010) are influencing meiofauna community structure.
Studies on meiobenthic communities in intertidal systems have been carried out mainly on single
habitats, focusing on effects of abiotic and biotic parameters at the habitat scale (Reise 1985; Rzeznik-
Orignac et al. 2003; Lebreton et al. 2012). Factors affecting the community structure of meiofauna at a
larger scale (Moens et al. 2013) in intertidal habitats are still poorly known, as few studies have

compared several habitats and/or different ecosystems.

The present study investigates whether meiobenthic communities, especially free-living
nematodes and benthic copepods, differ among habitats with different characteristics (i.e., mudflats,

seagrass beds and sandflats; influence of terrestrial organic matter inputs or not) to define which factors
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are structuring these communities. Particular attention is paid to the role of food sources, as they have
been highlighted as important drivers of ecosystem functioning in intertidal habitats (Asmus and Asmus
1985; Underwood and Kromkamp 1999; McLusky and Elliott 2004). The aim of this study is, therefore,
to define if changes in biomass and quality of food sources can affect meiofauna community structure.
If yes, the objective is to determine—among all available food sources (i.e., benthic microalgae,
sediment organic matter (SOM), suspended particulate organic matter (SPOM) and bacteria)—what
food sources play a role and how changes in these food sources influence meiofauna community
structure. In this aim, a temporal sampling was done in spring and autumn in several habitats to define

the temporal and spatial variations of the food sources and those of meiofauna community structure.
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2. MATERIALS AND METHODS

2.1.  Study sites

2.1.1.  Marennes-Oléron Bay

The Marennes-Oléron Bay is a semi-enclosed system, located in the middle of the western Atlantic
coast of France, between the Oléron Island and the mainland (Fig. 3.1). The bay has a surface of 180
km? (Gouleau et al. 2000) and is influenced by both oceanic and continental inputs, mainly from the
Charente River (river input ranges from 15 to 500 m® s™) (Ravail et al. 1988). Tides are semi-diurnal,
with a period of emersion of ca. 6 h per tidal cycle and a tidal range from 0.9 to 6.5 m (Kervella 2009).
The system is dominated by intertidal bare mudflats (91 km?, i.e., 58%) which have a flat bottom slope
(1:1000) and represent a large tidal area (up to 4.5 km wide) (Gouleau et al. 2000).

The Brouage mudflat, located on the eastern part of the bay, is the most extensive mudflat (40 km?)
(Fig. 3.1). The sediment consists mainly of silt and clay particles (95%) with a size smaller than 63 um
(Pascal et al. 2009). Seagrass beds, consisting of the species Zostera noltii (Lebreton et al. 2009), are
located on the western side of the bay, along the coast of the Oléron Island, which is more influenced
by offshore waters than the eastern side (Dechambenoy et al. 1977). The seagrass meadow is stretched

out over 15 km along the upper part of the flat, with an average width of 1.5 km (Guillaumont 1991).
2.1.2.  Sylt-Rgmg Bight

The Sylt-Rgmg Bight is a semi-enclosed basin, located in the north of Germany between the
mainland of Germany and Denmark, the islands of Sylt (Germany) and of Remg (Denmark) (Fig. 3.1).
The bight consists of a mosaic of habitats, mainly intertidal and subtidal sandflats, seagrass beds, and
mudflats (Asmus and Asmus 1985). The bight has a coverage of 404 km? of which 135 km? are intertidal
(Asmus and Asmus 1985) and the tidal gauge is 1.8 m on average (Asmus and Asmus 1985).

The Arenicola sandflat is the most represented intertidal habitat in the bay with 91 km? (67%)
(Asmus and Asmus 2005). However, Zostera noltii seagrass beds expanded over the last years, from 15
km? in 1995 to 83 km? (i.e., 21% of the bay surface) in 2010 (Reise and Kohlus 2008). The intertidal

bare mudflats are poorly represented in the bight, with an area of 4 km? (Fig. 3.1).
2.2.  Field sampling and laboratory processes

Three intertidal habitats were studied in the two bays: a bare mudflat (mudflat MO) and a seagrass
bed (seagrass MO) in the Marennes-Oléron Bay, and a bare mudflat (mudflat SR), a seagrass bed
(seagrass SR) and a sandflat (sandflat SR) in the Sylt-Remg Bight (Fig. 3.1). Based on the knowledge

already gained about these habitats in each of these five locations (Leguerrier et al. 2003; Baird et al.
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2007; Pacella et al. 2013; Saint-Béat et al. 2013a) one sampling station that was the most representative
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Figure 3.1. Sampling stations of the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and
the Sylt-Remg Bight (SR) along the European coast. Pelagic sampling stations, where samples for suspended
particulate organic matter were taken, are indicated by roman numbers in both Marennes-Oléron Bay (I-11) and
Sylt-Rgmeg Bight (111-V).

2.2.1.  Sediment grain size

Sediment samples (n = 3) were collected randomly with cores (# = 4 cm) and were split into 0-1
cmand 1-5 cm depth fractions. Sediment grain size was determined by laser granulometry analyses for
the sediment from the seagrass bed and mudflats (Mastersize 2000, Malvern Instruments Limited,
United Kingdom). The freeze-dried sediment of these habitats was rehydrated before analyses in order
to avoid the use of ultrasound to disaggregate the sediment. Sediment grain size of freeze-dried samples
from the sandflat of the Sylt-Remg Bight was determined by dry sieving. Samples were classified based

on their median sediment grain size after Wentworth (1922).
2.2.2.  Benthic primary producers, composite sources and bacteria

For all stations, sampling was carried out in two seasons, in spring (from May 17 to June 17, 2016)
and in autumn (from November 14 to December 15, 2016), to compare a season with a high primary
production with a season with a high load of detrital matter. Sampling was carried out during low tide,

starting about one hour before lowest water level.
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Samples for sediment organic matter (SOM), detritus, and seagrass leaves and roots (3 replicates)
were taken using cores (g = 19 cm) which were separated into two layers (a surface layer from 0-1 cm,
a sub-surface layer from 1-5 cm). The collected material was gently sieved on a 500 pm mesh screen
(1 mm for sandflat SR samples) after which the upper fraction was sorted in seagrass leaves, roots and
detritus (brown to black colored leaves and roots). All samples were freeze-dried, then weighed (£ 0.001
g). Carbon to dry weight ratios were determined on each sample: A small amount was ground to a fine
and homogeneous powder using a ball mill (MM 400, Retsch, Germany) and carbon content was
determined using an elemental analyzer (Flash EA 1112, Thermo Scientific, Italy). Sub-samples were
collected in the lower fraction (SOM), freeze-dried, and ground using a mortar and pestle. Chlorophyli
a and organic carbon concentrations were determined in sub-samples by fluorimetry (TD-700, Turner
Designs, USA) using the method of Lorenzen (1966) and elemental analyses (Flash EA 1112, Thermo
Scientific, Italy), respectively. Chlorophyll a values were converted into carbon biomass using the
conversion ratio (47.63) provided by de Jonge (1980) and used as a proxy of fresh material of
microalgae origin (i.e., microphytobenthos and trapped phytoplankton) in sediment, thereafter called
“benthic microalgae”. Carbonates were removed prior to elemental analyses by adding HCl at 2 mol.I"
! drop-by-drop on SOM samples until cessation of bubbling. Subsequently samples were dried at 60°C

to constant weight, freeze-dried and ground again.

Bacterial biomass (3 replicates) was determined using cores (g = 4 cm) which were separated in
two layers (0-1 cm and 1-5 cm). These sediment layers were homogenized with a spatula and 2 mL of
this material were mixed with 2 mL formalin (4%). Samples were deep frozen in liquid nitrogen and
stored at -80°C. The number of bacteria was determined following the protocol of Lavergne et al.
(2014). Samples were diluted (1/2000) using sodium pyrophosphate (P-8010, Sigma Aldrich, France)
and Tween 80 (P-1754, Sigma Aldrich, France), homogenized and then incubated at 4 °C during 30
minutes. Samples were then sonicated at 60 W during 30 seconds, after which 1 mL of the pre-diluted
sample was stained with 20 uL of SYBR Green | (Invitrogen-11540746; 1/5000 final concentration)
and incubated in the dark at room temperature for 15 minutes. Afterwards, 2 pL of calibration beads (1
pum) was added and the samples were analyzed using a flow cytometer (BD FACSCANTO II, BD
Biosciences, USA). Bacterial densities were converted into carbon using the conversion factor (20 fgC
cell™) established by Lee and Fuhrman (1987).

2.2.3.  Suspended particulate organic matter

Sampling of the suspended particulate organic matter (SPOM) was conducted by collecting
samples of surface water during high tide, in the same timeframe as the benthic samples. Water was
sampled at two stations (I and I1) in the Marennes-Oléron Bay and three stations (I11, IV and V) in the
Sylt-Remg Bight (Fig. 3.1). Station I, in the north of the Brouage mudflat, represented the water mass

covering the mudflat MO station. Station |1, near the inlet of the Marennes-Oléron bay, represented the
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water mass influencing the seagrass MO station. Station Il is regularly sampled in the framework of the
SOMLIT surveys (data provided by “Service d’Observation en Milieu Littoral, INSU-CNRS, La
Rochelle station”). Water samples collected at stations III and IV represented water masses covering
the sandflat SR (I11), and the mudflat SR and seagrass SR stations (1V), respectively. Station V, near
the entrance of the Sylt-Rgmg Bight, represented the SPOM originating from the North Sea.

SPOM was sampled by collecting 10 to 100 mL of surface seawater which was pre-filtered on a
250-pum mesh screen to eliminate large particles/organisms. Water samples were then filtered on
precombusted (4 hours, 450°C) Whatman GF/F glass fiber filters (0.7 pum nominal porosity) under
moderate vacuum and these filters were freeze-dried. Chlorophyll a content, used as a proxy of
phytoplankton biomass, of the freeze-dried GF/F filters was measured by fluorimetry using the method
of Lorenzen (1966). Phytoplankton biomass was determined by using the conversion factor (56.4)
established by Lii et al. (2009).

2.2.4. Meiofauna

Meiofauna were sampled for taxonomic composition, density (ind. m?) and biomass (gC m?3)
estimations at the same time as benthic primary producers and composite sources. Three replicates were
collected randomly in a ten square meters area using cores (8 = 4 cm). Cores were separated into two
layers (0-1 cm and 1-5 cm) to study the changes of meiofauna communities related to sediment depth.
Samples were sieved with a 500-pum mesh to eliminate macrofauna and large detritus. Meiofauna were
extracted from the sediment using Ludox HS-40 (Sigma Aldrich, France) (de Jonge and Bouwman
1977) and retrieved with a 40-um mesh sieve (Higgins and Thiel 1988). From each replicate, 100
nematodes were haphazardly taken with fine tweezers (#55, Dumont, Switzerland), mounted on slides
in anhydrous glycerol to prevent dehydration (Seinhorst 1959) and examined microscopically. The
taxonomic composition of the nematode community was determined at least to the genera level based
on these 100 individuals according to the identification keys of Platt and Warwick (1983, 1988), and
Warwick et al. (1998). Density was calculated for each genera as number of individuals per m? (ind. m’
%) and relative abundance as the percent composition of each genera relative to the total number of
organisms. Species diversity indices were calculated on 100 individuals for each replicate at the five
habitats for the two seasons. Community structure of the other meiofauna groups was not determined
due to low densities. Nematodes were allocated into four trophic groups according to Wieser (1953) as
follows: selective deposit-feeders (1A), non-selective deposit-feeders (1B), epigrowth feeders (2A), and
omnivores/predators (2B). Various nematode genera, including at least one of each from the 4 different
feeding groups, were selected for determination of individual dry weight and carbon content. Between
10 and 200 nematodes from the same genera were picked for dry weight determination, freeze-dried
and weighed (z 1 pg) using a microbalance (ME 5, Sartorius, Germany). Organic carbon composition

was determined using an elemental analyzer (Flash EA 1112, Thermo Scientific, Italy). Mean biomass
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of species-specific nematodes and benthic copepods was used to convert the density of nematodes into
grams of carbon per m? and dry weight per m* (Appendix 3.1).

2.3. Data treatment and statistical methods

All analyses were conducted using the R software (R Core Team, 2016) and all hypotheses were
tested at p < 0.05 level. Normality of the data was tested using Shapiro-Wilks tests. Homogeneity of
variance was checked using Bartlett and Levene tests. Average hierarchical clusters (data dissimilarity,
Bray-Curtis distance) were realized to discriminate groups within the food sources and within the
meiofauna trophic structure using the vegan package (Oksanen et al. 2017) and pvclust package (Suzuki
and Shimodaira 2015). ANOVA followed by Tukey post-hoc test were used to compare sediment
characteristics, meiofauna densities, biomass and diversity indices: Hill’s diversity N1 (Hill 1973) and
species evenness J’ (Formula in Appendix 3.2). Comparisons between sediment layers were conducted
on meiofauna densities (ind. m®) and biomass (gC m™) expressed in volume of sediment. Comparisons
between seasons and habitats were done on meiofauna densities, biomass and diversity indices from
combined layers (expressed per surface area). Environmental variables have been analyzed through a
preliminary Principal Components Analysis (PCA) to visualize the differences between habitats based
on these variables. In a subsequent step copepods, other meiofauna taxa (ostracods, foraminifers and
polychaetes) and feeding types of nematodes were compared with Bray-Curtis similarity redundancy
relationship analyses (RDA) made with the vegan package (Oksanen et al. 2017). The relative
abundance of copepods, ostracods, foraminifers and polychaetes and different feeding types of
nematodes (dependent variables) were linked to environmental variables (independent variables) that
were selected after stepwise forward procedure. Multicollinearity was tested for the explanatory
variables using the vif.cca function in the vegan package (values over 10 indicated collinearity; Oksanen

et al. 2017). The significance of the model was tested using a two-way ANOVA.
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3. RESULTS

3.1. Sediment grain size

Sediment of the mudflats and seagrass beds consisted of a mixture of sand (29 to 64%), silt (29 to
58%) and clay (7 to 15%), while the sandflat consisted mainly of sand (98%) (Fig. 3.2). Sediments were
classified as silt for mudflat MO, mudflat SR (autumn) and seagrass MO (autumn), very fine sand for
seagrass SR, mudflat SR (spring) and seagrass MO (spring) and medium sand for sandflat SR. The mud
content within the different layers of the same habitat was relatively similar, with a variation lower than
2%. The sediment grain-size of mudflat MO was lower than all other habitats with a median sediment
grain-size of 32 + 4.3 um, and the grain-size of sandflat SR was higher than all other habitats with a
median sediment grain-size of 407 + 16.3 pm (Appendix 3.3).
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Figure 3.2. Ternary diagram presenting the sediment composition of the mudflats, seagrass beds and sandflat in
the Marennes-Oléron Bay (MO) and the Sylt-Remg Bight (SR) in spring (gray symbols) and autumn (black
symbols). Separation by size for clay (< 3.9 um), silty (3.9 — 63 um), and sandy (63 — 2000 um) sediment. (n =
3)

3.2. Potential food sources

The total biomass of benthic food sources ranged from 67.4 (sandflat SR, autumn) to 447.4 gC m’
Z (mudflat SR, spring) (Fig. 3.3c and 2.3e). SOM was dominant in all habitats sources with proportions
ranging from 29.3 to 94.5%, representing 19.8 (sandflat SR, autumn) to 290.3 gC m™ (mudflat MO,
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autumn). Benthic microalgae were the second most dominant food source, with biomass ranging from
7.1 gC m? (3.7%, mudflat MO, spring) to 70.3 gC m (22.6%, seagrass SR, spring). Detrital matter
was found mainly in the two seagrass beds and mudflat SR with 4.3 (1.0%, mudflat SR, spring) to 45.5
gC m™ (16.7%, seagrass bed MO, autumn). In the seagrass beds, leaves and roots were occurring with
biomass ranging from 1.6 (0.5%, seagrass SR, autumn) to 15.0 gC m (5.1%, seagrass MO, spring) and
0.3 (0.1%, seagrass SR, autumn) to 24.4 gC m™ (8.2%, seagrass MO, autumn). Bacteria represented the
lowest biomass in all habitats with 0.6 (0.9%, sandflat SR, autumn) to 20.1 gC m™ (4.5%, mudflat SR,
spring). Some differences of food source biomass could be observed between the surface and the sub-
surface layers, always with higher biomass in the surface layer when they occurred: detrital matter in
mudflat SR in spring and in seagrass MO in autumn, bacteria in mudflat SR in spring, and benthic
microalgae in all habitats in all seasons except for mudflat SR and sandflat SR in autumn (two-way
ANOVA with Tukey post-hoc test, highest p-value 0.032).

The average hierarchical cluster of dissimilarities highlighted that food source composition in the
sandflat SR was different than in the other habitats (Fig. 3.3a), due to the much lower biomass of SOM
in sandflat SR (29.2 gC m™) than in mudflats and seagrass beds (256.6 gC m; two-way ANOVA with
Tukey post-hoc test, p < 0.001, Fig. 3.3c and 2.3¢). Benthic microalgae biomass was much higher in
sandflat SR (54.2 gC m®) than in mudflat SR (27.8 gC m), mudflat MO (10.5 gC m™) and seagrass
MO (22.6 gC m™, two-way ANOVA with Tukey post-hoc test, p < 0.001). Food source composition in
both mudflats and both seagrass beds of the two bays appeared to be similar as highlighted by the
clustering but some variations could be pointed out based on the two-way ANOVA. Biomass of bacteria
in spring was higher in mudflat SR (13.5 gC m™) compared to mudflat MO (3.9 gC m™), seagrass MO
(4.2 gC m™), seagrass SR (6.9 gC m™) and sandflat SR (1.8 gC m™, two-way ANOVA with Tukey post-
hoc test, p < 0.001). The presence of detrital matter in mudflat SR versus its absence in mudflat MO
discriminated both mudflats as well. Lastly, biomass of leaves and roots in spring was higher in the
Marennes-Oléron Bay (39.4 gC m) compared to the Sylt-Remg Bight (6.4 gC m?, two-way ANOVA
with Tukey post-hoc test, p < 0.001).

Some differences occurred at the seasonal scale as well, with higher biomass of primary producers
in spring when a difference occurred. Such a pattern was observed for benthic microalgae in sandflat
SR, seagrass SR and seagrass MO, and for seagrass leaves in seagrass bed MO (two-way ANOVA with
Tukey post-hoc test, p < 0.001). Bacteria biomass of mudflat SR and seagrass SR was also higher in
spring compared to autumn (two-way ANOVA followed by Tukey post-hoc test, p < 0.001). About
detrital matter, seasonal changes followed an opposite pattern when they occurred, with an increase in
biomass of detritus from spring to autumn in mudflat SR and seagrass MO (two-way ANOVA with
Tukey post-hoc test, p < 0.001). SOM biomass was stable between spring and autumn (two-way
ANOVA with Tukey post-hoc test, lowest p-value 0.44).
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Regarding quality of potential food sources in the different habitats, they varied from being partly
detrital in sandflat SR (57 to 63%) to being almost completely made out of detrital matter in mudflat
MO (from 93 to 99%). Carbon: chlorophyll a (C:chl a) ratios of SOM were higher in mudflat MO
(1201.4), mudflat SR (681.8) and seagrass MO (504.6) compared to seagrass SR (221.4) and sandflat
SR (72.3; two-way ANOVA with Tukey post-hoc test, p < 0.001, Table 3.1). SOM had much higher
C:chl aratios in the sub-surface layer than in the surface layer (two-way ANOVA with Tukey post-hoc
test, p < 0.001). Variation in C:chl a ratios between spring and autumn was not observed (two-way
ANOVA, lowest p-value 0.33, Table 3.1). Proportions of SOM that were originating from fresh
microalgae (i.e., microphytobenthos and trapped phytoplankton) ranged from 3.6 (mudflat MO, spring)
to 71.1% (sandflat SR, autumn, Table 3.1). These proportions were much higher in sandflat SR (66.6%)
and seagrass SR (22.0%) than in mudflat SR (7.0%) and mudflat MO (4.0%, two-way ANOVA with
Tukey post-hoc test, Table 3.1). Quantities of SPOM ranged between 0.32 and 0.54 gC L. Minor
variations between habitats observed within SPOM are reported in the supplementary material
(Appendix 3.4).

Table 3.1. Carbon: chlorophyll a ratios (mean * standard deviation, n = 3) and percentage of carbon originating
from fresh microalgae (mean + standard deviation, %, n = 3) in sediment organic matter (SOM) in the mudflats,

seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR) in spring and autumn.

) Carbon of SOM originating from
Carbon: chlorophyll a ratio .
fresh microalgae

%

Habitat Spring Autumn Spring Autumn
Mudflat MO 1314.3F+35.3  1088.5° + 166.2 3.64+0.1 442107
Mudflat SR 643.9 £ 60.1 719.7¢ £ 60.6 7.44+£07 6.6 + 0.6
Seagrass MO 389.28+ 475 619.9+ 47.6 12478+ 1.4 7.7+ 0.6
Seagrass SR 193.94+14.3 249.0"8 +29.8 24.6°+1.8 19.35¢+ 2.4
Sandflat SR 76.8A £2.2 67.87+£9.1 62.0°+1.7 71.1°+9.8

Letters displayed after mean values indicate grouping of similar samples (two-way ANOVA with Tukey post-hoc
tests, p < 0.05).
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Figure 3.3a-f. Composition of potential benthic food sources for meiofauna and of meiofauna in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-
Remg Bight (SR) in spring and autumn. a) Hierarchical average cluster of dissimilarity for the proportional composition of potential food sources. b) Hierarchical average cluster of
dissimilarity for proportional composition of meiofauna (nematodes and benthic copepods). Approximately, unbiased (AU) probability values (p-values) by multiscale bootstrap resampling
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Proportional composition of benthic copepods and trophic groups of nematodes. Trophic groups of genera with relative
abundance > 5% are displayed. e) Biomass of potential food sources. f) Biomass of benthic copepods and trophic groups
of nematodes. Selective deposit feeders = 1A, non-selective deposit feeders = 1B, epigrowth feeders = 2A and
omnivores/predators = 2B (Wieser 1953). Abbreviations: Chr = Chromadora, Cta = Chromadorita, Com = Comesa, Dap
= Daptonema, Ele = Eleutherolaimus, Eno = Enoplolaimus, Met = Metachromadora, Mic = Microlaimus, Mon =
Monoposthia, Odo = Odontophora, Pra = Praeacanthonchus, Pty = Ptycholaimellus, Sab = Sabatieria, Spha =

Sphaerolaimus, Spi = Spirinia, Ter = Terschellingia, The = Theristus, Vis = Viscosia. (n = 3)

3.3. Meiofauna community structure

The meiofauna community was dominated by nematodes with relative abundance ranging from 41.7%
(sandflat SR, surface layer, spring) to 100% (mudflat MO, sub-surface layer, spring), except for the surface
layer of sandflat SR where benthic copepods dominated (55.5%, Fig. 3.4). Three other meiofauna taxa occurred
in the different habitats: foraminifera (0 to 7.4%), polychaetes (0 to 5.3%), and ostracods (0 to 0.4%).Total
meiofauna density was higher in the surface layer than in the sub-surface layer in all habitats (two-way
ANOVA with Tukey post-hoc test, highest p-value 0.033). Mean meiofaunal density of both layers combined
ranged from 1.7*10° ind. m (mudflat SR, autumn) to 3.4*10° ind. m? (mudflat MO, autumn, Appendix 1.5).
Meiofauna densities (both layers combined) were similar between spring and autumn, except in seagrass SR
where densities were higher in spring (two-way ANOVA with Tukey post-hoc test, highest p-value 0.020,
Table 3.2).

The total biomass of nematodes (both layers combined) ranged from 0.053 gC m™ (1.6*10° ind. m™,
mudflat SR, autumn) to 1.541 gC m? (2.9*10° ind. m2, mudflat MO, spring, Fig. 3f). Nematode density and
biomass were higher in the surface layers than in the sub-surface layers (two-way ANOVA with Tukey post-
hoc test, highest p-value 0.042). Nematodes from the surface layers dominated the contribution to the total
biomass in all habitats, with lowest proportions in seagrass SR (54.0%) and mudflat SR (55.4%) and higher
proportions in sandflat SR (82.3%), mudflat MO (83.3%) and seagrass SR (95.7%). At the habitat scale,
nematode density and biomass were much higher in mudflat MO (density: 3.0*10° ind. m; biomass: 1.257
gC m) than in all other habitats (two-way ANOVA with Tukey post-hoc test, p < 0.001, Table 3.2, Appendix
1.5). Nematode biomass in the seagrass beds ranged from 0.146 (seagrass MO, autumn) to 0.459 gC m™
(seagrass SR, spring). Nematode biomass of the mudflat SR and sandflat SR ranged from 0.054 (mudflat SR,
autumn) to 0.150 gC m? (mudflat SR, spring). Some temporal variations occurred as well, with higher
nematode densities in spring in seagrass SR and higher nematode biomass in spring in mudflat MO (two-way
ANOVA with Tukey post-hoc test, highest p-value 0.005, Table 3.2).

Total biomass of benthic copepods, which were merely present in the surface layers, ranged from 0.003
gC m? (1.0*10* ind. m, mudflat SR, autumn) to 0.110 gC m (1.7*10° ind. m, mudflat MO, spring, Fig.
3.3f). Copepod biomass of the mudflat MO (0.095 gC m™) was much higher than in the mudflat SR (0.006 gC

m?), while copepod density was higher in the seagrass MO than in the seagrass SR and mudflat SR (two-way
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ANOVA with Tukey post-hoc test, p < 0.001). Densities and biomass of benthic copepods were similar in
spring and autumn (two-way ANOVA with Tukey post-hoc test, lowest p-value 0.178, Table 3.2).

Table 3.2. Results of the two-way ANOVA for differences in total meiofauna, nematode, and benthic copepod density

and nematode and benthic copepod biomass across habitats and seasons.

Source Total meiofauna Nematodes Benthic copepods

df F-ratio P>F F-ratio P>F F-ratio P>F
Density
Habitat 4 363.0 <0.001 385.8 <0.001 12.7 <0.001
Season 1 6.3 0.020 9.6 0.005 1.9 0.178
Habitat : season 4 8.8 <0.001 9.1 <0.001 2.8 0.052
Error 20
Biomass
Habitat 4 216.2 < 0.001 29.01 <0.001
Season 1 34.5 <0.001 0.47 0.503
Habitat : season 4 11.7 <0.001 2.14 0.113
Error 40

df = degree of freedom; F = F statistic; P = probability. Values in bold indicate a significant difference (a < 0.05)

3.4. Nematode community structure

Five-thousand and four-hundred nematodes were determined at genus and/or species level. A total of 139
species, belonging to 65 genera and 20 families, were found at the five habitats in both the Marennes-Oléron
Bay and the Sylt-Remg Bight. Eight genera represented 70% of the community in the surface layer of all
habitats combined: Daptonema (1B, 18%), Chromadorita (2A, 10%), Metachromadora (2A, 10%), Sabatieria
(1B, 10%), Ptycholaimellus (2A, 7%), Spirinia (2A, 6%), Terschellingia (1A, 5%), and Praeacanthonchus
(2A, 4%). Four genera represented 70% of the community in the sub-surface layer of all habitats combined:
Terschellingia (1A, 28%), Sabatieria (1B, 25%), Spirinia (2A, 13%), and Metachromadora (2A, 6%). The
surface layer had a higher number of genera (from 3 to 9 genera, mean: 5.8) that represented 75% of the
community compared to the sub-surface layer (from 2 to 9 genera, mean: 3.4) for all habitats. The ten most
dominant genera per habitat, season and sediment layer are presented in the supplementary material (Appendix
3.6). Species richness varied from 8 to 28, Hill’s diversity from 2.3 to 19.1, and species evenness from 0.41 to
0.88 (Table 3.3). Species richness, diversity and evenness decreased with depth at all habitats (two-way
ANOVA, p < 0.001, Table 3.4). Species richness and evenness were higher at the seagrass MO than at the
mudflat SR and the seagrass SR (two-way ANOVA with Tukey post-hoc test, p < 0.001). Hills diversity was
higher at the seagrass MO than at all other habitats (two-way ANOVA with Tukey post-hoc test, p < 0.001).
There was no difference in diversity and evenness between seasons (two-way ANOVA, lowest p-value 0.126,
Table 3.4).
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Figure 3.4. Proportional composition of meiofauna in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Remg Bight (SR) in spring and autumn

and in both sediment layer (0-1cm and 1-5cm). Densities (%) are indicated when > 7.5%. (n = 3)
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Table 3.3. Number of nematode genera, Hill’s diversity (N1), and species evenness (J°) in the mudflats, seagrass beds
and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Remg Bight (SR) in spring and autumn. (n = 3)

Mudflat MO Mudflat SR Seagrass SR Seagrass MO Sandflat SR

Spring Autumn Spring Autumn Spring Autumn Spring Autumn Spring Autumn
Layer (in cm) 0-1150115011501150-11501150-1150-11-50-11-50-1 15
Species richness 22 11 21 13 23 12 15 13 16 11 16 12 24 19 23 14 20 12 21 18
Hill’s diversity (N1) 14 5 12 6 13 4 9 5 7 3 6 4 15 12 14 8 11 6 12 7
Species evenness (/) 0.9 0.6 0.8 0.7 0.8 0.6 0.8 0.6 0.7 0.5 0.6 0.6 0.8 0.9 0.8 0.8 0.8 0.7 0.8 0.7

Table 3.4. Results of the two-way ANOVA for differences in species richness, Hill’s diversity (N1), and species evenness
(/) between habitats, sediment layers and season in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay
and the Sylt-Rgmg Bight.

Source Species richness Hill’s diversity Species evenness
df F-ratio P>F F-ratio P>F F-ratio P>F

Layer 1 88.3 <0.001 149.6 <0.001 55.9 <0.001
Habitat 4 11.0 <0.001 29.0 <0.001 16.2 <0.001
Season 1 0.1 0.802 2.4 0.126 0.0 1.000
Layer : habitat 4 15 0.214 4.75 0.003 4.5 0.005
Layer : season 1 6.4 0.015 3.3 0.078 0.6 0.452
Habitat : season 4 3.1 0.026 1.9 0.134 0.3 0.878
Layer : habitat : season 4 2.3 0.079 2.5 0.062 2.3 0.077

Error 38

df = degree of freedom; F = F statistic; P = probability. Values in bold indicate a significant difference (a < 0.05)

Community compositions, based on proportions of benthic copepods and of trophic groups of nematodes,
were similar between the two mudflats (besides the very large difference of biomass), as highlighted by the
average hierarchical cluster analysis (p < 0.05, Fig. 3.3b). The sandflat SR and the two seagrass beds had
similar communities as well. The difference of trophic structures between the mudflats and the other habitats
was related to the higher proportions of selective deposit-feeders (LA) and of non-selective deposit-feeders
(1B) in the mudflats. The mudflat MO was dominated by genera belonging to non-selective deposit feeders
(36%, 0.579 gC m?), epigrowth feeders (34%. 0.525 gC m™), and selective deposit feeders (25%, 0.071 gC m’
%) with Terschellingia (1A, 22%, 0.055 gC m?), Comesa (1B, 14%, 0.082 gC m™) and Ptycholaimellus (2A,
13%, 0.048 gC m™) being the most common genera (Fig. 3.3d). At the mudflat SR, the non-selective deposit
feeders dominated (55%), and the most abundant genera were Sabatieria (1B, 43%, 0.042 gC m?) and
Terschellingia (1A, 13%, 0.004 gC m™). The seagrass bed SR was dominated by epigrowth feeders with the
genera Spirinia (2A, 46%, 0.225 gC m) and Chromadorita (2A, 16%, 0.026 gC m™). The seagrass bed MO

was dominated by various genera belonging to epigrowth feeders (31%, 0.165 gC m?) and non-selective
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deposit feeders (29%, 0.061 gC m). There, the biomass of nematodes was dominated by the epigrowth feeder
genera Metachromadora (7%, 0.035 gC m?. The sandflat SR was dominated by genera belonging to
epigrowth feeders (35%, 0.023 gC m®) and non-selective deposit feeders (19%, 0.040 gC m™), with the genera
Microlaimus (2A, 15%, 0.006 gC m) and Daptonema (1B, 13%, 0.028 gC m) being the most common.

3.5. Relationships between environmental parameters and meiofauna trophic structure

The PCA on the environmental variables explained 63.2% of the total variation (Axis 1: 39.9%, Axis 2:
23.3%, Fig. 3.5a). Axis 1 highlights a positive relationship between SPOM, benthic microalgae and sediment
grain size. At the opposite, when biomass of benthic microalgae, SPOM and sediment grain size was low,
quantities of SOM were higher, as well as bacteria and detritus biomass, and carbon:chlorophyll a ratios of
SOM. Axis 2 demonstrates that biomass of bacteria increased with biomass of SOM, SPOM, and benthic
microalgae. Sandflat SR is defined by larger sediment grain size, higher biomass of benthic microalgae and of
SPOM, as highlighted on Axis 1. Axis 1 also discriminates seagrass SR from mudflat SR, mudflat MO and
seagrass MO (autumn), the later ones being characterized with lower biomass of benthic microalgae and SPOM
and/or higher carbon:chlorophyll a ratios of SOM, and higher biomass of SOM and detritus. In spring Axis 2
discriminates well the mudflat and seagrass bed in the Marennes-Oléron Bay compared to the Sylt-Remg
Bight, which could be due to higher biomass of bacteria (mudflat SR) and/or benthic microalgae (seagrass
SR). In terms of temporal variations, Axis 1 highlights low variation in environmental variables between spring
and autumn except for seagrass MO, which could be due to a significant increase in biomass of detritus from
spring to autumn in this habitat. Axis 2 highlights a stronger temporal variation (Fig. 3.5a), especially in
seagrass SR, seagrass MO and mudflat SR. For seagrass SR, this could be due to a decrease in bacteria, benthic
microalgae, SPOM and SOM biomass from spring to autumn, as well as an increase in detrital matter, while
changes in seagrass MO may be related to opposite patterns. For mudflat SR, variations could be explained by
the decrease in biomass of benthic microalgae and bacteria and/or the increase in detritus biomass from spring

to autumn.

The redundancy analyses (RDA) represented 51.8% of the total variation and 81.1% of the constrained
variation (Fig. 3.5b). Fresh seagrass material was excluded from the RDA after stepwise forward selection of
constraints due to collinearity (vif.cca > 10). Axis 1 explains 33.0% of the total variation and 51.8% of the
constrained variation. Axis 2 explains 18.8% of the total variation and 29.4% of the constrained variation. Both
axes significantly explain the model, which highlights relationships between differences of communities and
environmental parameters, particularly biomass of benthic microalgae, SPOM, detritus, SOM,
carbon:chlorophyll a ratios and sediment grain size. Patterns highlighted by Axis 1 about environmental
parameters were similar as those highlighted in the PCA.: there was a positive relationship between benthic
microalgae and SPOM biomass, and sediment grain size. At the opposite, when benthic microalgae, SPOM
and detritus biomass were low, the carbon:chlorophyll a ratio was higher, as well as biomass of SOM, bacteria
and detritus. Differences of meiofauna trophic structure within habitats are mainly explained by sediment

grain-size, carbon:chlorophyll a ratio of SOM, and biomass of SOM, SPOM, detritus, benthic microalgae, and
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bacteria (Fig. 3.5). The two major groups affected by changes in abiotic and biotic parameters were nematodes
and benthic copepods. Selective deposit feeders and non-selective deposit feeders occurred mainly within
habitats where biomass of SOM, detritus and bacteria where high (i.e., surface layers of mudflat SR in autumn
sub-surface layers of mudflat SR in both seasons, sub-surface layers of seagrass MO in both seasons, and sub-
surface layers of mudflat MO in autumn). Epigrowth feeders dominated in habitats where benthic microalgae
were an important driving factor (i.e., surface layers of mudflat MO in both seasons, sub-surface layers of
mudflat MO in spring, surface and sub-surface layers of seagrass SR in both seasons, and sub-surface layers
of sandflat SR in both seasons). Omnivore/predatory nematodes, benthic copepods and other meiofauna taxa
occurred in habitats with high biomass of benthic microalgae and SPOM, as well as large sediment grain-size
(i.e., surface and sub-surface layers of sandflat SR in both seasons and surface layers of seagrass MO in both

seasons, and surface layers of mudflat SR in spring).
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Figure 3.5a-b. a) Principal component analyses for the environmental factors (arrows) plotted for the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and

the Sylt-Remg Bight (SR) in spring (closed symbols) and autumn (open symbols). b) Redundancy relationship analyses of environmental factors (arrows) selected with stepwise

forward procedure plotted against the different groups of meiofauna (benthic copepods, polychaetes, foraminifers, ostracods and trophic groups of nematodes) and the surface (gray
symbols) and sub-surface layers (black symbols) of the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR) in spring (closed
symbols) and autumn (open symbols). Abbreviations: SPOM = suspended particulate organic matter; SOM = sediment organic matter; 1A = nematodes, selective deposit feeders;

1B = nematodes, non-selective deposit feeders; 2A = nematodes, epigrowth feeders; 2B = nematodes, omnivores/predators.

-B53-



Chapter 3

A regression using nematode feeding type data from all habitats highlighted that the ratios between

densities of epigrowth feeders and densities of non-selective deposit feeders increased when benthic
microalgae biomass increased (F[1, 8] = 10.4, p = 0.01, r? = 0.61, Fig. 3.6). The relative abundance of selective

deposit feeders was positively correlated to the ratio between biomass of fresh organic material (i.e., benthic

microalgae and seagrass leaves and roots) and biomass of detrital material (i.e., SOM and detritus) (F[1, 8] =
23.1, p<0.01, r* = 0.74, Fig. 3.7).
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Figure 3.6 Relationship between the biomass of benthic microalgae and the ratio between densities of epigrowth feeders

(2A) and densities of non-selective deposit feeders (1B) in the mudflats, seagrass beds and sandflat in the Marennes-

Oléron Bay (MO) and the Sylt-Remg Bight (SR) in spring (gray symbols) and autumn (black symbols). (n = 3)
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Figure 3.7. Relationship between the ratio of fresh organic material to detrital material and the relative abundance of

selective deposit feeders (1A) in the mudflats, seagrass beds and sandflats in the Marennes-Oléron Bay (MO) and the

Sylt-Remg Bight (SR) in spring (gray symbols) and autumn (black symbols). (n = 3)

-54 -



Chapter 3

4. DISCUSSION

4.1 Habitat description

The different habitats compared in this study are characterized by a broad range of abiotic and biotic
factors. This provides a good framework to determine how changes in these parameters, particularly potential
food resources, may influence meiofauna community structure. Biomass of benthic microalgae was much
higher in habitats with a larger sediment grain size (sandflat SR and seagrass SR) as already observed in the
Marennes-Oléron Bay (Guarini et al. 1998), and benthic microalgae therefore represented a much higher
proportion of the SOM in these habitats. This pattern is quite unusual, as habitats with large sediment grain
size generally support less microphytobenthos biomass than habitats with small sediment grain size (Cammen
1991; de Jong and de Jonge 1995). Estimations of benthic microalgae biomass were based on chlorophyll a
measurements and therefore included trapped fresh phytoplankton. Trapped phytoplankton represents a lower
proportion of fresh microalgae material than benthic microphytobenthos, although some variations can occur
depending on seasons and locations (Asmus 1983; Lebreton et al. 2012). Microphytobenthos community
structure and its production may change as well depending on habitats: muddy sediments are usually dominated
by large epipelic diatoms (Thornton et al. 2002; Azovsky et al. 2004) whereas small epipsammic diatoms are
the main taxa in sandy habitats (Asmus and Bauerfeind 1994; Azovsky et al. 2004). Benthic microalgae
production can be very high in muddy sediments (i.e., 372 gC m? yr in mudflat MO) (Pinckney and Zingmark
1993; Leguerrier et al. 2003) and, under favorable conditions, epipelic diatoms can double their standing stock
on a daily basis (Underwood and Paterson 1993). All these changes of biomass, community structure and

production rates likely affect the use of this food resource by meiofauna.

Biomass of SOM was much lower in sandflat SR than in seagrass beds and mudflats. This is likely related
to the high benthic microalgae production in bare mudflats (Macintyre et al. 1996) and to the smaller sediment
grain size in mudflats and seagrass beds (Bergamaschi et al. 1997). A decrease in sediment grain size generally
leads to an increase in SOM (Bergamaschi et al. 1997) as fine particles enhance adsorption of organic
compounds (Mayer 1994). Decrease of sediment grain size is also associated with lower hydrodynamics which
increases sedimentation of organic matter particles (Frontalini et al. 2014) and of finer sediment. The presence
of seagrass beds, reducing hydrodynamics and enhancing sedimentation as well (Leduc et al. 2009), also likely
increased the load of SOM. As a result, even if SPOM was relatively similar between habitats, the presence of
meadows may influence the biomass and the nature of the organic matter available to meiofauna between
unvegetated and vegetated habitats (Machas and Santos 1999). The quality of the organic matter available to
consumers was also correlated with sediment grain size, with SOM dominated by fresh organic matter in the
sandflat and being of much lower quality in habitats made of fine sediments (seagrass bed and mudflats), where

loads of detrital matter were higher.

Loads of detritus were high in seagrass beds, the largest ones being measured in seagrass MO, probably

due to the much higher biomass of seagrass roots in this habitat compared to seagrass SR. The higher load of
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detrital matter in mudflat SR compared to mudflat MO is much likely related to the proximity between the
mudflat and the seagrass bed in the Sylt-Remg Bight, highlighting that seagrass material can be exported to
bare systems. The presence of seagrass in intertidal systems may also indirectly affect the composition of the
detrital organic matter available to meiofauna and meiofauna distribution in the sediment (Marba et al. 2006).
The complex root structure of seagrass beds indeed plays a role for the amount of fine particles and detritus
associated with the shallow oxic zone in vegetated sediments (Wetzel et al. 2001), as well as in the release of
oxygen and dissolved organic matter by the roots (Pedersen et al. 1998). Nevertheless, seagrass material is
generally poorly used by most of the consumers as fresh or as detrital material (Danovaro 1996; Vizzini et al.
2002). The presence of seagrass and detritus as well as smaller sediment grain size also affected the abundance
of bacteria within the studied habitats. Much lower biomass of bacteria was observed in habitats with lower
quantities of detrital matter and SOM and in habitats with coarser sediment (i.e., sandflat), likely due to the

reduced surface for bacteria colonization (Dale 1974; Mayer 1994).
4.2. Meiofauna community structure: spatial and temporal variations

Meiofauna density and biomass varied highly within habitats and ecosystems, with lowest and highest
values observed in mudflat SR (density: 0.17*10° ind. m, biomass: 0.057 gC m) and mudflat MO (density:
3.36*10° ind. m?, biomass: 1.598 gC m™), respectively. Meiofauna in all habitats were dominated by
nematodes, followed by benthic copepods, as typically observed in intertidal habitats (Armonies and Hellwig-
Armonies 1987; Rzeznik-Orignac et al. 2003; Leduc and Probert 2011). Data comparisons (Table 3.5)
highlight that density and biomass of hematodes and benthic copepods measured in this study are in the range
of those previously measured but, more generally, that these values can be highly variable between different
soft-bottom habitats as well as within similar habitats (Heip et al. 1985; Castel et al. 1989; Kotwicki et al.
2005b).

In terms of community structure, proportions of benthic copepods increased from habitats with a lower
complexity (mudflats: 6.2%) to habitats with a higher complexity caused by a higher seagrass biomass
(seagrass beds: 15.5%) or by larger sediment grain size (sandflat: 38.4%). Larger proportions of copepods in
the sandflat could be explained by a higher feeding efficiency in sandier sediment, probably due to a better
accessibility to benthic microalgae and a better ability of these grazers to move in sand (de Troch et al. 2006a).
Higher proportions of benthic copepods in seagrass bed MO may be related to a more developed seagrass bed
and therefore a more complex habitat, providing a larger diversity of ecological niches (Ndaro and Olafsson
1999; de Troch et al. 2001). The presence and development stage of seagrass beds also affected nematode
diversity as species richness was higher in the most dense seagrass bed (Marennes-Oléron) between the two
studied ones. Hill’s diversity was also higher in seagrass MO than in all other habitats, which could be partially
linked to habitat complexity as well (Austen et al. 1998; Steyaert et al. 2003; Giere 2009). Proportions of
omnivore/predatory nematodes increased as well when complexity increased due to larger sediment grain size
as previously observed in sandflats of several other coastal ecosystems (Warwick 1971; Steyaert et al. 2003).
This could be explained by the increase of foraging efficiency of predators with an increase in sediment grain
size (Gallucci et al. 2005).
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If some patterns could be observed between meiofauna community structure and habitat type, direct
relationships between biomass of food sources and density and/or biomass of nematodes and benthic copepods
could not be observed in this study. This is very likely related to the diversity of feeding types observed in
nematodes (Moens et al. 2005b; Vafeiadou et al. 2014) and, to a lower extent, in benthic copepods (Cnudde et
al. 2015), confirming the importance of approaches carried out at the scale of the feeding type, as this was
done for nematodes in this study.

Within these different habitats nematode density, biomass and diversity were similar between spring
and autumn, except for higher nematode density in seagrass SR and higher nematode biomass in mudflat MO
in spring. No temporal variation was observed for meiofauna community structure. The lack of a clear temporal
pattern between spring and autumn (Escaravage et al. 1989; Danovaro and Gambi 2002; Rzeznik-Orignac et
al. 2003) could be partly explained by low temporal variation in parameters strongly defining meiofauna

community structure (i.e., food sources and sediment grain size; Moens et al. 2013).

4.3. Benthic microalgae and sediment organic matter are important drivers of nematode community

structure

Changes in benthic microalgae biomass influenced the community structure of nematodes: relative
abundance of epigrowth feeders, relying on benthic microalgae, were reduced when biomass of this food
source decreased. Such a relationship between biomass of benthic microalgae and density of epigrowth feeders
had already been observed in a subtidal seagrass meadow (Danovaro and Gambi 2002) and during grazing
experiments (Rzeznik-Orignac and Fichet 2012). Buccal cavities of epigrowth feeders are appropriate for
consumption of benthic microalgae, due to the presence of a dorsal tooth which is used to pierce diatoms
(Wieser 1953; Moens and Vincx 1997b). A relationship was also observed between biomass of benthic
microalgae and relative abundances of benthic copepods and omnivores/predators. However, this relationship
may be partly mediated by sediment grain size as benthic microalgae biomass (this study) and relative
abundance of benthic copepods increase when sediment get coarser (Hicks and Coull 1983). Nevertheless, the
much higher biomass of benthic microalgae in the sandflat compared to SOM suggests that consumers rely—
at least partly—directly (i.e., copepods) or indirectly (i.e., omnivores/predators) on benthic microalgae in this
habitat. Such a dependence to benthic microalgae as a food source has been demonstrated for benthic copepods
(Leduc et al. 2009).
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Table 3.5. Density (ind. m2 * 10°) and biomass (in gC m and/or g dry weight m?) of nematodes and benthic copepods in mudflats, seagrass beds (Zostera spp.) and sandflats from

this study and from the available literature about marine soft-bottom intertidal systems. Average conversion factors used to estimate biomass in gC m from densities are: nematodes:

2.28*10°, benthic copepods: 3.49*106, and from biomass (in g dry-weight m2) are: nematodes: 3.26, benthic copepods: 3.40. Converted values are in italic.

Biomass

Biomass

Location Density (g dry weight m?) (gC m?) Reference

Habitat type Nematodes Copepods Nematodes Copepods Nematodes Copepods
Papanui Inlet, New Zealand 2.1-3.2 05-1.1 0.163 0.125 0.05 0.04 Leduc and Probert 2011
Danish Wadden Sea, Denmark 0.22 0.03-0.4 0.01-0.12 Smidt 1951
Sylt-Remg Bight, Germany 0.28 0.03 0.233 0.015 0.102 0.006 This study
Cornwall, U.K. 11 0.48 Ellison 1984
Marennes-Oléron Bay, France 21 0.92 Rzeznik-Orignac et al. 2003

Mudflat Sylt-Rgmg Bight, Germany 2.4 0.07 1.05 0.02 Armonies and Hellwig-Armonies 1987
Lynher estuary, U.K. 0.8-22.9 14-34 0.43-1.49 Warwick and Price 1979
Marennes-Oléron Bay, France 0.2-15 <0.09  Pascal 2008
Marennes-Oléron Bay, France 3.03 0.13 6.070 0.346 1.257 0.095 This study
South Carolina, U.S.A. 2344 1.01-1.93 Sikora and Sikora 1982
European estuaries 0.13-14.5 0.06-6.35 Soetaert et al. 1995
Papanui Inlet, New Zealand 4.9-5.2 <0.04 0.480 < 0.009 0.15 <0.003 Leduc and Probert 2011
Marennes-Oléron Bay, France 0.65 0.21 1.303 0.459 0.294 0.078 This study
Sylt-Rgmg Bight, Germany 0.81 0.04 0.819 0.015 0.351 0.006 This study

Szggrass Sylt-Rgmg Bight, Germany 2.0 0.88 Armonies and Hellwig-Armonies 1987
Arcachon Bay, France 5.5-8.0 2.4-53 0.74-2.32 Castel et al. 1989; Escaravage et al. 1989
Mira estuary, Portugal 1.8-3.3 0.79-1.46 Materatski et al. 2018
Marennes-Oléron Bay, France 2.75 0.36 Lebreton 2009
North Sea intertidal sandflats 0.15 0.11 0.07 0.03 Kotwicki et al. 2005a
Sylt-Remg Bight, Germany 0.22 0.14 0.303 0.130 0.124 0.050 This study

sandflat Arcachon Bay, France 0.7-1.2 0.8-1.3 0.25-0.57 Castel et al. 1989; Escaravage et al. 1989
Oosterschelde, Netherlands 5.0 0.13 2.0 0.2 0.61 0.06 Smol et al. 1994
Sylt-Rgmg Bight, Germany 2.3 35 1.01 1.00 Armonies and Hellwig-Armonies 1987
European intertidal flats 0.24-4.1 <0.35 0.11-1.80 <0.10  Hicks and Coull 1983; Kotwicki et al. 2005b
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At amore global scale (i.e., whole meiofauna, all habitats combined), no general pattern could be observed
between benthic microalgae biomass and those of nematodes and benthic copepods. Some other parameters
should probably be taken into account to better consider relationships between this food resource and
consumers. Benthic microalgae can indeed reach very high production rates and are a food source of high
quality (Cebrian 1999). The high primary production of benthic microalgae in mudflat MO (372 gC m? yr™;
Leguerrier et al. 2003) and high grazing pressure on this food source by the large biomass of nematodes
(Blanchard 1991) could explain the lack of relationship between benthic microalgae and meiofauna biomass
within these habitats. Quality is of high importance as well: Moens et al. (1999b) suggested that meiofauna
migrate actively towards ‘optimal’ food sources. In addition to epigrowth feeders, several studies demonstrated
that deposit feeders rely on microalgae (Moens and Vincx 1997b; Rzeznik-Orignac et al. 2003; Vafeiadou et
al. 2014) likely due to the better quality of microalgae. A relationship between density of nematodes belonging
to these feeding groups and microalgae has been observed (Moens et al. 1999a). In particular, grazing
experiments using “C labeled diatoms indicated the dependence of a non-selective deposit feeding nematode
(Daptonema), an epigrowth feeding nematode (Metachromadora) and benthic copepods on microalgae
(Rzeznik-Orignac and Fichet 2012). Vafeiadou et al. (2014), using stable isotopes, confirmed that non-
selective deposit feeding nematodes, epigrowth feeding nematodes and benthic copepods can largely rely on
benthic microalgae in sparsely covered seagrass beds. Besides their very specific buccal cavity, it is also worth
noting that epigrowth feeders can be opportunistic as well, and rely on other food resources (e.g. bacteria
and/or fungi; Iken et al. 2001). As a result, benthic microalgae are often considered as the principal food source

for nematodes and benthic copepods (Moens et al. 2005a; Rzeznik-Orignac et al. 2008; Maria et al. 2012).

Benthic microalgae followed an opposite pattern than detrital material (SOM and detritus), with
decreasing biomass of benthic microalgae when detrital material increased. SOM biomass was stable between
spring and autumn, as well as between surface and sub-surface layers, but large variations were observed
between the different habitats (i.e., much lower biomass in sandflat SR). The relative abundance of non-
selective deposit feeders, closely related to detrital matter based on the RDA, decreased when biomass of SOM
was lowered. Higher SOM quality in the surface sediment layers could lead to higher biomass, density and
diversity of nematodes in the surface layer compared to the sub-surface layer. As a result, the important role
of SOM s very likely related to its very high amount, as well as variations in quality between the studied
systems. A relationship between SOM and density of non-selective deposit feeders was also recognized in a
subtidal seagrass meadow (Danovaro and Gambi 2002), while a grazing experiment indicated that the non-
selective and selective deposit feeding nematode species assimilated predominantly SOM and bacteria (Tietjen
and Lee 1977). The non-selective deposit feeders can, therefore, be considered as opportunistic feeders (Majdi
et al. 2012), which may change feeding strategies depending on the availability of food sources (Moens and
Vincx 1997b; Rzeznik-Orignac et al. 2008).

As a result, SOM and benthic microalgae appear to be important biotic factors driving the nematode

community structure and, a fortiori, the composition of meiofauna assemblages as nematodes represent a large
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proportion of the meiofauna in coastal ecosystems (Armonies and Hellwig-Armonies 1987; Rzeznik-Orignac
et al. 2003; Leduc and Probert 2011).

4.4, Role of bacteria as a food source?

Selective deposit feeders had much higher relative abundances in habitats with larger loads of detritus and
SOM compared to those dominated by fresh material. In addition, multivariate analyses indicated that biomass
of bacteria was higher when loads of SOM increased. These results highlight a probable relationship between
bacteria biomass and relative abundance of selective deposit feeders, endorsing that consumers from this
trophic group rely on bacteria (Moens and Vincx 1997b), which develop on detrital particles (Day et al. 1989;
Danovaro 1996), or dissolved organic matter (Moens and Vincx 1997b). The use of bacteria as food resources
has been confirmed by stable isotope studies demonstrating that selective deposit feeders can rely on sulfide-
oxidizing bacteria (Vafeiadou et al. 2014), such specific diets being related to their small buccal cavity (Wieser
1953; Moens and Vincx 1997b). The lack of direct relationship between abundances of selective deposit
feeders and biomass of bacteria, as in Semprucci et al. (2010), might be due to the influence of additional
abiotic parameters (i.e., oxic conditions (Jensen 1983) and sediment grain size (Steyaert et al. 2003)), the
reliance of bacteria on a large diversity of substrates (Boschker et al. 2000), and high bacterial production
which is only partially grazed (< 28%, Pascal et al. 2009). This lack of clear relationship may also be related
to some limits of the Wieser (1953) classification, highlighting the importance to combine buccal cavity

observations with other methods such as trophic markers (i.e., stable isotopes, fatty acids).

Multivariate analyses demonstrated as well a relationship between relative abundances of non-selective
deposit feeders and biomass of detritus and, to a lower extent, those of bacteria and SOM. Nevertheless, no
direct relationship was observed between relative abundances of non-selective deposit feeders and bacteria,
SOM or detritus biomass, which is likely related to the more opportunistic feeding behavior of these nematodes
(Moens and Vincx 1997b; Rzeznik-Orignac et al. 2008; Majdi et al. 2012). The shape of the buccal cavity of
non-selective deposit feeders allows them to rely on a much larger diversity of food sources: benthic
microalgae, SOM, bacteria and seagrass detritus, as demonstrated by stable isotope studies (Rzeznik-Orignac
et al. 2008; Maria et al. 2012; Vafeiadou et al. 2014) and observations of feeding behavior (Moens and Vincx
1997b). Biomass of fresh seagrass matter, which varied highly between habitats in this study, could also not
be linked to variations in non-selective deposit feeders. However, the lack of relation here is expected since
this resource is poorly used by these nematodes, and, to a larger extent, to meiofauna in general, due to its low
nutritional value and high lignocellulose content (Vizzini et al. 2002). This was confirmed by Materatski et al.

(2015) who observed no changes in nematode density before and after a seagrass collapse.
4.5, Effect of sediment depth on meiofauna communities: influence of oxic conditions

Nematode and benthic copepod densities and biomass decreased from surface to sub-surface layers in all
habitats, which is a common pattern in seagrass beds and unvegetated habitats (Castel et al. 1989; Lebreton
2009; Leduc and Probert 2011). Benthic microalgae, which have the highest biomass in the surface layer,

might influence the vertical distribution and migration of nematodes and benthic copepods (Moens et al. 2013),
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particularly nematode epigrowth feeders which specifically rely on benthic microalgae and which were very
abundant in all habitats. Differences in abiotic parameters, such as oxygen depletion towards deeper layers,
could affect as well the vertical distribution of meiofauna (Steyaert et al. 2003; Vanaverbeke et al. 2004), as
anoxic conditions are much less favorable to nematodes and benthic copepods. Besides influencing biomass
and densities, anoxic conditions affect diversity and community structure as well. Diversity of nematodes
clearly decreased with depth in all the studied habitats, which was observed in other studies (Steyaert et al.
2003; Leduc and Probert 2011). Terschellingia spp. and Sabatieria spp. had a higher relative abundance in
sub-surface layers than in surface layers, related to their higher tolerance regarding hypoxic conditions
(Steyaert et al. 2007). Terschellingia spp. and Sabatieria spp. are also known to feed on sulfide-oxidizing
bacteria that occur in these hypoxic zones (Semprucci and Balsamo 2012; Vafeiadou et al. 2014).
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5. CONCLUSION

Benthic microalgae and SOM are two important drivers in the functioning of soft-bottom coastal food
webs as changes in these food resources affect the two most dominant nematode trophic groups (i.e., non-
selective deposit feeders, considered as more opportunistic, and epigrowth feeders, more specifically related
to benthic microalgae). This is likely related to the high biomass of these food sources, as well as the quality
and high production rates of benthic microalgae (Macintyre et al. 1996; Cebrian 1999). Therefore, this study
highlights the existence of some relationships between composition of food sources and the trophic structure
of the meiofauna community, when studied at the scale of trophic groups. On the contrary, no clear relationship
was observed between bacterial biomass and density of selective deposit feeders (bacterivores; 1A), despite a
relationship between proportion of detrital matter and relative abundances of selective deposit feeders. This
lack of relationship may be related to the high production rates of bacteria and the influence of abiotic factors,
especially oxic conditions. Approaches such as trophic markers (e.g. stable isotope and/or fatty acid analyses)
would be very complementary to the determination of feeding types based on the morphology of the buccal
cavity. Such tools would provide a more comprehensive picture of food sources really assimilated by
meiofauna and highlight how the use of food sources by meiofauna may change depending on availability.
Combining trophic marker data with biomass and production data in food web models would then provide a

much more complete overview of the functioning of coastal food webs.
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Appendix 3.1. Biomass (mean + standard deviation, pug C ind.™, n = 3 except if noted otherwise) for nematodes, copepods, and selected nematode families/genera from the mudflats,
seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR) in spring and autumn.

Mudflat MO Mudflat SR Seagrass SR Seagrass MO Sandflat SR

Spring Autumn Spring Autumn Spring Autumn Spring Autumn Spring Autumn
Nematodes 043+0.14 0.29+0.17 0.39+019 050+0.23 047+010 040+004 035+016 0.32+032 041+012 0.36+0.11
Copepods 1.30+0.24 048+0.08 0.20+0.04 0.26+0.03 0.22+0.03 0.16+0.04 056+021 0.27+0.08 0.23+0.03 0.60+0.06
Chromadoridae (2A) 0.11+0.05 0.07+0.01 0.22+0.02 0.21+0.05 0.19+0.00 0.20+0.04 0.26 £0.07 0.39+0.03
Comesa (2A) 0.64+0.06 0.40+0.05
Daptonema (1B) 1.00+0.09 069+0.16 043+011 064+032 0.66+005 047+0.08 0.34+015 0.28+0.04 0.60+0.06 0.53+0.15
Enoplolaimus (2B) 3.10+0.19 223+0.48
Metachromadora (2A) 1.27+0.23 0.72+0.11 046+0.11 056(n=1) 0.73+031 050(n=1) 0.26+0.00 0.23+0.03 056+0.27 0.25+0.05
Microlaimus (2A) 0.10+0.02 0.14+0.03
Monoposthia (2A) 0.19(n=1) 0.15+0.03
Sabatieria (1B) 0.20+0.01 0.43+0.09 0.30+0.08 0.15(n=1)
Sphaerolaimus (2B)  3.30+0.75 153+045 160+0.12 3.07+136 124+049 0.87+021 176+047 1.32+0.63
Spirinia (2A) 0.55+0.08 0.76 +0.07
Terschellingia (1A) 0.12+0.03 0.11+0.04 0.11+0.00 0.11+0.02 0.03+0.00 0.09+0.04 0.12+0.04

1A: selective deposit feeders; 1B: non-selective deposit feeders; 2A: epigrowth feeders; 2B: omnivores/predators
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Appendix 3.2. Equations of Hill’s diversity (N1) and species evenness (J°), where p; is the ratio of the count of the it species to the total number of individuals in the sample and S
is the species number (Hill 1973).

N; = e ZpixInp)

ooy
InS

Appendix 3.3. Median sediment grain size and 90% quantile (um, n = 3) of the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight
(SR) in spring and autumn for surface (0 — 1 cm) and sub-surface (1 — 5 cm) layers. Letters displayed after median values indicate groups of samples with similar grain-size (two-
way ANOVA with Tukey post-hoc tests, p < 0.05).

Mudflat MO Mudflat SR Seagrass SR Seagrass MO Sandflat SR
Spring Autumn Spring Autumn Spring Autumn Spring Autumn Spring Autumn
Depth (in cm) o6 15 01 15 01 15 01 15 01 15 01 15 01 15 01 15 0-1 1-5 0-1 1-5

Sediment grain-sizz 342 36% 27% 29& 75b 103 51" 46P 80P 88° 81P 67° 74° 65° 58° 63° 392°¢ 394 ¢ 425°¢ 416 °

<5% - >95% 2-3052-2712-1792-2193-2473-4533-2102-3273-2013-2082-2072-1932-3082-2372-248 2 - 206 162 - 748 149 - 766 179 - 772 201 - 767
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Appendix 3.4. Suspended particulate organic matter (SPOM) (mean = standard deviation) at the different sampling
stations in the Marennes-Oléron Bay (I-11) and the Sylt-Rgmg Bight (111-V) in spring and autumn. Sampling stations are

presented on figure 1. (n=3)

Appendix 3.5. Abundances of meiofauna, nematodes and benthic copepods (mean + standard deviation, ind. m=, n = 3)
in the top 5 cm of the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Remg Bight
(SR) in spring and autumn. Letters displayed after median values indicate groups of samples with similar abundance
(two-way ANOVA with Tukey post-hoc tests).

Mudflat MO Mudflat SR Seagrass SR Seagrass MO Sandflat SR

Spring Autumn  Spring Autumn  Spring Autumn  Spring Autumn  Spring  Autumn
Abundance

29%10°A  32%108A  39%105CP  16*105°  11*10°B  48*105°D  81*1058C  50%105CP  19%105°  2.5%105°
Nematodes

+2.3*10° +1.2%10° +6.4*104 +4.4*10* +2.8*%10° +2.0%10° +4.5%10% +7.8%10 +9.5%10 +3.6%10*

8.4*104BCD 1.7%105A8 4.6*104BCD 9.6%103P 1.2*104¢P 5.9*104BCD 1.6%105ABC 2.5*105A 1.6%10548 1.0*%1058¢D
+2.0*10 +2.8*10% +7.0%10° +2.4%10° +2.4%10° +1.6*%104 +4.9%10% +1.3*10° +5.8%10 +3.2*10

3.0%1054 3.4*1054 4.6%1050F 1.7%10%¢ 1.1*1068 55%10°CPE  96*10°8€  7.6*10°8¢0  37*10°CF 3.7*10°0¢
+2.4*%10° +1.4%10° +7.4%10% +4.3*10% +2.8%10° +2.0%10° +2.2%10% +5.7%10* +6.1*10* +6.1*10*

Benthic copepods

Total meiofauna
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Appendix 3.6. Most dominant nematode genera (mean, n = 3) and corresponding feeding types (FT) in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO)

and the Sylt-Rgmg Bight (SR) in spring and autumn for surface (0 — 1 cm) and sub-surface (1 — 5 cm) layers.

Layer 0-1cm 1-5cm
Season Spring Autumn Spring Autumn
Habitat Genera % FT Genera % FT Genera % FT Genera % FT
Mudflat Ptycholaimellus 204 2A Ptycholaimellus 285 2A Comesa 445 2A Terschellingia 455 1A
MO Chromadora 199 2A Metachromadora  18.0  2A Terschellingia 326 1A Sabatieria 214 1B
Metachromadora 15.0 2A Chromadora 152 2A Sabatieria 125 1B Comesa 13.6 2A
Daptonema 140 1B Daptonema 95 1B Daptonema 16 1B Metachromadora 11.0 2A
Terschellingia 105 1A Sabatieria 51 1B Ptycholaimellus 1.0 2A Ptycholaimellus 26 2A
Cervonema 6.0 1A Axonolaimus 48 1B Cervonema 1.0 1A Daptonema 1.3 1B
Ascolaimus 31 1B Terschellingia 32 1A Desmolaimus 10 1B Axonolaimus 1.3 1B
Sabatieria 30 1B Desmolaimus 31 1B Oxystomina 1.0 1A Chromadora 0.7 2A
Desmolaimus 21 1B Praecanthonchus 29 2A Parodontophora 10 1B Desmolaimus 0.3 1B
Axonolaimus 21 1B Neochromadora 16 2A Chromadora 1.0 2A Praecanthonchus 0.3  2A
Mudflat Chromadorita 26.7 2A Sabatieria 447 1B Sabatieria 719 1B Sabatieria 548 1B
SR Daptonema 154 1B Terschellingia 8.6 1A Terschellingia 182 1A Terschellingia 21.0 1A
Terschellingia 100 1A Nemanema 71 1A Spirinia 20 2A Theristus 6.4 1B
Sabatieria 94 1B Chromadorita 71 2A Theristus 19 1B Daptonema 4.1 1B
Metachromadora 81 2A Theristus 57 1B Metachromadora 16 2A Spirinia 29 2A
Spirinia 45 2A Praecanthonchus 42 2A Halalaimus 1.3 1A Eleutherolaimus 2.0 1B
Sphaerolaimus 42 2B Ptycholaimellus 31 2A Eumorpholaimus 0.7 1B Nemanema 1.8 1A
Theristus 3.8 1B Daptonema 30 1B Microlaimus 0.7 2A Sphaerolaimus 1.3 2B
Viscosia 31 2B Sphaerolaimus 29 2B Praecanthonchus 06 2A Metachromadora 1.2 2A
Halalaimus 29 1A Spirinia 22 2A Oxystomina 03 1A Ptycholaimellus 1.0 2A
Seagrass Chromadorita 30.7 2A Spirinia 372 2A Spirinia 67.4 2A Spirinia 64.0 2A
SR Spirinia 23.8 2A Chromadorita 295 2A Terschellingia 143 1A Sabatieria 12.0 1B
Daptonema 148 1B Daptonema 87 1B Sabatieria 55 1B Eleutherolaimus  12.0 1B
Sabatieria 109 1B Dichromadora 55 2A Daptonema 27 1B Terschellingia 7.0 1A
Metachromadora 49 2A Sabatieria 26 1B Metachromadora 20 2A Theristus 1.0 1B
Terschellingia 44 1A Eleutherolaimus 20 1B Oxystomina 18 1A Sphaerolaimus 10 2B
Ptycholaimellus 19 2A Theristus 19 1B Chromadorita 18 2A Metalinhomoeus 1.0 1B
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Chromadora 13  2A Viscosia 16 2B Chromadora 1.0 2A Nemanema 1.0 1A
Theristus 13 1B Sphaerolaimus 16 2B Axonolaimus 0.7 1B Odontophora 1.0 1B
Odontophora 13 1B Metalinhomoeus 1.3 1B Ptycholaimellus 0.7 2A Chromadorita 00 2A
Seagrass Monoposthia 153 2A Ptycholaimellus 19.0 2A Terschellingia 179 1A Terschellingia 558 1A
MO Daptonema 139 1B Spirinia 16.7 2A Sabatieria 13.0 1B Sabatieria 108 1B
Metachromadora 12.7 2A Metachromadora 9.1 2A Daptonema 9.8 1B Spirinia 57 2A
Sphaerolaimus 74 2B Daptonema 84 1B Halalaimus 9.7 1A Oxystomina 51 1A
Bathylaimus 6.7 1B Sabatieria 84 1B Metalinhomoeus 6.6 1B Metachromadora 3.7 2A
Sabatieria 6.7 1B Odontophora 64 1B Spirinia 52 2A Paralinhomoeus 30 1B
Anoplostoma 50 1B Monoposthia 54 2A Bathylaimus 49 1B Theristus 2.1 1B
Spirinia 43 2A Sphaerolaimus 30 2B Monoposthia 42 2A Ptycholaimellus 20 2A
Praecanthonchus 32  2A Eleutherolaimus 27 1B Eumorpholaimus 41 1B Odontophora 2.0 1B
Ptycholaimellus 28 2A Desmolaimus 24 1B Desmolaimus 34 1B Metalinhomoeus 1.6 1B
Sandflat Daptonema 354 1B Daptonema 371 1B Microlaimus 46.1 2A Microlaimus 53.5 2A
SR Chromadorita 17.9 2A Chromadorita 182 2A Spirinia 172 2A Spirinia 101  2A
Enoplolaimus 85 2B Metachromadora 82 2A Praecanthonchus 8.7 2A Metachromadora 5.2 2A
Viscosia 6.7 2B Microlaimus 81 2A Viscosia 83 2B Ptycholaimellus 52 2A
Metachromadora 49 2A Enoplolaimus 44 2B Sabatieria 31 1B Chromadorita 35 2A
Chromadora 3.3 2A Theristus 40 1B Odontophora 29 1B Daptonema 3.1 1B
Anoplostoma 3.3 1B Ptycholaimellus 31 2A Daptonema 20 1B Viscosia 29 2B
Enoploides 32 2B Metadesmolaimus 24 1B Terschellingia 1.7 1A Theristus 2.8 1B
Praecanthonchus 29 2A Spirinia 20 2A Enoplolaimus 16 2B Enoploides 21 2B
Odontophora 21 1B Enoploides 20 2B Theristus 14 1B Anoplostoma 1.8 1B
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From biomass to trophic relationships

The important drivers of meiofauna community structure are related to both biotic and abiotic
parameters (Fig. 3A.1). The influence of abiotic parameters on meiofauna has been largely studied and
effects of sediment grain size (Steyaert et al. 2003; Dupuy et al. 2015), habitat structure (Fonseca et al.
2011), oxygen gradients (Josefson and Widbom 1988; Austen and Wibdom 1991) and intertidal water
level (Steyaert et al. 2001) have been demonstrated to influence meiofauna community structure. Both
biotic and abiotic factors are affected by anthropogenic impacts which thus indirectly influence
meiofauna community structure as well (Semprucci et al. 2010). However, effects of biotic factors, e.g.
availability, quality and quantity of food sources, on the meiofauna community structure in intertidal

habitats are poorly known and few studies have compared several habitats.

Chapter three provided more insights about the important biotic drivers of meiofauna
community structure. An assessment of the food sources as well as meiofauna communities
demonstrated that microphytobenthos and SOM are two important drivers in the functioning of soft-
bottom coastal food webs (Fig. 3A.1). The two most dominant nematode trophic groups (i.e., non-
selective deposit feeders and epigrowth feeders) were the most affected by these changes in food
sources. The influence of oxic conditions on the vertical distribution, meiofauna community structure
and diversity has to be considered as well. However, questions arise from these outcomes: (1) what are
the trophic relationships between food sources and meiobenthic consumers? And (1) what are the
effects on meiofauna feeding behavior when food resources are changing in terms of availability and

production?

Therefore, complementary information is needed to determine the trophic relationships
between food sources and meiofauna. The lack of relationship between bacterial biomass and selective
deposit feeding (bacterivorous) nematodes highlighted the importance in combining buccal cavity
observations with trophic marker analyses. Two frequently used trophic markers, stable isotopes and
fatty acids, were combined to investigate the trophic relationships between food sources and meiofauna.
Determining trophic relationships of the feeding types of nematodes would be very complementary to
the determination of feeding types based on the morphology of the buccal cavity. Such tools would
indeed provide a more comprehensive picture of food sources assimilated by meiofauna and highlight

how the use of these food sources by meiofauna may change depending on their availability.
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Socio-ecosystem scale

Ecosystem scale

| Socio-ecosystem |

Natural changes and pressures Human pressures

Abiotic parameters

Salinity, pH, oxygen gradient,
sediment grain size,

Habitat scale

freshwater inputs |~

Influence of oxic
conditions and
grain size

Figure 3A.1. Conceptual diagram illustrating the important drivers of meiofauna community structure (biomass,

diversity, and trophic structure) and the questions that arose from habitat comparisons.
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CHAPTER 4

Meilofauna diet

assessment

“Tell me what you eat, and I will tell you what you are”

Brillat-Savarin
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Trophic importance of microphytobenthos and
bacteria to meiofauna within soft-bottom intertidal
habitats:

A combined trophic marker approach.
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Trophic importance of microphytobenthos and bacteria to meiofauna in

soft-bottom intertidal habitats: a combined trophic marker approach.

L.H. van der Heijden*?, M. Graeve®, R.M. Asmus?, J. Rzeznik-Orignac®, N. Niquil®>, Q. Bernier*, G.
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France
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25992 List, Sylt, Germany

3Alfred Wegener Institut Helmholtz Centre for Polar- and Marine Research, Bremerhaven, Germany
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Université, Université de Caen Normandie, Université des Antilles, CS 14032, 14000 CAEN, France

ABSTRACT

Meiofauna can play an important role in the carbon fluxes of soft-bottom coastal habitats.
Investigation of their feeding behavior and trophic position remains challenging due to their small size.
In this study, we determine and compare the food sources used by nematodes and benthic copepods by
using stable isotope compositions, fatty acid profiles and compound specific isotope analyses of fatty
acids in the mudflats, seagrass beds and sandflat of the Marennes-Oléron Bay, France, and the Sylt-
Remg Bight, Germany. Suspended particulate organic matter was much more **C-depleted than other
food sources and meiofauna, highlighting its poor role in the different studied habitats. The very low
proportions of vascular plant fatty acid markers in meiofauna demonstrated that these consumers poorly
relied on this food source, either as fresh or as detritus, even in seagrass beds. The combined use of
stable isotopes and fatty acids emphasized microphytobenthos and benthic bacteria as the major food
sources of nematodes and benthic copepods. Compound specific analyses of a bacteria marker

confirmed that bacteria mostly used microphytobenthos as a substrate.

Keywords: free-living marine nematodes; benthic copepods; benthic diatoms; bacteria; trophic

markers; seagrass beds; mudflats; sandflats.
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1. INTRODUCTION

Soft-bottom coastal habitats are important ecosystems on Earth due to their high primary
production (Underwood and Kromkamp 1999; Hemminga and Duarte 2000; McLusky and Elliott 2004)
and their complex food webs based on a large diversity of potential food sources (Duarte and Cebrian
1996). Coastal ecosystems are under constant pressure due to anthropogenic activities, global changes
and natural evolution (Davis and Fitzgerald 2004). Such pressures can affect primary production at
spatial and/or temporal scales, e.g. degradation of seagrass beds, eutrophication, changes of sediment
grain size, floods and droughts (Short and Wyllie-Echeverria 1996; Dolbeth et al. 2007; Baeta et al.
2011; Valle et al. 2014), which may alter the functioning of food webs, depending on the fate of these

primary sources.

Among consumers relying on these primary food sources, meiofauna plays an important role
in the carbon fluxes of soft-bottom coastal habitats due to their high biomass (Danovaro et al., 2002;
Escaravage et al., 1989, van der Heijden et al. in press), high secondary production (from 4 to 29 gC m
2 year™) (Escaravage et al. 1989; Chardy and Dauvin 1992; Danovaro et al. 2002b) and high turnover
rate (Kuipers et al. 1981) as well as their intermediate position in food webs (Giere 2009) fueling the
higher trophic levels (Coull 1999; Leguerrier et al. 2003). The large species diversity of meiofauna
(Heip et al. 1985) results in different feeding behavior (Giere 2009), likely leading to different responses
when dealing with changes in food sources. The feeding behavior of meiofauna has been studied in
different coastal ecosystems using various methods. In bare coastal habitats meiofauna are known to
feed mainly on microphytobenthos (Rzeznik-Orignac et al. 2008; Maria et al. 2011; Moens et al. 2014),
whereas it has been reported that meiofauna use a larger range of food sources in vegetated sediments,
e.g. microphytobenthos, phytoplankton and seagrass tissue (Leduc et al. 2009; Lebreton et al. 2012;
Vafeiadou et al. 2014). Nevertheless, the role of some of these food sources is still under debate, e.g.
seagrass material (Leduc et al., 2009), suspended particulate organic matter (SPOM; Vafeiadou et al.,
2014), or poorly studied, like bacteria (Vafeiadou et al., 2014). The combination of several trophic
markers appears to be very promising to better define the food sources of meiofauna as these methods

are complementary and may therefore allow to address some limitations highlighted in previous studies.

The feeding behavior of nematodes, typically the predominant taxa in meiofauna, is often
determined using the morphology of the buccal cavity (Wieser 1953). However, classifications based
on buccal cavities have limitations, e.g. specifying a preference for bacteria or microphytobenthos
(Moens and Vincx 1997b). Hence, the use of stable isotopes to describe the food resources of nematodes
and other meiofauna taxa has been applied in a variety of coastal benthic ecosystems (Middelburg et al.
2000; Iken et al. 2001; Moens et al. 2005b; Vafeiadou et al. 2014). Isotope compositions of carbon and

nitrogen can provide information about the food sources and the trophic level of meiofauna (Fry 1988;
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Rzeznik-Orignac et al. 2008; Vafeiadou et al. 2014), as well as the fluxes of energy (Moens et al. 2002).
However, in coastal ecosystems, the high variability and the close isotope compositions of some
potential food sources (Mutchler et al. 2004; Fry 2006) may limit isotope data interpretation (Leduc et
al. 2009; Lebreton et al. 2012; Vafeiadou et al. 2014). Moreover, bacteria, which also are a potential
food source (Guilini et al. 2012; Vafeiadou et al. 2014), usually have isotope compositions close to their
substrate (Boschker et al. 2000) and are difficult to isolate for stable isotope analysis (Coffin et al. 1990;
Pelz et al. 1997). Fatty acid profiles are therefore very complementary to isotope compositions to
discriminate the various food sources in complex systems (Sargent and Whittle 1981) and to determine
trophic interactions in coastal food webs (Kelly and Scheibling 2012). Primary producers (e.g. diatoms,
flagellates, vascular plants) and bacteria indeed synthesize specific fatty acids (FAs) which can be used
as trophic markers since consumers incorporate some of these FAs unchanged (Graeve et al. 1997;
Parrish et al. 2000; Dalsgaard et al. 2003). Complementary to bulk FA analyses, compound specific
isotope analysis of FAs are utilized to determine the origin of the different primary producers (e.g.
bacteria, diatoms) in composite food sources such as sediment organic matter (SOM) and suspended
particulate organic matter (SPOM) and consumers (van Gaever et al. 2009; Middelburg 2014;
Braeckman et al. 2015). Discriminating food sources with the use of multiple trophic markers is a novel
approach to determine the food sources of meiofauna in soft-bottom coastal systems and has been shown
to be effective in advancing the understanding of complex food webs (Nyssen et al. 2005; Jaschinski et
al. 2008; Leduc et al. 2009; Lebreton et al. 2011b).

Using this combination of trophic markers, the aim of this study was to determine the food
sources of meiofauna in several habitats (i.e., mudflats, seagrass beds and sandflat in the Marennes-
Oléron Bay, France, and the Sylt-Rgmg Bight, Germany) characterized by different primary producers.
The comparison of these different habitats at different seasons (spring and autumn) provides us several
food web scenarios to determine how meiofauna use the different potential food sources depending on
their availability. Main trophic fluxes were assessed with the use of multiple trophic markers, i.e., stable
isotope compositions, fatty acid profiles and compound specific isotope ratios for FAs, on major
primary producers, composite food sources and the two dominant groups of meiofauna: nematodes and

benthic copepods.

-77 -



Chapter 4
2. MATERIAL AND METHODS

2.1.  Study area

The study was carried out in intertidal habitats of the Marennes-Oléron Bay, in the middle of
the western Atlantic coast of France, and the Sylt-Remg Bight, in the Southeastern North Sea in
Germany (Fig. 4.1). The Marennes-Oléron Bay is dominated by intertidal bare mudflats (Gouleau et al.
2000) and influenced by oceanic and continental inputs of organic matter. The semi-enclosed basin of
the Sylt-Regmg Bight is dominated by Arenicola sandflats (Asmus and Asmus 1985, 2005) and has
negligible continental inputs. Sampling was carried out in three intertidal habitats within the two bays
(see van der Heijden et al. in press, for additional information): a bare mudflat (mudflat MO) and a
seagrass bed (seagrass MO) in the Marennes-Oléron Bay, and a bare mudflat (mudflat SR), a seagrass
bed (seagrass SR) and a sandflat (sandflat SR) in the Sylt-Rgmg Bight (Fig. 4.1). In both areas seagrass
beds were formed by the dwarf seagrass Zostera noltei Hornemann. Based on knowledge already
obtained about these habitats (Leguerrier et al. 2003; Baird et al. 2007; Pacella et al. 2013; Saint-Béat
et al. 2013a) one sampling station was designated for each of these five locations in order to be

8°30'E
@ islan

;

¥ [V

representative of the studied habitat.

| Seagrass SR |

Mudflat SR

Figure 4.1. Sampling stations in mudflats, seagrass beds and sandflats in the Marennes-Oléron Bay (MO) and the
Sylt-Regmg Bight (SR) along the European Atlantic coast. Pelagic sampling stations, where samples for suspended
particulate organic matter were taken, are indicated with roman numbers in Marennes-Oléron Bay (I-11) and Sylt-
Remg Bight (111-V).
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2.2.  Sampling and laboratory processing of benthic primary producers, composite food

sources and meiofauna

Sampling was carried out in two seasons, in spring (from May 17 to June 17, 2016) and in
autumn (from November 14 to December 15, 2016), to compare a season with a high primary
production with a season with a high load of detrital material (Galois et al. 1996).

2.2.1.  Benthic primary producers and composite food sources

Benthic sampling campaigns were carried out during low tide, starting about one hour before
the time of the lowest water level. Sediment organic matter (SOM), detritus, and seagrass leaves and
roots were collected using sediment cores (g = 19 c¢cm; three replicates) which were separated in two
layers (a surface layer from 0-1 cm, a sub-surface layer from 1-5 cm). Each sediment layer was gently
sieved with a 500 um mesh (1 mm mesh for sandflat SR samples) after which the upper fraction (> 500
pm) was separated into seagrass leaves, roots and detritus (brown to black colored leaves and roots).
SOM analyses were carried out on the lower fraction (< 500 um). Microphytobenthos was collected by
scraping surficial sediment in the field and was then extracted in the laboratory following the method
of Riera and Richard (1996), slightly modified by Herlory et al. (2007). Microphytobenthos was mainly
made up of benthic diatoms (e.g. Pleurosigma spp., Navicula spp., Diploneis spp) (Asmus, 1983;
Haubois et al., 2005). Extracted samples were checked for cleanliness (i.e., absence of detrital material)
with a microscope and concentrated by centrifugation. All samples were freeze-dried and a sub-sample
was ground to a fine and homogeneous powder using a ball mill (MM 400, Retsch, Germany), except
for SOM for which the sediment was ground using a mortar and pestle. Samples were stored at -20 °C

for stable isotope analysis and at -80 °C under nitrogen atmosphere for fatty acid analysis.

Between 10 and 100 mL (for stable isotope analyses) and 50 L (for fatty acid analyses) of
surface seawater was sampled during high tide to collect suspended particulate organic matter (SPOM),
in the same timeframe as the benthic samples. Water samples were collected at two stations (I and 1)
in the Marennes-Oléron Bay and three stations (I11, IV and V) in the Sylt-Rgmg Bight for stable isotopes
(Fig. 4.1). For fatty acid analyses, water samples were collected at stations I, I, and V. Station I, in the
north of the Brouage mudflat, represented the water mass covering the mudflat MO station. Station II,
near the inlet of the Marennes-Oléron bay, represented the water mass influencing the seagrass MO
station. Station Il is sampled every two weeks in the framework of the SOMLIT surveys (data provided
by “Service d’Observation en Milieu Littoral, INSU-CNRS, La Rochelle station”). Water samples
collected at stations Il and IV represented water masses covering the sandflat SR (111), and the mudflat
SR and seagrass SR stations (IV), respectively. Station V, near the entrance of the Sylt-Remg Bight,
represented the SPOM originating from the North Sea. Water was pre-filtered with a 250-um sieve to
eliminate large particles/organisms and then filtered on precombusted (4 hours, 450°C) Whatman GF/F

glass fiber filters (0.7 um nominal porosity) under moderate vacuum. Filters were freeze-dried and then

-79 -



Chapter 4

stored at -20 °C for stable isotope analysis and at -80 °C under nitrogen atmosphere for fatty acid
analysis.

2.2.2. Meiofauna

Meiofauna was sampled using sediment cores (g = 19 cm; three replicates) which were
separated in two layers (a surface layer from 0-1 cm, and a deep layer from 4-5 cm) to study the changes
of meiofauna diet related to sediment depth. Samples were sieved with a 500-um mesh to eliminate
macrofauna and large detritus. Meiofauna must be collected alive to allow evacuation of gut contents.
Therefore, meiofauna was extracted from the sediment using a Ludox HS-40-based protocol (Sigma
Aldrich, France) (de Jonge and Bouwman 1977), slightly modified by Lebreton et al. (2012) which
allows the recovery of living organisms. The collected meiofauna was kept at 4 °C for 72 hours to empty
their gut content (Riera et al. 1996) and then stored at -80 °C.

2.3.  Analytical procedures
2.3.1.  Bulk stable isotope analyses

Carbonates were removed from SOM and SPOM samples for 5**C measurements. For SOM,
carbonates were removed by adding HCI at 2 mol.I drop-by-drop on sediment samples until cessation
of bubbling, then samples were dried at 60 °C. Dried samples were re-homogenized into ultrapure water
using an ultrasonic bath, freeze-dried and ground again. Filters with SPOM were acidified for 4 hours

using HCI fumes. *°N analyses were carried out on non-acidified samples.

A bulk of nematodes and benthic copepods were randomly picked with fine forceps (#55,
Dumont). From 25 to 50 individuals (depending on the size ranges) were picked, cleaned in ultrapure
water and transferred into a tin capsule, which had been previously weighed (+ 1 pg, ME 5, Sartorius,

Germany) and filled with ultrapure water. Tin capsules were then freeze-dried.

All samples were precisely weighed (+ 1 pg) and were analyzed for isotope compositions using
an elemental analyzer (Flash 2000, Thermo Scientific, Milan, Italy) coupled to an isotope ratio mass
spectrometer (Delta V Plus with a Conflo IV interface, Thermo Scientific, Bremen, Germany). Analyses
were conducted at the Littoral, Environment and Societies Joint Research Unit stable isotope facility
(University of La Rochelle, France). Results are expressed in the d notation as deviations from standards
(Vienna Pee Dee Belemnite for 8*3C and N in air for 8*°N) following the formula: §*C or 6*°N =
[(Rsample/Rstandara)-1] * 10°, where R is **C/**C or *®*N/*N. Calibration was done using reference materials
(USGS-24, -61, -62, IAEA-CHS6, -600 for carbon; USGS-61, -62, IAEA-N2, -NO-3, -600 for nitrogen).
The analytical precision of the measurements was < 0.15%o for carbon and nitrogen based on analyses

of USGS-61 and USGS-62 used as laboratory internal standards.
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2.3.2.  Fatty acid analyses

Lipids of primary producers and composite food sources were extracted from freeze-dried
powdered samples using an accelerated solvent extractor (ASE 200, Dionex, Sunnyvale, USA)
following the procedure from Folch et al. (1957), slightly modified. Samples were extracted three times
with chloroform:methanol mixtures (1:2, 2:1 and 4:1, v/v) after which NaCl (1%) solution was added
to the extracted sample to separate it into two phases. The lower phase (containing lipids) was then
collected and stored in the dark at -20 °C. A bulk of nematodes from surface- and deep layers (80 — 400
individuals) as well as benthic copepods (100 — 600 individuals) were randomly picked, cleaned in
ultrapure water, placed in GC vials filled with ultrapure water and then freeze dried. Samples were
extracted manually following a similar protocol as for potential food sources and stored in the dark at -
20 °C.

All samples were transmethylated by acid catalysis at 80 °C for 4h using a H,SO4-methanol
(3%, wiv) reagent. Two internal standards (23:0 and 25:0) were added before transmethylation for the
quantification of fatty acid methyl esters (FAMEs). FAME solution was extracted with n-hexane and
washed three times by addition of ultrapure water and n-hexane. FAMEs of SOM and detrital material
samples were purified using a high performance liquid chromatograph (HPLC) equipped with a Merck
Hitachi L-6200A pump, a Rheodyne 7725-i injection valve (Techlab, Braunschweig, Germany) and a
Sedex 75 ELSD detector (Sedere, Olivet, France). Samples were purified using a Merck Chromolith®
Performance Si 100-4.6 column (Merck AG, Darmstadt, Germany) with a solvent mixture of
Ethylacetate:Cyclohexane (475:25; v/v) at a flow rate of 1.4 ml min. The FAMEs were eluted after

1.0 to 2.5 minutes.

FAME compositions were determined at the Alfred Wegener Institute in Bremerhaven using a
gas chromatograph (GC-6890N, Agilent Technologies) equipped with an automatic sampler and fitted
with a J&W DB-FFAP column (60 m, 0.25 mm internal diameter, 0.25 pum film). Inlet and FID detector
temperatures were set at 250 and 260°C, respectively. Helium was used as a carrier gas in constant flow
mode at an average linear velocity of 25 cm sec™. Oven temperature was set up at 80 °C for 2 min, then
increased following two ramps (till 160 °C at 20 °C min™, and then till 240 °C at 2 °C min™) with a
final hold time of 20 min at 240 °C. FAME identification was performed by comparing relative retention

times with those of known mixtures, essentially from Arctic and Antarctic copepods.
2.3.3.  Compound-specific stable isotope analyses of fatty acids

Isotope compositions of 15:0 and 20:5(n-3) were determined using a Thermo GC-c-IRMS
system (Thermo Scientific Corporation, Bremen, Germany), equipped with a Trace GC Ultra gas
chromatograph, a GC Isolink and a Delta V Plus isotope ratio mass spectrometer connected via a Conflo
IV interface. FAMEs, dissolved in hexane, were injected in splitless mode and separated on a J&W DB-

FFAP column (60 m, 0.25 mm internal diameter, 0.25 pum film thickness). Inlet temperature was set at
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280 °C. Helium was used as a carrier gas in constant flow mode (1.6 ml min™). Oven configuration was
the same as for the fatty acid analyses. Quality controls and analytical precision of the FAME carbon
stable isotope compositions were established by analyzing two certificated standards (supplied by
Indiana University, Arndt Schimmelmann) every 5 samples: FAME 16:0 (certified §**C: -30.67%o,
measured §C: -30.42%o + 0.25) and 18:0 (certified 6**C: -23.24%o, measured 53C: -23.71%o + 0.27).

2.4. Data treatment and statistical methods
2.4.1.  Isotope data treatment

Bayesian stable isotope mixing model MixSIAR was applied to calculate the contributions of
the different food sources to the diet of benthic copepods and nematodes. The MixSIAR package (Stock
et al. 2018) was used with 8**C and 8N values (mean and standard deviation) of SPOM, SOM,
microphytobenthos, seagrass leaves, seagrass roots, and detritus as input data. To reduce the number of
food sources, which enhance the performance of the isotope mixing model (Parnell et al. 2010;
Middelburg 2014), detrital material, seagrass leaves and roots were pooled as one single “seagrass
material” group. [sotope composition of bacteria, which was not measured in this study, was considered
as well based on §**C and 5*°N values from Vafeiadou et al. (2014). Trophic fractionation factor utilized
were 1.0%o + 1.2 for $"*C and 2.5%o0 + 2.5 for 8'°N (vander Zanden and Rasmussen 2001). Mixing
models were run with 100,000 iterations (of which first 50,000 iterations were discarded), without food
sources contribution data defined a priori. Median values and credibility intervals (CI) of 50% and 90%
were computed. The model was conducted for the mudflats, seagrass beds and sandflat of the Marennes-

Oléron Bay and the Sylt-Rgmg Bight.
2.4.2.  FA data analyses

FA data are expressed as percentage of each FA relative to the sum of all identified FAs.
Identification of FA trophic markers was done using published literature (Table 4.1), and FAs were
combined in several groups: bacteria, diatoms, flagellates, vascular plants, animals, ubiquitous, and
others. Ratios between diatom/vascular plant FA markers- and diatom/bacteria FA markers were
calculated for potential food sources and consumers and were used to well discriminate between food
sources as well as potential food sources for meiofauna. Discrimination between primary producers,
composite food sources and meiofauna was enhanced by plotting the carbon isotope compositions
against relative percentages of FAs from bacteria, diatoms, flagellates, and vascular plants (Nyssen et
al. 2005; Lebreton et al. 2011b).
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Table 4.1. Fatty acids and ratios used as trophic markers in the mudflats, seagrass beds and sandflat in the
Marennes-Oléron Bay (MO) and Sylt-Remeg Bight (SR) food webs. Abbreviations: i = iso, ai = anteiso.

Group FA biomarkers Reference

Diatoms 14:0, 16:1(n-7), 20:5(n-3) Dunstan et al., 1994; Ramos et al., 2003; Volkman et al., 1989
16:2(n-4), 16:3(n-4), 16:4(n-1) Graeve et al., 1994

Bacterial i-15:0, ai-15:0, i-17:0, ai-17:0  Rajendran et al., 1993; Sargent, 1987; Volkman et al., 1980
15:0, 17:1, 17:1(n-9), 19:1(n-9) Rajendran et al., 1993; Volkman et al., 1980
17:0, 18:1(n-7), 19:0 Sargent, 1987
Flagellates 18:4(n-3), 22:6(n-3) Ramos et al., 2003
22:5(n-3) Galois et al., 1996
Vascular plants 18:2(n-6), 18:3(n-3) Kharlamenko et al., 2001; Viso et al., 1993
24:0 Viso et al., 1993
Ubiquitous 16:0, 18:0, 18:1(n-9) Sargent, 1987; Sargent and Whittle, 1981
20:4(n-6) Dunstan et al., 1988

2.4.3. Statistical methods

Data analysis and statistical tests were performed using the R software (R Core Team, 2016)
and all hypotheses were tested at a p < 0.05 level. Non-parametric tests were applied due to the small
sample size and non-independence of data within series. Kruskal-Wallis tests were applied to test for
temporal and spatial variation of isotope compositions in food sources and consumers. These tests were
then followed by Dunn’s multiple comparisons of means (‘Bonferroni’ method) using the PMCMRplus
package (Pohlert 2018). Pearson’s Chi-square tests were performed to compare FA profiles of food
sources and meiofauna among seasons, sites and sediment layers. Ellipses representing 95% confidence
regions for isotope compositions of meiofauna were estimated based on bootstrap resampling (n =
1,000) utilizing the Clplot_biv function (Greenacre 2016) and ellipses were illustrated using the ellipse
package (Murdoch and Chow 1996). Average hierarchical clusters (Ward.D2 method, Chi-squared
distance) were performed to compare FA compositions of sources and meiofauna between habitats
using a modified version of the pvclust package (Suzuki and Shimodaira 2015). To define the
significance of identified clusters the p-values were calculated based on multiscale bootstrap resampling
(n =10,000).
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3. RESULTS

3.1. Primary producers
3.1.1.  Isotope compositions

Mean §3C values of microphytobenthos ranged from -17.3%o (mudflat SR, spring) to -7.2%o
(sandflat SR, spring) (Fig. 4.2, Appendix 4.1). Mean 5**C values of seagrass leaves ranged from -13.1%o
(seagrass SR, spring) to -10.4%o (seagrass MO, autumn) and those of roots were between -13.3%o
(seagrass SR, spring) and -10.6%o (seagrass MO, autumn). Seagrass leaves and roots had similar §**C
values (Kruskal-Wallis tests, lowest p-value: 0.15), and are therefore grouped in the following sections
as a single sample referred to as “seagrass material”. Mean 5'°C values of seagrass detrital material
were similar within different sediment layers (Kruskal-Wallis tests, lowest p-value: 0.13, Appendix
4.2); they ranged from -19.0%o (mudflat SR, spring) to -11.1%o. (seagrass MO, autumn). At each habitat,
313C values of microphytobenthos, seagrass material and detrital material were similar (Kruskal-Wallis

tests, lowest p-value: 0.25, Appendix 4.1 and 4.3).

No temporal pattern occurred among 8*3C values of primary producers (Appendix 4.1). Spatial
patterns were observed particularly between habitats. Microphytobenthos §*3C values were higher in
sandflat SR (-9.4%o = 2.8) compared to mudflat SR (-16.2%0 + 1.5) (Kruskal-Wallis test, p < 0.001,
Appendix 4.4). Seagrass material was more **C-enriched in the Sylt-Rgmg Bight (-11.7%o = 1.4) than
in the Marennes-Oléron Bay (-12.4%o + 0.9, Kruskal-Wallis test, p < 0.001), while the opposite pattern
was observed for detrital material (seagrass MO: -11.9%o + 1.0, seagrass SR: -14.7%o + 1.4, Kruskal-
Wallis test, p < 0.001).

Mean §"N values of microphytobenthos were relatively variable, ranging from 3.7%o (seagrass
MO, spring) to 13.8%o (sandflat SR, autumn) (Fig. 4.2). Seagrass leaves and roots had similar §*°N
values, ranging from 7.2%o (seagrass MO, autumn) to 8.1%o (seagrass SR, spring) and from 5.9%o
(seagrass SR, spring) to 7.4%o (seagrass SR, autumn), respectively (Kruskal-Wallis tests, lowest p-
value: 0.23). Mean "N values of detrital material ranged from 6.3%o to 9.7%0 among sites, with similar
3N values between sediment layers (Kruskal-Wallis tests, lowest p-value: 0.063, Appendix 4.2). No
temporal variations were observed in the 3*°N values of primary producers (Kruskal-Wallis tests, lowest
p-value: 0.1, Appendix 4.1). Detrital material was the only primary food source with significantly
different 3°N values between habitats, being more *N-enriched in the Sylt-Remg Bight seagrass bed
(8.2%o0 £ 0.4) than in the Marennes-Oléron Bay (6.7%o + 0.5) (Kruskal-Wallis test, p < 0.001).
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Figure 4.2. Isotope compositions (§*3C and §*°N) of food sources (mean + SD, n = 3) and nematodes (top panel)
and benthic copepods (bottom panel) in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay
(MO) and Sylt-Remg Bight (SR) in spring and autumn. For nematodes and benthic copepods each point represents
a group of 10 to 100 individuals. Ellipses represent 95% confidence regions for isotope compositions of surface

layer nematodes (green), deep layer nematodes (red) and benthic copepods (black). Abbreviations: SPOM =

suspended particulate organic matter, SOM = sediment organic matter.
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3.1.2.  Fatty acid compositions

Microphytobenthos FA compositions were very different from those of seagrass material (i.e.,
leaves, roots) and detritus (hierarchical cluster analysis, Fig. 4.3). Microphytobenthos was composed of
high amounts of diatom markers (47—75%), and contained moderate amounts of bacteria markers (3—
19%) and flagellate markers (5-11%), as well as ubiquitous FAs (10-34%). FA profiles of seagrass
leaves and roots were composed of high amounts of vascular plant markers (45-60%) and of ubiquitous
FAs (35-40%). Detritus were also composed of relatively high amounts of vascular plant markers (21—
54%) and of ubiquitous FAs (26—41%) with a higher influence of bacteria markers (4-18%) and diatom
markers (3-19%). Hierarchical clusters highlighted no temporal variation for FA compositions of

microphytobenthos, seagrass leaves, seagrass roots and detrital material.
3.2. Composite food sources
3.2.1.  Isotope compositions

SPOM had mean §"3C values ranging from -27.6%o (sandflat SR, spring) to -22.5%o (seagrass
MO, spring) and mean "N values ranging from 3.5%o (mudflat MO, autumn) to 7.5%o (sandflat SR,
spring, Fig. 4.2). Isotope compositions were similar between spring and autumn (Kruskal-Wallis tests,
lowest p-value: 0.1, Appendix 4.1). SPOM from the Marennes-Oléron Bay (5*°C: -24.2%o =+ 2.5; 8"°N:
4.8%o = 1.5) was more **C-enriched and *N-depleted compared to the Sylt-Reme Bight (63C: -26.3%o
+2.4; 8%N: 7.2%o = 0.8; Kruskal-Wallis tests, highest p-value: 0.055). At the local scale, the SPOM in
the Marennes-Oléron Bay seagrass bed was much more *C-enriched (-22.5%o = 4.2) than in the mudflat
(-26.9%0 £ 5.4, Kruskal-Wallis test, p < 0.001), while SPOM isotope compositions were similar at all
locations in the Sylt-Regmg Bight (Appendix 4.4).

Mean 8"3C values of SOM ranged from -22.5%. in sub-surface layer of mudflat MO in spring
t0 -17.7%o in surface layer of sandflat SR in spring (Fig. 4.2, Appendix 4.1). SOM §*C values did not
follow any temporal variation (Kruskal-Wallis tests, lowest p-value: 0.1, Appendix 4.1). At the spatial
level, SOM was more enriched in *C in the sandflat (-17.8%o + 0.4) than in the two mudflats (mudflat
MO: -22.3%0 + 0.2, mudflat SR: -21.6%o + 0.3, Kruskal-Wallis tests, highest p-value: 0.004, Appendix
4.4). In the Marennes-Oléron Bay, SOM from the seagrass bed (-19.2%o % 0.5) had higher §**C values
than in the mudflat (Kruskal-Wallis tests, highest p-value: 0.005). In the Sylt-Remg Bight differences
were also observed between sediment layers, with higher §3C values of SOM from sub-surface layers

in the mudflat and the seagrass bed (Kruskal-Wallis tests, highest p-value: 0.031, Appendix 4.2).

Mean 3N values of SOM ranged from 4.9%o in sub-surface layer of seagrass MO in spring to
10.9%o0 in sub-surface layer of sandflat SR in spring. As for carbon, no clear temporal pattern was
observed (Kruskal-Wallis tests, lowest p-value: 0.1, Appendix 4.1). SOM in the mudflat and the

seagrass bed of the Sylt-Remg Bight were significantly more **N-enriched in the sub-surface layer,
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while the opposite was observed in the seagrass bed of Marennes-Oléron Bay (Kruskal-Wallis tests,
highest p-value: 0.031, Appendix 4.2).

For each habitat, isotope compositions of benthic food sources (SOM, microphytobenthos and
seagrass material), ranging from -22.5 to -7.2%o were more **C-enriched than SPOM, ranging from -
27.6 t0 -22.5%o (Fig. 4.2, Appendix 4.3).

3.2.2.  Fatty acid compositions

SOM and SPOM were relatively well discriminated based on their FA compositions, with
SPOM samples being grouped into a single cluster and SOM samples being significantly separated into
four clusters (Fig. 4.4). Within these four clusters, three were represented only by one or two samples.
SOM was characterized by high proportions of diatom markers (17-62%, mean: 45%), bacteria markers
(5-28%, mean: 16%) as well as ubiquitous FAs (20-58%, mean: 28%). All SOM samples had a similar
FA composition except SOM from the sub-surface layer in seagrass MO in spring and autumn, from
the sub-surface layer in mudflat MO in autumn and from the surface layer in sandflat SR in autumn,
which differed for different reasons: sub-surface layer SOM in seagrass MO was characterized by much
higher proportions of vascular plant markers (16-18%), sub-surface layer SOM from mudflat MO in
autumn contained a higher proportion of typical animal FA (10%) and SOM from sandflat SR in autumn

had a high proportion of flagellate FA markers (10%).

FA compositions of SPOM differed from those of SOM due to their lower proportions of diatom
markers (29-51%), bacteria markers (5-13%) and flagellate markers (2-10%), as well as the higher
proportions of ubiquitous FAs (28-46%, Fig. 4.4). Neither clear temporal nor spatial patterns could be

observed in SPOM FA compositions.
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Figure 4.3. Fatty acid (FA) compositions (relative percentages, n = 1) of primary producers (i.e.,
microphytobenthos, seagrass leaves and roots, and detritus), in the mudflats, seagrass beds and sandflat in the
Marennes-Oléron Bay (MO) and Sylt-Rgmg Bight (SR) in spring and autumn. FAs are grouped according to their
marker groups (see Table 4.1) and FAs with relative percentages > 5% (Appendix 4.5) are indicated with letters:
(a) 14:0, (b) 16:1(n-7), (c) 16:2(n-4), (d) 16:3(n-4), (e) 16:4(n-1), (f) 20:5(n-3), (g) i-15:0, (h) a-15:0, (i) 18:1(n-
7), (j) 22:5(n-3), (k) 18:2(n-6), (1) 18:3(n-3) and (m) 24:0. Empty bars represent the sum of other FAs (< 5%) for
each FA marker group. Hierarchical clustering (Ward D2 method, Chi-squared distance) was performed.
Approximately unbiased (AU) probability values (p-values) by multiscale bootstrap resampling (n = 10,000) are
given under each node and identified clusters (AU > 0.95) are highlighted with gray boxes.

-89 -



Chapter 4

FA marker groups

[ Diatom [ Bacteria [ Flagellate . Vascular plants B Ubiquitous [ Other Animal
3 |
.'g 2— 52 o4 u!;s 0,93_94
g 1— 0.99 |_ 0.99
1. 0.96 0.99
0 109 091 rio o | 0% 083075 o [ U'%
100+ = B[] ] B B
80 -
o
&
8
£ 60
Y
©
X
2
w
©
£ 40
[+]
@
o
(]
@
g
=
o
? 201
o'oo@ O O u o c c o o c c c oD £ o c o c o o o c o c
S = ¢ = = € £ E E £ S E E E £ E £ E £ E £ £ £ E £ E
0 5 & v 7 & %g *g‘% %Eg 2 & 2 &8 2 S 2 =3 <3 a 2 g 2
8 £ o 8 5 £ < 2 < 2 < ® I P22 ? 2 @ @ © 2?2
g 32 @ g§ 3 o 1-5¢cm 1-5¢cm 1-5¢cm 0-1cm O-1cm  1-5cm  0-1cm 0-1¢cm 0-1em O-1cm  1-5cm  0-1cm
%] ]
Aut Sori Seagrass Mudflat Mudflat Seagrass Seagrass Mudflat  Mudflat Seagrass Sandflat
| ouumn Pring 1 Mo MO SR MO SR MO SR MO SR
I I
SPOM SOM

-90 -



Chapter 4

Figure 4.4. Fatty acid (FA) compositions (relative percentages, n = 1) of composite food sources (i.e., sediment
organic matter (SOM) and suspended particulate organic matter (SPOM)), in the mudflats, seagrass beds and
sandflat in the Marennes-Oléron Bay (MO) and Sylt-Rgmg Bight (SR) in spring and autumn. Data for surface (0
- 1 cm) and sub-surface layers (1 - 5 cm) are displayed for detritus and SOM. FAs are grouped according to their
marker groups (Table 4.1) and FAs with relative percentages > 5% (Appendix 4.5) are indicated with letters: (a)
14:0, (b) 16:1(n-7), (c) 16:2(n-4), (d) 16:3(n-4), (e) 20:5(n-3), (f) i-15:0, (g) a-15:0, (h) 15:0, (i) 17:1, (j) 18:1(n-
7), (K) 22:5(n-3), (I) 22:6(n-3), and (m) 24:0. Empty bars represent the sum of other FAs (< 5%) for each FA
marker group. Hierarchical clustering (Ward D2 method, Chi-squared distance) was performed, approximately
unbiased (AU) probability values (p-values) by multiscale bootstrap resampling (n = 10,000) are given under each

node and identified clusters (AU > 0.95) are highlighted with gray boxes.

3.2.3.  Isotope composition of diatom and bacteria FA markers

In potential food sources, 3*C values of 20:5(n-3) (i.e., diatom marker) were lower in SPOM
than those in SOM and microphytobenthos (Kruskal-Wallis tests, highest p-value: 0.02; Fig. 4.5). 5**C
values of 20:5(n-3) from SPOM indeed ranged from -33.1 to -25.4%. while SOM and
microphytobenthos had §*3C values of 20:5(n-3) between -30.5 and -14.7%o and between -20.1 to -
11.7%o, respectively. 20:5(n-3) from SOM collected in mudflat MO was much more depleted in *C
than in all other habitats. No temporal pattern occurred among *3C values of 20:5(n-3) of primary
producers and composite food sources (Kruskal-Wallis tests, lowest p-value: 0.11). SOM had similar

d13C values of 20:5(n-3) between both sediment layers (Kruskal-Wallis test, p-value: 0.83).

As for the 20:5(n-3), the §*3C values of the 15:0 (i.e., bacteria marker) well discriminated SPOM
(range from -29.7 t0 -25.9%o) from microphytobenthos (range from -19.9 to -11.8%o, Fig. 4.5) (Kruskal-
Wallis test, p <0.001), with much lower values measured in SPOM. §**C values of 15:0 in SPOM were
also lower than those of SOM (range from -23.5 to -17.4%., Kruskal-Wallis test, p < 0.02), while 15:0
from SOM had lower 8*3C values compared to microphytobenthos (Kruskal-Wallis test, p < 0.05). No
temporal pattern occurred among 8**C values of 15:0 of primary producers and composite food sources
(Kruskal-Wallis tests, highest p-value: 0.11). No temporal variations occurred among 5**C values of
15:0 of primary producers and composite food sources (Kruskal-Wallis tests, lowest p-value: 0.07).
SOM &%C values of 15:0 were more *C-enriched in surface layers than in sub-surface layers (Kruskal-
Wallis tests, p-value: 0.033).
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Figure 4.5. 8'C values (mean + standard deviation, n = 4) of fatty acids 20:5(n-3) (diatom FA marker) and 15:0 (bacteria FA marker) of potential food sources (i.e.,
microphytobenthos, suspended particulate organic matter (SPOM), and sediment organic matter (SOM)), nematodes and benthic copepods in the mudflats, seagrass beds and

sandflat in the Marennes-Oléron Bay (MO) and Sylt-Rgmg Bight (SR). Data for surface (0 - 1 cm) and sub-surface layers (1 - 5 cm) are displayed for SOM. Data for surface (O -

1 cm) and deep layers (4 - 5 cm) are displayed nematodes.
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3.3. Nematodes and benthic copepods
3.3.1.  Isotope composition and contribution of food sources

Mean §*C values of nematodes from the surface and the deep layers ranged from -17.9%o
(seagrass SR, spring) to -12.2%o (sandflat SR, autumn) and from -20.4%. (mudflat MO, autumn) to -
15.5%o (sandflat SR, autumn), respectively (Fig. 4.2). In all habitats, nematodes were more **C-enriched
in surface sediment layers than in deep sediment layers (Kruskal-Wallis tests, highest p-value: 0.020,
Appendix 4.2). No temporal variation was observed in §'*C values of nematodes (Kruskal-Wallis tests,
lowest p-value: 0.1, Appendix 4.1).

Mean 8N values of nematodes ranged from 8.7%o (mudflat MO, spring) to 15.3%o (sandflat
SR, spring) and from 7.4%o (seagrass MO, spring) to 15.6%o (mudflat MO, spring) in surface- and deep
layers, respectively. The nematodes in the seagrass beds presented higher 5*°N values in the surface
layer compared to the deep layer (Kruskal-Wallis tests, highest p-value: 0.011) while no difference was
observed in other habitats (Kruskal-Wallis tests, lowest p-value: 0.65, Appendix 4.2). As for §3C
values, no temporal variation occurred in 5'°N values of nematodes (Kruskal-Wallis tests, lowest p-

value: 0.1, Appendix 4.1).

Isotope compositions of benthic copepods were in range with those of nematodes from the
surface layers, with 8**C and 8"N values ranging between -18.3%o (seagrass SR, spring) and -12.7%o
(sandflat SR, autumn) and between 8.3%o (seagrass MO, spring) and 15.4%o (sandflat SR, autumn),
respectively (Fig. 4.2, Appendix 4.1). As for nematodes, isotope compositions of benthic copepods did

not follow any temporal pattern (Kruskal-Wallis tests, lowest p-value: 0.1, Appendix 4.1).

At the habitat scale, MixSIAR outputs for nematodes from the surface layer highlighted the
importance of two major food sources for these consumers: microphytobenthos and seagrass material
(Fig. 4.6, Appendix 4.6). Microphytobenthos represented the highest dietary contributions to nematodes
in mudflat MO (90% CI from 52 to 89%), in seagrass SR (22 to 68%) and in sandflat SR (50 to 89%).
Contributions of seagrass material were the most important in mudflat SR (90% CI ranging from 8 to
98%) and in seagrass MO (26 to 79%), where the contributions of microphytobenthos were much lower.
SOM contributions were intermediate in seagrass SR, sandflat SR, seagrass MO and mudflat MO with
90% CI ranging from 1 to 61%. The contribution of SPOM and bacteria to the food sources of

nematodes was low with 90% CI ranging from 0 to 39% and from 0 to 18%, respectively.

Comparisons of MixSIAR outputs for nematodes from the deep layer at the habitat scale
highlighted a higher role of SOM than in the surface layer (Fig. 4.6, Appendix 4.6). SOM represented
the most important contributions in mudflat MO, seagrass MO, seagrass SR and sandflat SR with
similar 90% CI ranges between 1 and 87%. Nevertheless, SOM contribution was very low in mudflat
SR, where seagrass material had the highest dietary contributions for deep layer nematodes (90% ClI

from 15 to 95%). Seagrass material represented relatively important contributions in the seagrass beds
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(90% CI from 1 to 63%) while microphytobenthos was an additional important food source of deep
layer nematodes in the mudflats and sandflat (O to 75%). As in the surface layers, the contributions of
SPOM and of bacteria were relatively low, with 0.90 CI ranging from 0 to 52% and from 0 to 33%,
respectively.

Benthic copepods revealed a similar pattern of MixSIAR outputs as for nematodes comparing
the surface layer of the sediment between habitats (Fig. 4.6, Appendix 4.6). Microphytobenthos
represented the highest dietary contributions to benthic copepods in mudflat MO (90% CI from 53 to
85%), in seagrass SR (30 to 66%), and in sandflat SR (39 to 78%). After the model, seagrass material
was the most abundant food source of benthic copepods in seagrass MO (90% CI ranging from 25 to
76%) and in mudflat SR (21 to 87%), where contributions of microphytobenthos were much lower.
SOM substantially contributed to the food sources of benthic copepods in all habitats with 90% CI
ranging from 1 to 54%. Contributions of SPOM and bacteria were relatively low with upper limits of
90% CI lower than 30% and 15%, respectively.
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Figure 4.6. Contributions (%) of bacteria (BAC), suspended particulate organic matter (SPOM), sediment organic matter (SOM), microphytobenthos (MPB) and fresh and detrital
seagrass material (DET) as food sources for nematodes and benthic copepods provided by the stable isotope mixing model MixSIAR. Median, 50% credibility intervals and 90%
credibility intervals are displayed by the line, the large box and the smaller box, respectively (Appendix 4.6).
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3.3.2.  Fatty acid compositions

FA compositions of nematodes were characterized by high proportions of bacteria markers (16—
51%) and diatom markers (13-27%) as well as ubiquitous FAs (15-41%) (Fig. 4.7). Benthic copepod
FA profiles were composed of relatively high proportions of diatom markers (18-31%), bacteria
markers (5-30%) and flagellate markers (5-21%). Ubiquitous FAs represented from 25% to 65% of the
fatty acids in benthic copepods. Nematodes and benthic copepods were not clearly separated based on
FA profiles, nevertheless, relative proportions of bacteria markers were generally lower in benthic
copepods than in nematodes. Relative percentages of vascular plant markers were very low—
particularly in benthic copepods—with highest proportions measured in nematodes from the seagrass
bed SR (4-7%), seagrass MO (6—9%) and mudflat SR (autumn; 4%).

Nematodes from the sandflat had similar FA compositions within seasons and sediment layers.
Benthic copepods from the mudflat MO had similar FA compositions within seasons. Comparisons of
FA profiles between seasons and sediment layers was hampered by the low quantities of material in
some samples. The amount of material was indeed too low for nematodes from mudflat SR and sandflat
SR in spring, as well as seagrass MO in autumn. It was too low for benthic copepods of mudflat SR and

sandflat SR in autumn.
3.3.3.  Isotope composition of diatom and bacteria FA markers

d1C values of 20:5(n-3) (i.e., diatom marker) were slightly lower for benthic copepods
(mean: -20.3%o + 3.8) compared to nematodes from the two sediment layers (mean -18.2%o + 1.6,
Kruskal-Wallis tests, p-value: 0.038; Fig. 4.5). No temporal pattern occurred among 5*°C values of
20:5(n-3) of benthic copepods and nematodes from surface and deep layers (Kruskal-Wallis tests,
lowest p-value: 0.24). Nematodes had similar §**C values of 20:5(n-3) in both sediment layers (Kruskal-
Wallis tests, p-value: 0.30).

83C values of 15:0 (i.e., bacteria marker) from nematodes (-21.3%o £1.2) and benthic copepods
(-21.1%0 £1.4) were similar (Kruskal-Wallis test, p-value: 0.53). No temporal pattern occurred among
313C values of 15:0 of benthic copepods and nematodes from surface and deep layers (Kruskal-Wallis
tests, lowest p-value: 0.43). Nematodes 15:0 FA had similar 8°C values between sediment layers,
except in mudflat MO where more it was more **C-enriched in the surface layer (Kruskal-Wallis tests,
p-value: 0.039).

Carbon isotope compositions of 20:5(n-3) and 15:0 from nematodes and benthic copepods were

in range of those of microphytobenthos and SOM, and much more enriched in **C than those of SPOM.
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Figure 4.7. Fatty acids (FAs) compositions (relative percentages, n = 1) of nematodes and benthic copepods in
the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Remg Bight (SR) in spring
and autumn. Data for surface (0 - 1 cm) and deep layers (4 - 5 cm) are displayed for nematodes. FAs are grouped
according to their marker groups (Table 4.1) and only FAs with relative percentages > 5% (Appendix 4.7) are
indicated with letters: (a) 14:0, (b) 16:1(n-7), (c) 20:5(n-3), (d) 18:1(n-7), (e) 15:0, (f) 17:1(n-9), (g) 17:0, (h)
19:1(n-9), (i) 22:6(n-3), and (j) 18:2(n-6). Empty bars represent the sum of other FAs (< 5%) for each FA marker
group. Hierarchical clustering (Ward D2 method, Chi-squared distance) was performed. Approximately unbiased
(AU) probability values (p-values) by multiscale bootstrap resampling (n = 10,000) are given under each node

and identified clusters (AU > 0.95) are highlighted with gray boxes.

3.4. Two-dimensional analysis on food sources and consumers using 6'°C values and FA

compositions

Potential food sources were well separated based on the combination of their carbon isotope
compositions and relative percentages of diatom markers (Fig. 4.8a). Seagrass material and detritus had
high 8*3C values (from -19.0 to -10.4%o) and had low proportions of diatom markers (0—19%), SPOM
had low &**C values (from -27.6 t0 -22.5%o) and intermediate relative percentages of diatom markers
(29-51%), and microphytobenthos had high §*3C values (from -17.3 to -7.2%o) and large proportions of
diatom markers (47-75%). SOM and SPOM could be relatively well distinguished based on the
combination of 5'*C values and relative percentages of bacteria markers (Fig. 4.8b): SPOM had low
d13C values and relatively low amounts of bacteria markers (5-13%), while SOM was more *C-
enriched (from -22.5 to -17.7%o) or had higher relative proportions of bacteria markers (5-28%).
Seagrass material and detritus were well separated from microphytobenthos and composite food sources
based on the combination of carbon isotope compositions and relative percentages of vascular plant
markers (Fig. 4.8c). Proportions of vascular plant markers were high in seagrass material (45-60%) and
detritus (21-54%), and substantially lower in SOM (1-18%), SPOM (1-4%), and microphytobenthos
(1-4%). Lastly, the combination of carbon isotope compositions and proportions of flagellate markers
could separate microphytobenthos from seagrass material and detritus (Fig. 4.8d). Where 3*°C values
were in the same range, the higher proportions of flagellate markers in microphytobenthos samples (5—

11%) separated them from seagrass material (0-1%) and detritus (0—1%).

The combination of consumers’ carbon isotope compositions with their relative proportions in
diatom, bacteria, vascular plant and flagellate FA markers highlighted that nematodes and benthic

copepods had very similar compositions, even between different seasons and sediment layers (Fig. 4.8).

The low amounts of vascular plant markers (0-9%) in meiofauna clearly separated them from
fresh and detrital seagrass material, despite their §*3C values being in the same range (Fig. 4.8¢). There

was also a large difference between SPOM and meiofauna due to the much higher §**C values of the
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latter (Fig. 4.8), which were close to those of benthic food sources (i.e., microphytobenthos, SOM, fresh
and detrital seagrass material). The trophic marker composition of consumers had relatively equal
contributions of diatoms (13-31%; Fig. 4.8a) and bacteria (5-51%; Fig. 4.8b) based on FA proportions,
while material of flagellate origin contributed to a lower extent (4-21%; Fig. 4.8d).
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Figure 4.8a-d. Mean 8'°C values (n = 3) and relative percentages of fatty acid (FA) trophic markers (n = 1) of food
sources, nematodes and benthic copepods in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO)
and Sylt-Remg Bight (SR). Data for surface (0 - 1 cm) and deep layers (4 - 5 cm) are displayed for nematodes. FAS were
classified according to their trophic marker groups: a) diatoms, b) bacteria, ¢) vascular plants, and d) flagellates (see
Table 4.1). SPOM: Suspended particulate organic matter, SOM: Sediment organic matter.

Potential food sources demonstrated diatom/bacteria FA marker ratios ranging from 0.08 to 0.85
(mean: 0.30 = 0.19, Fig. 4.9), well separating seagrass material from other potential food sources. Seagrass
material had indeed diatom/bacteria FA marker ratios (0.39-0.58, mean: 0.49 + 0.10) which were higher than
other food sources. Seagrass roots had even higher diatom/bacteria FA marker ratios (0.73-0.85, mean: 0.78
+ 0.05). Microphytobenthos had among the lowest diatom/bacteria FA marker ratios ranging from 0.08 to 0.30
(mean: 0.15 + 0.07). SOM, SPOM and detritus demonstrated relatively similar ranges of diatom/bacteria FA
marker ratios with ranges from 0.08-0.43 (mean: 0.25 + 0.11), from 0.18-0.38 (mean: 0.29 £ 0.08) and from
0.22-0.43 (mean: 0.33 = 0.09), respectively.

Diatom/vascular plant FA marker ratios discriminate relatively well potential food sources (Fig. 4.9).
Microphytobenthos had among the lowest diatom/vascular plant FA marker ratios ranging from 0.12 to 0.42
(mean 0.21 + 0.10). SOM had generally higher diatom/vascular plant FA marker ratios (0.25-0.71, mean: 0.39
+ 0.13). SPOM demonstrated relatively higher diatom/vascular plant FA marker ratios (0.39-0.65, mean: 0.50
+ 0.10) compared to microphytobenthos. Detrital material was well distinguished from microphytobenthos,
SOM and SPOM with much higher diatom/vascular plant FA marker ratios (0.77-0.92, mean: 0.84 + 0.07).
Seagrass leaves and roots were even more distinguished from microphytobenthos, SOM and SPOM and
detritus with even higher diatom/vascular plant FA marker ratios for seagrass leaves (mean: 0.96 + 0.02) and
roots (mean: 0.98 = 0.01).

Consumers had moderate mean diatom/bacteria FA marker ratios for surface layer nematodes (mean:
0.56 £ 0.13), deep layer nematodes (mean: 0.55 + 0.07), and benthic copepods (mean: 0.39 + 0.11) (Fig. 4.9).
These ratios for consumers were much higher than the values measured in all potential food sources except for
seagrass roots. Consumers had low diatom/vascular plant FA marker ratios (surface layer nematodes: 0.00—
0.28, mean: 0.11 £ 0.12, deep layer nematodes: 0.03-0.28, mean: 0.15 + 0.10, and benthic copepods: 0.00—
0.07, mean: 0.03 £ 0.02), in the range of those measured in microphytobenthos and SOM. Within consumers,
benthic copepods had the lowest range of diatom/vascular plant FA marker ratios, while ratios of hematodes

from the surface- and deep layers were in the same range.
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4. DISCUSSION

The aim of this study was to determine the food sources used by meiofauna in several habitats
characterized by different primary producers in the Marennes-Oléron Bay, France, and the Sylt-Rgmg Bight,
Germany. Multiple trophic markers were used to discriminate food sources, since without a clear distinction
of the potential food sources describing trophic relationships becomes challenging. These same trophic
markers were then used to assess the main trophic fluxes between primary producers, bacteria and composite
food sources and the two dominant groups of meiofauna: nematodes and benthic copepods.

4.1.  Distinction of microphytobenthos and seagrass material based on FA profiles

Seagrass material and microphytobenthos were well separated based on their FA profiles whereas the
discrimination of these food sources using their §*C and §*°N values was very difficult. The mean 8*3C values
of microphytobenthos, seagrass leaves and seagrass roots were within a similar range, as previously observed
in mudflats (Riera et al., 1996; Rzeznik-Orignac et al., 2008) and seagrass beds (Lebreton et al., 2011).
Microphytobenthos contained large amounts of diatom markers (i.e., 20:5(n-3), 16:1(n-7), and 16:4(n-1)),
which confirmed the dominance of diatoms in the composition of microphytobenthos as observed by
taxonomic studies (Asmus 1983). However, low to moderate amounts of bacteria markers also observed in
microphytobenthos FA profiles, could be explained by the heterotrophic bacteria generally interacting with
diatoms in microalgae mats (Agogué et al. 2014). This was contrarily to Z. noltei leaves and roots which
exhibited large proportions of vascular plant markers (i.e., 18:2(n-6), 18:3(n-3), and 24:0) (Lebreton et al.
2011b). These different markers can be expressed as ratios between major FA groups, i.e., diatoms, bacteria,
vascular plants, which provided a more synthetic overview of the distinction of food sources. The
discrimination between microphytobenthos and seagrass material becomes even clearer when considering
ratios of diatom/vascular plant markers and of diatom/bacteria markers. Ratios of diatom/vascular plant
markers were much higher in seagrass material than in microphytobenthos. Microphytobenthos and seagrass
roots were distinguished as well due to the higher diatom/bacteria ratios of seagrass roots. High diatom/bacteria
ratios for seagrass roots could be explained by the high abundance of bacteria associated with seagrass roots
(Jensen et al. 2007).

Detrital material had similar isotope compositions and FA profiles than seagrass leaves and roots
indicating that it mostly originated from decaying seagrass. Because seagrass derived detrital material can be
stored into the sediment (Duarte and Cebrian 1996), it is then available to endofauna. Additionally, the
moderate proportions of vascular plant markers in detrital material of mudflat SR indicated that seagrass
material can also be transported and stored in adjacent systems (van der Heijden et al. submitted). The diatom

markers in the detrital material also highlighted an influence of microalgae in the composition of this material.
4.2. Distinction of SPOM, SOM and primary producers based on bulk and FA isotope compositions

Carbon isotope compositions of SPOM (-27.6%o to -22.5%c)—much more **C-depleted than
microphytobenthos (-17.3%o to -7.2%o) and seagrass material (-19.0%o to -10.4%o)—clearly separated SPOM
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from these food sources. SPOM was mostly made of diatoms and, to a minor extent, of bacteria as highlighted
by FA profiles. Very low proportions of vascular plant FA markers in SPOM indicated a negligible
contribution of seagrass or terrestrial material, even in the Marennes-Oléron Bay where inputs of terrestrial
organic matter are higher (Galois et al. 1996). Temporal differences were observed with higher proportions of
flagellate markers in SPOM in spring compared to autumn (Lebreton et al. 2011b), which is most likely linked
to the annual spring bloom of phytoplankton (Galois et al. 1996). Low 5'*C values of the diatom marker 20:5(n-
3) indicated that diatoms in SPOM mostly originated from pelagic sources, as observed in the North Sea by
Braeckman et al. (2015). As for diatoms, bacteria in SPOM relied mainly on pelagic sources as indicated by
the low 8"3C values of the bacteria marker 15:0. These outcomes indicate a poor resuspension of benthic
organic material at the two studied seasons, and therefore a minor benthic-pelagic coupling, which is much
less important than estimated by previous studies (Dubois et al. 2012; Saint-Béat et al. 2014). Inputs of
phytoplankton for several habitats might therefore be owverestimated in constructed food web models
constructed of the Marennes-Oléron Bay (Leguerrier et al. 2003; Saint-Béat et al. 2014) and the Sylt-Rgmg
Bight (Baird et al. 2007).

d13C values of SOM (-22.5%o to -17.7%o0) were similar to previous observations from mudflats
(Rzeznik-Orignac et al. 2008), seagrass beds (Lebreton et al. 2011b; Vafeiadou et al. 2014) and sandflats
(Moens et al. 2005b; Cnudde et al. 2015). They were intermediate between those of SPOM and those of
microphytobenthos, detritus and seagrass material and could therefore not be used to well determine the
contributions of the different primary producers, clearly highlighting the interest of the combination of SI and
FA markers. Based on this last marker, SOM was mostly made of diatoms and bacteria, with very low
contributions of seagrass or terrestrial material, even in seagrass beds where the load of seagrass material in
the sediment was high (Lebreton et al., 2011; van der Heijden et al. in press). The highest contribution of
seagrass material to SOM was observed in the sub-surface layer of seagrass MO, indicating that this material
can be deeply buried. Diatoms from the SOM mainly originated from the microphytobenthos, as highlighted
by the high §*3C values of the diatom marker 20:5(n-3) (i.e., close to those of microphytobenthos). A similar
pattern was found for bacteria: §'°C values of the bacteria marker 15:0 in SOM indicated they used benthic
primary producers, i.e., microphytobenthos, as a substrate (Boschker et al. 2000). Such results highlight the
poor role of trapped material from the water column into the SOM, confirming the minor benthic-pelagic
coupling between SPOM and SOM in the different studied habitats.

SOM compositions differed between habitats, with a much higher influence of diatoms in the SOM
from sandflat SR (van der Heijden et al. submitted), as demonstrated by its higher 6**C values and higher
proportions of diatom FA markers. Isotope compositions of SOM varied also between sediment layers with
SOM being more depleted in **C in the sub-surface layers, as already observed in the Schelde estuary (Moens
et al. 2014). Such variations can be related to higher contribution of microphytobenthos (more *C-enriched;
Dubois et al., 2012) in the surface layer and/or to a higher load of seagrass detrital material in the sub-surface
layers. Detrital material generally has lower §*3C values than its fresh counterpart (Lebreton et al. 2011b), as

less labile compounds (e.g. lignin) are depleted in **C (Benner et al. 1987). Another explanation could be the
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higher abundances of sulfide-reducing bacteria—characterized by very low 8C values (Robinson and
Cavanaugh 1995)—in the deeper sediment layers (Wieringa et al. 2000).

4.3. Limited use of SPOM by nematodes and benthic copepods

Outputs of the mixing models indicated that contributions of SPOM as a food source to nematodes
and benthic copepods were very low, due to the much higher *3C values of meiofauna compared to SPOM
(between 6.3 and 10.7%o higher). The limited use of diatoms and bacteria from SPOM by meiofauna is
confirmed by the 8*3C values of the diatom marker 20:5(n-3) and of the bacteria marker 15:0, which are much
higher in nematodes and benthic copepods than in SPOM. Low contribution of SPOM as a food source to
nematodes and benthic copepods is evident in all habitats (i.e., vegetated and bare), even in seagrass beds
where increased sedimentation of SPOM occurs (Ouisse et al., 2012). Such a poor role of SPOM as a food
source for meiofauna is in accordance with previous studies carried out in mudflats and sandflats (Moens et
al. 2005b, 2014; Rzeznik-Orignac et al. 2008). Low contribution of SPOM as a food source is also in agreement
with the findings of Maria et al. (2011), who stated that meiofauna prefer locally produced benthic diatoms
over marine pelagic food sources. This could be related to phytoplankton generally having higher fluctuations
in biomass and production compared to other food sources (Galois et al. 1996) as well as to the ability of
meiofauna to be more selective for food sources compared to their potential food competitors, i.e., macrofauna
(Maria et al. 2011, 2012).

4.4, Limited use of seagrass material by nematodes and benthic copepods

Contributions of fresh and detrital seagrass material (Z. noltei) as food sources to nematodes and
benthic copepods were very low, as highlighted by the very low proportions of vascular plant FA markers in
nematodes and benthic copepods, even in seagrass beds where loads of seagrass material were high (van der
Heijden et al. in press). The low use of seagrass material is much likely related to its poor nutritional value and
high lignocellulose content (Vizzini et al. 2002). Such results are in contradiction with the outputs of the mixing
models, which indicated moderate to high contributions of seagrass material to nematodes and benthic
copepods, due to the close 8*3C values between this food source and meiofauna. The role of the seagrass
material for meiofauna and, by extension, to coastal food webs is still under debate (Mateo et al. 2006). Leduc
et al. (2009) demonstrated the significant contribution of seagrass detritus as a food source to meiofauna based
on isotope compositions of potential sources and meiofauna, as well as FA profiles of fine SOM. Using stable
isotope mixing models, Lebreton et al. (2012) and Vafeiadou et al. (2014) suggested that seagrass detritus
could be a potential food source but highlighted some flaws related to overlapping isotope compositions of
microphytobenthos and seagrass material, leading to possible overestimated contributions of seagrass material
to the diet of meiofauna. As a result, our study highlights the importance of combining stable isotopes and
fatty acids to better describe flows of organic matter, particularly when some food sources have close isotope
compositions (which is often the case in coastal ecosystems). Especially combining stable isotopes and fatty
acids in mixing models could provide complementary information in the form of more defined proportional

dietary contributions. Using both isotopes compositions and fatty acid profiles, we clearly demonstrated that
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seagrass material is poorly used by meiofauna, as previously also demonstrated for macrofauna (Jaschinski et
al. 2008; Lebreton et al. 2011b), raising questions about the fate of this material in coastal ecosystems. Potential
destinations of this material could be burial of seagrass material into the deeper sediment (Duarte and Cebrian
1996), exportation out of the system (McLusky and Elliott 2004; Mateo et al. 2006) and/or consumption by
higher trophic levels such as herbivorous birds (Baird et al. 2007; Pacella et al. 2013). Isotope compositions
and fatty acid profiles of deeper sediment could be helpful in determining the fate of this material.

4.5, Importance of microphytobenthos and bacteria as food sources to nematodes and benthic
copepods

The use of multiple trophic markers (i.e., fatty acid profiles, bulk and FA specific stable isotope
compositions) demonstrated the importance of microphytobenthos and bacteria as food sources for nematodes
and benthic copepods in the mudflats, seagrass beds and sandflat of the Marennes-Oléron Bay and the Sylt-

Remg Bight in spring and autumn.

The important role of diatoms was demonstrated by the high proportions of diatom markers in the FA
profiles of consumers and the large contributions of microphytobenthos to meiofauna as estimated by the
mixing models. The close *3C values of the diatom marker 20:5(n-3) from microphytobenthos and meiofauna,
much more *C-enriched than those of SPOM, confirmed that diatoms used by meiofauna originated from the
benthos. The importance of microphytobenthos to meiofauna has been observed before in bare intertidal
habitats (Rzeznik-Orignac et al. 2008; Leduc et al. 2009) as well as vegetated intertidal systems (Chudde et al.
2015). Therefore, the combination of our results with previous observations indicates that microphytobenthos
is an important food source to meiofauna, even when variation in food sources occurs due to habitat
characteristics (e.g. growth of seagrass beds, sediment grain size) or seasonal variation (e.g. phytoplankton

blooms).

The role of bacteria for the carbon requirements of meiofauna is of major importance as well, as
highlighted by high proportions of bacteria FA markers in nematodes and benthic copepods. The 6**C values
of the bacteria marker 15:0 from the SOM (-20.0%0 + 1.7) were much higher than the carbon isotope
compositions of sulfide-oxidizing bacteria (-35.0%o + 5.0; Vafeiadou et al., 2014), indicating that most of the
benthic bacteria from the SOM relied on microphytobenthos as a substrate (Boschker et al. 2000) and that
biomass of sulfide-oxidizing bacteria were generally low. The 8*3C values of the bacteria marker 15:0 from
nematodes and benthic copepods, in range with 8*3C values of bulk microphytobenthos, highlighted that
meiofauna relied on benthic bacteria, themselves using microphytobenthos as a substrate. The close isotope
composition of microphytobenthos and of bacteria actually used by meiofauna likely lowered the role of the
bacteria when estimated using mixing models, as the isotope composition of sulfide-oxidizing bacteria
(\Vafeiadou et al. 2014) was used for such models. These bacteria, that use microphytobenthos as a substrate,
could be of high importance as a food source for meiofauna (Pascal et al. 2008), particularly due to their

constant biomass (Schmidt et al. 1998). However, determining the trophic relationship between these
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microphytobenthos related bacteria and meiofauna remains problematic due to the difficulties of extracting
bacteria and determining their isotope compositions (Coffin et al. 1990; Pelz et al. 1997).

Despite the high variability in biomass (van der Heijden et al. in press) and production (Blanchard et
al. 1997; Asmus et al. 1998) of food sources between the different habitats, meiofauna relies primarily on high-
quality food sources, i.e., microphytobenthos and bacteria. Both of these food sources are tightly connected as
bacteria mostly uses microphytobenthos as a substrate. Exopolysaccharides (EPS) produced by
microphytobenthos may be an important substrate as well, as an ecological equilibrium was observed between
exopolysaccharides (EPS) production by microphytobenthos and consumption of EPS by bacteria (Pierre et
al. 2013). The reliance of meiofauna on microphytobenthos might be related to its high nutritional quality,
assimilation rates (Cebrian 1999) and constant biomass (Lebreton et al., 2009, van der Heijden et al. in press).
Even if no temporal difference of meiofauna fatty acid compositions was observed between the two sampled
seasons, a better understanding of the role of these two food sources (i.e., microphytobenthos and bacteria)
remains needed. Indeed, even if their biomass were constant (van der Heijden et al. in press), their seasonal
dynamics may be quite different with a lower production of microphytobenthos during summer due to
photoinhibition (Blanchard et al. 1997; Serddio et al. 2008) and therefore a more important role of bacteria at
this season (Pascal et al. 2009; Saint-Béat et al. 2013a). Sundbéck et al. (1996) reported highly variable
production rates of both microphytobenthos and bacteria, however, observed much higher turnover rates of
bacteria (0.15-1.5 days) compared to microphytobenthos (2-44 days). Therefore, complementary information
in the form of food web models could help in better determining the role of these food sources in relationship
with meiofauna by taking into account both biomass and production (Warwick et al. 1979; Leguerrier et al.
2003).

Comparisons between sediment layers demonstrated, however, a relatively low contribution of
microphytobenthos as a food source to nematodes living in deep sediment layers, as highlighted by the more
BC-depleted isotope compositions of nematodes from deep layers, as observed by Vafeiadou et al., (2014).
Lower biomass of microphytobenthos in deeper layers could be related to this decrease in consumption by
meiofauna (van der Heijden et al. in press). However, higher relative abundances of selective deposit feeding
nematodes in deep layers (van der Heijden et al. in press), which are known to feed on *C-depleted bacteria
(Vafeiadou et al. 2014), could also explain the lower 8*3C values and therefore the higher contribution of
bacteria. This highlights that determining the feeding behavior of nematodes at the scale of trophic groups
would provide very complementary information as some nematodes can have very specific diets (i.e., relying
on bacteria or on diatoms only) while some others can be more opportunistic (Majdi et al. 2012; Braeckman
et al. 2015). Determining food sources of these different groups could therefore provide information about
how nematodes with specific diets and more opportunistic ones can adjust their diets depending on available

food resources.
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4.6 Recommendations of combining trophic markers and of FA marker ratios

The simultaneous use of multiple trophic markers, i.e., stable isotopes, fatty acid profiles and
compound specific isotope compositions of FAs, provided very complementary information and new insights
about the feeding behavior of meiofauna. Information from FA profiles was indeed very complementary to
stable isotope data when food sources had close isotope compositions. This was particularly the case in this
study for two major food resources: microphytobenthos and seagrass material. The use of FA profiles permitted
to discriminate clearly these two food sources and to highlight that nematodes and benthic copepods did not
rely on seagrass material. FA profiles were also very useful at determining the importance of bacteria as a food
source to meiofauna thanks to the very specific FA synthesized by bacteria (e.g. 15:0, 17:0, 18:1(n-7)).
Combined to the isotope composition of a specific bacteria marker (i.e., 15:0), such information permitted to
determine that these bacteria mostly used microphytobenthos as a substrate. Combining several trophic
markers therefore avoids limits related to similar isotope compositions and provides very useful information

about the origin of the food sources used by consumers.

As already done for a while in pelagic systems (Kharlamenko et al. 1995; Auel et al. 2002; Dalsgaard
et al. 2003; EI-Sabaawi et al. 2009; Gongalves et al. 2012), determining ratios between the major groups of FA
markers was also useful to better discriminate between food sources and to determine the use of food sources
by meiofauna. Here we used two ratios, one to discriminate between bacteria and vascular plants and the other
one to discriminate between bacteria and diatoms. It is very likely that other ratios can be developed to
discriminate between other potential food sources in other benthic systems, depending on which food sources

need to be studied.
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5. CONCLUSION

Microphytobenthos and bacteria are the most important food sources used by nematodes and benthic
copepods in several habitats of two soft-bottom coastal ecosystems on the east Atlantic coast. The important
contribution of benthic algae to nematodes and benthic copepods is clearly indicated by high proportions of
diatom FA markers as well as by a similar isotope composition of microphytobenthos and consumers. The
important contribution of bacteria FA markers to meiofauna highlighted the importance of this food source
utilizing mainly microphytobenthos as a substrate. Such a reliance on benthic diatoms and benthic bacteria is
likely related to the high quality of these food sources in comparison with seagrass and detrital material. SPOM
was also poorly used by meiofauna, probably due to its low and irregular trapping into the sediment, even in

areas where sedimentation is generally higher (i.e., seagrass beds).

This study emphasizes the importance of utilizing multiple trophic markers when determining trophic
relationships in coastal ecosystems. The limitations of each trophic marker could be overruled by the
combination of several trophic markers. Combining these trophic markers could estimate more precisely fluxes
of carbon in several benthic and pelagic environments, especially if determined for specific trophic groups.
Using these estimated flows of energy in combination with biomass and productions rates in food web models

could improve our knowledge regarding the role of meiofauna in the functioning of coastal food webs.
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Appendix 4.1. Isotope compositions (%o, mean + standard deviation, n = 3) of potential food sources, nematodes and benthic copepods. Comparisons of §*3C and 5'°N values between

spring and autumn (Kruskal-Wallis tests, p-values) in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Rgmg Bight (SR). Data for surface (0 - 1

cm) and sub-surface (1 - 5 cm) layers are provided for sediment organic matter (SOM) and detritus. Data for surface (0 - 1 cm) and deep (4 - 5 cm) layers are provided for nematodes.

SPOM: Suspended particulate organic matter.

Microphytobenthos SPOM SOM SOM
0-1cm 1-5cm
513C 515N 613C 615N 613C 515N 613C 615N
Site spring autumn  p  spring autumn p  spring autumn p  spring autumn p  spring autumn p  spring autumn p  spring autumn p  spring autumn p
-14.3 -134 3.7 7.2 -225 225 4.9 5.8 -19.6 -18.6 55 6.1 -195 -18.9 49 5.7
Seagrass MO +05 =05 01 +02 04 0.1 +13 14 09 +15 15 04 +03 0.2 01 +0.1 £<0.1 01 +03 0.1 01 +03 +<0.1 01
-13.8 -134 6.6 9.1 -266 -27.2 4.8 35 -22.2  -21.9 6.4 6.6 -225 225 6.4 6.6
MudflatMO 15 410 %7 402 201 %' s08 x11 %7 s01 zos %% o1 o1 OY o1 o1 O so1 o1 1 s02 s<01 02
7.2 -11.6 5.7 13.8 276 -259 7.5 7.0 -17.7  -18.0 10.7 10.8 -17.7  -17.8 10.9 10.7
SandflatSR o5 120 %1 i03 210 %' 117 08 %% 104 02 9% s05 x06 7 103 03 %7 104 203 1 s02 z02 2
-17.3 -15.0 8.4 6.5 -258 -23.3 7.4 6.9 216 -21.3 8.8 8.4 219 215 9.0 8.8
Mudflat SR 13 408 %1 127 207 %% 207 230 %2 s04 zo1 O 103 s<01 *' 03 201 %% :01 o1 O s01 01 O1
-16.2 -12.6 6.2 123 -2568 -233 7.4 6.9 -204  -205 7.4 7.6 -20.7  -20.8 7.8 8.2
SeagrassSR o5 a5 0% w02 32 %1 107 230 9% i04 o1 %Y w02 s01 %' s06 o1 Y s01 01 07 so02 x02 OF
Z. noltii leaves Z. noltii roots Detritus Detritus
0-1cm 1-5cm
613C 615N 513C BISN 513(: 515N 6130 615N
Site spring autumn  p  spring autumn p  spring autumn p  spring autumn p  spring Autumn p  spring autumn p  spring autumn p  spring autumn p
-116 -104 7.3 7.2 -11.6  -10.6 6.9 6.7 -129  -115 7.4 6.4 -12.3  -10.7 6.7 6.3
SeagrassMO o5 404 91 i03 03 07 103 xo04 %1 w03 01 %% io9 03 %' s03 03 O so1 xos %1 s02 01 OF
-179 -151 9.9 9.9 -200 -15.7 9.0 9.6
Mudflat SR ; ; ; ; ; ; ; ; ; ; ; " r08 03 %1 109 xos8 1 :34 x17 %1 113 10 04
-13.1  -12.7 8.1 7.7 -13.3  -11.9 5.9 7.4 -14.3 -131 8.3 8.3 -16.2  -15.2 8.0 8.3
SeagrassSR 03 w02 %1 i05 r12 %7 s03 x02 %' i04 :13 %% s03 s04 O s03 06 1 x09 x15 %7 i04 05 O
Nematodes Nematodes Benthic copepods
0-1cm 4-5cm
513C 615N 5130 515N 513(: 615N
Site spring autumn p  spring autumn p  spring autumn p  spring autumn p  spring autumn p  spring autumn
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Appendix 4.2. Isotope compositions (%o, mean = standard deviation, n = 6) of sediment organic matter (SOM), detritus and nematodes per sediment layer. Comparisons of §*3C and
5'°N values between surface (0 - 1 cm) and sub-surface (1 - 5 cm) layers for SOM and detritus and surface (0 - 1 cm) and deep (4 - 5 cm) layers for nematodes (Kruskal-Wallis tests,

p-values) in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Rgmg Bight (SR). Significant differences (p < 0.050) are indicated in bold.

Detritus SOM Nematodes
613(: 615N 813C BlSN 613C 615N
Site 0-1cm 1-5cm p 0-1cm 1-5cm p 0-1cm 1-5cm p 0-1cm 1-5cm p 0-1cm 4-5cm p 0-1cm 4-5cm p
-12.2 -11.5 6.9 6.5 -19.1 -19.2 5.8 5.3 -14.6 -16.9 10.7 7.6
SeagrassMO 4 15 410 %22 406 +03 %9 406 04 O s04 05 %' +07 s06 99 412 so7 00U
-22.1 -22.5 6.5 6.5 -16.3 -21.2 95 9.3
MudflatMo - ] ] ] ] T 202 #01 % i01 x02 % 412 131 %0 hqg sqq OB
-17.8 -17.8 10.8 10.8 -12.4 -16.0 15.2 15.3
Sandflat SR ; ; ; ; ; © +05 03 Y0 103 xo02 %% i03 s05 %0% 406 o7 07
-16.5 -17.9 9.9 9.3 -21.4 -21.7 8.6 8.9 -15.6 -17.0 14.3 14.2
Mudflat SR 4 16 +34 %8 108 x11 %% 402 x03 %' i03 x02 %% 405 xo05 9% 119 x16 080
Seagrass SR -13.7 -15.7 013 8.3 8.1 0.44 -20.4 -20.8 0,031 75 8.0 0,031 -17.8 -18.7 0.020 11.5 9.9 0.006
+08 +12 +04 +04 +02 +01 +04 +03 +03 +06 +05 +08
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Appendix 4.3. §*3C values of food sources (annual mean, %o, n = 6) in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Rgmg Bight (SR).
Comparisons between food sources (Kruskal-Wallis tests, p-values, post-hoc comparisons via Bonferroni’s method). Significant differences (p < 0.050) are indicated in bold. SPOM:

suspended particulate organic matter, SOM: sediment organic matter.

Mudflat MO Mudflat SR Sandflat SR Seagrass MO Seagrass SR

613C p 613C p SlSC p 513C p 813C p
SPOM vs SOM (0 - 1 cm) -26.9 < -22.1 0.02 246 -21.4 1.0 267 -17.8 0.18 225 -19.1 1.0 246 -20.4 1.0
SPOM vs SOM (1 - 5 cm) 269 -225 0.85 246 -21.7 1.0 267 -17.8 0.15 225 -19.2 1.0 246 -20.8 1.0
SPOM vs Microphytobenthos  -26.9 < -13.6  <0.001  -246 < -160 <0.001 -26.7 < -94 <0.001 -225 -138 0.16 2246 < -14.4 0.009
SPOM vs Detritus - - - 246 < -172  <0.001 - - - 225 < -119 <0001 -246 < -14.7 0.004
SPOM vs Seagrass - - - - - - - - - -225 < -124 <0001 -246 <-11.7 <0.001
SOM (0-1cm) vs SOM (1 -5cm) 221 -225 0.85 214 217 1.0 -178  -17.8 1.0 -19.1 -19.2 1.0 204 -20.8 1.0
SOM (0-1cm) vs Microphytobenthos ~ -22.1  -13.6 0.85 214 -16.0 0.22 -17.8 94 0.15 -19.1  -13.8 1.0 204 -14.4 0.79
SOM (0-1cm) vs Detritus - - - 214 172 0.52 - - - -19.1 -119 0.11 204 -14.7 0.74
SOM (0-1cm) Vs Seagrass - - - - - - - - - -19.1 < -124 0.005 -20.4 < -11.7 0.012
SOM (1-5cm) vs Microphytobenthos ~ -22.5 < -13.6 0.02 -21.7 < -16.0 0.027 -17.8 94 0.18 -19.2  -13.8 1.0 208 -14.4 0.11
SOM (1 -5cm) vs Detritus - - - 217 172 0.061 - - - -19.2 -119 0.071 208 -14.7 0.072
SOM (1-5cm) Vs Seagrass - - - - - - - - - -19.2 < -124 0.003 -20.8 < -11.7  <0.001
Microphytobenthos vs Detritus - - - -16.0 -17.2 1.0 - - - -13.8  -11.9 1.0 -14.4  -14.7 1.0
Microphytobenthos vs Seagrass - - - - - - - - - -13.8  -12.4 0.25 -14.4  -11.7 1.0
Detritus Vs Seagrass - - - - - - - - - -119  -124 1.0 -147 0 -117 1.0
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Appendix 4.4. Mean §*C values of food sources (n = 6) in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Remg Bight (SR). Comparison

(Kruskal-Wallis, p-value, post-hoc comparisons via Bonferroni’s method) between habitats. Significant differences (p < 0.050) are indicated in bold. SPOM: suspended particulate

organic matter, SOM: sediment organic matter.

Microphytobenthos SOM (0-1cm) SOM (1-5cm) SPOM
613C p 513C p 513C p 813C p
Mudflat MO vs Mudflat SR -13.6  -16.0 0.37 221 214 1.0 225 217 1.0 269 -24.6 0.25
Mudflat MO vs Seagrass MO -13.6 -13.8 1.0 -22.1 < -19.1 0.005 =225 < -19.2 0.004 -26.9 < -22.5 0.001
Mudflat MO vs Seagrass SR 136 -144 1.0 221 -204 0.22 225 -20.8 0.18 269 -24.6 0.25
Mudflat MO vs Sandflat SR -136 94 0.75 -22.1 < -178 <0.001 -225<-178 <0.001 -269 -26.7 1.0
Mudflat SR vs Seagrass MO -16.0 -13.8 0.55 214 -19.1 0.14 217 -19.2 0.18 246 225 0.78
Mudflat SR vs Seagrass SR -160 -144 1.0 214 204 1.0 217 208 1.0 246 -24.6 1.0
Mudflat SR vs Sandflat SR -16.0 < -9.4 <0.001 -214<-178 0.004 -21.7 < -17.8 0.004 246  -26.7 0.57
Seagrass MO vs Seagrass SR -13.8  -14.4 1.0 -19.1 -20.4 1.0 -19.2  -20.8 1.0 225 -24.6 0.78
Seagrass MO vs Sandflat SR -13.8 94 0.53 -19.1  -17.8 1.0 -19.2  -17.8 1.0 =225 > -26.7 0.005
Seagrass SR vs Sandflat SR 144 94 0.07 204 -17.8 0.20 208 -17.8 0.18 246 -26.7 0.57
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Appendix 4.5. Fatty acid (FA) compositions (% of total FAs, mean, n = 3) of primary producers and composite sources in the mudflats, seagrass beds and sandflat in the Marennes-
Oléron Bay (MO) and Sylt-Remg Bight (SR) in spring and autumn. Values of the five most abundant FAs are in bold. FAs are classified according to their trophic marker groups:
diatoms, bacteria, flagellates, vascular plants, and ubiquitous (see Table 4.1). Animal FA markers are consisting of 20:0, 20:1(n-7), 20:1(n-9), 20:1(n-11), 20:1, 22:1(n-7), 22:1(n-9),
22:1(n-11), 22:2(n-6), 22:2(n-9). SOM = Sediment organic matter, SPOM = Suspended particulate organic matter.

* < 8 . 3

=] C
| - l,\ .\ A gl trlj\ — /\l 1 [ 1 ) O <
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Sediment o 9 ¥ & ¥ 85 5 8 o o o 9 I & I & o 9o o o

Station layer Season I 8 8 8 8 g F T 8 O5 5 & &8 4d 8 85 F 8 o508
Microphytobenthos Seagrass MO Spring 45 11.0 3.2 3.0 3.0 224 09 15 07 86 27 11 319 15 08 29 06
Autumn 57 186 3.6 3.0 57 22.0 0.8 2.2 04 30 23 05 33 253 08 05 19 04
Mudflat MO Spring 6.9 104 41 51 6.5 260 05 9.6 1.7 05 19 48 06 08 04 147 06 09 18 23
Autumn 5.0 10.2 50 6.1 8.7 341 038 18 01 08 04 23 47 04 03 01145 06 03 17 20
Sandflat SR Spring 81 6.2 51 31 101 234 05 151 04 28 01 24 51 05 02 03 95 03 05 22 41
Autumn 84 123 54 7.4 65 324 17 0.4 08 10 37 56 04 03 04 95 07 04 20 05
Mudflat SR Spring 9.4 97 6.7 11.2 6.8 253 0.8 57 0.2 04 18 44 06 04 104 03 16 18 24
Autumn 56 7.5 85 10.2 10.9 254 0.9 3.7 18 08 21 60 04 02 99 06 09 17 27
Seagrass SR Spring 8.4 116 54 88 6.2 215 10 70 04 25 12 25 48 05 03 03121 13 08 1.7 18
Autumn 82 103 50 89 9.0 33.1 07 20 37 60 04 04 06 81 13 04 15 04
Detritus SeagrassMO 0-1cm  Spring 2.0 3.6 0.6 0.7 2.9 212 174 78 305 48 44 38 03
Autumn 14 52 04 03 23 19 0.9 3.8 23.0 107 98 276 44 65 11 07
1-5cm  Spring 14 25 06 27 0.9 2.8 220 8.0 24.0 232 46 56 07 10
Autumn 0.8 1.8 03 12 0.7 24 31.6 116 101 265 41 7.3 03 13
SeagrassSR  0-1cm  Spring 28 45 0.5 23 41 11 3.3 13.0 13.6 123 278 49 40 4.0 1.9
Autumn 1.7 69 05 0.7 6.3 25 0.9 5.3 122 147 58 271 50 53 36 14
1-5cm  Spring 1.8 3.2 131 2.7 0.9 33 9.1 28.1 215 43 98 22
Autumn 1.6 4.7 1.1 31 1.0 4.6 19.3 131 6.5 308 50 53 20 19
MudflatSR  0-1cm Spring 47 85 08 0.7 44 3.9 1.8 8.0 0.8 59 6.2 94 265 64 51 06 6.4
Autumn 87 3.6 04 23 38 0.6 47 08 245 90 09 246 18 86 50 0.7
1-5cm  Spring 43 47 50 6.4 13 10.2 56 94 87 217 65 36 55 6.9
Autumn 75 45 03 03 44 0.9 95 038 195 84 13221 34 80 50 42

Leaves Seagrass MO Spring 14 10 05 21 0.3 1.7 04 175 30.3 3.7 321 39 22 3.0
Autumn 0.5 1.8 0.2 1.0 177 388 31302 30 13 24
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Roots
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Appendix 4.6. Proportional contributions (median value with lower and upper limits of 90% confidence interval in
parentheses, %) of bacteria, suspended particulate organic matter (SPOM), sediment organic matter (SOM) and
microphytobenthos as food sources for benthic copepods and nematodes in the mudflats, seagrass beds and sandflat in
the Marennes-Oléron Bay (MO) and Sylt-Remg Bight (SR). Data for surface (0 - 1 cm) and deep (4 - 5 cm) layers are

displayed for nematodes.
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Bulk nematodes

Bulk nematodes

Benthic copepods

(0-1cm) (4-5cm)

Mudflat MO  Bacteria 3.0(0.2-14.4) 6.2 (0.2—32.5) 4.1(0.4-13.5)
SPOM 5.8 (0.3-23.4) 13.3(0.4-51.5) 7.5(0.7-21.9)
SOM 11.4 (0.6 — 40.3) 25.2 (1.0 - 79.3) 13.7 (1.4 - 36.5)
Microphytobenthos 74.0(52.2-88.9) 40.0(13.3-63.3) 71.3(53.1-84.5)

Mudflat SR Bacteria 0.5(0.0-3.3) 1.2(0.1-7.0) 2.1(0.1-8.0)
SPOM 1.2(0.1-7.2) 2.6 (0.1-16.3) 4.7(0.3-17.6)
SOM 2.3(0.1-14.2) 5.9 (0.2 - 32.8) 8.4 (0.7-27.9)
Microphytobenthos 3.8(0.1-80.7) 4.7(0.2-615) 11.7 (0.7 — 56.6)

Detritus

88.8 (8.5 97.7)

77.6 (15.4 — 94.8)

67.3 (20.6 — 87.0)

Seagrass MO  Bacteria 3.2(0.2-14.6) 5.0 (0.2-24.4) 3.6(0.4-111)
SPOM 8.5(0.3-27.3) 9.3(0.3-37.1) 7.0 (0.7-17.6)
SOM 9.4 (0.5-45.8) 17.5(0.7-75.8) 11.8 (1.0 -35)
Microphytobenthos 7.5 (0.5-42.3) 14.9 (0.7 -57.1) 14.6 (1.1 - 51.5)

Detritus

59.8 (26.1 — 78.6)

30.7 (6.4 — 62.6)

57.1(25.4 - 76.2)

Seagrass SR Bacteria 4.0 (0.2-17.9) 5.8 (0.2-25) 5.3(0.5-15.2)
SPOM 9.8 (0.4 -38.9) 10.8 (0.4 -50.7) 10.9(0.9-30.3)
SOM 21.1(1.0-61.4) 30.3(1.2-86.3) 19.3(2.1-47.2)
Microphytobenthos 42.7(22.0-67.7) 12.5(3.1-33.8) 46.6 (29.8 — 65.9)
Detritus 8.9 (0.9 -31.6) 23.8(1.2-52.8) 11.7(22-26.1)
Sandflat SR Bacteria 26(0.1-115) 5.0(0.2-21.2) 4.8(0.3-15.0)
SPOM 4.2(0.2-17.7) 7.5(0.2-31.6) 7.7 (0.5-22.8)
SOM 15.2(1.1-46.2) 25.4(1.4-771.7) 23.8 (2.6 -54.4)

Microphytobenthos

72.9 (49.8 - 89.0)

53.9 (18.9 - 74.5)

60.1(39.3 - 77.6)
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Appendix 4.7. Fatty acid (FA) compositions (% of total FAs, mean, n = 3) of nematodes and benthic copepods in the mudflats, seagrass beds and sandflat in the Marennes-Oléron
Bay (MO) and Sylt-Rgmg Bight (SR) in spring and autumn. Values of the five most abundant FAs are in bold. FAs are classified according to their trophic marker groups: diatoms,
bacteria, flagellates, vascular plants, and ubiquitous (see Table 4.1). Animal FAs are consisting of 20:0, 20:1(n-7), 20:1(n-9), 20:1(n-11), 20:1, 22:1(n-7), 22:1(n-9), 22:1(n-11),
22:2(n-6), 22:2(n-9).
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Sediment o 9 B o £ & o 9 9 9o 49 3FI B S I H o o o IFF
Station layer Season § & & 8 F T H S 8 S5 858§ § 888§ S 88
Nematodes SeagrassMO 0-1cm Spring 15 6.9 144 1.2 17 15.7 46 112 25 1.2 134 145 43 1.7 5.2
Autumn
4-5cm  Spring 21 95 111 3.5 16.9 41 58 3.1 12.1 155 7.0 6.0 3.2
Autumn 14 56 99 14 12 09 1.7 35 126 08 1.1 3.0 31 41 16 9.7 116 6.1 6.0 64 82
Mudflat MO 0-1cm Spring 2.2 4.5 19.7 10.9 44 113 28 7.0 8.8 119 83 07 56 2.0
Autumn 1.2 3.6 19.1 4.0 30 59 5312 63 06 23 141 0.3 69 50 11 38 78 84
4-5cm Spring 35 1.8 129 18.1 8.7 127 29 42 48 1.8 105 04 58 51 14 32 13 1.0
Autumn 2.8 38 6.6 129 18 04 75 11.0 03 44 23 52 35 6.0 65 41 3.7 7.2 101
SandflatSR  0-1cm  Spring
Autumn 7.7 6.1 13.7 19 06 04 22 20 84 08 14 29 134 116 86 33 35 36 79
4-5cm  Spring 45 7.2 120 27 13 09 24 32 79 09 11 24 8.0 09 138 9.8 38 6.2 44 6.7
Autumn 2.0 48 132 18 1.1 0.7 22 27 82 11 18 04 25 99 0.7 123 89 41 7.7 62 7.7
Mudflat SR 0-1cm  Spring
Autumn 1.3 31 139 14 12 08 19 28 82 10 24 03 40 131 10 11 80 7.2 46 46 9.0 9.0
4-5cm  Spring 12 28 161 1.0 15 07 1.7 24 68 05 15 04 41 74 08 1.0 9.2 7.0 5.0 4.0 124 125
Autumn 1.8 38 109 2.1 15 1.0 22 50 109 1.0 27 0.7 3.2 63 18 20 83 104 54 46 7.6 6.9
SeagrassSR 0-1cm Spring 1.8 7.3 1567 26 15 13 22 7.7 111 0.6 2.8 26 7.8 23 104 96 51 3.7 40
Autumn 1.0 6.6 10.7 08 10 1.0 1.7 6.5 132 08 19 02 22 57 39 24 54 9.4 51 80 57 6.8
4-5cm  Spring 1.1 7.8 95 2.0 09 06 19 122 123 0.8 23 16 28 40 25 55 07 42 82 48 55
Autumn 11 78 93 09 09 10 1.7 7.7 139 0.7 20 02 15 32 43 27 56 10.1 48 83 58 65
Benthic copepods Seagrass MO Spring 45 9.8 59 5.0 4.6 38.5 20.2 6.6 4.9
Autumn 3.9 7.3 63 25 08 24 07 51 0.9 49 45 07 34.8 133 24 10 36 47
Mudflat MO Spring 3.6 11.3 16.4 6.6 3.0 64 56 09 1.1 28 6.7 0.7 223 59 31 12 14 09

Autumn 24 6.6 141 7.7 06 03 53 81 58 0.6 1.6 0.5 40 10.1 0.5 0.8 16.0 58 1.0 25 25 32
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Sandflat SR
Mudflat SR

Seagrass SR

Spring 5.5 184
Autumn
Spring 4.6 13.4
Autumn
Spring 34 9.8
Autumn 3.1 135

6.8

5.2

9.4
8.2

24 05 2.0

50 14 34

3.7 1.2 2.9
27 19 12 23

1.2

2.8

24
3.1

46 04

4.9

6.4
8.2

04 26 42 11

20.8

40 80 13
26 104 1.2 0.6

25.7 157 3.8 1.8

256 84 23 13

26.2 104 4.1 1.7
210 63 41 20

1.6

0.8

4.2
3.0

1.2

11
4.6
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Interchapter 4A

From trophic relationship to energy flows

The aim of chapter four was to determine the trophic relationships between food sources and
meiobenthic consumers in several habitats characterized by different primary producers (Fig. 4A.1: indicated
in blue). The combination of bulk stable isotope compositions, fatty acid profiles and compound-specific
isotope compositions of fatty acids was effective in expanding the understanding of the functioning of these
complex food webs (Nyssen et al. 2005; Jaschinski et al. 2008; Leduc et al. 2009; Lebreton et al. 2011b;
Braeckman et al. 2015).

Combined trophic markers highlighted the importance of microphytobenthos and benthic bacteria as
food sources to nematodes and benthic copepods (Fig. 4A.1), even when variation in food sources occurred
due to habitat characteristics (e.g. growth of seagrass beds, sediment grain size leading to different microalgae
communities) or temporal variations (e.g. phytoplankton blooms). Both bacteria and microphytobenthos
represent high contributions to SOM, which was used by meiofauna as well. Bacteria from the SOM, used as
a food source by meiofauna, mainly utilized microphytobenthos as a substrate. This highlighted the importance
of microphytobenthos and bacteria for meiofauna, however, their role in the food webs of these systems has
to be clarified (Fig. 4A.2). Implementing information of meiofauna feeding behavior into food web models

could provide better insights the importance of these two food resources.

Biomass data and information gained from trophic markers were included into pre-existing food web
models describing the functioning of the five studied habitats (Leguerrier et al. 2003; Baird et al. 2007; Pacella
et al. 2013; Saint-Béat et al. 2013b, 2014). Such models provide a systematic approach and will be of high
interest to better assess the role of meiofauna into the functioning of the whole food webs. These models indeed
take into account information related to production, egestion and respiration—in addition to the data which
were gained in the two previous chapters—and therefore provide information about all the carbon flows into
a food web. Such food web models will thus permit to answer our main question: what is the role of meiofauna

in soft-bottom intertidal habitats?
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Habitat scale

Figure 4A.1. Conceptual diagram of trophic relationships between food sources and meiofauna based on isotope

composition and fatty acid profiles. SOM = sediment organic matter.
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Natural changes and pressures Human pressures

Influence of oxic
conditions and
grain size

Habitat scale

Socio-ecosystem scale
Ecosystem scale

Socio-economH |
system

Figure 4A.2. Conceptual diagram of trophic relationships between food sources and meiofauna based on isotope

composition and fatty acid profiles and the questions that arose from this trophic marker study. SOM = sediment organic

matter.
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CHAPTER 5

Food web model

assessment

“Food is the burning question in animal society, and the whole structure and
activities of the community are dependent upon questions of food supply”

Charles Elton
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Importance of microphytobenthos-meiofauna pathway
In soft-bottom intertidal food webs leads to high
production and transfer efficiency of meiofauna:

A multi-habitat comparison using linear inverse food web

modeling.
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ABSTRACT

The highly productive microphytobenthos and meiofauna compartments play an important role
in the carbon fluxes of five soft-bottom intertidal habitats, as highlighted by food web models. Flows
of carbon were determined using the linear inverse model-Markov chain Monte Carlo technique. New
data on biomass and feeding ecology of meiofauna was integrated into existing food web models from
the Marennes-Oléron Bay and the Sylt-R@mg Bight. Ecological network analyses provided insights on
food web model characteristics, e.g. cycling, throughput and redundancy, which were compared
between the modeled systems. The pathway from microphytobenthos to meiofauna was the largest flow
in all habitats, with little influence of variations in availability and productivity of food sources. This
resulted in high production and short turnover time of meiofauna. Macrofauna relied on a wider range
of food sources and had a much longer turnover time. All trophic groups of meiofauna, except for
selective deposit feeders, had a very high dependency on microphytobenthos. Selective deposit feeders
relied instead on a wider range of food sources, with varying contributions of bacteria,
microphytobenthos and sediment organic matter. Splitting meiofauna compartments and aggregating
macrofauna compartments, resulting in a similar number of compartments, reduced the food web model

cycling and increased the redundancy.

Keywords: ecological model; food web model; inverse analysis; meiofauna; microphytobenthos;

macrofauna; stable isotope mixing models; mudflats; seagrass beds; sandflats

-128 -



Chapter 5

1. INTRODUCTION

Meiofauna are known to have a high production due to their high turnover rate (Kuipers et al.
1981) and high transfer efficiency (Danovaro et al. 2007), despite their general relatively lower biomass.
Their metabolic importance sometimes overtake that macrofauna in intertidal and deep-sea ecosystems
(Schwinghamer et al. 1986; Giere 2009). Meiofauna are also known to be an important connection
between primary producers and secondary consumers (Leguerrier et al. 2003; Rzeznik-Orignac et al.
2008), as well as transferring carbon from bacterial communities towards higher trophic levels (Pascal
et al. 2008; Vafeiadou et al. 2014). Thus, given the important role of meiofauna in several ecological
processes, such as grazing on primary producers, secondary production, and transfer of energy to higher
trophic levels, unravelling their role in intertidal food webs is of very high importance (Schratzberger
and Ingels 2017). Nevertheless, the role of meiofauna in food web dynamics is generally poorly
described and understood (Leguerrier et al. 2003; Schratzberger and Ingels 2017), especially in benthic-
pelagic coupled food web models (e.g. Gamito and Erzini, 2005; Lercari et al., 2010; Saint-Béat et al.,
2014; Tecchio et al., 2015).

In most recent food web models meiofauna is described as a single compartment, or at most
split into nematodes and benthic copepods (Leguerrier et al. 2003, 2007; Baird et al. 2007; Pacella et
al. 2013). However, nematodes, generally the most abundant taxa of meiofauna, can be divided into
various trophic groups with different feeding behavior, i.e., herbivory, bacterivory, or
omnivory/carnivory (Wieser 1953). Abundances of nematodes from these trophic groups and their
feeding behavior might change depending on availability, quantity and quality of food sources (Giere,
2009). In bare systems, meiofauna have been reported to feed mainly on microphytobenthos (Rzeznik-
Orignac et al. 2008; Moens et al. 2014), whereas their range of food sources is much larger in vegetated
sediments (Leduc et al. 2009; Lebreton et al. 2012; Vafeiadou et al. 2014). Non-selective deposit feeders
feed on various food sources such as microphytobenthos, bacteria, detritus, and their diet changes
depending on the availability of these food sources (Moens and Vincx 1997b; Rzeznik-Orignac et al.
2008). Therefore, separating meiofauna into major trophic groups is needed to better understand their

relationships with specific food sources and the role of these organisms in food webs.

Due to methodological challenges, field measurements to determine the role of smaller
organisms (e.g. bacteria, meiofauna, and small macrofauna) in food webs have rarely been included
into monitoring and time series, and data on these groups are therefore often derived from single
experimental studies (Schiemer et al. 1980; Woombs and Laybourn-Parry 1985; Vranken and Heip
1986; Herman and Vranken 1988). Over the last decades, consumption flows have been estimated using
several methods such as feeding experiments, feeding observations and stomach content analyses

(Goss-Custard et al. 1977; Fauchald and Jumars 1979; Jensen and Siegismund 1980; Turpie and Hockey
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1984; Haubois et al. 2005a). Trophic marker based approaches (e.g. stable isotopes) have been used to
overcome these methodological issues on the field (Moens et al. 2005b; Rzeznik-Orignac et al. 2008;
Leduc et al. 2009; Lebreton et al. 2012), and trophic marker data have been used as constraints into
food web models to better assess the role of small organisms (van Oevelen et al. 2009; Pacella et al.
2013).

Quantitative food web models (and particularly Linear Inverse Models) are usually constructed
using conceptual and physiological information as well as field measurements, which are then translated
into constraints related to production, respiration, consumption and egestion of the various organisms
(Leguerrier et al. 2003, 2007; Degré et al. 2006; Niquil et al. 2006; Pacella et al. 2013; Saint-Béat et al.
2013Db). Linear inverse models can then be used to generate a static, mass-balanced, temporally
integrated snapshot of the complete food web and their flows using a combination of field and relevant
data (Vézina and Platt 1988; Niquil et al. 2012). Indeed, inverse modeling is a powerful method in
estimating unmeasured components within an ecosystem (Leguerrier et al. 2003, 2007; Degré et al.
2006; Pacella et al. 2013). Combined with the Markov chain Monte Carlo method, which provides the
probability distribution of flows in underdetermined systems and avoids underestimations in both the
size and complexity of the modeled food web (Kones et al. 2006; Johnson et al. 2009), this technique
permits to generate a static, mass-balanced, temporally integrated snapshot of the complete food webs
and their flows (Kones et al. 2006; van der Meersche et al. 2009; van Oevelen et al. 2009). Outputs of
models in terms of quantitative flow values are then generally analyzed using Ecological Network
Analyses (ENA) which provide numerous indices of the network properties that permit comparing the
functioning of ecosystems (Kay et al. 1989; Wulff et al. 1989; Christian et al. 2005; Ulanowicz 2011;
Niquil et al. 2012). These type of food web models can provide information on the effects of
environmental changes on the ecosystem structure and functioning (Niquil et al. 2012). They are also
interesting from a theoretical point of view (Ulanowicz et al. 2009) since they can be utilized to define
food web characteristics, such as recycling, dependencies, and efficiencies (Niquil et al. 2012), which
in turn can be useful information in ecosystem management and policy making (de la Vega et al. 2018a;
Schiickel et al. 2018).

The aims of the present study were to understand the role of meiofauna in soft-bottom intertidal
habitats and to determine potential changes in meiofauna feeding strategy depending on the availability
and productivity of food sources using food web modeling. Food web models of the Marennes-Oléron
Bay and of the Sylt-Rgmg Bight had already been built, mostly considering meiofauna as a single
compartment being partly herbivorous and detritivorous (Leguerrier et al. 2003, 2007, Baird et al.
2004b, 2007). We integrated new data from biomass assessments (van der Heijden et al. in press) and

trophic markers (van der Heijden et al. submitted). We compare five intertidal habitats to better
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understand the role of meiofauna in coastal ecosystems, both in terms of quantitative flow values and
food web properties using ENA analysis.

2. MATERIAL AND METHODS

2.1. Study sites

The Marennes-Oléron Bay, France, dominated by intertidal bare mudflats, is influenced by
oceanic and continental inputs (i.e., Charente river) of organic matter (Gouleau et al. 2000), whereas
the semi-enclosed basin of the Sylt-Rgmg Bight, Germany, has little direct continental inputs (Asmus
and Asmus 1985, 2005). The Sylt-Rgmg Bight is influenced on the other hand by the coastal water
masses of the North Sea that are on their part to a high extent influenced by the large rivers Elbe, Weser
and Rhine.

Benthic-pelagic coupled food web models were built for several intertidal habitats from the two
bays: a bare mudflat (mudflat MO) and a seagrass bed (seagrass MO) in the Marennes-Oléron Bay, and
a bare mudflat (mudflat SR), a seagrass bed (seagrass SR) and a sandflat (sandflat SR) in the Sylt-Rgmg
Bight (Fig. 5.1). These different habitats are characterized by different plant and animal communities
which previously been described: seagrass MO (Lebreton 2009; Lebreton et al. 2009), mudflat MO
(Rzeznik-Orignac et al. 2003; Haubois et al. 2005b; Bocher et al. 2007), Sylt-Rgmg Bight habitats
(Asmus and Asmus 1993, 1998, 2000, 2005; Asmus and Bauerfeind 1994; Gétje and Reise 1998), and
additional information can be found in van der Heijden et al. (in press). Food web models have already
been constructed for different habitats (Leguerrier et al. 2003; Baird et al. 2007; Pacella et al. 2013;
Saint-Béat et al. 2013b, 2014).

2.2.  Stable isotope mixing models

Stable isotope mixing models MixSIAR (Stock et al. 2018) were applied to isotope data from
van der Heijden et al. (submitted) to compute the dietary contribution of food sources to benthic
copepods and trophic groups of nematodes. Dietary contributions for these consumers were estimated
for the mudflats, seagrass beds and sandflat of the Marennes-Oléron Bay and the Sylt-Rgmg Bight using
the 5*C and 8%°N values (mean and standard deviation) of suspended particulate organic matter
(SPOM), sediment organic matter (SOM) and microphytobenthos from van der Heijden et al.
(submitted) and those of sulfide-oxidizing bacteria from Vafeiadou et al. (2014). Isotope compositions
of consumers were provided for benthic copepods and trophic groups of nematodes, namely selective
deposit feeders, non-selective deposit feeders, epigrowth feeders and omnivores/predators. Trophic
fractionation factors used were 1.0%o = 1.2 for 8*3C and 2.5%o = 2.5 for °N (vander Zanden and

Rasmussen 2001). Models were run for 100,000 iterations (of which the first 50,000 iterations were
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discarded), and a priori defined data was absent. The 90% credibility intervals (CI) provided by the
mixing models are reported here and were used as constraints in the food web models, following the

8°30'E
@ islan

Sandflat SR

¥ [V

approach of Pacella et al. (2013) and as described below.

'

Mudflat SR

Figure 5.1. Study sites in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the
Sylt-Rgmg Bight (SR) along the European Atlantic coast.

2.3. Database and linear inverse model construction

Linear inverse ecosystem models with Markov chain Monte Carlo (LIM-MCMC) were built to
determine carbon flows in the five habitats on a daily basis (mgC m? d*) using the R software (R Core
Team, 2016). Flow estimations were expressed as daily averages, converted from the annual averages,
to compare the food web models of these habitats. This allowed us to limit the seasonal and daily
fluctuations that influence network indices due to fluctuating temperature (monthly: Baird et al. (1998),
or between seasons: Baird and Ulanowicz, (1989) and Gaedke and Straile, (1994)), daily variations of
nitrogen concentrations (Field et al. 1989), seasonal nutrient loads and hypoxia (Baird et al. 2004a), and
the amount of freshwater inflows in estuaries (Scharler and Baird 2005). These models were further
constrained using outputs of the stable isotope mixing models and biomass of meiofauna (van der
Heijden et al. submitted) in order to better determine the role of meiofauna within soft-bottom coastal
habitats.
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The model of mudflat MO was based on data provided by Leguerrier et al. (2003), Degré et al.
(2006) and Saint-Béat et al. (2014) (Appendix 5.1 and 5.2). Original compartments of this model were
used as a basis for the other food web models and therefore no aggregations were conducted.

The seagrass MO model was based on data provided by Pacella et al. (2013) (Appendix 5.3).
Biomass of bacteria was changed with the value obtained in Leguerrier et al., (2003), since similar
biomass was observed in both habitats of the Marennes-Oléron Bay (van der Heijden et al. in press).
Macrofauna constraints used in Pacella et al. (2013) were aggregated based on feeding types. Trophic
groups were benthic deposit feeders (Abra spp., Arenicola marina, and Notomastus latericeus), benthic
grazers (Peringia ulvae and gastropod grazers), benthic omnivores/predators (Carcinus maenas,
Crangon crangon, and Cerebratulus marginatus), and suspension feeders (Cerastoderma edule,
Limecola balthica, Mytilus galloprovincialis, Scrobicularia plana, and Tapes spp.). Consumption rates
of these feeding groups were estimated using aggregated stable isotope values (Pacella et al. 2013).

Aggregation was done based on weighted averages using biomass and flows of the different genera.

The models of habitats from the Sylt-Rgmg Bight were based on data provided by Baird et al.
(2007) and modified by Saint-Béat et al. (2013) (Appendix 5.4 to 5.6). Because less minimum and
maximum values of flow constraints (mainly production and consumption constraints) were known
compared to models of the Marennes-Oléron Bay, equalities, provided by Saint-Beéat et al. (2013), were
converted to inequalities by subtracting and adding 30% to these values. This was considered to be the
most convenient estimations based on sensitivity analyses from Guesnet et al., (2015), and corresponds

with seasonal fluctuations for macrofauna observed by (Asmus 1987).
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Table 5.1. Biomass and abbreviations of compartments used in the food web models of the mudflats, seagrass
beds and sandflats in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR). NA = no data available.

Mudflat Seagrass Sandflat Mudflat Seagrass

MO MO SR SR SR
Number of compartments 19 21 17 17 20
Number of flows 123 138 100 96 108
Compartment Abbr.  Biomass (mg C m?)
Terrestrial
Carnivorous birds CBR 7.0 6.0 121.3 174.7 417.3
Herbivorous birds HBR - 1.0 - - 71.7
Benthic
Microphytobenthos MPB 3125.0 9250.0 130.0 120.0 120.0
Zostera noltei (seagrass tissues) Z0S - 6133.3 - - 30890.0
Benthic bacteria BBA 947.0 947.0 625.0 625.0 625.0
Nematodes — bacterivorous NBA 70.5 4.6 0.3 55 4.6
Nematodes — non-selective deposit feeders NDF 496.9 60.8 40.3 58.2 60.8
Nematodes — epigrowth feeders NEF 607.5 165.5 23.2 194 165.5
Nematodes — omnivores/predators NOM 825 63.2 60.2 19.1 63.2
Benthic copepods COP 94.8 78.3 50.1 6.0 6.1
Macrofauna — benthic deposit feeders BDF 35 98.8 6797.6 3997.6 12841.2
Macrofauna — benthic grazers BGR 695.6 4076.6 406.0 8004.0 7174.6
Macrofauna — benthic suspension feeders SUS 42.7 1704.8 192046  6275.6 12048.1
Macrofauna — benthic omnivores/carnivores BOM  597.4 50.8 729.6 2939.8 1097.9
Sediment organic matter SOM NA 27560.0 19000.0 19000.0  19000.0
Pelagic
Phytoplankton PHY 254.5 254.5 1040.0 1040.0 1040.0
Pelagic bacteria PBA 157.2 157.2 9.0 9.0 9.0
Mesozooplankton Z00 160.0 160.0 11.2 - -
Microzooplankton MzO  110.0 - - - -
Benthic fish BFI 195.0 195.0 2.9 15 14.9
Suspended particulate organic matter SPOM NA 1044.2 500.0 500.0 500.0
Dissolved organic matter DOC - 1850.3 - - 62.0
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2.4, Calculation of LIM solutions

Model simulations were realized using a script of limSolve package from van Oevelen et al.
(2009) with the use of the R software (R Core Team, 2016). Mass balance of each compartment and
constraints were integrated into the LIM-MCMC models. Matrices of the linear equations (A and G)
were combined with the vectors of equalities (b) and inequalities (h) to generate the vector of unknown
flows (x) (van der Meersche et al. 2009):

Equality equation: A*x=D
Inequality equation: G*x>h

The vectors x were then estimated by sampling through a solution space using the LIM-MCMC
mirror defined by van den Meersche et al. (2009) and revised by van Oevelen et al. (2010). 500,000
solutions were calculated, using a jump size of 0.5, and uncertainty was estimated, which provided a
range of possible values for each flow. Visual observations of iterated flow values provided information
on the stability of the iterations and the completeness of the sampled solution space and thereby

validated the total number of iterations and jumps selected.

2.5. Network analysis and statistical methods

Network analysis and statistical tests were performed using the R software. Four ENA indices
were computed from the 500,000 estimated solutions: Total system throughput (T..), Finn cycling index
(FCI), relative redundancy (R/C) and system omnivory index (SOI) (formulas in Appendix 5.7). T..
reflects the sum of all network flows within the system (Latham et al., 2006), also considered as the
total power generated within the system (Baird et al. 1998). Note the difference between the total system
throughput (T..) and total system through-flow (TST), used by Baird et al. (2007) and Leguerrier et al.
(2003). TST, which is the sum of compartmental through-flow (Latham et al., 2006), is estimated here
as well to facilitate comparison. The individual throughput of a compartment is an estimation of the
compartment activity, defined as the sum of all fluxes of matter passing through this compartment (Kay
et al. 1989). FCI reflects the retentiveness of the system and is estimated by the ratio of T and T..,
where T is the amount devoted to cycling (Baird and Ulanowicz 1989; Baird et al. 2004b, a). R/C
highlights the diversity of food sources within the diet of consumers (Ulanowicz and Norden 1990).
The SOI highlights the omnivory of all compartments, weighted by the logarithm of each
compartment’s ingestion (Pauly et al. 1993). Cliff’s delta statistic method (CIiff 1993; MacBeth et al.
2012), as defined in Tecchio et al. (2016), was used to test for significant differences of index values
between the five habitats. This method uses a non-parametric effect size statistic to estimate the
probability that a randomly selected value in the first sample is higher than a randomly selected value

in the second sample, minus the reverse probability. Whether the difference is due to an effective
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ecological meaning or sample size alone can be tested by comparing the degree of overlap between the
two distributions. Threshold values determined the significant difference (Romano et al., 2006) with
low threshold values considered as similarly (negligible: | ) | < 0.147 and small | ) | < 0.33), whereas
higher delta values (medium | ) | < 0.474 and large | 3 | > 0.474) were considered as significantly
different (Tecchio et al. 2016).

Further, the trophic levels and omnivory indices were calculated for each individual
compartment (formulas in Appendix Table 5.7). Trophic levels were also estimated for the whole food
webs. Several ratios were calculated from the estimated solutions for each individual compartments:
detritivory/herbivory ratio, bacterivory/herbivory ratio, dependency ratio, throughput/biomass ratio and
production/biomass ratio. Detritivory/herbivory ratios were estimated based on the detritivory
(consumption of SOM, SPOM and dissolved organic carbon (DOC)) and herbivory (consumption of
microphytobenthos,  phytoplankton and seagrass) of each consumer compartment.
Bacterivory/herbivory ratios were estimated based on the bacterivory (consumption of benthic and
pelagic bacteria) and herbivory of each consumer compartment. Dependency ratios determines the
dependence of consumers on the sources through both direct and indirect pathways. Its allows to
determine the origin of carbon ingested by each compartment. Because an atom of carbon can go
through several compartments before it is consumed by a particular organism, the sum of dependency
ratios can exceed 100% (Baird and Ulanowicz 1989). Throughput/biomass and production/biomass
ratios, an estimation of the activity per biomass unit, were estimated based on the throughput,
production and biomass of each consumer compartment and thus permits determining the active
compartments of the ecosystem. Cliff’s delta statistic was used to test for significant differences in

detritivory/herbivory and bacterivory/herbivory ratios between the five habitats.

Modified Lindeman spines were used to illustrate the five complex food webs as linear food
chains with integer trophic levels (Wulff et al. 1989). In this modified version, primary producers and
detritus form the first trophic level. Consumers were distributed in their respective trophic levels
according to their feeding behavior and the trophic levels were separated between meiofauna and other
consumers. For each trophic level the inputs, losses due to respiration, exports and output as detritus
and transfers to higher trophic levels were detailed. The trophic efficiency was calculated based on these
flows and highlights the efficiency of the energy transfered from one trophic level to the next one (Baird
et al. 2004b).
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3. RESULTS

3.1. MixSIAR outputs

Mixing models highlighted the importance of microphytobenthos as a food source for non-
selective deposit feeding nematodes (50.1-97.8%), epigrowth feeding nematodes (35.2-98.1%), and
benthic copepods (37.6-96.5%) in all of the five habitats (Appendix 5.8). The food sources used by
selective deposit feeding nematodes were more variable depending on the habitat. In the Marennes-
Oléron Bay selective deposit feeders relied mainly on bacteria (38.6-88.2%) and to a lesser extent on
microphytobenthos (8.3-49.1%). The role of bacteria was much lower in the Sylt-Remg Bight (2.8—
42.5%), whereas contributions of microphytobenthos were higher (23.5-62.7%). SPOM (0.4-52.2%)
and SOM (0.4-38.8%) had variable contributions in the Sylt-Rgmg Bight habitats. Food sources were
much more diverse for omnivores/predating nematodes, as these consumers were relying on nematodes
(0.1-65.9%) and benthic copepods (0.8-54.5%), as well as on primary producers (i.e.,
microphytobenthos, 0.6-58.4%).

3.2, General characteristics of the food web models

The food web models of the five habitats in each system, the Marennes-Oléron Bay and the
Sylt-Rgmg Bight, integrated different compartments with varying biomass (Table 5.1), energy
requirements, production estimates, resulted in distinct simulated trophic interactions (Fig. 5.2-5.4,
Appendix 5.9).

Habitats of the Marennes-Oléron Bay had a higher biomass of microphytobenthos, benthic
bacteria, pelagic bacteria, zooplankton and benthic fish compared to the Sylt-Rgmg Bight, whereas
biomass for seagrass, phytoplankton, benthic deposit feeders, suspension feeders and carnivorous birds
in the Sylt-Rgmg Bight compared to the Marennes-Oléron Bay (Table 5.1). Local patterns were also
observed between habitats in the two ecosystems: higher biomass of nematodes (all trophic groups) in
mudflat MO than in all other habitats, and higher biomass of benthic grazers and suspension feeders in
seagrass MO than in mudflat MO. The different habitats in the Sylt-Remg Bight were generally more

similar in terms of compartment biomass.

The carbon flow networks of the five habitats were cast into a simplified construction of each
food web (Fig. 5.2-5.4). Such diagrams highlighted that larger proportions of the energy passed through
meiofauna in the Marennes-Oléron Bay habitats (43.7-70.4%, Fig. 5.2), while higher proportions of
energy flowed through macrofauna compartments in the Sylt-Rgmg Bight habitats (54.6-70.6%, Fig.
5.2 and 5.3).
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Figure 5.2. Food webs of the mudflat and seagrass bed in the Marennes-Oléron Bay (MO) obtained by linear
inverse modeling. Mudflat MO food web model consists of two primary producer compartments (green), two
bacteria compartments (blue), two detrital compartments (orange) and 13 consumer compartments (pink).
Seagrass MO food web model consists of three primary producer compartments (green), two bacteria
compartments (blue), three detrital compartments (orange) and 13 consumer compartments (pink). Arrow
thickness indicates the magnitude of the flow between compartments. Unknown biomass for SOM and SPOM of
mudflat MO. Meiofauna compartments are in bold. BBA =henthic bacteria, BDF = benthic deposit feeding
macrofauna, BFI = benthic fish, BGR = benthic grazing macrofauna, BOM = benthic omnivorous macrofauna,
COP = benthic copepods, CBR = carnivorous birds, DOC = dissolved organic carbon, HBR = herbivorous birds,
MPB = microphytobenthos, MZO = microzooplankton, NBA = selective deposit feeding nematodes, NDF = non-
selective deposit feeding nematodes, NEF = epigrowth feeding nematodes, NOM = omnivorous/predating
nematodes, PBA = pelagic bacteria, PHY = phytoplankton, SPOM = suspended particulate organic matter, SOM
= sediment organic matter, SUS = suspension feeding macrofauna, ZOO = mesozooplankton, ZOS = Zostera

noltei material.
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Chapter 5

Figure 5.3. Food webs of the mudflat and seagrass bed in the Sylt-Remg Bight (SR) obtained by linear inverse
modeling. Mudflat SR food web model consists of two primary producer compartments (green), two bacteria
compartments (blue), two detrital compartments (orange) and 11 consumer compartments (pink). Seagrass MO
food web model consists of three primary producer compartments (green), two bacteria compartments (blue),
two detrital compartments (orange) and 12 consumer compartments (pink). Arrow thickness indicate the
magnitude of the flow between compartments. Meiofauna compartments are in bold. BBA =benthic bacteria,
BDF = benthic deposit feeding macrofauna, BFI = benthic fish, BGR = benthic grazing macrofauna, BOM =
benthic omnivorous macrofauna, COP = benthic copepods, CBR = carnivorous birds, HBR = herbivorous birds,
MPB = microphytobenthos, NBA = selective deposit feeding nematodes, NDF = non-selective deposit feeding
nematodes, NEF = epigrowth feeding nematodes, NOM = omnivorous/predating nematodes, PBA = pelagic
bacteria, PHY = phytoplankton, SPOM = suspended particulate organic matter, SOM = sediment organic matter,

SUS = suspension feeding macrofauna, ZOS = Zostera noltei material.
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Figure 5.4. Food of the sandflat in the Sylt-Remg Bight (SR) web obtained by linear inverse modeling. This
model consists of two primary producer compartments (green), two bacteria compartments (blue), two detrital
compartments (orange) and 12 consumer compartments (yellow). Arrow thickness indicate the magnitude of the
flow between compartments. Meiofauna compartments are in bold. BBA =benthic bacteria, BDF = benthic deposit
feeding macrofauna, BFI = benthic fish, BGR = benthic grazing macrofauna, BOM = benthic omnivorous
macrofauna, COP = benthic copepods, CBR = carnivorous birds, MPB = microphytobenthos, MZO =
microzooplankton, NBA = selective deposit feeding nematodes, NDF = non-selective deposit feeding nematodes,
NEF = epigrowth feeding nematodes, NOM = omnivorous/predating nematodes, PBA = pelagic bacteria, PHY =
phytoplankton, SPOM = suspended particulate organic matter, SOM = sediment organic matter, SUS = suspension

feeding macrofauna, Z00 = mesozooplankton.

3.3. Network analysis

Total system throughput (T..) was significantly higher in the Marennes-Oléron Bay habitats
(mudflat: 8943 mgC m d*, seagrass: 8888 mgC m? d*) compared to the Sylt-Remg Bight habitats
(mudflat: 7142 mgC m?d™, seagrass: 7990 mgC m™ d*, sandflat: 5037 mgC m?d™?) (Fig. 5.5, Appendix
5.10). Total system through-flow (TST) was higher in mudflat MO (6859 mgC m™ d') compared to
other habitats (seagrass SR: 6067 mgC m™ d, seagrass MO: 5716 mgC m™ d*, mudflat SR: 5711 mgC
m? d* and sandflat SR: 3735 mgC m? d™). Of the total carbon flows in the food webs, proportions
involved in cycling pathways ranged from 2.4% (seagrass MO) to 13.1% (mudflat SR), with higher FCI
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in the Sylt-Rgmg Bight mudflat than in all other habitats, especially the seagrass bed of the Marennes-
Oléron Bay. Relative redundancy (R/C) varied between 57.3% (sandflat SR) and 69.8% (seagrass MO),
with the R/C in seagrass MO being higher than in all other habitats, and sandflat SR being lower than
all other habitats. Total system omnivory index ranged from lowest index values in the sandflat of the
Sylt-Remg Bight (0.10) to the highest index in the mudflat of the Marennes-Oléron Bay (0.16, Fig. 5.5).
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Figure 5.5. Ecological network analysis indices: total system throughput (T..) (top left panel), Finn cycling index
(top right panel), relative redundancy (bottom left panel), and system omnivory index (bottom right panel) for the
mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR). Letters

displayed above boxes indicate groups of samples with similar indices using Cliff’s delta statistics.

Mean trophic levels varied between habitats and ranged from 2.1 (seagrass MO) to 2.4 (mudflat
MO and mudflat SR; Appendix 5.11). A low dependency on export was observed in mudflat SR (7.6%),
seagrass MO (4.1%) and seagrass SR (6.2%), whereas the export dependency was slightly higher for
mudflat MO and sandflat SR (Appendix 5.11). Detritivory/herbivory and bacterivory/herbivory ratios
varied significantly between each habitat, when compared using CIiff delta statistics (lowest delta-
value: 0.069, Appendix 5.10). The food web of mudflat MO had the highest detritivory/herbivory ratio
(1.32), whereas seagrass MO had the lowest (0.38). Bacterivory/herbivory ratios were much lower, with

the lowest ratio for seagrass MO (0.04) and the highest ratio in seagrass SR (0.32).
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3.4.  Throughput and production of food sources

The high total system throughput in seagrass MO was assigned mainly to the high input (971.8
mgC m? d*) and export (1125.3 mgC m? d*) of dissolved organic carbon (Appendix 5.9). Primary
production of microphytobenthos represented the largest flows within the food webs of all habitats
when exogenous flows were excluded, ranging from 774.4 (sandflat SR) to 1215.2 mgC m™ d* (mudflat
MO, Table 5.2). This was particularly the case in the Sylt-Rgmg Bight where very high primary
production/biomass (P/B) ratios of microphytobenthos were observed (6.45 to 7.87 d), while they
ranged from 0.11 to 0.39 d* in the Marennes-Oléron Bay habitats. The proportion of primary production
by microphytobenthos ranged from 45.2% (seagrass SR) to 81.3% (seagrass MO) and
microphytobenthos was the most important primary producer in all habitats with gross primary
production (GPP) ranging from 774.4 (sandflat SR) to 1215.2 mgC m? d* (mudflat MO). GPP of
seagrass was much lower than that of microphytobenthos in seagrass MO (45.1 compared to 1043.1
mgC m? d™) and slightly lower than that of microphytobenthos in seagrass SR (792.8 compared to
857.8 mgC m2d*).

Production of bacteria was more variable than production of microphytobenthos, with much
higher values in the Sylt-Rgmg Bight (147.7 to 339.8 mgC m? d™) than for the Marennes-Oléron Bay
(41.3 to 97.0 mgC m? d*, Table 5.2). P/B ratios of bacteria were much lower than those of
microphytobenthos and ranged from 0.04 (seagrass MO) to 0.54 d™ (seagrass SR), with highest values
in the Sylt-Remg Bight (0.24 to 0.54 d™). Export of living compartments was much higher in seagrass
MO (490 mgC m2 d™) than in all other habitats (0.5 to 336.7 mgC m™ d*, Appendix 5.9). This export
was mainly occurring in pelagic or migrating compartments, such as phytoplankton, pelagic bacteria,

zooplankton, benthic fish and carnivorous birds.
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Table 5.2. Production and production/biomass ratios of microphytobenthos, phytoplankton, seagrass and bacteria
in the mudflats, seagrass beds, and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Remg Bight (SR).

Production (mgC m?d?)

Mudflat Mudflat Seagrass Seagrass Sandflat

MO SR MO SR SR
Microphytobenthos  1215.2  1023.1 1043.1 857.8 774.4
Phytoplankton 604.9 237.4 194.2 247.5 446.5
Seagrass - - 451 792.8 -
Bacteria 97.0 313.2 41.3 339.8 147.7

Production/biomass ratio (d™)

Microphytobenthos 0.39 7.87 0.11 7.15 6.45
Phytoplankton 2.38 0.23 0.76 0.24 0.43
Seagrass - - 0.01 0.03 -

Bacteria 0.10 0.50 0.04 0.54 0.24

3.5. Meiofauna and macrofauna throughput and production

Meiofauna and macrofauna throughputs ranged from 285.0 (seagrass MO) to 996.1 mgC m? d*
(mudflat MO) and from 87.7 (mudflat MO) to 1490.0 mgC m™ d* (mudflat SR, Fig. 5.6), respectively.
Meiofauna throughputs were higher than those of macrofauna in the Marennes-Oléron Bay habitats
(throughput ratio from 1.7 to 11.4), while the opposite pattern was observed in the Sylt-Rgmg Bight
habitats (throughput ratios from 0.2 to 0.7). Meiofauna throughput was much higher than macrofauna
throughput in mudflat MO.

Biomass of meiofauna (108.2—1352.1 mgC m™) was much lower than macrofauna (1339.2—
33161.7 mgC m?) in all habitats, except in mudflat MO where biomass of meiofauna and macrofauna
were similar (i.e., 1352.1 and 1339.2 mgC m?, Table 5.1). In seagrass MO, meiofauna biomass was 15-
fold lower, whereas in the Sylt-Rgmg Bight biomass of meiofauna were between 100-fold (seagrass
SR) and 200-fold (mudflat SR) lower compared to macrofauna biomass. Throughput/biomass ratios of
meiofauna were higher than those of macrofauna, ranging from 0.66 (sandflat SR) to 4.69 (mudflat SR),
whereas macrofauna had much lower throughput/biomass ratios, ranging from 0.03 (seagrass MO) to
0.07 (mudflat SR).

Mean production ranged from 14.5 (seagrass MO) to 35.8 mgC m? d* (mudflat MO) for
meiofauna and from 3.2 (seagrass SR) to 41.3 mgC m? d* (mudflat SR) for macrofauna. Mean
production of meiofauna was higher than macrofauna production in mudflat MO, seagrass SR and

sandflat, whereas they were more similar in mudflat SR and seagrass MO (Fig. 5.6, Appendix 5.12).
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Production of meiofauna compartments ranged from 0.6 (benthic copepods, seagrass MO) to
48.7 mgC m? d* (epigrowth feeders, mudflat MO, Appendix 5.12). Production of macrofauna
compartments ranged from 0.1 (benthic deposit feeders, mudflat MO) to 90.1 mgC m? d* (benthic
grazers, mudflat SR).

Meiofauna production/biomass (P/B) ratios were much higher in the Sylt-Remg Bight mudflat
(0.28 d*) than in all other habitats (from 0.03 to 0.09 d) (Fig. 5.6, Appendix 5.12). Macrofauna P/B
ratios were between four (mudflat MO) and 1000 times (seagrass SR) smaller than meiofauna P/B
ratios, and therefore lower than 0.01 d* in all habitats.
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Figure 5.6. Throughput (left top panel), production (left bottom panel), throughput/biomass ratios (right top panel)
and production/biomass ratios (right bottom panel) of meiofauna and macrofauna from the mudflats, seagrass
beds and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR).

3.6.  Transfer efficiency

Modified Lindeman spines highlighted that input for primary producers (i.e., an aggregation of
primary production and phytoplankton inputs) ranged from 1215.2 (mudflat MO) to 1900.1 mgC m2 d*
(seagrass SR; Fig. 5.7). Transfer efficiencies (TE) of this integer trophic level | ranged from 33.3%
(seagrass MO) to 77.8% (mudflat SR). Exogenous detritus input was much higher in seagrass MO
(1546.1 mgC m? d™) than in mudflat MO (308.0 mgC m™? d™) and all habitats of the Sylt-Remg Bight
(39.2-54.0 mgC m™ d?). Similarly, detritus export was three to five times higher in seagrass MO
(1866.8 mgC m d™) than in all other habitats (390.0-571.9 mgC m d™).
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TEs of meiofauna (23.1-27.9%) were higher than of macrofauna in the Sylt-Rgmg Bight (5.1-
12.9%), whereas TEs of meiofauna (11.0-17.3%) in the Marennes-Oléron Bay were slightly lower than
TEs of macrofauna (21.6-27.9%). Meiofauna from mudflat MO had much higher losses due to
respiration compared to meiofauna in all other habitats (Appendix 5.9). Respiration of meiofauna in
mudflat MO represented 15% of the total system respiration, which was much higher than in other
habitats (1.1-2.1%). Egestion of meiofauna had relatively higher contributions to total system egestion
in all habitat (18.1-38.2%), except for the sandflat of the Sylt-Rgmg Bight (5.5%). Macrofauna had low
proportions of respiration (2.0-10.1%) and egestion (2.0-4.4%) in the Marennes-Oléron Bay compared
to the Sylt-Regmg Bight (respiration: 32.3-58.5%, egestion: 36.3-51.2%).
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Figure 5.7. Modified Lindeman spine describing food webs of the mudflats, seagrass beds, and sandflat in the
Marennes-Oléron Bay (MO) and the Sylt-Remg Bight (SR). Boxes separated between integer trophic levels with
meiofauna (“M” followed by roman numbers) and integer trophic levels with remaining compartments (roman
numbers). Percentages refer to the trophic transfer efficiency. Black arrows indicate energy flows between trophic
levels as well as imports. Export flows are indicated using brown arrows and flows from and to detritus (DET)
are indicated using blue arrows. Green ground symbols display energy losses due to respiration. All values are

given in mgC m2d.
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Figure 5.8. Transfer efficiencies of meiofauna and macrofauna of the mudflats, seagrass beds, and sandflat in the
Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR).

TEs of meiofauna trophic groups were similar within the mudflat SR and seagrass SR, however,
were more variable in mudflat MO, seagrass MO and sandflat SR (Appendix 5.13). Epigrowth feeders,
omnivores/predators and benthic copepods had higher TEs than selective deposit feeders and non-
selective deposit feeders in sandflat SR and seagrass MO. In mudflat MO omnivores/predators and

benthic copepods had much lower TEs compared to other nematode feeding groups.

3.7.  Trophic levels and feeding types

Meiofauna trophic groups had effective trophic levels (TL) ranging from 2.0 (non-selective
deposit feeders, mudflat SR) to 2.8 (selective deposit feeders, mudflat MO; Table 5.3). Benthic
copepods, non-selective deposit feeding and epigrowth feeding nematodes had the lowest TLs and were
similar between habitats ranging from 2.0 to 2.1. Selective deposit feeding nematodes and

omnivorous/predating nematodes had much higher TLs with highest values for omnivores/predators in
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all habitats (2.5-2.7), except in mudflat MO where TL of selective deposit feeders was 2.8. Compared
to other trophic groups much higher variability was observed in TLs of selective deposit feeders, with
higher TLs in the Marennes-Oléron Bay (2.5-2.8) compared to the Sylt-Remg Bight habitats (2.2).

Non-selective feeding nematodes (0.03-0.08), epigrowth feeding nematodes (0.03-0.08) and
benthic copepods (0.05-0.10) were characterized by low omnivory. Contrarily, selective deposit
feeding nematodes and omnivorous/predating nematodes had relatively higher omnivory index which
ranged from 0.16 to 0.25 and from 0.26 to 0.31, respectively (Table 5.3).

Meiofauna detritivory/herbivory ratios ranged from 0.14 (seagrass MO) to 0.57 (sandflat SR),
with meiofauna in the Sylt-Remg Bight habitats having the highest ratios (Table 5.3, lowest delta-value:
0.155, Appendix 5.10). Detritivory/herbivory ratios were much lower for meiofauna compared to
macrofauna (0.31-1.26, Appendix 5.14) and the whole food web (0.38-1.32, Appendix 5.11) in each of
the habitats. Bacterivory/herbivory ratios of meiofauna (0.07-0.15) were similar (Marennes-Oléron
Bay) or smaller (Sylt-Remg Bight) than detritivory/herbivory ratios, with the lowest ratios measured in
mudflat SR (0.07) (Table 5.3, lowest delta-value: 0.669, Appendix 5.10). Bacterivory/herbivory ratios
of macrofauna, ranging from 0.15 (seagrass MO) to 0.54 (sandflat SR), were higher than those of

meiofauna.

Table 5.3. Mean trophic levels and omnivory indices for trophic groups of nematodes and benthic copepods
(COP) and detritivory/herbivory (D/H) and bacterivory/herbivory (B/H) ratios for meiofauna in the mudflats,
seagrass beds, and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Remg Bight (SR). Trophic groups of
nematodes are selective deposit feeders (NBA), non-selective deposit feeders (NDF), epigrowth feeders (NBA)
and omnivores/predators (NOM). Letters displayed next to ratios indicate groups of samples with similar values

using Cliff’s delta statistics.

Mean trophic level Omnivory index D/H ratio B/H ratio

NBA NDF NEF NOM COP NBA NDF NEF NOM COP Meiofauna Meiofauna

Mudflat MO 2.8 2.1 21 26 21 018 005 0.07 0.30 0.08 0.197(+0.04) 0.13" (+0.01)
Mudflat SR 22 2.0 20 27 21 017 003 0.03 026 0.08 0.18”(+0.04) 0.078 (+0.02)
SeagrassMO 25 21 20 27 21 025 0.08 004 026 0.05 0.14°(+0.03) 0.12C(%0.02)
SeagrassSR 2.2 21 21 27 21 016 007 008 027 0.10 0.46°(+0.11) 0.15" (+0.05)
Sandflat SR 22 21 21 25 21 019 005 0.07 028 006 057 (+0.17) 0.12C(+0.04)

More specialized feeding behavior was observed for meiofauna compared to macrofauna
(Fig. 5.9). Flows of energy from food sources to macrofauna highlighted much larger flow values in the
Sylt-Remg Bight than in the Marennes-Oléron Bay. For meiofauna, herbivory was related to feeding
merely on microphytobenthos (62.8 to 690.9 mgC m™ d) and the highest computed carbon flow was

from microphytobenthos to meiofauna in mudflat MO. Carbon flows from microphytobenthos to
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macrofauna were lower than to meiofauna in all habitats, except in mudflat SR (398.2 mgC m? d%).
Carbon flows from detrital origin to meiofauna (i.e., sum of SOM and SPOM) were much lower than
those from microphytobenthos to meiofauna, with the highest of such flows observed in mudflat MO
(127.9 mgC m2 d?*) and seagrass SR (178.9 mgC m™ d™). Detritivory of macrofauna was higher than
that of meiofauna, mainly due to a higher reliance of macrofauna on SOM. Flows of bacteria to
meiofauna were much lower than those of bacteria to macrofauna in the Sylt-Remg Bight, but similar
in seagrass MO and even higher in mudflat MO (92.8 mgC m? d). Flows from seagrass material
towards consumers were very low.

Total flows of carbon from microphytobenthos to benthic secondary consumers, i.e., meiofauna
and macrofauna, were higher than flows from bacteria or SOM in the Marennes-Oléron Bay habitats
(Appendix 5.9). In these habitats carbon flows of microphytobenthos account for about 70% of total
sum of flows. Carbon flows from food sources to benthic consumers in the Sylt-Remg Bight habitats
were originating from more diverse sources such as microphytobenthos (21.4-42.9%), SOM (18.1-
25.2%), bacteria (9.7-21.1%) and phytoplankton (3.0-10.3%).
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Figure 5.9. Flows of carbon from food source to meiofauna and macrofauna in the mudflats, seagrass beds, and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg

Bight (SR). SOM = sediment organic matter, SPOM = suspended particulate organic matter.
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Carbon flows highlighted large fluxes from microphytobenthos to several trophic groups of
meiofauna, especially to non-selective deposit feeding nematodes (15.4-290.8 mgC m? d™), epigrowth
feeding nematodes (9.9-314.6 mgC m? d™) and benthic copepods (1.8-29.3 mgC m? d*, Fig. 5.10,
Appendix 5.9). Omnivorous/predating nematodes relied on microphytobenthos (7.8-56.3 mgC m? d*)
as well as on other meiofauna (10.3-88.4 mgC m d*), whereas selective deposit feeding nematodes
relied on more variable food sources. Selective deposit feeders relied most on bacteria in the Marennes-
Oléron Bay habitats (8.2-34.9 mgC m™ d?), whereas they relied more on microphytobenthos in the
Sylt-Rgmg Bight habitats (0.5-16.1 mgC m™ d%). Lower contributions of bacteria were observed in the
Sylt-Remg Bight (0.5-7.5 mgC m™ d), whereas microphytobenthos was the second most important
contributor to these nematodes in the Marennes-Oléron Bay habitats (5.7-6.8 mgC m?2 d™).

Dependency ratios of benthic copepods, non-selective deposit feeders, epigrowth feeders and
omnivores/predators, ranging from 0.75 (benthic copepods, seagrass SR) to 0.96 (non-selective deposit
feeders, mudflat MO), demonstrated that these trophic groups depend mostly on microphytobenthos in
all habitats (Appendix 5.15). Dependency ratios to other food sources were lower, ranging from 0.04
(epigrowth feeders, seagrass MO) to 0.50 (epigrowth feeders, seagrass SR) for SOM and from 0.00 to
0.18 for other food sources (i.e., benthic bacteria, SPOM, seagrass material). Selective deposit feeders
depended on a large diversity of food sources (i.e., microphytobenthos, SOM and bacteria) in all

habitats, except in seagrass MO where they depended equally on bacteria and microphytobenthos.
Carbon flows from food sources to macrofauna (Appendix 5.9) as well as dependency ratios of

macrofauna (Appendix 5.16) indicated much more variability in food sources with no clear dependency

on a specific food source.
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Figure 5.10. Flows of carbon from food source to selective deposit feeding nematodes (NBA), non-selective
deposit feeding nematodes (NDF), epigrowth feeding nematodes (NEF), benthic copepods (COP) and
omnivorous/predating nematodes (NOM) in the mudflats, seagrass beds, and sandflat in the Marennes-Oléron
Bay (MO) and the Sylt-Rgmg Bight (SR). MPB = microphytobenthos, SOM = sediment organic matter, SPOM =

suspended particulate organic matter.
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4. DISCUSSION

4.1.  Comparisons of intertidal food webs

Food web models of the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay and the
Sylt-Rgmg Bight had higher T.. and R/C, and lower FCI when compared to ENA indices previously estimated
for these food webs (Baird et al., 2007; Degré et al., 2006; Leguerrier et al., 2003; Pacella et al., 2013).

The low T.. values characterizing the sandflat and mudflat of the Sylt-Remg Bight was related to the
lower primary production and/or lower exogenous flows in these habitats (Baird et al., 2007). Primary
production of microphytobenthos represented the highest carbon flow in all habitats, except for the seagrass
bed of the Marennes-Oléron Bay where it was the second one after exogenous flows. All these intertidal soft-
bottom food webs therefore mostly relied on autochthonous production as also observed by van Oevelen et al.
(2006) and Pacella et al. (2013).

Total system through-flows (TST) in the Sylt-Rgmg Bight mudflat were comparable to previously
estimated values (Baird et al., 2007). TST of the sandflat and the seagrass bed of the Sylt-Rgmg Bight were
lower than previous estimated values (Baird et al., 2007). Higher TST was observed in the Marennes-Oléron
Bay mudflat compared to the value from Leguerrier et al. (2003) due to higher throughputs of phytoplankton,
SOM, SPOM, pelagic bacteria and meiofauna. The much higher biomass of meiofauna used in our study can
result in much higher throughput of meiofauna and indirectly increase the throughput of bacteria and SOM, on
which they feed. The opposite pattern was observed in the Marennes-Oléron Bay seagrass bed where lower
T.., when compared to the T.. from Pacella et al. (2013), was related to decreasing throughput of bacteria,

meiofauna and benthic fish.

Recycling in a system is strongly linked to the movement of detritus between compartments (Saint-
Béat et al., 2015). The low cycling in the seagrass bed of the Marennes-Oléron Bay could be related to the
lower degree of detritivory compared to the other habitats. Cycling was generally lower for all five habitats
compared to previous studies from these systems (Baird et al., 2007; Leguerrier et al., 2003; Pacella et al.,
2013). This pattern seemed to partly be due to to the integration of detailed information on the feeding ecology
of meiofauna leading to (1) higher fluxes of carbon from microphytobenthos to meiofauna and (1) the lowering
of carbon fluxes involved in the cycling pathway (i.e., lower consumption of detritus and/or bacteria), both
events reducing FCI in studied systems. This highlights how sensitive the determination of ecosystem

characteristics can be to the level of information included in the models.
Low cycling can be a characteristic of a low system maturity (Odum, 1969; Vasconcellos et al., 1997),
although debated (Baird et al., 2007; Christensen, 1995; Saint-Béat et al., 2015). Because mature systems have

a higher capacity to recycle material they are more likely to recover from perturbations (Vasconcellos et al.,
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1997). Another indicator of system maturity, the omnivory index (McCann and Hastings, 1997), indicated a
moderate maturity in our studied systems (0.105-0.162) when compared to several different systems, such as
bays (0.009 — 0.177, Rybarczyk et al., 2003; Tecchio et al., 2015), estuaries (~0.10-0.30, Monaco and
Ulanowicz, 1997; Tecchio et al., 2016), sandy beaches (0.0007-0.037, Lercari et al., 2010) and coastal lagoons
(0.092, Gamito and Erzini, 2005). However, as for cycling, there are still some uncertainties in the role of
omnivory in ecosystem dynamics (Saint-Béat et al., 2015).

Contrarily to cycling, the relative redundancy of these food webs were higher when compared to
previously estimated values (Baird et al., 2007; Pacella et al., 2013), with highest redundancy for the seagrass
bed of the Marennes-Oléron Bay. Higher R/C proportions indicates a higher resilience of a system (Virgo et
al., 2006), which is caused by a high number of parallel trophic pathways enabling the system to rely on the
remaining pathways to function when other parallel pathways are restrained (Ulanowicz, 2004). As a result,
high R/C proportions in all habitat food webs indicate they all were relatively stable: the most stable one being
the seagrass bed of the Marennes-Oléron Bay (i.e., highest R/C). The opposite pattern between low maturity
(i.e., low FCI and SOI) and high resilience (high R/C) highlights the importance to further assess the system
stability and maturity by using ENA indices, as highlighted by Saint-Béat et al. (2015).

4.2.  The effects of aggregating and splitting compartments

Aggregating macrofauna species into four compartments and splitting meiofauna into five
compartments was required to compare the indices and flow outputs between the different models. These
modifications indirectly resulted in slight changes of ENA indices (e.g. throughputs, lower cycling and higher
redundancy) and carbon flows compared to previous models (Baird et al., 2007; Leguerrier et al., 2003; Pacella
etal., 2013). The effect on T.. was very small in the Sylt-Rgmg Bight food webs (Baird et al., 2009, 2007) and
the lower values in the Marennes-Oléron Bay seagrass bed (Pacella et al., 2013) were rather considered to be

related to changes of biomass.

The cycling values on the other hand were lower than those of previous models (Baird et al., 2007;
Leguerrier et al., 2003; Pacella et al., 2013), which could be partially related to aggregating or splitting of
compartments (Baird et al., 2009). The slight modifications of the original Marennes-Oléron Bay food web
models might have affected the cycling as well, e.g. by the reduced bacteria biomass in the Marennes-Oléron
Bay seagrass bed model or by revising values from Degré et al. (2006) and Saint-Béat et al. (2014) for the

Marennes-Oléron Bay mudflat model.

Finally, the relatively higher R/C determined in this study compared to previous food web models
(Baird et al., 2007; Leguerrier et al., 2003; Pacella et al., 2013), indicating increased stability of food webs, is
partially related to the splitting of the meiofauna into five trophic groups (Baird et al., 2009). Multiple

compartments of meiofauna indeed divided the flows going from primary producers, bacteria and detritus to
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meiofauna into several parallel pathways, as well as increased the pathways from meiofauna to higher trophic
levels. The redundancy is especially higher in our food web models as the meiofauna is characterized by a
diversity of trophic groups, which can rely on similar food sources (van der Heijden et al. submitted) and who
in turn can be preyed upon by similar consumers (Coull, 1999). High diversity could result in a higher
redundancy index (Chapin I1l et al., 2000; Saint-Béat et al., 2015). Taken together, these changes in indices
highlight the importance of making similar aggregations for meiofauna (Johnson et al., 2009) as it has been
the case for macrofauna (Saint-Béat et al., 2013). Due to the effects of aggregating and/or splitting
compartments on several indices (Baird et al., 2009; Johnson et al., 2009), caution was taken when comparing

indices with previously estimated values.

4.3.  Central role of meiofauna in soft-bottom coastal food webs: high production

Meiofauna play a very important role in the functioning of the five intertidal habitats, as highlighted
by their high production (14-36 mgC m™ d*) and P/B ratios (0.03-0.28 d™*). Meiofauna production were either
similar (the seagrass bed of the Marennes-Oléron Bay and the mudflat of the Sylt-Rgmg Bight), or higher (2
to 9 times, all other habitats), than macrofauna production (Appendix B.6), and generally agreed well with
previous estimations (10 to 80 mgC m? d™) (Chardy and Dauvin, 1992; Danovaro et al., 2002; Escaravage et
al., 1989). Their higher production combined with similar and/or lower biomass resulted in much higher P/B
than macrofauna, i.e, from 4 to 1000 times. The meiofauna P/B ratios in the Marennes-Oléron Bay and the
sandflat and seagrass bed of the Sylt-Rgmg Bight of were in the same range as observed in two other bays
along the French Atlantic coast (Chardy et al., 1993; Chardy and Dauvin, 1992). In the mudflat of the Sylt-
Rgmg Bight, however, the P/B ratios of meiofauna were much higher. Higher production and P/B ratios of
meiofauna compared to macrofauna is known to be related to their higher weight-specific metabolic rate
(Kuipers et al., 1981), shorter turn-over time (Gerlach, 1971; Kuipers et al., 1981) and shorter generation time
(Moens and Vincx, 1997b; Vranken and Heip, 1986). The biomass/production ratio (B/P), which can be used
as a rough measure of turnover time (Sundbéck et al., 1996), indicated that the turnover times of meiofauna
(4-37 days) were much lower than those of macrofauna (150-10,000 days), as demonstrated before for smaller
organisms (Tumbiolo and Downing, 1994). The short turnover times of meiofauna was also reflected in the
higher throughput per gram of consumer (0.7-4.7), which was between 10 and 70 times higher than those of
macrofauna. Further related to their smaller body size (Kleiber, 1932) meiofauna metabolic rate can be up to
21 times higher than for macrofauna (Kuipers et al., 1981). High metabolism of meiofauna compared to
macrofauna was also observed by Carey (1967) who determined that meiofauna and bacteria are together
consuming the major proportion of energy from the benthos. Indeed, Warwick and Price (1979) estimated that
meiofauna can consume two times and produce four times more than macrofauna, despite representing only
half of the macrofauna biomass. High consumption by meiofauna was also observed in the Marennes-Oléron
Bay were throughput was two to tenfold higher than that of macrofauna, whereas biomass was similar

(mudflat) or even a 15-fold lower (seagrass). In the Sylt-Rgmg Bight habitats on the other hand, meiofauna
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throughput was lower than that of macrofauna (between 1.5 and 6.5 times) seemingly as a result of a much
lower biomass (100- to 200-fold) than that of macrofauna.

4.4, Central role of meiofauna in soft-bottom coastal food webs: trophic intermediary position

Meiofauna also play a major role in the different studied food webs as they represent very important
trophic mediators between primary production and higher consumers, as highlighted by the dependency ratios
and flows to and from the meiofauna. The role of meiofauna as a mediator is enhanced by the different feeding
types of meiofauna as reflected within the various integer trophic levels. Integer trophic levels 11 of meiofauna
in modified Lindeman spines were indeed an important compartment in the transfer of carbon from trophic
levels I, i.e., primary producers, towards higher trophic levels (63-691 mgC m d™). The relative consumption
on primary producers by meiofauna is high (19-97 %) when compared to the ingestion of primary producers
by macrofauna, especially when considering their much lower biomass. Trophic levels 111 of meiofauna were
important as well, as demonstrated by the consumption of bacteria (7—93 mgC m d*), the consumption of
omnivorous/predating nematodes on other meiofauna (10-88 mgC m d*) and the through flow towards higher
trophic levels (13-49 mgC m? d™). Meiofauna has a high nutritional value (Coull, 1999) and their
concentration in the very top sediment layer make them a very available and valuable food source to consumers
(Castel et al., 1989; Leduc and Probert, 2011; van der Heijden et al., 2018). The important role of meiofauna
as a food source for benthic feeding fish (e.g. mullets, gobies, flatfish, grunts and croakers) was demonstrated
in mudflats (Carpentier et al., 2014; Gordon and Duncan, 1979; Lassere et al., 1975; Smith and Coull, 1987;
Smith et al., 1984), sandflats (Castel and Lassere, 1982; Gee, 1987; Hicks, 1984; Pihl, 1985) and salt marshes
(Lebreton et al., 2013, 2011b). However, the exact fate of meiofauna remains unclear (Giere, 2009) and further

research should focus on the flows from meiofauna to higher trophic levels in food webs.

Comparison between habitats highlighted that channeling of the flows of organic matter through
meiofauna was slightly higher than channeling through macrofauna in the Sylt-Rgmg Bight and slightly lower
in the Marennes-Oléron Bay. TEs of meiofauna (23-28%) were indeed higher than TEs of macrofauna (5-
13%) in the Sylt-Rgmg Bight, whereas meiofauna TEs (11-17%) were lower than macrofauna TEs (22—-28%)
in the Marennes-Oléron Bay. Short turnover times of microphytobenthos and bacteria in the Sylt-Rgmg Bight
may partly explain the higher TEs of meiofauna in the latter ecosystem compared to the Marennes-Oléron Bay.
However, it is important to highlight that slight differences in constraints between models may affect their
outcomes, and therefore TES. As a result, the highest possible coherency should be pursued when selecting

model constraints to improve the accuracy of food web models and to make them comparable.

4.5, Reliance on microphytobenthos

Meiofauna mostly relied on microphytobenthos in all habitats, whereas macrofauna relied on a wider
variety of food sources. The high reliance of meiofauna on microphytobenthos confirmed the outcomes of the

combined trophic marker approach carried out by van der Heijden et al. (submitted). Microphytobenthos has
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a pivotal role as a food source in marine systems and mudflats in particular, and their importance for the food
web functioning of the mudflat of the Marennes-Oléron Bay has previously been highlighted (Leguerrier et
al., 2003; Pacella et al., 2013). Their importance as a food source likely stem from its short turnover times
(0.1-8.9 days) and high production (774-1215 mgC m? d*). More importantly so, these rates (Degré et al.,
2006) and their biomass (Lebreton et al., 2009; van der Heijden et al., 2018) are generally constant all year
round, resulting in a reliable food source all year round. Microphytobenthos also has a high nutritional quality
(Cebrian, 1999), opposed to seagrass material which has a low nutritional value (Vizzini et al., 2002) and
follow strong seasonal fluctuations in biomass (van der Heijden et al., 2018) and is therefore poorly used by
both meiofauna and macrofauna (Lebreton et al., 2011a). Meiofauna is even known to actively migrate towards
high quality food source (Moens et al., 1999). Moreover, certain nematodes have buccal cavities suitable for
consumption of microphytobenthos (i.e., epigrowth feeders, Moens and Vincx, 1997a; Wieser, 1953), as they

use a tooth to pierce diatoms, making these food items easy to assimilate.

Comparisons between habitats highlighted much shorter turnover times of microphytobenthos in the
Sylt-Rgmg Bight (0.1-0.2 days) than in the Marennes-Oléron Bay (2.6-8.9 days). These turnover times were
in the range of those measured in other European estuarine mudflats (~ 3 days) (Admiraal et al., 1982). A
similar pattern was observed for another important food source of meiofauna, bacteria, which partly use
microphytobenthos as a substrate (Boschker et al., 2000; van der Heijden et al. submitted). Bacteria had shorter
turnover times as well in the Sylt-Rgmg Bight (1.8-4.2 days) than in the Marennes-Oléron Bay (9.8-23.0
days). These shorter turnover times in the Sylt-Remg Bight could be caused by higher consumption rates
(Asmus and Asmus, 1985), which could have a positive feedback on bacteria and microphytobenthos
productions (Blanchard et al., 2001; Fenchel and Jorgensen, 1977). Differences in physical parameters, such
as lower resuspension and turbulence in the Sylt-Rgmg Bight (Dame and Prins, 1998; Widdows et al., 2008)
and/or less stable sediment (Dolch and Hass, 2008; Mielck et al., 2015), could also result in lower turnover

times.

4.6. Differences of food source reliance between meiofauna feeding types

The degree of which meiofauna relied on microphytobenthos differed depending on meiofauna feeding
types. Non-selective deposit feeding nematodes, epigrowth feeding nematodes and benthic copepods had a
high reliance on microphytobenthos as indicated by carbon flows (2-314 mgC m? d™) as well as their
dependency ratios to microphytobenthos (0.75-0.96). For these groups, most of the carbon was originating
from microphytobenthos (56 to 91%) in all habitats, highlighting that these feeding types relied mostly on high
quality food sources (Cebrian, 1999). The importance of microphytobenthos as a food source has been
demonstrated through grazing experiments on epigrowth feeders and benthic copepods (Rzeznik-Orignac and
Fichet, 2012) which is in agreement with epigrowth feeders buccal cavity morphology optimized for
consumption of microphytobenthos (Wieser, 1953). Higher relative reliance on SOM for non-selective deposit

feeders, epigrowth feeders and benthic copepods in the sandflat and seagrass bed in the Sylt-Remg Bight
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(dependency ratio: 0.33-0.50) could be related to the high quality of the organic matter in these habitats (van
der Heijden et al., 2018). Also omnivorous/predating nematodes relied largely on carbon of microphytobenthos
origin as well, as indicated by their dependency ratios (0.77-0.92). Their relatively higher omnivory index
compared to other groups of meiofauna highlighted that these consumers relied both directly and indirectly on
microphytobenthos, through predation on lower meiofauna trophic groups (i.e., non-selective deposit feeders
and epigrowth feeders) (Rzeznik-Orignac et al., 2008; Vafeiadou et al., 2014; van Oevelen et al., 2006),
themselves feeding on microphytobenthos.

Selective deposit feeding nematodes relied on a larger variety of food sources, as highlighted by their
relatively higher omnivory indices and similar values of carbon flows originating from benthic bacteria, SOM
as well as microphytobenthos. Similar to epigrowth feeders, their buccal cavity morphology is adapter to
efficiently feed on bacteria (Wieser, 1953) which was confirmed by the high reliance on bacteria. The isotope
composition of bacteria used to determine feeding constraints with mixing models was coming from sulfide-
oxidizing bacteria (Vafeiadou et al., 2014). However, van der Heijden et al. (submitted) suggested that these
consumers mostly fed on another pool of bacteria, who in turn relied mainly on microphytobenthos and SOM.
This suggests that the role of bacteria as a food resource for meiofauna may be underestimated, especially for
selective deposit feeders. This can also explain the high dependence of this group on microphytobenthos and
SOM, as it was computed via our models. These results highlight the importance of considering all potential
food sources when determining trophic relationships. We also demonstrate here that aggregating meiofauna
trophic groups into a single compartment should be avoided whenever possible, as meiofauna can rely on very

different food resources. As a result, this compartment should be treated in a similar way as macrofauna.

4.7. Ecosystem functions provided by meiofauna

Meiofauna has impacts on the functioning of ecosystems as well as for human societies in multiple
ways (Schratzberger and Ingels, 2017). In this work we found important ecosystem functions related to
meiofauna, as partly discussed above. Firstly, through the high carbon flow that meiofauna channels from
primary producers (i.e. microphytobenthos, 63-691 mgC m d*) and bacteria (793 mgC m? d) towards
higher trophic levels (10-88 mgC m™ d™). Utilization of available primary sources is essential for a well
functioning food web, and provision of food resources to human societies via fisheries (Schratzberger and
Ingels, 2017). Secondly, meiofauna’s high production (14-36 mgC m d™) and short turnover time (4-37
days). The turnover times were between four and 1000 times shorter than those of macrofauna, clearly
highlighting how this compartment may contribute to the food web dynamics. Especially since meiofauna
constitutes a food source of high quality for higher trophic levels due to their high nitrogen content (Couch,
1989; Coull, 1999; Sikora et al., 1977) and their ability to biosynthesize highly unsaturated fatty acids
(Braeckman et al., 2015; Leduc, 2009). Therefore, in combination with their high production and short
turnover time they benefit higher trophic levels, such as fish or shrimps (Coull, 1999), and in the next step

human societies who rely on fisheries. Thirdly, meiofauna can also affect the sediment stability
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(Schratzberger and Ingels, 2017). Intensive grazing on microalgae, as shown in this work, could indeed
affect sediment processes by removing the microphytobenthos, a main contributor of sediment stability (de
Deckere et al., 2001; Moens et al., 2002). The meiofauna grazing also contributes to the redistribution of the
microfauna to nutrient rich places, the enhanced mineralization of organic matter and the excretion of

nutrients due to grazing (de Mesel et al., 2004; Montagna, 1984; Nascimento et al., 2012)

Finally, our results suggests that meiofauna may play an important role in the food web stability. More
parallel pathways, due to splitting meiofauna into trophic groups, resulted in a higher redundancy of the food
webs compared to previous studies (Baird et al., 2007; Leguerrier et al., 2003; Pacella et al., 2013) and higher

redundancy has been considered to represent a more stable ecosystem.
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5. CONCLUSION

Food web models highlighted the importance of the trophic pathway between microphytobenthos and
meiofauna in soft-bottom intertidal habitats. Microphytobenthos was indeed the most important primary
producer and the most important food resource for meiofauna in these habitats (63-691 mgC m?2 d*), even
when high loads of seagrass material were present. The important role of meiofauna was highlighted by their
high production (14-36 mgC m? d™) and throughput (115-996 mgC m™ d). As a result, meiofauna is
responsible for a large part of the production as well as carbon flows from microphytobenthos towards higher
trophic levels in intertidal soft-bottom habitats, while the slower-growing macrofauna is more accountable for
energy storage and relies on a larger diversity of food sources. These two compartments therefore appear to

provide complementary ecosystem functions.

The importance of the trophic pathway between microphytobenthos and meiofauna was observed in
each studied habitat, even if these habitats were characterized by strong differences in terms of food sources.
Differences between habitats in terms of production, P/B ratios and transfer efficiencies were also observed,
partly due to different biomass of meio- and macrofauna resulting in differences in respiration, consumption
and egestion of meiofauna, and partly due to different model parameters. Nevertheless, besides the effect of
these differences on the models (i.e., maybe leading to potential technical issue), the role of meiofauna was
still very important in the functioning in the functioning of all studied habitats, indicating that our conclusions

about the important role of the meiofauna are quite robust.

Nevertheless, this study highlights the importance of consistency when constructing and comparing
food web models. Using the same type of constraints when constructing models can result in a more reliable
comparison between food webs. Further, more precise determination of these constraints will also result in
more precise quantification of carbon fluxes. Using outputs from mixing models with data from both stable
isotopes and fatty acid analyses could result in higher precision, e.g. on the role of bacteria within these food

webs.

Most trophic groups of meiofauna revealed a high reliance on microphytobenthos in all habitats (2—
314 mgC m? d), where flows of carbon were direct (herbivory) or indirect (carnivory). Merely, selective
deposit feeders relied on a larger variety of food source with highest dependencies varying between
microphytobenthos, bacteria and SOM. These differences in feeding behavior justify the splitting of meiofauna
into different compartments, as is traditionally done for macrofauna in most studied food webs. We therefore

aruge that these feeding types of meiofauna should be considered as separate compartments in future studies.
We clearly highlighted the importance of the trophic pathway from microphytobenthos to meiofauna in
this study. In the next step, to better determine the fate of meiofauna within benthic ecosystems could provide

an even better understanding of their role in the functioning of coastal habitats. Nematodes, which are
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considered a food source of high nutritional value for higher trophic value (Braeckman et al., 2015; Leduc,
2009), has the potential to represent a important food source. So far, most studies in coastal habitats used
stomach content analyses to determine the consumption on meiofauna by benthic fish (Alheit and Scheibel,
1982; Coull, 1999; Gee, 1989, 1987; Hicks, 1984; Smith and Coull, 1987). However, these might
underestimate the contribution of nematodes as a food source to fish due a quicker digestion of nematodes
compared to benthic copepods (Scholz et al., 1991). Better assessment of the fate of meiofauna could be
realized by combining molecular techniques, trophic markers and stomach content analyses and use the

outcomes as constraints into existing food web models.
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Appendix 5.1. Equations used for the linear inverse modeling of the mudflat in the Marennes-Oléron Bay (MO), France,

from Leguerrier et al. (2003).

Compartments Equation Sources
Microphytobenthos Production =372g C m2yr? Blanchard et al. (1997)
Zooplankton Production = biomass * 56 (yr?) Averaged after Sautour and Castel (1998, 1993a, 1993b)

Pelagic bacteria
Suspension feeders

Birds

Respiration = biomass * 112 (yr?)
Production = consumption * 0.31
Pelagic consumption = benthic
consumption

Assimilation efficiency = 85%

Newell and Linley (1984)
Newell and Linley (1984)
Leguerrier et al. (2003)

Leguerrier et al. (2003)
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Appendix 5.2. Inequalities used for the linear inverse modeling of the mudflat in the Marennes-Oléron Bay, France. PHY = phytoplankton, MPB = microphytobenthos, NBA =

selective deposit feeding nematodes, NDF = non-selective deposit feeding nematodes, NEF = epigrowth feeding nematodes, NOM = omnivorous/predating nematodes, COP = benthic

copepods, BDF = benthic deposit feeding macrofauna, BGR = benthic grazing macrofauna, SUS = benthic suspension feeding macrofauna, BOM = benthic omnivorous macrofauna,

BFI = benthic fish, CBR = carnivorous birds, ZOO = zooplankton, MZO = micro-zooplankt and protozoa, BBA = benthic bacteria, PBA = pelagic bacteria, SOM = sediment organic

matter, SPOM = suspended particulate organic matter, GPP = growth primary production.

Lower

Upper

Processes Compartments . L Unit Sources
limit limit
Primary production PHY 240 1200 mg C m? d* Saint-Béat et al. (2014)
Resuspension MPB 137 319 gCm?2yr? Leguerrier et al., (2003)
Respiration MPB 5 30 % Vézina and Platt, (1988)
PHY 5 30 % Vézina and Platt, (1988)
Respiration / biomass NBA/NDF/NEF/ 40 54 yrt Chardy et al. (1993); Chardy and Dauvin (1992); Dame and Patten (1981);
NOM/COP Gerlach (1971); Giere (1993); Pace et al. (1984)
BBA 40 195 yrt Garet (1996); Newell and Linley (1984)
BDF 1.09 9.5 yrt Asmus (1987); Banse and Mosher (1980); Chardy et al. (1993); Dame and
Patten (1981)
BGR 1.09 9.5 yrt Estimated from Leguerrier et al. (2003)
SUS 10 yrt Estimated from Leguerrier et al. (2003)
BOM 2.6 7.3 yrt Chardy et al. (1993)
BFI 5.424 87.072 mgCm2d? Saint-Béat et al. (2014)
Consumption/biomass BOM 73 yrt Pace et al. (1984)
BFI 3 8 % Como et al. (2014); Saint-Beat et al. (2014)
Total consumption CBR 1.1 7.8 gCm?2yrt? Leguerrier et al. (2003)
Consumption
- on MPB BOM 20 % of diet Leguerrier et al. (2003)
NBA 8.3 21.1 % of diet This study (MixSIAR outputs)
NDF 75.0 92.7 % of diet This study (MixSIAR outputs)
NEF 70.0 87.9 % of diet This study (MixSIAR outputs)
NOM 2.4 45.4 % of diet This study (MixSIAR outputs)
COP 73.8 93.3 % of diet This study (MixSIAR outputs)
- on SOM NBA 0.2 7.4 % of diet This study (MixSIAR outputs)
NDF 0.1 9.9 % of diet This study (MixSIAR outputs)
NEF 0.1 13.9 % of diet This study (MixSIAR outputs)
NOM 0.3 15.8 % of diet This study (MixSIAR outputs)
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COP 0.1 11.2 % of diet This study (MixSIAR outputs)
- on bba NBA 72.8 88.2 % of diet This study (MixSIAR outputs)
NDF 4.7 16.5 % of diet This study (MixSIAR outputs)
NEF 7.7 18.8 % of diet This study (MixSIAR outputs)
NOM 0.1 7.3 % of diet This study (MixSIAR outputs)
COP 4.2 17.1 % of diet This study (MixSIAR outputs)
- on SPOM NBA 0.1 7.6 % of diet This study (MixSIAR outputs)
NDF 0.0 8.0 % of diet This study (MixSIAR outputs)
NEF 0.1 11.0 % of diet This study (MixSIAR outputs)
NOM 0.2 10.8 % of diet This study (MixSIAR outputs)
COP 0.1 8.3 % of diet This study (MixSIAR outputs)
- on NBA NOM 0.1 6.3 % of diet This study (MixSIAR outputs)
- on NDF NOM 2.5 56.2 % of diet This study (MixSIAR outputs)
- on NEF NOM 0.9 43.8 % of diet This study (MixSIAR outputs)
- on COP NOM 1.8 54.5 % of diet This study (MixSIAR outputs)
- on BFI CBR 0.03 % of diet Leguerrier et al. (2003)
Production/biomass NBA/NDF/NEF/ 3 31 yrt Chardy et al. (1993); Chardy and Dauvin (1992); Dame and Patten (1981);
NOM/COP Gerlach (1971); Giere (1993); Pace et al. (1984)
BBA 41 51 yrt Garet (1996); Newell and Linley (1984)
PBA 1.08 2.2 d? Garet (1996)
BDF 2.5 6.6 yrt Chardy et al. (1993)
BGR 2.5 6.6 yrt Estimated from Leguerrier et al. (2003)
SUS 0.652 5.511 yrt Estimated from Leguerrier et al. (2003)
BOM 15 1.9 yrt Asmus (1987); Chardy et al. (1993); Chardy and Dauvin (1992)
Net growth efficiency = NBA/NDF/NEF/NOM 60 90 % van Oevelen et al. (2006)
COP 30 50 % van Oevelen et al. (2006)
BDF/BGR/SUS/BOM 50 70 % van Oevelen et al. (2006)
Assimilation efficiency NBA/NDF/NEF/NOM 6 30 % van Oevelen et al. (2006)
COP 57 97 % van Oevelen et al. (2006)
BDF/BGR/SUS/BOM 40 75 % van Oevelen et al. (2006)
Z00 50 90 % van Oevelen et al. (2006)
MzO 50 90 % van Oevelen et al. (2006)
BFI 50 90 % Leguerrier et al. (2004)
Excretion PHY 5 30 % (of GPP) Vézina and Platt (1988)
Excretion/biomass SUS 0.6 20 yrt Beukema and Cadee (1991); Chardy et al. (1993); Dame and Patten (1981)
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Mortality

BBA

11

128

yrt

Garet (1996); Newell and Linley (1984)

Appendix 5.3. Inequalities used for the linear inverse modeling of the seagrass bed in the Marennes-Oleron Bay, France. PHY = phytoplankton, MPB = microphytobenthos, ZOS =

Zostera noltei material, NBA = selective deposit feeding nematodes, NDF = non-selective deposit feeding nematodes, NEF = epigrowth feeding nematodes, NOM =

omnivorous/predating nematodes, COP = benthic copepods, BDF = benthic deposit feeding macrofauna, BGR = benthic grazing macrofauna, SUS = benthic suspension feeding

macrofauna, BOM = benthic omnivorous macrofauna, BFI = benthic fish, CBR = carnivorous birds, ZOO = zooplankton, BBA = benthic bacteria, PBA = pelagic bacteria, HBR =

herbivorous birds, SOM = sediment organic matter, SPOM = suspended particulate organic matter, mpbLOSS = loss to microphytobenthos, GPP = growth primary production.

Processes Compartments ITov_ver L_Jpper Unit Sources
limit limit

Primary production PHY 16.00 59.67 mg C m? d* Degré et al. (2006)
MPB 912.33 111507 mgCm?2d? Baeta et al. (2011)
Z0S 36.07 47.95 mg C m2d! Baeta et al. (2011)

Respiration PHY 5 30 % of GPP Vézina and Platt (1988)
MPB 16 30 % of GPP van Oevelen et al. (2006)
Z0S 5 30 % of GPP Vézina and Platt (1988)
BBA 516.99 2520.31 mgCm?d? Pacella et al. (2013)
PBA 28.13 111.00 mgCm2d? Pacella et al. (2013)
Z00 39.28 58.92 mg C m2d? Pacella et al. (2013)
NBA 0.14 0.33 mg C m2d? Calculated from Pacella et al. (2013)
NDF 1.82 4.43 mg C m2d? Calculated from Pacella et al. (2013)
NEF 4.96 12.07 mg C m2d? Calculated from Pacella et al. (2013)
NOM 1.89 4.61 mg C m2d? Calculated from Pacella et al. (2013)
COoP 0.62 0.72 mg C m2d? Calculated from Pacella et al. (2013)
BDF 0.91 1.10 mg C m2d? Aggregated from Pacella et al. (2013)
BGR 66.21 84.96 mg C m2d? Aggregated from Pacella et al. (2013)
SuUsS 7.22 7.82 mg C m2d? Aggregated from Pacella et al. (2013)
BOM 0.25 0.36 mg C m2d? Aggregated from Pacella et al. (2013)
BFI 19.83 19831 mgCm2d? Pacella et al. (2013)

Uptake som by BBA mpbLOSS Pacella et al. (2013)

Grazing on bba 3 % of production Pacella et al. (2013)

Total consumption HBR 26 45 % of zos GPP Pacella et al. (2013)

Consumption

- on ZOS BDF 0.3 70.4 % of diet Aggregated from Pacella et al. (2013)
BGR 111 81.1 % of diet Aggregated from Pacella et al. (2013)
BOM 1.3 33.9 % of diet Aggregated from Pacella et al. (2013)
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- on MPB

- on SOM

- on BBA

- on PHY
on SPOM

- on ZOO
- on NBA
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BFI
NBA
NDF
NEF
NOM
COP
BDF
SUS
BGR
BOM
NBA
NDF
NEF
NOM
COP
BDF
SUS
BGR
BOM
NBA
NDF
NEF
NOM
COP
BDF
BGR
SUS
NBA
NDF
NEF
NOM
COP
SUS
BOM
NOM

36.0
26.3
76.0
88.9
0.6
81.7
4.3
7.8
5.4
11
0.3
0.1
0.0
0.4
0.1
1.7
3.3
0.3
1.4
38.6
2.1
0.8
0.2
1.5
1.2
0.3
1.9
0.2
0.1
0.0
0.2
0.0
3.0
0.4
0.3

44.0
49.1
94.9
98.1
26.6
96.5
80.8
64.9
76.1
33.3
15.9
145
6.5
195
10.2
45.7
67.2
24.7
24.4
61.3
12.0
54
9.2
9.6
19.9

39.5
21.1
9.0
4.2
12.8
6.7
46.5
18.2
16.0

mg C m2d*?
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet

Pacella et al. (2013)

This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
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on NDF

on NEF

on NOM
on COP

on BDF
on BGR
on SUS
- on BFI
Production

Assimilation efficiency

Egestion

BOM
NOM
BOM
NOM
BOM
BOM
NOM
BOM
BOM
BOM
BOM
BOM
BBA

BBA

Z00

BDF

BGR

SUS

BOM
NBA
NDF

NEF

NOM
COP

PBA

Z00
BDF/BGR/SUS/BOM
NBA/NDF/NEF/NOM
COP

BFI
HBR/CBR
MPB

Z0S

PHY
ZOO/BFI
BDF/BGR/SUS/BOM

0.3
5.8
0.6
13
0.0
0.1
1.0
11
0.1
0.7
0.3
1.0
10.0
529.91
19.64
0.19
23.59
1.38
0.09
0.52
6.92
18.84
7.20
30
10
50
40
6
57
50
21
46.3
1.5
12
33
33

14.3
61.3
15.6
49.1
25.6
17.3
44.9
26.7
14.4
18.1
17.7
19.1
60.0
659.16
29.46
0.24
32.77
1.78
0.11
0.98
13.09
35.64
13.61
50
60
90
75
30
77
90
99
56.3
6.0
14
100
100

% of diet

% of diet

% of diet

% of diet

% of diet

% of diet

% of diet

% of diet

% of diet

% of diet

% of diet

% of diet

% of assimilation
mg C m2d!

mg C m2d!

mg C m2d!

mg C m?2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

% of assimilation
% of production
% of consumption
% of consumption
% of consumption
% of consumption
% of consumption
% of consumption
% of GPP

% of GPP

% of GPP

% of respiration
% of respiration

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)

This study (MixSIAR outputs)
Pacella et al. (2013)

Pacella et al. (2013)

Pacella et al. (2013)

Aggregated from Pacella et al. (2013)
Aggregated from Pacella et al. (2013)
Aggregated from Pacella et al. (2013)
Aggregated from Pacella et al. (2013)
Calculated from Pacella et al. (2013)
Calculated from Pacella et al. (2013)
Calculated from Pacella et al. (2013)
Calculated from Pacella et al. (2013)
van Oevelen et al. (2006)

Pacella et al. (2013)

Vézina and Platt (1988)

van Oevelen et al. (2006)

van Oevelen et al. (2006)

van Oevelen et al. (2006)

Leguerrier et al. (2004); van Oevelen et al. (2006)
Pacella et al. (2013)

Goto et al. (1999)

Pacella et al. (2013)

Baines and Pace (1991)

Pacella et al. (2013)

Pacella et al. (2013)
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Import

Import/Export

Export

HBR/CBR
BFI
SPOM
PHY

PBA

Z00

BFI

HBR

CBR

DOC
SPOM
SOM

Z0S
PHY/ZOO

33
50
534.29
130.21
80.46
81.86
110.86
0.43
2.59
946.68

100
150
653.02
159.15
98.34
100.06
221.71
0.85
5.19
1157.05
653.02
50
100

% of respiration
% of export

mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?

% of production
% of GPP
Export < Import

Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)
Pacella et al. (2013)

-172 -



Chapter 5

Appendix 5.4. Inequalities used for the linear inverse modelling of the sandflat in the Sylt-Regmg Bight, Germany. PHY = phytoplankton, MPB = microphytobenthos, NBA =
selective deposit feeding nematodes, NDF = non-selective deposit feeding nematodes, NEF = epigrowth feeding nematodes, NOM = omnivorous/predating nematodes, COP = benthic
copepods, BDF = benthic deposit feeding macrofauna, BGR = benthic grazing macrofauna, SUS = benthic suspension feeding macrofauna, BOM = benthic omnivorous macrofauna,
BFI = benthic fish, CBR = carnivorous birds, ZOO = zooplankton, BBA = benthic bacteria, PBA = pelagic bacteria, SOM = sediment organic matter, SPOM = suspended particulate

organic matter, GPP = growth primary production.

Lower Upper

Processes Compartments . L Unit Sources
limit limit
Primary production PHY 315.0 585.0 mg C m2d? Modified from Saint-Béat et al. (2013)
MPB 694.26 1289.34 mgC m?d? Modified from Saint-Béat et al. (2013)
SPOM 51.75 96.11 mg C m2d! Modified from Saint-Béat et al. (2013)
Respiration MPB 5 50 % of GPP Vézina and Platt, (1988)
NBA 0.026 0.032 mg C m2d? Saint-Béat et al. (2013)
NDF 3.190 3.905 mg C m2d? Saint-Béat et al. (2013)
NEF 1.836 2.247 mg C m2d? Saint-Béat et al. (2013)
NOM 4.769 5.838 mg C m2d? Saint-Béat et al. (2013)
COP 3.965 4.853 mg C m2d? Saint-Béat et al. (2013)
BBA 59.9 75722 mgCm?2d? Saint-Béat et al. (2013)
BDF 20.85 68.27 mg C m2d? Saint-Béat et al. (2013)
BGR 0.16 2.9 mg C m2d? Saint-Béat et al. (2013)
SuUsS 131.56 363.48 mgCm2d? Saint-Béat et al. (2013)
BOM 7.15 20.14 mg C m2d? Saint-Béat et al. (2013)
BFI 0.052 0.827 mg C m2d? Saint-Béat et al. (2013)
CBR 1.185 16585 mgCm2d? Saint-Béat et al. (2013)
Total consumption NBA 0.024 2.341 mg C m2d? Saint-Béat et al. (2013)
NDF 2.913 289.598 mgC m?d? Saint-Béat et al. (2013)
NEF 1.676 166.638 mgC m2d* Saint-Béat et al. (2013)
NOM 4.354 432939 mgCm2d? Saint-Béat et al. (2013)
cop 3.620 359.924 mgCm?2d? Saint-Béat et al. (2013)
BDF 49.31 4290 mg C m2d! Saint-Béat et al. (2013)
BGR 0.4 12 mg C m2d! Saint-Béat et al. (2013)
SUS 120.298 10466 mg C m2d! Saint-Béat et al. (2013)
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Consumption
- on PHY
- on MPB

- on SOM

- on BBA

- on SPOM

- on NBA
- on NDF

- on NEF
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BOM
BFI
CBR

BOM
NDF
NEF
NOM
COP
BGR
BDF
SUS
BOM
NDF
NEF
NOM
COP
BOM
BBA
NDF
NEF
NOM
COP
BDF
SUS
BOM
NDF
NEF
NOM
COP
BFI
NOM
BFI
NOM
BFI

8.93
0.165
4.443

0.266
50.1
35.2
1.0
40.4
0.84
21.994
44.73
0.308
1.2
1.7
0.5
3.3
19.033
181.965
0.1
0.1
0.1
0.3
93.34
22.33
0.483
0.2
0.3
0.2
0.5
0.00005
2.3
0.00613
0.8
0.00353

77
2.103
62.195

0.494
89.9
78.4
58.4
78.8
1.56

40.846

83.07

0.572
45.9
61.7
25.7
54.3

35.347
337.935
10.6
155
7.9
13.8
173.342

41.47

0.897
16.0
24.8
11.8
21.2

0.00009
65.9

0.011384

47.9
0.00655

mg C m?2 d-*
mg C m?2 d-*
mg C m2d?

mg C m2d?
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d!
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
mg C m2d?
% of diet
% of diet
% of diet
% of diet
mg C m2d?
% of diet
mg C m2d!
% of diet
mg C m2d!

Saint-Béat et al. (2013)
Saint-Béat et al. (2013)
Saint-Béat et al. (2013)

Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
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- on NOM
- on COP

- on BGR
- on BDF

- on SUS

- on BOM

- on ZOO
Production

Assimilation efficiency

Egestion

BFI

NOM

BFI

CBR

BOM

BFI

CBR

BOM

BFI

CBR

BOM

BFI

BFI
BDF/BGR/SUS/BOM
PBA

BBA
NBA/NDF/NEF/
NOM/COP
BDF/BGR/SUS/BOM

BFI
MPB
BGR
BDF
SUS
BOM
BFI
CBR

0.00916
0.9
0.00762
0.07
0.28
0.11928
0.966
0.07
0.0720
5.81
0.917
0.0784
0.0182

2.82
11
6

40

0.493
1.203
0.09
0.017
0.889

0.01702
49.0
0.01415
0.13
0.52
0.22152
1.794
0.13
0.13377
10.79
1.703
0.1456
0.0338
70
5.23
61
30

75

90
73
9.48
3389.1
8261.14
631.83
1.05
12.439

mg C m2d?

% of diet

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d!

% of assimilation
mg C m2d!

% of consumption
% of consumption

% of consumption

% of consumption
% of GPP

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Calow (1977); Nielsen et al. (1995)
Modified from Saint-Béat et al. (2013)
del Giorgio and Cole (1998)

van Oevelen et al. (2006)

Arifin and Bendell-Young (1997); Jordana et al. (2001); Loo and Rosenberg

(1996)

Leguerrier et al. (2004); van Oevelen et al. (2006)

Goto et al., (1999)

Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
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Appendix 5.5. Inequalities used in the linear inverse modelling of the mudflat in Sylt-Remg Bight, Germany. PHY = phytoplankton, MPB = microphytobenthos, NBA = selective
deposit feeding nematodes, NDF = non-selective deposit feeding nematodes, NEF = epigrowth feeding nematodes, NOM = omnivorous/predating nematodes, COP = benthic
copepods, BDF = benthic deposit feeding macrofauna, BGR = benthic grazing macrofauna, SUS = benthic suspension feeding macrofauna, BOM = benthic omnivorous macrofauna,
BFI = benthic fish, CBR = carnivorous birds, BBA = benthic bacteria, PBA = pelagic bacteria, SOM = sediment organic matter, SPOM = suspended particulate organic matter, GPP

= growth primary production.

Processes Compartments ITov_ver L_Jpper Unit Sources
limit limit
Primary production PHY 173.705 322595 mgCm?d? Modified from Saint-Béat et al. (2013)
MPB 680.82 1264.38 mgCm?d? Modified from Saint-Béat et al. (2013)
SPOM 35.483 65.897 mg C m2d? Modified from Saint-Béat et al. (2013)
Respiration MPB 5 50 % of GPP Vézina and Platt (1988)
BBA 77.76 982.935 mgCm?d? Saint-Béat et al. (2013)
NBA 0.437 0.535 mg C m2d? Saint-Béat et al. (2013)
NDF 4.603 5.637 mg C m2d? Saint-Béat et al. (2013)
NEF 1.537 1.883 mg C m?2d? Saint-Béat et al. (2013)
NOM 1.513 1.853 mg C m2d? Saint-Béat et al. (2013)
COP 0.475 0.581 mg C m2d? Saint-Béat et al. (2013)
BDF 9.6 60.36 mg C m2d? Saint-Béat et al. (2013)
BGR 31.35 98.44 mg C m2d? Saint-Béat et al. (2013)
SuUsS 101.61 36358 mgCm2d? Saint-Béat et al. (2013)
BOM 17.34 21373 mgCm2d? Saint-Béat et al. (2013)
BFI 0.02 0.329 mg C m2d? Saint-Béat et al. (2013)
CBR 12.088 169.226 mgC m2d* Saint-Béat et al. (2013)
Total consumption NBA 0.399 39.660 mgCm2d? Saint-Béat et al. (2013)
NDF 4.204 418.022 mgCm2d? Saint-Béat et al. (2013)
NEF 1.404 139.619 mgC m2d? Saint-Béat et al. (2013)
NOM 1.382 137.381 mgC m?2d* Saint-Béat et al. (2013)
COoP 0.434 43119 mgCm?d? Saint-Béat et al. (2013)
BDF 516416 mgCm?2d? Saint-Béat et al. (2013)
SUS 801.305 mgC m2d? Saint-Béat et al. (2013)
BOM 182,595 mgC m2d? Saint-Béat et al. (2013)
BFI 0.068 0.839 mg C m2d! Saint-Béat et al. (2013)
CBR 45.328 634599 mgCm?2d? Saint-Béat et al. (2013)
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Consumption
- on PHY
- on MPB

on SOM

- on BBA

- on SPOM

- on NBA

- on NDF

BOM
NBA
NDF
NEF
NOM
COP
BGR
BDF
SUS
BOM
NBA
NDF
NEF
NOM
COP
BGR
BOM
BBA
NBA
NDF
NEF
NOM
COP
BDF
SUS
BOM
NBA
NDF
NEF
NOM
COP
NOM
BFI
NOM
BFI

9.324
32.8
85.0
86.5

0.8
55.3

166.53
8.68

85.96

10.388

0.4
0.1
0.0
0.4
0.1
27.72
10.066
347.319
8.5
0.5
0.5
0.1
1.9
68.355
25.48
43.981
0.4
0.1
0.1
0.3
0.2
0.4
0.00079
1.7
0.00831

17.316
65.5
97.8
98.1
294
86.6

309.27

16.12

159.64

19.292
29.8

8.7
7.5
19.2
32.0
51.48
18.694
645.021
39.8
6.3
5.4
7.8
18.7
126.945
47.32

81.679

44.8
7.5
6.7
14.9

26.4

20.7

0.00146
50.4

0.01543

mg C m2d*!
% of diet
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?
% of diet
% of diet
% of diet
% of diet
% of diet
mg C m?2d?
mg C m2d?
mg C m2d?
% of diet
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
mg C m2d?
% of diet
% of diet
% of diet
% of diet
% of diet
% of diet
mg C m2d!
% of diet
mg C m2d!

Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
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- on NEF

- on NOM
- on COP

- on BGR

- on BDF

- on SUS

- on BOM
Production

Assimilation efficiency

Egestion

NOM

BFI

BFI

NOM

BFI

BFI

CBR

BOM

BFI

CBR

BOM

BFI

CBR

BOM

BFI
BDF/BGR/SUS/BOM
PBA

BBA
NBA/NDF/NEF/
NOM/COP
BDF/BGR/SUS/BOM

BFI
MPB
BBA
BDF
SUS
BOM
BFI
CBR

2.3 59.5
0.00277 0.00515
0.00273 0.00507

0.9 41.2
0.00086 0.00159
0.00217 0.00403

57.72 107.198
0.56 1.04
0.07 0.1326

4.2 7.761

0.35 0.65
0.0056 0.0104
2.19 4.069
0.133 0.247
0.06853 0.12727
70

0.182 0.338

11 61

6 30
40 75
90
5 73
587.5
514.22
793.291
180.769
0.007 0.42
9.066 126.92

% of diet

mg C m2d?

mg C m2d?

% of diet

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d!

mg C m2d!

mg C m2d!

% of assimilation
mg C m?2d?

% of consumption
% of consumption

% of consumption

% of consumption
% of GPP

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Calow (1977); Nielsen et al. (1995)
Modified from Saint-Béat et al. (2013)
del Giorgio and Cole (1998)

van Oevelen et al. (2006)

Arifin and Bendell-Young (1997); Jordana et al. (2001); Loo and Rosenberg

(1996)

Leguerrier et al. (2004); van Oevelen et al. (2006)

Goto et al. (1999)

Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
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Appendix 5.6. Inequalities used in the linear inverse modelling of the seagrass bed in the Sylt-Remg Bight, Germany. PHY = phytoplankton, MPB = microphytobenthos, ZOS =
Zostera noltei material, NBA = selective deposit feeding nematodes, NDF = non-selective deposit feeding nematodes, NEF = epigrowth feeding nematodes, NOM =
omnivorous/predating nematodes, COP = benthic copepods, BDF = benthic deposit feeding macrofauna, BGR = benthic grazing macrofauna, SUS = benthic suspension feeding
macrofauna, BOM = benthic omnivorous macrofauna, BFI = benthic fish, CBR = carnivorous birds, BBA = benthic bacteria, PBA = pelagic bacteria, HBR = herbivorous birds, SOM

= sediment organic matter, SPOM = suspended particulate organic matter, GPP = growth primary production.

Lower Upper

Processes Compartments . L Unit Sources
limit limit
Primary production PHY 213.78 397.02 mg C m? d* Modified from Saint-Béat et al. (2013)
MPB 680.82 1264.38 mgCm2d? Modified from Saint-Béat et al. (2013)
Z0S 592.41 1100.19 mgCm2d? Modified from Saint-Béat et al. (2013)
SPOM 35.021 65.039 mgCm?d? Modified from Saint-Béat et al. (2013)
Respiration MPB 5 50 % of GPP Vézina and Platt (1988)
Z0S 14 % of GPP Ouisse et al. (2010)
BBA 77.76 982.935 mgCm?d? Saint-Béat et al. (2013)
NBA 0.361 0.442 mg C m?2d? Saint-Béat et al. (2013)
NDF 4.808 5.889 mg C m2d? Saint-Béat et al. (2013)
NEF 13.093 16.035 mgCm2d? Saint-Béat et al. (2013)
NOM 5.000 6.123 mg C m2d? Saint-Béat et al. (2013)
COP 0.484 0.593 mg C m2d? Saint-Béat et al. (2013)
BDF 51.36 161.28 mgCm2d? Saint-Béat et al. (2013)
BGR 28.1 88.24 mg C m2d? Saint-Béat et al. (2013)
SuUsS 64.95 236.02 mgCm2d? Saint-Béat et al. (2013)
BOM 3.4 20.73 mg C m2d? Saint-Béat et al. (2013)
BFI 0.226 3.619 mg C m2d? Saint-Béat et al. (2013)
CBR 0.509 7.134 mg C m2d? Saint-Béat et al. (2013)
Total consumption NBA 0.330 32812 mgCm?2d? Saint-Béat et al. (2013)
NDF 4.392 436.715 mgCm2d? Saint-Béat et al. (2013)
NEF 11.959 1183.161 mgCm2d? Saint-Béat et al. (2013)
NOM 4.567 454.099 mgCm2d? Saint-Béat et al. (2013)
cop 0.442 43.997 mgCm?2d? Saint-Béat et al. (2013)
BDF 74.94 6520 mg C m2d! Saint-Béat et al. (2013)
SUS 52.644 4580 mg C m2d! Saint-Béat et al. (2013)
BOM 10.6 875 mg C m2d! Saint-Béat et al. (2013)
BFI 0.739 9.222 mg C m2d! Saint-Béat et al. (2013)
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Consumption
- on PHY
- on MPB

on ZOS

- on SOM

- on BBA

on SPOM
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CBR

BOM
NBA
NDF
NEF
NOM
COP
BGR
BDF
SUS
BOM
BOM
HBR
NBA
NDF
NEF
NOM
COP
BGR
BOM
BBA
NBA
NDF
NEF
NOM
COP
BDF
SUS
BOM
NBA
NDF
NEF
NOM
COP

1.911

1.12
235
57.9
48.7
0.7
37.6
149.94
40.25
54.11
1.47
0.84
29.26
11
0.3
0.3
0.3
0.4
24.99
22.61
425.866
2.8
0.7
0.8
0.2
11
186.375
30.044
2.45
0.9
0.3
0.3
0.2
0.3

26.753

2.08
62.7
93.0
87.9
38.7
84.0
278.46
74.75
100.49
2.73
1.56
54.34
38.8
28.7
40.4
16.1
46.5
46.41
41.99
790.894
425
15.2
17.3
7.7
22.6
346.125
55.796
4.55
52.2
22.3
271.7
13.0
36.7

mg C m?2 d*

mg C m2d?
% of diet
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d?
mg C m2d!
mg C m2d!
% of diet
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
mg C m2d?
% of diet
% of diet
% of diet
% of diet
% of diet
mg C m2d?
mg C m2d?
mg C m2d?
% of diet
% of diet
% of diet
% of diet
% of diet

Saint-Béat et al. (2013)

Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
This study (MixSIAR outputs)
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- on NBA

- on NDF

- on NEF

- on NOM
- on COP

- on BGR

- on BDF

- on SUS

- on BOM

Production

Assimilation efficiency

Egestion

- loss to DOC
- loss to SOM

NOM
BFI
NOM
BFI
NOM
BFI
BFI
NOM
BFI
BFI
CBR
BOM
BFI
CBR
BOM
BFI
CBR
BOM
BFI

BDF/BGR/SUS/BOM

PBA
BBA

NBA/NDF/NEF/

NOM/COP

BDF/BGR/SUS/BOM

BFI
MPB

Z0S
Z0S
BDF
BGR
SUS
BOM
BFI
CBR

0.6
0.01208
3.7
0.16081
11
0.43789
0.16722
0.8
0.01620
0.00217
0.567
0.21
0.0518
0.336
0.28
0.23310
1.19
0.56
0.70077

1.386

40

0.75
0.37
0.53
0.1
0.074
0.382

26.2
0.02244
65.6
0.29865
43.3
0.81323
0.31054
43.4
0.03009
0.00403
1.053
0.39
0.0962
0.624
0.52
0.43290
221
1.04
1.30143
70
2.574
61
30

75
90
73

50
5150.8
2512.2
3618.2
691.25

4.61
5.351

% of diet

mg C m2d?

% of diet

mg C m2d?

% of diet

mg C m2d?

mg C m2d?

% of diet

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d?

mg C m2d!

mg C m2d!

mg C m2d!

mg C m2d!

mg C m?2d?

mg C m2d?

mg C m2d?

% of assimilation
mg C m2d?

% of consumption
% of consumption

% of consumption
% of consumption
% of primary
production

% of production
% of primary prod
mg C m2d?

mg C m2d!

mg C m2d!

mg C m2d!

mg C m2d!

mg C m2d!

This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
This study (MixSIAR outputs)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Calow (1977); Nielsen et al. (1995)
Modified from Saint-Béat et al. (2013)
del Giorgio and Cole (1998)

van Oevelen et al. (2006)

Jordana et al. (2001); Loo and Rosenberg (1996)
Leguerrier et al. (2004); van Oevelen et al. (2006)

Goto et al. (1999)

Saint-Béat et al. (2013)

Saint-Béat et al. (2013)

Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
Modified from Saint-Béat et al. (2013)
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Appendix 5.7. Formulas of the ecological network analysis indices. Calculations start from the balanced matrix

T with n flows, with source compartments in rows (i) and sink compartments in columns (j).

Index Formula

Total system throughput (T..) Z Tij
ij

TST, ;T;; + Imports;
Finn’s cycling index (FCI) <= Z 2:Ty P .
J

T.. T..

Xt Ty 1 i
ij=11ij *108 T * T,

n+2yn T.: *log;:#

Relative redundancy (R/C)

i=1 Jj=0"1J

; ; 2 01; xlog(Q;)
System omnivory index (SOI) —_—
2;1log(Q:)
n
Trophic levels (TL) TL, =1 + ZDCUTLj
j=1
N
Omnivory index of each consumer group o0l; = Z(TLj —(TL; —1))*>*DCy;
j=1

DC;j; is the fraction of the prey item (j) in the diet of predator (i), and assuming a TL of 1 for primary producers

and detritus.
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Appendix 5.8. MixSIAR derived dietary contributions (% of total diet, lower and upper boundaries of 90% credibility intervals) for meiofauna in the mudflats, seagrass beds
and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Rgmeg Bight (SR). SOM = sediment organic matter; SPOM = suspended particulate organic matter; NBA = selective
deposit feeders; NDF = non-selective deposit feeders; NEF = epigrowth feeders; NOM = omnivores/predators; COP = benthic copepods.

Mudflat MO Seagrass MO
Food sources NBA NDF NEF NOM COP NBA NDF NEF NOM COP
Bacteria 72.8-88.2 4.7-16.5 7.7-18.8 0.1-7.3 4.2-17.1 38.6-61.3 2.1-12.0 0.8-54 0.2-9.2 15-9.6
SPOM 0.1-7.6 0.0-8.0 0.1-11.0  0.2-10.8 0.1-8.3 0.2-21.1 0.1-9.0 0.0-4.2 0.2-12.8 0.0-6.7
SOM 0.2-74 0.1-9.9 0.1-139 0.3-158 0.1-11.2 0.3-15.9  0.1-145 0.0-6.5 0.4-195 0.1-10.2
Microphytobenthos 8.3-21.1 75.0-927 70.0-87.9 24454 73.8-933 26.3-49.1 76.0-949 889981 0.6-26.6 81.7-96.5
Selective deposit feeding nematodes - - - 0.1-6.3 - - - - 0.3-16.0 -
Non-selective deposit feeding nematodes - - - 2.5-56.2 - - - - 5.8-61.3 -
Epigrowth feeding nematodes - - - 0.9-43.8 - - - - 1.3-49.1 -
Benthic copepods - - - 1.8-54.5 - - - - 1.0-44.9 -
Mudflat SR Seagrass SR
Food sources NBA NDF NEF NOM CoP NBA NDF NEF NOM COP
Bacteria 8.5-39.8 0.5-6.3 0.5-54 0.1-7.8 1.9-18.7 2.8-425 0.7-152 0.8-17.3 0.2-7.7 1.1-22.6
SPOM 0.4-44.8 0.1-75 0.1-6.7 0.3-149 0.2-26.4 0.9-522 0.3-223 03277 0.2-13.0 0.3-36.7
SOM 0.4-29.8 0.1-8.7 0.0-7.5 0.4-19.2  0.1-32.0 1.1-388 03287 03404 03161 0.4-465
Microphytobenthos 32.8-65.5 85.0-97.8 86.5981 0.8-29.4 55.3-86.6 23.5-62.7 57.9-93.0 48.7-87.9 0.7-38.7 37.6-84.0
Selective deposit feeding nematodes - - - 0.4-20.7 - - - - 0.6-26.2 -
Non-selective deposit feeding nematodes - - - 1.7-50.4 - - - - 3.7-65.6 -
Epigrowth feeding nematodes - - - 2.3-59.5 - - - - 1.1-43.3 -
Benthic copepods - - - 0.941.2 - - - - 0.8-434 -
Sandflat SR
Food sources NDF NEF NOM CoP
Bacteria - 0.1-10.6 0.1-15.5 0.1-79 0.3-13.8
SPOM - 0.2-16.0 0.3-248 0.2-11.8 0.5-21.2
SOM - 1.2-45.9 1.7-61.7 0.5-25.7 3.3-54.3
Microphytobenthos - 50.1-89.9 35.2-784 1.0-584 40.4-78.8
Non-selective deposit feeding nematodes - - - 2.3-65.9 -
Epigrowth feeding nematodes - - - 0.8-47.9 -
Benthic copepods - - - 0.9-49.0 -
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Appendix 5.9. Estimated flows (in mgC m=2 d, mean + standard deviation) in the food webs of the mudflats,
seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Remg Bight (SR). BBA = benthic bacteria,
BDF = benthic deposit feeding macrofauna, BGR = benthic grazing macrofauna, BOM = benthic omnivorous
macrofauna, BFI = benthic fish, COP = benthic copepods, CO2 = loss due respiration, CBR = carnivorous birds,
Export = flow being exported from the system, FIX = growth primary production, HBR = herbivorous birds, Input
= flow coming from outside the system, MPB = microphytobenthos, MZO = microzooplankton, NBA = selective
deposit feeding nematodes, NDF = non-selective deposit feeding nematodes, NEF = epigrowth feeding
nematodes, NOM = omnivorous/predating nematodes, PBA = pelagic bacteria, PHY = phytoplankton, SPOM =

suspended particulate organic matter, SOM = sediment organic matter, SUS = benthic suspension feeding

macrofauna, ZOO = mesozooplankton, ZOS = Zostera noltei material.

Mudflat MO  Mudflat SR  Seagrass MO Seagrass SR Sandflat SR
FIX mpb 1215.2+71.9 1023.1+178.0 1043.1+48.9 857.8 + 86.6 774.4 +68.8
FIX zos - - 45.1+2.4 792.8+161.3 -
FIX phy 604.9+178.2 - 44.8 +£10.7 - -
Input pba - 0.3+£00 88.0+£5.0 20+£0.3 40+0.7
Input pom 308.0 +187.5 529+8.4 574.4+29.1 540+7.6 39.2+24.5
Input phy - 237.4+433 149.3+6.8 2475+30.4 446.5+75.2
Input  zoo - - 94.2+4.3 - 0.0+0.0
Input  bfi - - 162.0 +28.7 - -
Input hbr - - 0.6+0.1 - -
Input cbr - - 3.9+0.7 - -
Input doc - - 971.8+21.6 - -
phy mzo 204.8+70.9 - - - -
phy Z00 26.8 +22.2 - 143+11.3 - 274.6 +43.4
phy sus 0.0+0.0 2242+ 434 28+16 2459+ 30.4 171.5+68.5
phy bfi 1.3+£1.2 - - - -
phy bom - 13.3+23 - 1.6+£0.3 04+0.1
mpb  nba 6.8+18 16.1+3.9 57+£13 11.4+35 05+04
mpb  ndf 290.8+37.4 198.8+79.8 7491216 177.8+45.4 15.4+3.6
mpb  nef 314.1+454 103.6 +19.4 1154 +17.1 153.6 +76.3 9.9+3.2
mpb  nom 56.3+21.9 17.2+9.6 78+34 29.2+19.0 7.7+36
mpb  cop 229+38 246+49 1.8+0.2 20.8+5.8 29.3+75
mpb  bba - - 16.2+9.3 - -
mpb  phy 06+0.1 - - - -
mpb  bdf 0.1+01 12221 08104 54.3+9.6 30.1+5.3
mpb  bgr 176 +£11.6 253.7+30.5 86.6 £11.2 162.8+11.3 1.2+0.2
mpb  sus 18+15 117.6 £22.0 41+21 72.5+13.0 65.8 +10.7
mpb  bom 13+12 146+25 0.1+01 21+04 04+0.1
mpb  bfi 0.1+01 - 39.7+2.3 - -
mpb  hbr - - 21.3+£16.3 - -
z0s bgr - - 188+21 - -
z0s bdf - - 06+04 - -
z0s bom - - 01+0.1 1.2+0.2 -
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z0s hbr - - 13.8+2.0 43.8+7.1 -

doc pba - - 188.2£38.5 - -

doc bba - - 361.9+43.3 - -

pom nba 1.7+£1.0 56+3.7 1.4+£0.9 5.3+34 05+04
pom ndf 14677 6.8+5.0 38127 11.9+87 1.7+11
pom nef 25.3+12.3 34+£22 25116 13.3+95 21+14
pom nom 10.1+6.0 79147 3.7+17 8.4+57 1.4+0.8
pom cop 1.1+0.7 3.8+26 0.1+0.0 49+36 5.0+3.0
pom pba 624.3 £ 66.0 - 244 £23.3 - -

pom mzo 143.4 +127.5 - - - -

pom Z00 29.2+253 - 28.2+21.0 - -

pom sus 0.3+0.0 13.8+9.7 3318 9.8+83 65.0+12.8
pom bfi 13+12 - - - -
pom bom - 11.6 +8.7 - 0.3+0.1 15+14
som nba 1.7+£1.0 47+29 1.2+0.7 5.3+3.0 05+04
som ndf 19.3+8.5 9.6+7.1 6.0+3.9 44,0 +24.7 43+26
som nef 36.3+12.7 3.9+25 3.7+22 65.3 + 54.6 45+26
som nom 16.3+8.8 10.9+6.2 6.1+25 135+7.9 3.2+18
som cop 1.5+£0.9 46+3.1 0.1+01 70+4.6 11.6+6.1
som bba 286.1+34.2 572.3+41.2 76+6.3 661.9 £ 103.0 306.2 £22.8
som bgr 25.6 £13.7 40.8+£6.9 28.2+8.6 33.9+59 -

som bdf 0.1+£01 23.4+16.9 04+£0.3 44.8 +36.0 12.2+£10.0
som sus 0.1+£01 294.0 £ 116.3 45+24 52.4+£39.9 132.6 £57.3
som bom 143+25 0.1+0.0 26.9+ 3.7 205+1.4
som bfi 1.3+11 - - - -

pba mzo 70.3+46.9 - - - -

pba sus 0.0£0.0 0.3+£00 - 20£0.3 40+0.7
pba Z00 - - 59.9+25.4 - -

bba nba 349146 75+31 82+17 57+£31 05+04
bba ndf 18.9+3.6 6.9+48 85+3.6 196+12.1 1.2+0.7
bba nef 33.0£5.0 3.2+17 47+17 21.8+18.2 1.3+09
bba nom 34+27 41+26 30+£12 59+37 0.9+0.6
bba cop 25110 34+18 0.1+£00 40+£23 3.3+£20
bba bdf 0.0+00 85.0+13.0 02+01 2255+35.7 105.6 £9.9
bba bgr 28124 110.0+£ 315 16.6+24 13.1+11.3 28114
bba sus 0.1+0.0 349+6.1 - 40.8+7.3 315+55
bba bom 1.3+1.2 58.2+9.8 - 3.4+0.6 0.7+£0.1
nba nom 16+11 3.7+23 05+0.2 36+18 0.2+01
ndf nom 3251135 285+17.2 76124 40.2+215 1.6+0.9
nef nom 456 +19.3 154+8.2 17.8+3.9 25.6+17.3 1.4+10
cop nom 48+1.2 13.9+84 05+01 19.0+£9.9 7.0+3.2
mzo Z00 65.4 + 36.2 - - - -

mzo Sus 0.0£0.0 - - - -

Z00 Sus 0.0£0.0 - - - -

nba bom 0.9+0.8 3.0+22 0.0+00 18+15 0.2+0.1
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ndf bom 19+16 124+9.9 0.0+0.0 41+38 1.0+ 0.9
nef bom 19+£17 78+6.3 0.1+0.0 3.8+35 1.1+1.0
nom bom 18+14 16.3+8.1 0.0+0.0 71+43 1.1+£09
cop bom 1.0+0.9 96+7.6 0.0£00 3.6+33 35.7+8.0
Z00 bom 22.3+1.7 - 0.1+£0.0 - -
bdf bom 0.0£00 05+0.1 0.0£00 0.3+0.1 04+0.1
bgr bom 48+3.0 0.1+0.0 7.2+55

sus bom 0.1%+0.1 0.8+0.1 0.1+0.0 04+0.1 0.1+0.0
bom bom - 0.2+0.0 - 0.8+0.1 1.3£0.2
bfi bom - - 0.1+£0.0 - -
nba bfi 0.7+0.7 0.0+£00 0.3+0.2 0.0+00 0.0+£0.0
ndf bfi 12+11 0.0+0.0 3.0%+22 0.2+0.0 0.0+£0.0
nef bfi 12+11 0.0+0.0 7.1+49 0.6+0.1 0.0+0.0
nom bfi 1.2+£1.0 0.0£00 9.1+£15 0.2+£00 0.0+0.0
cop bfi 0.8+0.7 0.0+£00 - 0.0+00 0.0+£0.0
z0oo bfi 22+17 - 19.4+9.3 - 0.0+£0.0
bdf bfi 0.0+£00 0.1+0.0 0.1+0.1 0.1+0.0 0.2+0.0
bgr bfi 09+09 0.0+£00 9.7+6.8 0.0+0.0

sus bfi 0.1+0.1 0.0+0.0 1.5+£0.1 0.3+0.1 0.1+0.0
bom bfi 1.0+0.9 0.1+£00 0.1+0.0 1.0+£0.2 0.1+0.0
bfi bfi - - - 31+19 -

bdf cbr 0.0+£00 6.0£10 0.1+0.1 05+0.1 1.4+£0.2
bgr cbr 4.8+3.0 90.1+11.7 185+7.0 0.8+0.1 0.1+£0.0
sus cbr 0.1+0.1 3.1+£05 - 1.7+£0.3 81+14
bom cbr 6.6+3.1 36.3+17.9 - 6.6+17 9.3+4.38
bfi cbr 0.2+0.1 - - - -
mpb  CO2 196.1+71.9 128.3+70.1 177.1+12.8 92.1+36.9 179.8£97.1
phy CO2 65.1+27.1 - 7.7+3.8 - -

Z0s CO2 - - 42+17 520.6 + 100.0 -
nba CO2 8.8+0.7 0.5+0.0 03+0.1 0.4+£00 0.0£0.0
ndf Cco2 62.8+5.4 51+0.3 3.1+0.8 5.3+0.3 35+0.2
nef Cco2 76.1+6.7 1.7+£0.1 79+20 145+0.9 20+0.1
nom Cco2 27.8+14.4 1.7+£0.1 3.0+0.8 56+0.3 5.2+0.3
cop Cco2 124+1.0 0.5+0.0 0.7+0.0 0.5+0.0 44+0.3
bba Cco2 157.1+34.1 155.9 +55.2 305.0+41.3 267.5+78.6 103.8 £30.0
pba CO2 430.7£45.5 - 84.3 +£20.6 - -

z00 CO2 49.1+£0.0 - 52.1+5.0 - 93.4 %715
bdf Cco2 0.1£0.0 50.9+6.8 1.0+£0.1 145.1+12.2 62.7+4.3
bgr Cco2 125+4.1 81.2+12.1 74.3+5.3 82.3+4.38 2.0+0.6
sus Cco2 0.1+£0.1 315.0+£29.1 75%+0.2 205.0 +21.6 246.6 £57.9
bom Cco2 11.2+0.7 56.8 + 20.6 0.3+0.0 19.0+15 16.2+2.7
mzo C02 96.7 + 84.8 - - - -

cbr Cco2 50+3.0 63.8 +34.4 11.7+4.7 56+14 10.8+4.0
hbr C02 - - 22.1+10.8 24.3+135 -

bfi CO2 8.0+18 0.1+0.1 58.1 + 22.6 1.1+05 0.2+0.1
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mpb  doc - - 491.7+25.1 - -

phy doc - - 58+14 - -
mpb  som 306.7 £49.3 136.4£74.9 - 81.3+33.5 434.3+135.8
phy pom 124.8 +39.2 - 24.0+£12.9 - -

z0s doc - - 15+0.6 7.0x+5.1 -

Z0s som - - 19+17 220.2 +113.9 -

nba doc - - 71+45 - -

ndf doc - - 21.5+18.0 - -

nef doc - - 29.3+24.0 - -

nom doc - - 15.5+10.1 - -

cop doc - - 0.7+0.2 - -

bba doc - - 39.4+17.3 - -

pba doc - - 65.7 +22.7 - -

z0o doc - - 252+12.3 - -

nba som 33.2+5.1 26.6 £4.4 83146 21.9+3.9 1.6+0.3
ndf som 2453 +36.3 176.1+73.1 57.8+29.4 203.4 +52.5 16.5+3.1
nef som 283.8+46.2 89.2+18.0 64.1 + 28.6 209.3+128.1 13.2+3.2
nom  som 139.7+34.4 83.8+22.0 19.4+£10.6 132.4+355 17.1+£29
cop som 9.0+38 12.3+8.6 0.1+0.0 135+9.1 20+19
som pom 416.2+67.9 - 131.8+13.6 - -

pom  som 188.0 +114.6 - 110.3+£215 - -

bba som 32.0+3.2 103.2£61.9 - 54,5 +40.7 54.6 £28.4
pba pom 123.2 +56.8 - - - -

mzo pom 110.0+32.8 - - - -

Z0o pom 47.7+18.9 - 119+84 - 38.1+25.0
bdf som 0.1+£00 62.7£16.1 08+0.2 178.7 £30.1 83.2+10.5
bgr som 23.1+9.1 233.2+0.0 47.7£10.2 119.6 £12.2 1.9+09
sus som 0.2+£00 366.1 +110.0 56+1.3 216.0 +£50.8 2155+72.3
bom  som 19.1+18 69.2 £18.2 0.3+£00 37.1+45 37.6£6.3
bfi pom 38116 0.1+£01 30.7+£9.6 1.4+05 0.2+£01
cbr som 1.7+0.3 69.7£37.1 7.0+£30 39+1.2 79+3.1
hbr som - - 13.0+6.5 19.1+13.0 -

phy Export 182.7 +130.5 - 139.5+6.6 - -

som Export  477.4+855 450.0+ 1974 146.4 £ 36.1 557.7+174.6  390.0 £ 138.6
pom Export 94.5 + 86.6 - 595.1+43.3 - -

Z0s Export - - 42+17 - -

doc Export - - 1125.3+33.6 7.0+5.1 -

sus Export 0.1+0.1 00

cbr Export 49+30 21100 39107 0.1+£00 0.2+0.0
bfi Export 26+18 0.0+00 163.2 £ 30.1 0.1+00 0.1+01
mzo Export  146.4 £129.2 - - - -

som Export - - 88.0+£4.3 - 143.0 £ 54.3
Z00 Export - - 90.6£5.1 -

pba Export - - 06+01 0.3+00 -

hbr Export - - 06+01 0.3+0.0 -
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Appendix 5.10. Statistical comparison of ecological network analysis indices between the mudfiats, seagrass beds
and sandflat in the Marennes-Oléron Bay (MO) and Sylt-Rgmg Bight (SR) using Cliff’s delta statistic. Effects are

described as “negligible”, “small”, “medium” and “large” after Romano et al. (2006). T.. = total system

throughput, FCI = Finn cycling index, SOI = system omnivory index, R/C = relative redundancy.

T. Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
Mudflat MO -

Mudflat SR 0.911 (large) -

Seagrass MO 0.049 (negligible) 1.0 (large) -

Seagrass SR 0.497 (large) 0.630 (large) 0.661 (large) -

Sandflat SR 1.0 (large) 0.868 (large) 1.0 (large) 1.0 (large) -

FCI Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
Mudflat MO -

Mudflat SR 0.938 (large) -

Seagrass MO 1.0 (large) 1.0 (large) -

Seagrass SR 0.139 (negligible) 0.901 (large) 1.0 (large) -

Sandflat SR 0.475 (large) 0.968 (large) 1.0 (large) 0.598 (large) -

SOl Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
Mudflat MO -

Mudflat SR 0.923 (large) -

Seagrass MO 0.871 (large) 0.474 (large) -

Seagrass SR 0.237 (small) 0.855 (large) 0.751 (large) -

Sandflat SR 0.981 (large) 0.753 (large) 0.911 (large) 0.969 (large) -

R/C Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
Mudflat MO -

Mudflat SR 0.066 (negligible) -

Seagrass MO 1.0 (large) 1.0 (large) -

Seagrass SR 0.342 (medium) 0.728 (large) 1.0 (large) -

Sandflat SR 0.982 (large) 1.0 (large) 1.0 (large) 0.998 (large) -

D/H Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
Mudflat MO -

Mudflat SR 0.991 (large) -

Seagrass MO 1.0 (large) 1.0 (large) -

Seagrass SR 0.979 (large) 0.234 (large) 1.0 (large) -

Sandflat SR 0.914 (large) 0.113 (negligible) 1.0 (large) 0.069 (negligible) -

D/H of Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
meiofauna

Mudflat MO -

Mudflat SR 0.155 (small) -

Seagrass MO 0.691 (large) 0.526 (large) -

Seagrass SR 0.993 (large) 0.993 (large) 0.999 (large) -

Sandflat SR 0.999 (large) 0.998 (large) 1.0 (large) 0.412 (medium) -
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B/H Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
Mudflat MO -

Mudflat SR 0.994 (large) -

Seagrass MO 1.0 (large) 1.0 (large) -

Seagrass SR 1.0 (large) 0.527 (large) 1.0 (large) -

Sandflat SR 0.969 (large) 0.335 (medium) 1.0 (large) 0.751 (large) -

B/H of Mudflat MO Mudflat SR Seagrass MO Seagrass SR Sandflat SR
meiofauna

Mudflat MO -

Mudflat SR 0.987 (large) -

Seagrass MO 0.569 (large) 0.924 (large) -

Seagrass SR 0.134 (negligible) 0.846 (large) 0.349 (medium) -

Sandflat SR 0.348 (medium) 0.669 (large) 0.081 (negligible)  0.342 (medium) -

Appendix 5.11. Mean trophic levels, export dependency, detritivory/herbivory (D/H) and bacterivory/herbivory

(B/H) ratios of the food web in the mudflats, seagrass beds, and sandflat in the Marennes-Oléron Bay (MO) and

the Sylt-Rgmg Bight (SR). Letters displayed next to ratios indicate groups of samples with similar indices using

Cliff’s delta statistics.

) Export . .
Mean trophic level B/H ratio D/H ratio
dependency (%)
Mudflat MO 2.4 12.0 0.15% (+ 0.03) 1.322 (£ 0.12)
Mudflat SR 2.4 7.6 0.288 (£ 0.05) 0.91B (£ 0.09)
Seagrass MO 2.1 4.1 0.04° (£ 0.00) 0.38° (£ 0.05)
Seagrass SR 2.3 6.2 0.328 (£ 0.04) 0.95P (+ 0.09)
Sandflat SR 2.2 13.0 0.258 (£ 0.04) 0.96F (£ 0.15)
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Appendix 5.12. Production (mgC m d) and production/biomass ratios (d) of meiofauna and macrofauna trophic groups and total meiofauna and total macrofauna in the

mudflats, seagrass beds, and sandflat in the Marennes-Oléron Bay (MO) and the Sylt-Rgmg Bight (SR).

Production (mgC m?2d?)

Production/biomass ratio (d™)

Mudflat Mudflat Seagrass Seagrass Sandflat Mudflat Mudflat Seagrass Seagrass Sandflat
MO SR MO SR SR MO SR MO SR SR

Selective deposit feeding nematodes 3.2 6.7 0.9 5.4 0.4 0.04 1.22 0.19 1.18 1.20
Non-selective deposit feeding nematodes 35.5 40.9 10.7 44.6 2.6 0.07 0.70 0.18 0.73 0.06
Epigrowth feeding nematodes 48.7 23.2 25.0 30.0 2.6 0.08 1.19 0.15 0.18 0.11
Omnivorous/predating nematodes 3.1 16.3 9.1 7.4 1.1 0.04 0.85 0.14 0.12 0.02
Benthic copepods 6.7 23.6 0.6 22.7 42.8 0.07 3.93 0.01 3.70 0.85
Meiofauna 358 30.6 145 27.7 13.6 0.03 0.28 0.04 0.09 0.08
Benthic deposit feeding macrofauna 10.5 90.1 28.2 8.0 0.1 0.015 0.011 0.007 0.001 0.002
Benthic grazing macrofauna 0.1 6.9 0.2 0.9 2.0 0.015 0.002 0.002 <0.001 <0.001
Suspension feeding macrofauna 2.0 3.6 1.6 24 8.3 0.047 0.001 0.001 <0.001 <0.001
Benthic omnivorous macrofauna 7.0 36.5 0.1 8.5 10.7 0.012 0.013 0.002 0.008 0.015
Macrofauna 8.7 41.3 19.8 3.2 6.8 0.005 0.003 0.001 <0.001 <0.001

Appendix 5.13. Transfer efficiency of benthic copepods and trophic groups of nematodes in the mudflats, seagrass beds, and sandflat in the Marennes-Oléron Bay (MO) and
the Sylt-Rgmg Bight (SR).
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Mudflat MO  Mudflat SR Seagrass MO  Seagrass SR Sandflat SR
Selective deposit feeding nematodes 7.0 19.9 5.3 19.4 19.8
Non-selective deposit feeding nematodes 10.3 18.4 10.2 17.6 115
Epigrowth feeding nematodes 11.9 20.3 20.1 11.8 14.4
Omnivorous/predating nematodes 1.8 16.0 22.7 5.1 4.7
Benthic copepods 23.8 64.8 28.0 61.7 87.0




Chapter 5

Appendix 5.14. Detritivory/herbivory (D/H), bacterivory/herbivory (B/H) and bacterivory/detritivory (B/D) ratios for macrofauna in the mudflats, seagrass beds, and sandflat in the
Marennes-Oléron Bay (MO) and the Sylt-Regmg Bight (SR).

D/H ratio B/H ratio B/D ratio
Mudflat MO 1.26 0.20 0.16
Mudflat SR 0.63 0.45 0.72
Seagrass MO 0.32 0.15 0.46
Seagrass SR 0.31 0.53 1.69
Sandflat SR 0.86 0.54 0.62

Appendix 5.15. Dependency ratios of meiofauna (benthic copepods and trophic groups of nematodes) on food web compartments (benthic bacteria, suspended particulate organic

matter (SPOM), sediment organic matter (SOM), microphytobenthos and seagrass material) in the mudflats, seagrass beds and sandflat in the Marennes-Oléron Bay (MO) and Sylt-

Remg Bight (SR).

Nematodes —selective deposit feeders

Nematodes — non-selective deposit feeders

Mudflat Mudflat Seagrass Seagrass Sandflat Mudflat Mudflat Seagrass Seagrass Sandflat
MO SR MO SR SR MO SR MO SR SR
Benthic bacteria 0.86 0.34 0.52 0.31 0.35 0.07 0.06 0.10 0.14 0.10
SPOM 0.29 0.18 0.13 0.21 0.28 0.09 0.03 0.07 0.06 0.09
SOM 1.07 0.58 0.11 0.58 0.68 0.17 0.12 0.08 0.37 0.33
Microphytobenthos 0.87 0.77 0.59 0.65 0.66 0.96 0.96 0.88 0.85 0.88
Seagrass material 0.00 0.00 0.01 0.09 0.00 0.00 0.00 0.00 0.06 0.00

Nematodes — epigrowth feeders

Nematodes — omnivores/predators

Mudflat Mudflat Seagrass Seagrass Sandflat Mudflat Mudflat Seagrass Seagrass Sandflat
MO SR MO SR SR MO SR MO SR SR
Benthic bacteria 0.10 0.05 0.04 0.17 0.14 0.09 0.15 0.11 0.18 0.13
SPOM 0.13 0.03 0.03 0.07 0.14 0.17 0.12 0.16 0.12 0.12
SOM 0.25 0.10 0.04 0.50 0.44 0.30 0.36 0.20 0.46 0.42
Microphytobenthos 0.94 0.96 0.95 0.81 0.82 0.92 0.85 0.79 0.77 0.84
Seagrass material 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.01 0.07 0.00

-191 -



Chapter 5

Benthic copepods
Mudflat Mudflat Seagrass Seagrass Sandflat

MO SR MO SR SR
Benthic bacteria 0.11 0.17 0.06 0.18 0.13
SPOM 0.10 0.11 0.05 0.15 0.12
SOM 0.21 0.35 0.06 0.44 0.41
Microphytobenthos 0.96 0.86 0.92 0.75 0.84
Seagrass material 0.00 0.00 0.00 0.07 0.00

Appendix 5.16. Dependency ratios of macrofauna (benthic grazers, benthic deposit feeders, suspension feeders and benthic omnivores) on food web compartments (benthic bacteria,
suspended particulate organic matter (SPOM), sediment organic matter (SOM), microphytobenthos and seagrass material) in the mudflats, seagrass beds and sandflat in the Marennes-
Oléron Bay (MO) and Sylt-Remg Bight (SR).

Benthic grazers Benthic deposit feeders
Mudflat Mudflat Seagrass Seagrass Sandflat Mudflat Mudflat Seagrass Seagrass Sandflat
MO SR MO SR SR MO SR MO SR SR
Benthic bacteria 0.15 0.39 0.13 0.24 1.03 0.18 0.63 0.12 0.77 0.85
SPOM 0.12 0.01 0.08 0.01 0.08 0.13 0.04 0.09 0.04 0.08
SOM 0.73 0.66 0.23 0.46 1.41 0.78 1.79 0.26 1.45 1.42
Microphytobenthos  0.95 0.94 0.72 0.87 0.86 0.95 0.83 0.55 0.60 0.86
Seagrass material 0.00 0.00 0.13 0.08 0.00 0.00 0.00 0.30 0.25 0.00

Suspension feeders Benthic omnivores
Mudflat Mudflat Seagrass Seagrass Sandflat Mudflat Mudflat Seagrass Seagrass Sandflat
MO SR MO SR SR MO SR MO SR SR
Benthic bacteria 0.15 0.18 0.02 0.16 0.22 0.13 0.49 0.08 0.22 0.15
SPOM 0.68 0.07 0.36 0.03 0.12 0.46 0.09 0.12 0.08 0.12
SOM 0.70 0.49 0.39 0.34 1.04 0.44 0.81 0.20 0.61 0.58
Microphytobenthos  0.71 0.45 0.48 0.28 0.64 0.56 0.78 0.59 0.76 0.85
Seagrass material 0.00 0.00 0.02 0.06 0.00 0.00 0.00 0.14 0.11 0.00
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CHAPTER 6

General discussion



General discussion

Interest of marine ecologists in the role of meiofauna in intertidal soft-bottom food webs originated
from the following reasons: (1) their high abundance and cosmopolitan distribution (Heip et al. 1985; Giere
2009), (2) their high production (Escaravage et al. 1989; Chardy and Dauvin 1992; Danovaro et al. 2002b) and
short turnover time (Kuipers et al. 1981), and (3) their intermediate trophic position connecting microalgae
and bacteria (Pascal et al. 2008; Rzeznik-Orignac et al. 2008; Moens et al. 2014; Vafeiadou et al. 2014) to
higher trophic levels (e.g. benthic fish, shrimps) (Coull 1999). Determining the biomass and feeding ecology
of meiofauna in soft-bottom habitats and thereby exposing the linkage between potential food sources (e.g.
primary producers, bacteria) and meiofauna significantly improves our understanding of the energy flows in

food web functioning of coastal ecosystems.

This thesis aims at determining how changes of food sources (i.e., benthic diatoms, bacteria, detrital
matter, and phytoplankton), and therefore of the properties (quantity, quality, availability) of the organic matter
available to consumers, affect carbon fluxes from food sources to meiofauna in soft bottom coastal habitats.
Such an assessment was carried out by comparing food web functioning of different habitats (seagrass beds,
mudflats, sandflat) from two different ecosystems (five food webs in total). These different food web studies
provided a range of cases which could be compared within each other to define how the food web functioning
changes depending on available food sources. These comparisons were carried out following three steps, each

step corresponding to a chapter of this thesis (Fig. 1.3).

The first part of this thesis aims at defining the temporal and spatial variations of food sources and
meiobenthic assemblages in the five studied habitats, and at determining how food sources in soft-bottom
intertidal food webs drive meiofauna community structure (Fig. 1.3: green section). To reach this objective,
biomass of food sources and community structure of meiofauna (i.e., abundance, biomass and population
structure) were determined to define the relationship between the different groups of meiofauna and their
potential food sources. The effect of changes in availability, quality and quantity of food sources on the

meiofauna community structure was determined by habitat comparisons.

Secondly, this thesis investigates the feeding ecology of the meiofauna in the different studied habitats
(Fig. 1.3: blue section). Stable isotope compositions, fatty acid profiles and compound-specific stable isotope
compositions of fatty acids of the food sources as well as of the two major groups of meiofauna (i.e., nematodes

and benthic copepods) were combined to describe the trophodynamics of selected habitats.

Finally, this thesis aims at determining the flows of carbon in these different soft-bottom intertidal
food webs (Fig. 1.3: orange section). Results from chapters 3 and 4 (i.e., biomass and contributions of food
sources to major trophic groups of meiofauna) were included into pre-existing food web models of these soft-
bottom intertidal habitats. This permitted improving the knowledge about the role of meiofauna in soft-bottom
ecosystems as well as determining the fluctuations of this role within habitats dominated by different primary

producers.
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1 MAJOR RESULTS OF THIS THESIS

1.1.  Flows of organic matter from food sources to meiofauna

1.1.1. Microphytobenthos as the main food source for meiofauna

This thesis highlights the importance of microphytobenthos as a food source for meiofauna in soft-
bottom intertidal habitats by implementing information about community structure (Chapter 3) and food
sources of meiofauna (Chapter 4) into food web models (Chapter 5). Carbon flows towards meiofauna were
indeed dominated by the fluxes originating from microphytobenthos in the five studied intertidal habitats
(Chapter 5), besides the large differences of food source biomass and abiotic factors between these habitats
(Fig. 6.1: indicated in orange). Assessments of food sources, meiofauna biomass and taxonomy (Chapter 3)
emphasized microphytobenthos to be one of the major drivers of meiofauna community structure (Fig. 6.1:
indicated in green). The combination of trophic markers (e.g. stable isotopes and fatty acids) revealed that
microphytobenthos is the main food source used by meiofauna in all studied food webs (Chapter 4, Fig. 6.1:

indicated in blue).

The importance of microphytobenthos as a food source for meiofauna has been revealed before in
intertidal habitats after studies on trophic markers (Rzeznik-Orignac et al. 2008; Leduc et al. 2009; Cnudde et
al. 2015) and food web models (Chanton and Lewis 2002; Pinckney et al. 2003; van Oevelen et al. 2006). Like
in this thesis, these studies highlighted low contributions of food sources such as detrital material,
phytoplankton and seagrass, despite high biomass (i.e., seagrass) and/or production (i.e., phytoplankton). This
demonstrates the selective feeding mode of meiofauna towards a food resource of high-quality: the

microphytobenthos, as already observed by van Oevelen et al. (2006).

Selective feeding was also demonstrated for different trophic groups of nematodes and benthic
copepods, as their main consumption flows originated from microphytobenthos, either directly (i.e., non-
selective deposit feeding nematodes, epigrowth feeding nematodes, benthic copepods) or indirectly
(omnivorous/predating nematodes). The important role of microphytobenthos as a food source for these trophic
groups has been demonstrated before based on feeding experiment and trophic marker studies (Moens and
Vincx 1997b; Moens et al. 1999a; Rzeznik-Orignac et al. 2008; Rzeznik-Orignac and Fichet 2012; Vafeiadou
et al. 2014). Merely selective deposit feeding nematodes had a wider range of food sources with high
contributions of microphytobenthos, bacteria and SOM. The important role of bacteria as a food source for
this trophic group was highlighted in this thesis thanks to the integration of isotope compositions in food web
models. The reliance of selective deposit feeders on bacteria was also pointed out by Vafeiadou et al. (2014)
using stable isotope analyses, and it was further demonstrated that the type of food ingestion corresponds with
their mouth morphology (Wieser 1953). However, the role of bacteria as a food source for meiofauna remains

under debate and will be discussed later in section 3 “Role of bacteria as a food source to meiofauna?”.
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Low seasonal and spatial variation in food source uses of nematodes and benthic copepods confirmed
the importance of microphytobenthos as prevalent food source in soft-bottom intertidal habitats. Seasonal
variation in contributions of microphytobenthos as a food source was low, most likely related to the constant
biomass (Lebreton et al., 2009; Chapter 3), production and quality of microphytobenthos (Cebrian 1999).
These parameters are generally more variable for other potential food sources, e.g. higher biomass of seagrass
material in spring compared to autumn, higher amounts of detrital material in autumn than in spring (Chapter
3), and spring blooms increasing phytoplankton biomass and production (Héral et al. 1986; Galois et al. 1996).
Contribution of microphytobenthos to the diet of meiofauna also displayed low to moderate variations between

habitats, with flows from microphytobenthos to meiofauna ranging from 60-80% of their total consumption.

The second most important food source used by meiofauna differed between habitats, with varying
contributions of SOM (7-23%), bacteria (7-10%) and SPOM (4-10%). Lowest contributions of
microphytobenthos to meiofauna were observed in the seagrass bed and sandflat of the Sylt-Remg Bight,
where the contributions of SOM were relatively higher when compared to other habitats. But it is worth noting
that SOM is very likely made of a large quantity of benthic microalgae. Quality of SOM was indeed high in
these habitats, with a relatively higher amount of carbon originating from fresh microalgae (Chapter 3), which
thus increases indirectly the contribution of microphytobenthos to meiofauna. The relatively higher amount of
diatom fatty acid markers observed in SOM from the seagrass bed and sandflat of the Sylt-Rgmg Bight
confirmed this hypothesis. The outcomes of this thesis demonstrate the interest in studying multiple habitats
with different characteristics (i.e., abiotic and biotic) over different seasons. Despite observing seasonal or
spatial variation in availability and production of food sources, microphytobenthos remains the most important
food source used by meiofauna. However, models could be improved for an even better understanding of the
role of meiofauna and the importance of microphytobenthos as a food source. One method to improve model
inputs (constraints) of food source contributions to meiofauna would be to combine trophic markers, e.g. stable
isotopes and FAs, in mixing models. A much higher accuracy would be reached by estimating food source
contributions using the stable isotope and FA compositions of trophic groups, which can provide more detailed
information about the differences in feeding behavior (see section 3 “Recommendations for future research”

for more details).
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Figure 6.1. Conceptual diagram illustrating the influence of human and natural pressures on meiofauna community
structure and the role of meiofauna in ecological processes and functions. The different observation scales (i.e., socio-
ecosystem, ecosystem and habitat) are described on the left side of the diagram. Compartments and connections studied
in the different chapters to address the questions of this thesis are colored in green (Chapter 3), blue (Chapter 4) and
orange (Chapter 5). Main conclusions of this thesis are highlighted in the colored boxes, with summarizing

conclusions of chapters 3, 4, and 5, in green, blue and orange, respectively. SOM = sediment organic matter
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1.1.2. Role of bacteria as a food source for meiofauna?

The role of bacteria as a food source for meiofauna is highlighted in this thesis, as similar contributions
of diatom and bacteria FA markers were observed in FA profiles of nematodes and benthic copepods (Chapter
4 and Fig. 6.1; indicated in blue). Carbon flow from bacteria to meiofauna (7-93 mgC m d*) is, however,
relatively low compared to the flow from microphytobenthos to meiofauna (63-691 mgC m™ d*) (Chapter 5).
The highest flow of carbon from bacteria to meiofauna was observed for selective deposit feeding nematodes,
which depend on bacteria (Pascal et al. 2008, 2009; Vafeiadou et al. 2014). This is related to their buccal cavity
that is mostly suitable for digestion of small particles (Wieser 1953). However, the role of bacteria as a food
source for meiofauna remains under debate (Giere 2009), related to methodological challenges in determining

bacteria isotope compositions.

Bacteria are challenging to implement in trophic ecology studies because they are difficult to isolate
for isotope analyses (Coffin et al. 1990; Pelz et al. 1997) and their isotope compositions generally correspond
to that of their substrate (Boschker et al. 2000). Vafeiadou et al. (2014) used the isotope composition of sulfide-
oxidizing bacteria in their models, combining some of their own data with data from another study (Robinson
and Cavanaugh 1995). In this thesis, compound specific isotope analyses of diatom and bacteria FA markers
from meiofauna revealed that bacteria, ingested by these consumers, mainly use SOM and microphytobenthos
as a substrate in the studied habitats. This confirmed that several groups of bacteria can occur in the sediment
(e.g. sulfide-oxidizing bacteria, cyanobacteria, heterotrophic bacteria) (Gray and Herwig 1996; Spring et al.
2000; Gribben et al. 2017), leading to different isotope compositions, and that the reliance of consumers on
these groups can vary, probably depending on feeding types, but maybe also due to other parameters: biotic
(e.g., biomass, production, biofilm formation) and abiotic (e.g., oxygen concentration, hydrogen sulfide
concentration). In this thesis, isotope compositions of sulfide-oxidizing bacteria (Vafeiadou et al. 2014) were
used in mixing models to estimate food source contributions for meiofauna and thus underestimation of food

source contributions of bacteria might have occurred.

Therefore, additional information is required on the various bacteria groups occurring in soft-bottom
habitats. Determining the isotope compositions of these bacteria groups and their trophic fractionation factors
would also provide very relevant information specifically to meiofauna feeding ecology, as well as for food
web assessments in general. Another potential method in tackling this issue is to use multiple trophic markers
(e.g. combination of stable isotope and FA analyses) which have been proven useful in determining the feeding
behavior of bulk nematodes and benthic copepods (Chapter 4, Braeckman et al. 2015). Combining the
information that is provided by these two trophic markers in mixing models would provide more accurate
information about food source contributions to consumers, especially for bacteria in this case. CSIA of FAs

can be used to determine the origin of bacteria and the substrate that they are relying on.
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1.1.3. Fate of seagrass material and suspended particulate organic matter

Contribution of SPOM and seagrass material as food source to nematodes and benthic copepods was very
low, as highlighted by trophic marker approaches (Chapter 4) and confirmed by food web models (Chapter 5).
A low contributions is evident in all habitats (i.e., vegetated and unvegetated), even in seagrass beds where
loads of seagrass and detrital material were high (Chapter 3) and where sedimentation of SPOM is favored
(Asmus and Asmus 2000; Koch et al. 2006; Ouisse et al. 2012).

A low contribution of SPOM as a food source to meiofauna could be related to phytoplankton
dynamics, as this primary producer is generally characterized by higher fluctuations in biomass and production
compared to other food sources (Galois et al. 1996). More generally, the outcomes of trophic marker
approaches (Chapter 4) and food web models (Chapter 5) demonstrated relatively low flows of SPOM to
benthic consumers, highlighting a low coupling from the pelagos to the benthos in all habitats. Meiofauna have
the ability to be more selective for food sources (Moens and Vincx 1997b), and thus generally select locally
produced benthic diatoms over marine pelagic food sources (Maria et al. 2011), whereas macrofauna are
known to rely on SPOM in benthic food webs (Asmus and Asmus 1991; Maria et al. 2011, 2012). These small
flows of SPOM to meiofauna and to macrofauna raise questions about the fate of this organic matter in benthic
food webs. It is likely that SPOM is used by benthic consumers in these systems, particularly suspension
feeders (Asmus and Asmus 1991; Malet et al. 2008; Lebreton et al. 2011b), but the role of microphytobenthos
is so high that the role of the SPOM is probably marginalized.

The very low contribution of fresh and detrital seagrass material (Z. noltei) as a food source to nematodes
and benthic copepods is most likely related to the poor nutritional value and high lignocellulose content of
vascular plants (Vizzini et al. 2002). Previous studies—based on stable isotope measurements only—
demonstrated a relatively higher contribution of seagrass material as food source to meiofauna (Leduc et al.
2009; Lebreton et al. 2012; Vafeiadou et al. 2014) when compared to other potential food sources. As in pre-
cited studies, the outcomes of mixing models in this thesis, that were based on stable isotope data, highlighted
that contributions of seagrass material to nematodes and benthic copepods diets were non negligible. However,
FA profiles of nematodes and benthic copepods had very low proportions of vascular plant FA markers,
demonstrating the very low uses of seagrass material by meiofauna. This highlights that the role of seagrass
material for meiofauna is probably generally overestimated due to some flaws in stable isotope methods. A
major flaw is related to the overlapping isotope compositions of microphytobenthos and seagrass material
which led to possible overestimations in the use of seagrass by meiofauna, when estimating contributions with
isotope mixing models. Using stable isotope and fatty acid data in mixing models might provide a better

assessment of the role of seagrass material.

The poor use of seagrass material by meiofauna (Chapter 4 and 5) and macrofauna (Jaschinski et al. 2008;

Lebreton et al. 2011b) raises questions about the fate of seagrass material in coastal ecosystems. This material
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may be buried into the deeper sediment layers (Duarte and Cebrian 1996), exported (McLusky and Elliott
2004; Mateo et al. 2006) and/or consumed by herbivorous birds (Baird et al. 2007; Pacella et al. 2013). Isotope
compositions and fatty acid profiles of SOM from deep sediment layers would be helpful in determining the
fate of this material. Besides its low role as a food source for meiofauna and macrofauna, it is worth nothing
that seagrass provides a higher habitat complexity, leading to a higher biodiversity (Austen et al. 1998; Steyaert
et al. 2003; Giere 2009).

1.2. Role and fate of meiofauna in benthic food webs

1.2.1. Meiofauna vs. macrofauna

Meiofauna and macrofauna are two important compartments in the food webs of soft-bottom coastal
ecosystems, but have different roles in the functioning of these food webs. Meiofauna is characterized by a
high production and has a very important role in the energy flows from microphytobenthos towards higher
trophic levels. Macrofauna have much slower growth rates and a stronger energy storage due to their high

biomass. Also, macrofauna relies on a much larger diversity of food sources.

Meiofauna play an important role in soft-bottom intertidal habitats as demonstrated by their high
production (15-36 mgC m? d?), high transfer efficiency (23-28%) and short turnover time (4-37 days)
(Chapter 5), despite their generally low biomass. In the studied habitats, production of meiofauna was in range
with or higher than estimations by Chardy and Dauvin (1992), Danovaro et al. (2002) and Escaravage et al.
(1989) (10 to 80 mgC m™ d*). Slightly higher production of meiofauna compared to macrofauna (3-41
mgC m2 d?) is most likely related to their relatively higher weight-specific metabolic rate (Kuipers et al.
1981), shorter turn-over time (Gerlach 1971; Kuipers et al. 1981; Chapter 5) and higher number of annual
generations (Vranken and Heip 1986; Moens and Vincx 1997a). Turnover times of meiofauna (4-37 days)
were much lower than those of macrofauna (150-10,000 days), which can be allocated to a high throughput
per gram of consumer (0.7-4.7), which was between 10 and 70 times higher than those of macrofauna
(Chapter 5). Especially the consumption rate on microphytobenthos in relation to body weight is high for
meiofauna when compared to that for macrofauna, with meiofauna consuming between 35 and 330% of their
bodyweight on microphytobenthos, whereas macrofauna consumes less than 2% of their bodyweight on
microphytobenthos. A lot of the energy that meiofauna obtains from microphytobenthos is transferred towards

higher trophic levels (Danovaro et al., 2007).

Meiofauna, with their high carbon transfer from microphytobenthos to higher trophic levels, high
production and short turn-over time, can play an important role in the ecosystem processes of soft-bottom
intertidal ecosystems, such as participating in food web functioning and channeling flows of organic matter
(Fig. 6.1). These ecosystem processes related to meiofauna are at the base of fisheries and aquaculture, and

therefore benefits to human societies, as was highlighted by Schratzberger and Ingels (2017).
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1.2.2. Fate of meiofauna?

Meiofauna is important for higher trophic levels in the studied habitats, as demonstrated by the flows
towards their predators (13-49 mgC m™ d). Meiofauna are known to be of interest for higher trophic levels,
even in aquaculture (Fleeger 2005), due to their high nutritional value (Sikora et al. 1977; Couch 1989; Coull
1999) and ability to biosynthesize highly unsaturated fatty acids (Rothstein and Gotz 1968; Bolla 1980). The
flows of meiofauna towards higher trophic levels can even be higher than those of macrofauna (i.e., in the
sandflat of the Sylt-Rgmg Bight and the two seagrass beds). Meiofauna are a food source for benthic fish (e.g.
mullets, gobies, flatfish, grunts and croakers) in intertidal habitats, such as mudflats (Lassere et al. 1975;
Gordon and Duncan 1979; Smith et al. 1984; Smith and Coull 1987; Carpentier et al. 2014), sandflats (Castel
and Lassere 1982; Hicks 1984; Pihl 1985; Gee 1987; Pockberger et al. 2014) and salt marshes (Lebreton et al.
2011a, 2013). These benthic fish benefit from the high production and short turnover time of meiofauna (Coull
1999), which can result in positive effects for human societies relying on fisheries (Schratzberger and Ingels
2017). However, the fate of meiofauna remains under debate (Giere 2009) and future research should focus on

better assessing the flows from meiofauna to higher trophic levels.
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2. RECOMMENDATIONS FOR FUTURE RESEARCH

This study provided some information about the role of meiofauna in soft-bottom ecosystems, and
particularly about the importance of the carbon flows originating from microphytobenthos and transiting to
higher trophic levels via meiofauna. Nevertheless, several improvements could be done to better assess the
role of this compartment. Some of these improvements are mostly related to methodological issues while some

other ones are more related to knowledge gaps.

Improving models could result in a better understanding of the role of meiofauna and the importance
of microphytobenthos as a food source. Model inputs (constraints) of contributions of food sources to
meiofauna could indeed be refined by combining several trophic markers, e.g. stable isotopes and FA
analyses, which has been proven to be useful in determining the feeding behavior of meiofauna (Chapter 4,
Braeckman et al. 2015). Using the outcomes provided by these two trophic markers in mixing models could
provide more accurate contributions of food sources to consumers. For an even better understanding of food
source contributions to meiofauna, the stable isotope and fatty acid compositions of trophic groups could
be determined which could provide even more precise information on the differences in feeding behavior.
Such measurements will need some fine tuning of isotope ratio mass spectrometers and gas chromatographs

which could probably be done in a couple of years.

Additional information is also required on the various bacteria groups occurring in these habitats
(e.g. sulfide-oxidizing, heterotrophic bacteria, cyanobacteria). Determining the isotope compositions of these
bacteria groups could provide more detailed information on the meiofauna feeding ecology. However, bacteria
are difficult to isolate, a required step to conduct stable isotope analyses (Coffin et al. 1990; Pelz et al. 1997).
Therefore, mixing models with stable isotope and fatty acid data should be used, which can result in a
higher precision on the role of bacteria within these food webs. CSIA of FA markers can then be used to

determine the substrate of bacteria, and thus their origin.

Taking into account less abundant meiofauna taxa would also provide more detailed information on
the global role of meiofauna within intertidal habitats. Because nematodes and benthic copepods are generally
the most dominant meiofauna taxa (Herman et al. 1985; Giere 2009), this thesis focuses mainly on these taxa.
However, future research should determine the role of the less abundant meiofauna taxa (e.g. turbellarians,
foraminifera, kinorhynchs) and their feeding ecology, especially the larger predating species (even species
between 500 um and 1mm). Integrating these groups would probably not change the major flows measured in
this thesis, but could result in more diverse flows of energy from food sources towards meiofauna and an
elucidation of the predation within the meiofauna compartment (Giere 2009) which could affect the food
web properties. For example, more diverse flows from food resources to meiofauna could result in more similar

parallel pathways resulting in a higher redundancy, and thereby a higher stability of the food web.
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Expanding the knowledge and methodology gained in this thesis to other habitats would provide
more detailed information on the global role of meiofauna within intertidal habitats, as well as on the fate of
organic material (i.e., seagrass, SPOM) in different intertidal habitats. This thesis demonstrated that the role
of seagrass material as a food source for meiofauna was negligible. Determination of the food resources of
meiofauna in a larger range of vegetated habitats, such as mangroves, salt marshes and other seagrass
meadows (e.g. Posidonia), could provide more information on changes in meiofauna feeding ecology in
relation to the food source availability. Combination of trophic markers would be of high importance in such
case, since the isotope compositions of food sources overlap, e.g. as in salt marshes (Currin et al. 1995), and
seagrass beds (Lebreton et al. 2011b). With such information on the meiofauna feeding ecology in vegetated
habitats, knowledge about the food webs of these habitats would then be improved, providing description of
the potential fate of detrital organic matter in these systems dominated by vascular plants.

A better assessment of the fate of meiofauna within benthic ecosystems would also provide a better
understanding of the role of meiofauna in the functioning of coastal habitats. Due to their high nutritional value
(Sikora et al. 1977; Couch 1989; Coull 1999) and their ability to biosynthesize highly unsaturated fatty acids
(Rothstein and Gotz 1968; Bolla 1980), nematodes can represent an important food source for fish and
crustaceans in benthic food webs (Gee 1989; Coull 1999). Thanks to the development of new methods to
determine flows of organic matter (i.e., stable isotopes, fatty acids), a good amount of information has been
gained about food resources used by these consumers. But the role of meiofauna as a food resource for higher
trophic levels still needs to be better assessed, with a focus on how this role may change depending on spatial

and temporal vairations.

Stomach content analyses, that are generally used for the determination of consumption on meiofauna
(Alheit and Scheibel 1982; Hicks 1984; Gee 1987, 1989; Smith and Coull 1987; Coull 1999), may lead to
underestimation of the contribution of nematodes as a food source to fish, because of a quicker digestion of
nematodes compared to benthic copepods (Scholz et al. 1991). The development of new methods (i.e., trophic
markers) during the last years may help at reducing this uncertainty related to differences in digestion. To
better assess the fate of meiofauna, the combination of several techniques, e.g. molecular techniques, trophic
markers and stomach content analyses, would be very useful. Implementation of the outcomes into existing
food web models, could result in a more detailed eludication of the role of meiofauna in benthic intertidal food

webs.
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