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Introduction

Introduction
1. State of the art

1.1 Challenges of coastal areas

The ocean provides essential resources such as food and energy and plays a key role in
human well-being (Fleming et al., 2019). Our economy and the rapid demographic growth of
the world's population are placing increasing pressures on the marine environments (e.g.,
overfishing, eutrophication, increasing greenhouse gas emissions, warming, ocean
acidification, and under-oxygenation of the oceans) (Breitburg et al., 2018; Visbeck, 2018;
Jouffray et al., 2020) (Fig. 1).

@ A .
OCEAN & HUMAN OCEAN HEALTH

HEALTH OPERATIONALIZATION

@ ‘
o ACTIVE *
INTERVENTION

Figure 1: A Transdisciplinary Framework Integrating Ocean and Human Health and Ocean-
Health and Recovery Research. From Franke et al., (2020).

In coastal areas, in particular, urban and tourism pressures are increasing, making these
areas the most threatened by natural and human-induced climate change. More than 20 % of
the world's population currently lives within 30 km of the coast. This represents 3.8 billion
people living within 150 km of the shoreline according to the IUCN (International Union for
Conservation of Nature). Population projections predict that more than 75% of the world's
population will live there by 2035 (Haslett, 2016). One of the last reports of IPCC
(Intergovernmental Panel on Climate Change) (Wong et al., 2014) on coastal systems indicates

that this high attraction of coastal areas by human populations, generates tensions for the
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humans living there (e.g. settlements, infrastructure, food production, tourism and health) and

for the coastline which is degraded (e.g. excess of nutrients via the land-sea continuum) (Fig.2).

Exposure and vulnerability

!l

l Risk on coastal systems

Human systems Natural systems

Drivers
Climate
Human-related Climate-related Settlements + Rocky coasts
Infrastucture *  Beaches
Food production *  Wetlands
Tourism *  Seagrasses
Health *  Coral reefs
Estuaries

Natural
variability

Antropogenic
climate change

Socioeconomic ~ *  Relative sea level rise
development «  Storms

Nutrients «  Extreme sea level
Hypoxia *  Temperature
Sediment * €O, concentration Bays
Fjords

I.i

Figure 2: IPCC report on Coastal systems and low-lying areas. Modified from Wong et al.,
2014.

deposit/ *  Freschwater inputs
resuspension *  Ocean acidification
Hypoxia

One of the main threat for coastal ecosystems is natural/ human-induced hypoxia with
a threshold of [O2] < 63 umol L equivalent to 30 % oxygen saturation (Diaz and Rosenberg,
2008; Rabalais et al., 2010; Breitburg et al., 2018). Hypoxia affects both aerobic organisms
(Diaz et al., 2013; Riedel et al., 2016) and coastal ecosystems occurring at different spatial
(from < 1 km? to > 100 000 km?) and temporal (from hours to decades) scales. The effects of
hypoxia also depend on size, geomorphology, freshwater influence and anthropogenic impact
on the ecosystem (Fig. 3). Several authors also highlight that hypoxia in coastal waters are
increasing in extent, frequency and duration (Diaz and Rosenberg, 1995, 2008; Rabalais et al.,
2010; Schmidtko et al., 2017; Richirt, 2020).
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Figure 3: (a) Synthetic scheme of the temporal and spatial variability of hypoxia in different
environments. Orange and blue colours correspond respectively to human and natural causes.
From Rabalais et al., (2010). (b) Potential physical and hydrological changes resulting from
climate change and their interaction with current and future human activities. The dashed lines
represent negative feedbacks to the system (from Rabalais et al., 2009).

Coastal zones act as buffer zones between land and ocean (Costanza et al., 1997). The
benthic realm is expected to be the most impacted by natural and human-induced stresses,
occurring either in the water column and affecting the bottom (e.g., fjord) or directly in bare
sediments (e.g., mudflat). Coastal ecosystems strongly influence benthic biological and
geochemical processes modulating biogeochemical cycles. Biogeochemical cycles are essential
to living organisms, as they transform energy and matter into forms that can be used to support
ecosystem functioning (Brusseau, 2019). The main biogeochemical cycles addressed in coastal
ecosystems are carbon cycle, nutrient cycles (nitrogen, phosphorus) and metal cycles (iron,
manganese). The understanding of the biogeochemical processes operating in marine sediments
required a complementarity approach to link the benthic faunal and geochemical compartments.
Taking into account the spatial and temporal variabilities of biological and geochemical
compartments has become a major challenge to improve our understanding of biogeochemical
cycles (impact of benthic fauna on cycles and vice-versa). Indeed, the benthic flora/fauna (e.g.
microphytobenthos, macrofauna and meiofauna such as foraminifera) is not very mobile and
show a panel of more or less tolerant species to changes in environmental conditions (e.g.
hypoxia, storms, flood event, tides) (Murray, 2006; Gilbert et al., 2007; Middelburg and Levin,
2009; Serddio et al., 2020). Therefore, it is possible to detect environmental changes through
variations in the specific richness, density, longitudinal (along a gradient) or vertical (in the

sediment) distribution and the composition of species assemblages. Several ocean health
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assessment tools (Borja et al., 2016; Halpern, 2020) and Framework directives (Water
Framework Directive (2000/60/EC) and the Marine Strategy Framework Directive (MSFD,
2008)), were developed to measure resilience, productivity and species diversity.
Multidisciplinary approaches involving scientific disciplines, civil society and non-
governmental organization are required. The measurements can be either direct (e.g. physico-
chemical measurements) or through bioindicators (e.g. benthic macrofauna, benthic meiofauna)
(Labrune et al., 2007; Prazeres et al., 2020; Bouchet et al., 2021). To obtain quantitative and
qualitative information on the status of marine and especially coastal ecosystems, long-term
data sets are essential (temperature, oxygen concentration, nutrients (nitrate, ammonium,
phosphate), pH, species composition, density and diversity). These tools for monitoring and
assessing coastal ecosystems, allow the identification of changes due to natural and human-
induced environmental variabilities. One of the challenges of our time is to acquire a
multidisciplinary approach linking diverse knowledge from complementary disciplines (e.g.

biology, ecology, geochemistry) to find solutions.

1.2 Geochemistry of coastal areas

1.2.1 Physical properties and transport processes of marine sediments

The space between particles in water saturated sediments is called pore or interstitial water
(Meade, 1966). The porosity is defined as the ratio of the volume of water-filled void spaces in
a sediment to the total volume of sediment. The porosity is controlled by grain size and
mineralogy (Fig. 4 a) (Friedman and Sanders 1978; Berner, 1980). Sediment compaction due
to the increase of sedimentary column weight as the particles are buried, generates a decrease
of porosity until the better geometrical arrangement is attained. As muddy and sandy particles
are not related to the same mineralogical shape, a decrease of porosity can also be interpreted
as an increase of sand content in a sedimentary series (Fig. 4 a). Permeability is also related to
grain size variations. Permeability is defined as the capacity of a porous medium to transmit
fluid in response to a pressure gradient (Lerman, 1979). Pressure-driven flow is governed by
Darcy's Law, may be generated by wave action or interactions between bottom currents and
surface sediment structures (e.g. macrofaunal burrows) (Fig. 4 b). Thus, in sandy sediments
permeability is high and lead to the occurrence of significant pore-water advection (i.e., flux of
water through the interstices of the sediment in response to pressure gradients) (Huettel and
Webster, 2000). Conversely, muddy sediments indicate much lower permeability, thus
diffusion (i.e., response to concentration gradients) or bioturbation (i.e., macrofaunal and

meiofaunal activities, (Aller, 1980)) dominate pore-water transport processes. The changes in

16



Introduction

porosity (and permeability) profile of muddy sediment are the consequences of major impacts
on the sediment diagenesis due to flood deposit/resuspension, tidal cycles, waves, currents and

macrofaunal bioturbation.
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Figure 4: (a) Porosity as a function of medium grain size for surficial marine sediments (from
Burdige, 2006 and Berner, 1980). (b) Schematic representation of the possible depth
dependence of various pore water transport processes (diffusion, bioturbation and physical
advection) as the function of sediment permeability (from Burdige, 2006 and references within).

1.2.2 Early diagenesis at steady-state

Coastal sediments are not only the bottom of the ocean/sea, they can be represented as a
succession of layers that can be accumulated or eroded (Sundby, 2006). The sedimentary
transformations occurring during the first stages of organic matter (OM) burial correspond to
early diagenesis (Froelich et al., 1979; Berner, 1980). Early diagenesis combines chemical
reactions (e.g. redox, complexation, adsorption, precipitation), physical processes (e.g.
diffusion, advection, mixing) and biological processes (e.g. microbial mineralization,
respiration of meiofauna and benthic macrofauna, microphytobenthos photosynthetic activity).
Changes in the composition of pore-water create concentration gradients, which result in fluxes
of soluble chemical elements across the sediment-water interface (SWI). These changes also
impact the composition and properties of the solid phase, thereby altering the information about
the state of the ocean contained in the particulate matter that is deposited on the seafloor
(Sundby et al., 2006).

In coastal sediments, organic matter (OM) and nutrients (i.e. nitrate (NO3z); ammonium
(NH4"); dissolved reactive phosphorus (DRP)) from the continent and primary production

encounter biogeochemical transformations driven by physical (sediment deposit/ resuspension
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by tidal cycles, river flood, currents or storms) and biological (activity of benthic meiofauna,
macrofauna and microphytobenthos) factors. The study of early diagenesis aims to target the
study of recent sediments. The assumption of a steady state must be established to quantify the
intensity of the processes. In other words, the steady state assumes that a particulate and
dissolved flux between the water column and the sediment column is constant over time. This
paradox must be based on an accurate spatio-temporal definition of the observed sedimentary
ecosystem.

Primary diagenetic reactions correspond to OM remineralization through aerobic or
anaerobic respiration (Table 1). These reactions result in the bacterial OM degradation using
the various oxidants contained in the sediment or in pore-waters. Organic matter is the electron
donor (reducer) and a series of chemical elements can be used as electron acceptors (oxidants)
(Fig. 5). In marine oxygenated environments, oxygen is the first electron acceptor respired by
aerobic bacteria in the water column until its complete depletion (Aller, 2004). Oxygen
diffusive exchanges occur between the water column and the sediment interface, inducing a
stationary state (i.e. equilibrium between SW1 diffusive exchanges and aerobic mineralization).
Thus, the Oz concentration decreases linearly in the water column near the sediment interface
(diffusion layer ~ 1 mm; (Santschi et al., 1991)), followed by a sharp decrease below the
interface, until its disappearance in the uppermost sediment. Once the O, is exhausted, other
available oxidants degrade OM using firstly the most efficient in terms of energy yield before
changing to the next oxidant. The successive oxidants during primary reactions are: Oz > NOz
> Mn oxy-hydroxides (mainly MnQy), iron oxy-hydroxide (mainly Fe(OH)s), SO+* (Froelich
et al., 1979; Canfield et al., 1993; Burdige, 1993) (Fig. 5, Fig. 6).
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Figure 5: Pore-water profiles predicted by the successive utilization of inorganic terminal
electron acceptors during the remineralization of organic matter in marine sediments. The
primary reactions indicated by a number are detailed in Table 1. Modified from Froelich et al.,
(1979) and Burdige, (1993).

The presence or absence of dissolved oxygen and sulfides in the sediments establishes three
vertically organized zones (or redox layers) in the sediments (Fig. 6): 1) a superficial oxic zone
where dissolved oxygen is present, 2) a suboxic zone below, where oxygen and sulfides are not
detectable (this zone can also be called hypoxic zone by some authors (Middelburg and Levin,
2009)), 3) an anoxic zone located further down where sulfides are present. The subsequent
reactions of chemical species produced by the primary redox reactions are referred to secondary
redox reactions. The dissolved compounds formed during primary reactions can diffuse through
the redox layers and can react with each other, with the sedimentary matrix or with dissolved

compounds of the layers they cross. Some secondary redox reactions are detailed in Table 1.
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Figure 6: Conceptual model of organic matter (OM) degradation pathways and re-oxidation
pathways in oxic, hypoxic and anoxic marine sediments. OM degradation involves hydrolysis
of macromolecular OM and fermentation to smaller compounds. These fermentation products
are used by respiring micro-organisms and methanogens. Oxidants are utilized sequentially,
first oxygen, then nitrate, metal oxides and sulphate. Dissolved reduced products (methane,
sulphide, manganese (Il) and iron (I1)) diffuse upwards and are then oxidized. Sediments
underlying oxic bottom waters support aerobic respiration and re-oxidation of Mn (1), Fe (1),
H>S and CH4 by oxygen; these processes do not occur in hypoxic and anoxic sediments. In
sediments underlying permanently anoxic bottom waters reactive manganese and iron oxides
stocks have been exhausted and OM degradation occurs by sulphate reduction and methane
formation. Modified from Middleburg and Levin, (2009).

Primary or secondary oxidation-reduction reactions promote the precipitation of carbonated
(e.g. CaCOs, MnCOs) or sulphated (e.g. HCOs", Fe?*, HS) chemical species. These reactions
lead to the accumulation of these mineral species in the solid phase and the consumption of
dissolved species (Ca?*, Mn?*, Fe?*, or H2S) in the pore water.

Actually, at steady-state, the surface sediment is constituted of a layer enriched in solid-
phases oxidized: Mn and iron Fe (Canfield et al., 1993; Burdige, 1993). Deeper in suboxic
sediments, Mn and Fe oxides are reduced to dissolved phases Mng and Feq, respectively
(Burdige, 1993). Due to the concentration gradients, a part of these benthic fluxes of dissolved
elements can escape from the suboxic sediment and can be reoxidized at the sediment surface.
The presence of a superficial oxide layer can create a cap preventing dissolved elements to

escape from sediment (Canfield et al., 1993). However, exchanges exist across the sediment
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oxic-anoxic boundary and across the SWI by diffusion from the sediment to the bottom waters
and its precipitation in solid phases (Sundby and Silverberg, 1985; Anschutz et al., 2005).

Adsorption / desorption reactions also occur in the sediments. The adsorbed forms are ions,
single molecules or crystals retained on the surface or inside crystalline matrices by low
intensity forces (physical or chemical bonds). Especially, orthophosphates are adsorbed onto
iron oxides at the sub-surface and are released in dissolved reactive phosphorus during the
reduction of iron oxides deeper in the anoxic sediment (Krom and Berner, 1980; Sundby et al.,
1992; Anschutz et al., 1998, 2007; Thibault de Chanvalon et al., 2016). Understanding these
adsorption/desorption mechanisms are crucial because these mechanisms modulate nutrients
availability which often controls the intensity of primary production at the sediment surface and
in the water column.

The vertical succession of the early diagenesis processes is a paradigm which can be
modulated by several physicochemical and biological factors occurring at different spatial and
temporal scales. These factors lead to transient states (Sundby, 2006). These transient states
may be related to random, short-lived, small-scale disturbances such as benthic faunal
bioturbation. Larger scale periodic disturbances also occur, such as those generated in estuarine
sediments or intertidal bays by tidal cycles. Large scale random events can occur such as
deposition or resuspension of sediments by wind-storms or flood events. These transient states
can also be seasonal, linked to variations in temperature, oxygen concentration in the bottom
water or the quantity of organic matter. Then, the turnover of oxygen-poor bottom waters by
oxygen-rich bottom waters in fjords can disrupt bottom sediment diagenesis on seasonal to

decadal time scales.
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Table 1: Depth sequence of bacterially-mediated oxidation of organic matter
(O.M.=C106H2630110N16P, (Redfield, 1963)) in marine sediments (Froelich et al., 1979). Then
the secondary reactions produced during the OM burial (Wang and Van Cappellen, 1996;
Hyacinthe et al., 2001).

PRIMARY REACTIONS
Oxygen consumption by oxic respiration and nitrate production
1380, + O.M. + 18HCO3; — 124CO, + 16NO3 + HPO,* + 140H,0

Nitrate consumption by denitrification
94.4NO;3 + O.M. — 13.6CO, + 92.4HCO;3 + 55.2N, +8 4.8H,0 + HPO,*

Reduction of Mn-oxides by anaerobic respiration
236Mn0O; + O.M. + 364CO; + 104H,0 — 470HCO3 + 8N, + 236Mn?* + HPO,*~

Reduction of Fe-oxides and production of ammonia
424Fe(OH)3+ O.M. + 740CO, — 846HCO5 + 424Fe?" + 16NH3 + 320H,0 + HPO,*~

Production of sulfide and ammonia by sulfato reduction
53504 + O.M. — 39CO; + 67HCO;3 + 16NH," + 53HS™ + 39H,0 + HPO,*

SOME SECONDARY REACTIONS
Production of nitrate by nitrification
NHs* + 20, — NOs;™ + 2H* + H,0

Oxidation of Mn?*

2Mn?*+ O, + 2H,0 — 2MnO, + 4H*

4Mn?* + O, + 6H,0 — 4MnOOH + 8H*

5Mn2* + 2NO3;~ + 4H,0 — 5MnQO, + N, + 8H*
10Mn?* + 2NO3™ + 14H,0 — 10MnOOH + N + 18H*

Oxidation of Fe?*
O, + 4Fe?* + 10H,0 — SH* + 4Fe(OH)s
5Fe?*+ NO3~ + 12H,0 — 5Fe(OH)3 + 1/2Ny + 9H*

Oxidation of FeZ* with Mn-oxides
Fe?* + MnOOH + H,0 — Fe(OH)s + Mn?*
2Fe?* + MnO; + 4H,0 — 2Fe(OH)s + Mn?* + 2H*

Reduction of Mn-oxide with ammonia to give dinitrogen
3/2MnO; + NH4* + 2H* — 3/2Mn?" + 1/2N; + 3H,0
3MnOOH+NH," + 5H* — 3Mn?" + 1/2N; + 6H,0

Reduction of Mn-oxide with ammonia, production of nitrate
8MnOOH + NH4* + 14H* — 8Mn?* + NO3™ + 13H;0
4MnOz + NH4* + 6H* — 4Mn?* + NO3™ + 5H,0

Oxidation of sulphide

H,S + 20, + 2HCO3 — SO43" + 2C0O; + 2H,0

H,S + 4CO, + 2Fe(OH)s — Fe?* + S + 4HCO3 + 2H,0
H,S + 2CO; + MnO, = Mn?* + S + 2HCOs

Fe2+ and sulphide precipitation
Fe?* + H,S > FeS + 2H*
Fe?* + 2H,S > FeS, + 2H+

+ adsorption / desorption, dissolution / precipitation process (CaCOs, MnCOs, FeS)
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1.2.3 Water column seasonal hypoxia and impacts on diagenesis

The occurrence of coastal hypoxia (i.e. [02] < 63 pmol L (Diaz and Rosenberg, 2008;
Breitburg et al., 2018)) can be natural, human influenced, or result from the interactions of the
two processes (Middelburg and Levin, 2009). Natural hypoxia is present in a variety of coastal
environments. Thus, in fjords the circulation of deep basin bottom waters may be seasonally
restricted (water stratification). In coastal bays close to estuaries, the autotrophic state is
maintained by inputs of terrestrial and riverine OM and in situ primary production (intense
remineralization of OM). Hypoxia induces a transient state of redox boundaries and impacts
the early diagenetic pathways (more anaerobic pathways at the expense of aerobic ones). In
hypoxic environments, aerobic respiration and aerobic re-oxidation processes are limited. On
the other hand, anaerobic re-oxidation processes still occurred. These processes are based on
the influx of nitrates (denitrification), sedimentary Mn and Fe oxides stocks (reduction of Mn
and Fe oxides), and sulfate (sulfato-reduction). In permanent anoxic environments, sulfato-
reduction and methanogenesis dominate mineralization because the stocks of particulate
oxidants have been depleted.

The effects of seasonal decreasing dissolved oxygen availability in the bottom water
impact redox species and nutrients biogeochemical cycles as; nitrogen cycle (Childs et al.,
2002; Kemp et al., 2005; Conley et al., 2007; Diaz and Rosenberg, 2008; Neubacher et al.,
2013; Breitburg et al., 2018) and manganese cycle (Burdige, 1993; Aller, 1994; Anschutz et al.,
2000; Kristensen et al., 2003; Sundby, 2006).

The nitrogen cycle in marine sediments is a perpetual balance between nitrogen inputs
(e.g., terrestrial runoff, atmospheric precipitations) and outputs (e.g., denitrification from
sediment and water column) (Galloway et al., 2004; Sigman et al., 2009). At oxic bottom water
conditions, nitrification is an aerobic process that converts NH4* to NOs" in the oxic sediment
and in the oxic water column (Fig. 7) (Rysgaard et al., 1994; Thamdrup and Dalsgaard, 2008).
Denitrification and anammox are anaerobic processes, converting NO2™ or NOs™ to (nitrogen)
N2 gas (Herbert, 1999; Brandes et al., 2007; Thamdrup and Dalsgaard, 2008). Denitrification
depends on NOs" transported from the water column and/or sedimentary nitrification zones at
the sediment surface. Nitrification and denitrification are thus strongly coupled (Kemp et al.,
1990; Cornwell et al., 1999). This dependence on nitrification may imply a reduction in
denitrification rates when the bottom waters become hypoxic. Anoxic nitrification is also
possible through secondary reactions with the oxidation of NH4* by Mn and Fe oxides (Luther

et al., 1997; Cornwell et al., 1999; Mortimer et al., 2004). In reduced sediments, dissimilatory
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reduction of nitrate to ammonium (DNRA) can also contribute to NO3™ depletion, leading to the
conversion of NO3z™ to NH4" instead of N2 (Christensen et al., 2000).
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Figure 7: Conceptual model illustrating the processes associated with nitrogen cycling in
marine sediments. When the bottom waters become hypoxic the oxic sediment layer reduces (- )
and the hypoxic/ anoxic deep layers increase (+). Therefore, the processes occurring in the
oxic layer are limited in favour of the processes occurring in the hypoxic/ anoxic layers. (PON
= particulate organic nitrogen). Modified from (Burdige, 2006).

Hypoxia leads to a transient state of redox boundaries impacting Mn biogeochemical cycle
(Fig. 8) (Burdige, 1993; Aller, 1994; Anschutz et al., 2000; Kristensen et al., 2003; Sundby,
2006). A decrease in the O bottom water concentration decreases the re-oxidation efficiency
of the dissolved manganese (Mng) which, in well oxygenated bottom water conditions, builds
the enrichment in Mn oxides in the oxic sediment layer. The fluxes of reduced compounds as
Mng from the anoxic sediment to the water column increase (Aller, 1994; Kristiansen et al.,
2002; Katsev et al., 2007). The increase of the Mng fluxes coincides with the decrease of the
oxic sediment layer. Indeed, the impermeability of the oxic layer containing the major part of
Mn oxides is exhausted by O depletion and the Mng can more easily cross the SWI (Thamdrup
et al., 1994). The Mnqg flux released to the water column varies in intensity during hypoxia
(Sundby et al., 1986; Thamdrup et al., 1994; Kristiansen et al., 2002; Katsev et al., 2007). At
the beginning of a hypoxia event, the Mng flux increases rapidly until a maximal Mngq
concentration reached in anoxia. Then, the Mnq flux decreases progressively corresponding to
the depletion of the reservoir (or stock) of Mng combined with the low reoxidation of Mn oxides

(Sundby et al., 1986).
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Figure 8: Simplified Mn redox cycle in
marine sediments. In the absence of
oxygen (i.e., below the redox boundary),
Mn oxides are reduced to Mn?*, which

then diffuse upward as a result of a Mn?*
concentration gradient. When this Mn?*
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is then oxidized back to particulate Mn
oxides. Under steady-state conditions,
this cycle results in the concentration in
particular, oxidized Mn in the sediments
just above the sediment redox boundary.
This Mn cycling can be much
complicated when hypoxia reaches
M2 bottom waters (indicate in red: (+)

n favored processes, (-) disadvantage

(-)l l(_) processes.  Modified from Burdige,
. (2006).

Burial Burial

Mn oxides Mn2*

Redox boundary

© )

Mn oxides

1.2.4 Impacts of macrofaunal bioturbation on biogeochemical cycles

The OM remineralization intensity depends on: the amount and the quality of OM in the
sediments, the oxygenation of the bottom water and the bioturbation induced by the activity of
the benthic fauna (Thamdrup, 2000; Burdige, 2006). Faunal bioturbation defined by Kristensen
et al., (2012) is: “all transport processes carried out by animals that directly or indirectly affect
sediment matrices”. The bioturbation involving particles movement is named biomixing (or
particle reworking). The transport process is the burrowing and the transport type of soluble
elements is the diffusion in muddy and sandy sediments. The bioturbation involving water mass
movement is called bioirrigation (or ventilation). The pore-water solute transport in sediment
surrounding burrows can occur as radial molecular diffusion or pressure-induced advective
pore-water flow depending on the sediment type and its permeability (Kristensen et al., 2012).

Specifically, bioturbation can be induced in the sediment by infaunal organisms as;
biodiffusors (e.g. bivalve, echinoderma) which randomly rearrange sediment particles and
gallery-diffusors (e.g. polychaeta) which dig galleries, tubes and burrows (Austen and Wibdom,
1991; Gerino et al., 2003; Gilbert et al., 2007). The bioturbation creates a three-dimensional
mosaic of sediment oxic-anoxic boundaries (Bouchet et al., 2009; Middelburg and Levin,
2009). Bioturbation contributes to disturb the vertical distribution of redox species, inducing a
transient state (Aller, 1982; Berner, 1980; Anschutz et al., 2000). This transient state can affect
especially the nitrogen cycle (Fig. 9 a) (Aller, 1988; Gilbert et al., 2003) and the Mn cycle (Fig.
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9 b) (Aller, 1990). Indeed, benthic infaunal activity impacts solute transport through the passive
or active flushing of burrow, generating a network between SW1 and deeper sediment, namely
bioirrigation (Meile et al., 2001). Bioirrigation may increase dissolved redox elements fluxes
across the SWI to the point that the measured benthic fluxes may be mainly due to bioirrigation
rather than diffusion (Sundby and Silverberg, 1985; Burdige, 2006; Thibault de Chanvalon et
al., 2017). Bioturbation impact strongly redox chemical elements cycles; metal oxides are
conveyed downwards in reduced zones and reduced forms are mixed upwards to reoxidation
zones (Canfield et al., 1993; Aller, 1994; Thamdrup, 2000; Burdige, 2006).
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Figure 9: (a) Conceptual model illustrating the processes affecting nitrogen cycling in a
bioirrigated sediment. Modified from Aller, (1988); Gilbert et al., (2003); Burdige, (2006). (b)
Idealized diagenetic processes affecting the manganese composition of the particles in case of
biodiffusion. Modified from Aller, 1982; Thibault de Chanvalon, (2016).

Hypoxia affects the behaviour, physiology, and ecology of the benthic macrofauna (species
richness, density, biomass). However, some groups of macrofaunal and meiofaunal species are
more or less tolerant to oxygen depletion (Rosenberg et al., 1991; Diaz and Rosenberg, 1995;
Jorissen et al., 1995). Particle mixing and bioirrigation are limited to the uppermost layers of
the sediment (~ > 10 cm depth). Often hypoxia leads to a reduction in bioirrigation and
bioturbation as well as a loss of spatial heterogeneity at the sediment surface (Levin et al., 2003;
Duport et al., 2007). A decrease of bioirrigation activity can alter benthic fluxes of nutrients
and redox species in both directions (Sundby and Silverberg, 1985; Aller, 2001; Point et al.,
2007). Thus, these interactions between hypoxia, benthic fauna, and biogeochemistry remain

complex because they are often nonlinear (Aller, 2001).
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1.2.5 Impacts of high hydrodynamism and tidal cycles on intertidal sediments

Intertidal mudflats are areas of intense mineralization of particulate OM from terrestrial,
riverine and marine origin. The tidal pump indicates hydrostatic pressure gradients at low tide
inducing a seeping (negative fluxes) of anoxic pore waters and advection of pore waters through
macrofaunal burrows and permeable sediments. This process is a major contributor of solute
export from the sediment to the tidal channels (Billerbeck et al., 2006; Taillefert et al., 2007
Deborde et al., 2008; Abril et al., 2010; Delgard et al., 2012; Anschutz et al., 2019). The
contrasted hydrological context can fuel the dynamics in oscillatory redox elements generated
by tidal pump. The tidal cycles induce a periodic oxic/suboxic oscillation of the redox
boundaries due to repetitive cycles of deposit and resuspension of the sediment surface
(Froelich et al., 1979; McKee et al., 2004; Aller, 2004; Sundby, 2006). When deposits are
constituted of fine particles combined with lower hydrodynamics for bays or other protected
coastlines, the particles settle and form transient benthic turbid structures called "fluid mud".
(Abril et al., 2010). The height of sediment resuspended and redeposited during the tidal cycle
can be estimated between 1 and 5 mm. Seasonal or random disturbances as wind-storms and
high rainfall can affect strongly the topography of the sediment surface (Aller et al., 1998; Abril
et al., 1999, 2000; Aller, 2004; Goubert et al., 2010; Redzuan and Underwood, 2021). A river
flood event can induce a higher quantity (or height) of the deposited sediment (Aller, 2004;
McKee et al., 2004; Sundby, 2006; Roy et al., 2013; Thibault de Chanvalon et al., 2016). The
intensity of deposition and resuspension of sediment particles modulate different redox stages
over several months (Thibault de Chanvalon et al., 2016). Indeed, each oxidant is consumed on
different time scales, one of the complexities of river-dominated oceanic margins (RiOMar,
Aller, 2004; McKee et al., 2004; Roy et al., 2013) environments is to capture transient states of
diagenesis with a time series at the appropriate frequency (Thibault de Chanvalon et al., 2016).
Previous studies report time scales of hours for Oz, days to weeks for nutrients and months to
years for Mn and Fe oxides consumption (Abril et al., 1999, 2000; Aller, 2004; Thibault de
Chanvalon et al., 2016 and reference within). The Loire river estuary indicates periodic winter
flood event (GIP, Loire Estuaire). Thibault de Chanvalon et al., (2016) described three redox
stages of transient diagenesis in the “Les Brillantes” mudflat after a Loire river flood event.
Briefly, during the winter flood period, no manganese (Mn), iron (Fe) and phosphorus (P) are
released into pore-waters within the flood-deposited layer. In post-flooding period (~ 1 month
later), high Mn-Fe-P oxidized phases are consumed while the dissolved phases increase.
Simultaneously, phosphorus is released into pore-water. Finally, in summer conditions (~ 6

months later) redox dissolved phases dominate. Thus according to the intensity of
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hydrodynamic conditions, the sediment can be a source or a sink of nutrients (NOs", NH4" and
DRP). Phosphates are intimately bound to iron oxides, and are therefore also sensitive to
environmental oxygenation. Sedimentary phosphorus cycling involves attention to the
anaerobic remineralization of organic phosphorus and the interaction of phosphate with
sedimentary iron oxides (Sundby et al., 1992; Slomp et al., 1997; Anschutz et al., 1998).
Phosphate can therefore be released to the water column during the reduction of iron oxides or
be adsorbed by iron oxides during deposition/re-suspension events. In summer conditions,
when the oxides are strongly dissolved, the increase of NH4* can be favoured by the higher
anaerobic OM remineralization (higher alkalinity, sulfato-reduction process). In intertidal
mudflats, the denitrification is very high and NOz" rapidly consumes by microphytobenthos
(MPB) and bacteria (Dalsgaard and Thamdrup, 2002; Risgaard-Petersen et al., 2003). The
understanding between the combined hydrodynamism/meteorological conditions and transient
diagenesis is essential because they modulate the availability of oxygen and nutrients for the
benthic fauna (Sundbéck and Granéli, 1988; Seuront and Spilmont, 2002; Méléder et al., 2007;
Deborde et al., 2008; Oakes et al., 2020).

1.2.6 Challenges of high resolution technics

The challenge in recent years is to develop high spatial resolution geochemical methods
to target the sedimentary microenvironments in order to better understand the impact of benthic
fauna on diagenetic processes at the spatial and temporal scales of faunal activities (i.e.,
millimeter to decimeter and seconds to hours).

Since the pioneering work of Revsbech et al., (1980), the oxygen microprofile technique
is widely used with the development of microelectrode microprofilers (Reimers, 1987). This
allowed to study oxygen concentration variations at the sediment surface in situ (Fig. 10 a) and
on sediment cores in the laboratory (Fig. 10 b). These techniques are used to monitor the
evolution of oxygen concentrations in pore-waters at a submillimeter scale, such as to
understand the behavior of microphytobenthos and quantify its rate of photosynthesis (Glud et
al., 1992; Ser6dio et al., 2007; Denis and Desreumaux, 2009; Delgard et al., 2012). The use of

oxygen (i.e. aerobic respiration) and nitrous oxide (N2O) (i.e. denitrification) microprofiles was
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also adapted to study the respiration of meiofauna such as benthic foraminifera (Fig. 10 c)
(Risgaard-Petersen et al., 2006; Geslin et al., 2011).

Figure 10: (a) Oxygen microprofiling deployed in situ in the Bourgneuf bay mudflat, (b)
oxygen microprofiling in a sediment core performed in laboratory (from Tage Dalsgaard,
Unisense), (€) oxygen respiration rate measurement of foraminifera in a microtube.

The 1D (one-dimensional) chemical elements concentration profiles are quickly limited
by the spatial variability of the pore-water sediment allowing to study only a fixed point
(Schulz, 2006). Thus, 1D profiles require to multiply vertical profiles to apprehend the lateral
variability of the sediment pore water. The 1D DET (diffusional equilibrium in thin-film) were
first developed by Davison et al., 1991 to measure dissolved iron. This technique was adapted
later to dissolved manganese (Davison et al., 1994), nitrate, sulfate (Krom et al., 1994) and
other chemical species. The two-dimensional approach developed from DGT (diffusional
gradients in thin-film) was then adapted for 2D DET (Shuttleworth et al., 1999). At
microenvironment scale, the complex interactions between geochemical and biological
compartments can be difficult to observe with conventional technics (Stockdale et al., 2009).
More recently, the 2D DET have been coupled with colorimetric methods, the aim being to
transpose the colorimetric technique from the spectrophotometric cell to the 2D DET gel for:
dissolved iron (Jézéquel et al., 2007), phosphates (Robertson et al., 2008; Pages et al., 2011)
and alkalinity (Bennett et al., 2015). This low-cost approach provides a high-resolution, 2D
image of the vertical and lateral distribution of chemical species. Developments of 2D DET
gels coupled with colorimetric methods, allow a high resolution at mm and sub-millimeter

scales of many dissolved elements as; Fe/ DRP (Cesbron et al., 2014), NO2>/ NO3™ (Metzger et
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al., 2016), NH4" (Metzger et al., 2019), Mn (Mouret et al., in preparation). Gels equilibrated
with reagents can be photographed with a simple scanner. Some chemistries can be performed
on the same probe gel with reactive gels targeting two chemical elements (e.g. Feqs/ DRP). In
order to dissociate the concentrations of these two chemicals, the use of the hyperspectral
camera was required (Fig. 11, Cesbron et al., 2014). The main advantage of 2D DET gels is to

Simaneons alse color composic provide information in both horizontal and vertical

Fe(I) and DRP image (unmixing method)  dimensions simultaneously about biogeochemical
processes (e.g. diffusive fluxes, production/
------------------ consumptions zones) allowing characterization of
microenvironments (Jézéquel et al., 2007; Santner
et al., 2015; Thibault de Chanvalon et al., 2017,
Moncelon et al., 2021). To characterize the

different microenvironments two main analytical

o approaches have been adapted/developed. For

¢ DRP

e e
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Figure 11: 2D DET gels coupled with
colorimetric methods for Fe(ll) and production/consumption zones and diffusive
DRP and unmixing method used with
hyperspectral camera to dissociate the
signal of the two chemical elements. PROFILE software (Berg et al., 1998). Some
Modified from Cesbron et al., (2014)

and lateral homogeneity, the modeling of

fluxes at the SWI can be performed with the

environments show high lateral pore-water
heterogeneity generated by the bioturbation activity of macrofauna (Thibault de Chanvalon et
al., 2015). To target production/consumption zones around burrows and to differentiate
diffusive from bioirrigational fluxes, Thibault de Chanvalon PhD thesis (Thibault de
Chanvalon, 2016) developed/adapted the Savitsky-Golay Filter method to pore-water modeling
from the 2D DET gels (Thibault de Chanvalon et al., 2017). More recently, 2D-DET gels used
to obtain the 2D distribution of Mng in pore-waters (Mouret et al., in preparation) were
combined with a sediment slice, facing the gel probe (Thibault de Chanvalon et al., 2015), and
was embedded (Jauffrais et al., in preparation) and analyzed for two main objectives: sediment
structures in 2D/ 3D as macrofaunal burrows and 2D Mn micro-distribution by pXRF. The
methodological and analytical 2D development give the opportunity to apply these high-

resolution methods to the understanding of benthic faunal microenvironments.
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1.3 Benthic foraminifera and their role in biogeochemical cycles

1.3.1. Biology of benthic foraminifera and their applications

Foraminifera have been observed since antiquity but were accurately described
centuries later. Interest in these microorganisms was developed over the 18" and 19" centuries,
especially by the naturalist Alcide d' Orbigny who classified Foraminifera within the
Cephalopoda (as Nautilus) (D’Orbigny, 1826). Shortly afterwards, foraminifera were
definitively described as unicellular organisms (Dujardin, 1835). Nowadays, foraminifera are
defined as eukaryotic unicellular microorganisms (protists) belonging to the Rhizaria group and
one of the most widespread groups of organisms (Adl et al., 2012). Foraminifera live both in
the sediment (benthic) and in the water column (planktonic). The size of these organisms varies
according to the species and their environments, thus in temperate and sub-polar environments
they can range from few micrometers (propagules) to about 1 mm diameter (adults).
Foraminifera are characterized by their cell surrounded by a shell, called a test. This test can be
subdivided into one or more interconnected compartments or chambers which contain the same
single cell. This test can be: organic (also called “naked”), agglutinated (formed of grains
selected in the sediment), or carbonated (formed from calcite). In addition, foraminifera are
characterized by the possibility of forming reticulated and granular extensions called
pseudopodia. These pseudopods can extend up to 1 cm in length through the opening or test
openings (Murray et al., 2002) allowing them to move, feed, protect, respire and reproduce

(Goldstein, 1999). Figure 12 illustrates different photographs of the widespread intertidal

foraminifer Ammonia tepida (Ammonia sp. T6; (Hayward et al., 2004; Richirt et al., 2019)).

Figure 12: Photographs of Ammonia tepida: (a) light photograph of live Ammonia tepida with
pseudopods, (b) light photograph of live Ammonia sp. T6 (natural color)(LeKieffre et al., 2018),
(c) light photograph of Ammonia sp. T6 Rose Bengal staining, (d) Ammonia sp. T6
epifluorescence photograph CellTracker Green-labeled, (e) test photograph of Ammonia sp.
T6 Scanning Electron Microscope image. (b-e) Ammonia sp. T6 from the Bourgneuf Bay
mudflat (West Atlantic coast of France). Individuals of 300 um wide.

Benthic foraminifera are used in different study contexts. Most foraminifera with a test

can be used as fossil record. They are intensively used as biostatigraphic tools and for the
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reconstruction of paleoenvironments (Rabalais et al., 2007; Pawlowski et al., 2003; Murray,
2006; Filipsson, 2008). Indeed, benthic foraminifera allow a better understanding of the
evolution of climate change (e.g. ocean oxygenation conditions) through the study of the
elemental composition of their shells (tests) (i.e. paleoceanographic proxies) (Katz et al., 2010;
Petersen et al., 2018; Dijk et al., 2019). Benthic foraminifera are ubiquitous and found in all
marine environments, showing high species diversity (Debenay et al., 2000; Murray, 2006) and
high abundances, especially in the top first centimeter of coastal sediments (Alve and Murray,
2001; Schonfeld et al., 2012). Thanks to their species-specific tolerance or sensitivity to events
(natural or anthropic) affecting the ecosystem they inhabit, foraminifera are good bioindicators
of environmental modifications and stresses (e.g. eutrophication, heavy metals,
hydrodynamism, oxygen availability, food source, salinity, land-sea continuum) (Debenay and
Guillou, 2002; Murray, 2006; Jorissen et al., 2018; Parent et al., 2021; Bouchet et al., 2021).

Foraminiferal reproduction can be alternatively sexual and asexual (Murray, 2006).
There is a lack of study showing clearly the different ontogenetic stages of a foraminiferal
species. However, knowing the development speed of the specimens allows to better understand
the response time between the moment of reproduction (proloculus or propagule stage < 32 um
(Alve and Goldstein, 2010)) and the adult specimens visible in the 150 pum fraction. The PhD
thesis of Stouff (1998) give some indications on the “normal” ontogenetic growth of Ammonia
tepida (Fig. 13) in controlled conditions. Briefly, the proloculus stage (1 chamber) visible with
the 32 um fraction to the numerous juvenile stages of 50 to 110 um reached according to
(Stouff, 1998) after 15 days after the appearance of proloculus. There is no further indication
on the following stages until the adult stage (14-20 chambers) reached 3 months after the
appearance of the proloculus. However, given the ontogenic speed of the early stages, it can be
suggested that the specimens may reach a size of 150 pm after one month. This 150 um fraction
is used to study the population dynamics of adult foraminifera (Schénfeld et al., 2012). The
response time lag is complex to estimate, being modulated by the environmental conditions
which can be favorable or unfavorable to reproduction event and/or to the development of
propagules (Heinz et al., 2002; Ernst et al., 2006; Debenay et al., 2006; Alve and Goldstein,
2003, 2010).
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Figure 13: Some stages of ontogenic development of Ammonia tepida. (1-2) Proloculus + 1
loge, (3) 3 loges (24 h later), (4-5) 4 loges, (6) 5 loges, (7) 6 loges (1 week later), (8-9) 8 loges
(2 weeks later) the test size reaches 110 um. From Stouff, (1998).

Foraminifera have multiple adaptations and mechanisms (e.g. store intracellular nitrate
to denitrify, symbiosis with chloroplasts (kleptoplasty), dormancy, feeding strategies, move
towards a favorable microhabitat) to cope with various environmental conditions, giving them
the ability to live in most marine sedimentary environments, from intertidal bays to deep-sea
basins. Therefore, study their role and contribution to biogeochemical cycles especially carbon

and nitrogen cycles are increasing in the various environments where their abundance is high.

1.3.2. Role and contribution of benthic foraminifera to biogeochemical cycles
especially nitrogen cycle

Benthic foraminifera colonize a wide variety of sediments and may play a relevant role
in the carbon cycle in sediments from brackish environments (Thibault de Chanvalon et al.,
2015). The foraminiferal contribution to aerobic remineralization of OM is relatively low
compared to aerobic bacteria (Geslin et al., 2011) and may account up to 7% in mudflat
(Cesbron et al., 2016). The diverse feeding strategies of foraminifera (e.g. phytodetritus,
bacteria, algae, phyto- and zooplankton, and nematodes) are also involved in the carbon
assimilation and its transfer within the trophic web (Moodley et al., 2000; Koho et al., 2008;
Nomaki et al., 2008; Chronopoulou et al., 2019; Jauffrais et al., 2016, 2019a; Wukovits et al.,
2017; LeKieffre et al., 2018; Lintner et al., 2019, 2021).

High abundance of denitrifying (respiring nitrate) foraminifera in hypoxic and

oxygenated marine environments suggest that these species play an important role in the
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nitrogen cycle (Risgaard-Petersen et al., 2006; Pina-Ochoa et al., 2010; Bernhard et al., 2012b;
Glock et al., 2013; Xu et al., 2017). Estimations of foraminiferal contributions to the
denitrification in sediments range from 1 % to 90 % ( Hggslund et al., 2008; Pina-Ochoa et al.,
2010; Kamp et al., 2015; Dale et al., 2016; Xu et al., 2017) (Table 2).

Table 2: Estimations of foraminiferal contribution to sediment denitrification published in the
literature modified from Xu et al., (2017).

Foraminiferal

Foraminiferal Total sediment contribution to
References Location denitrification rate (umol N denitrification rate sediment
2 -1 -2 41
m*=d) (hmol N'm™d") denitrification (%)
(Pina-Ochoa et al., 2010) SIETETRL Ay gy i
(Pina-Ochoacetal, 2010) D& Of Biscay 64 76 84
(Pina-Ochoaetal, 2010) ~ OMZ Chile 173 220 0
. Avrabian Sea 78 510-840 9-15
(Pina-Ochoa et al., 2010) OMZ
(Pina-Ochoa et al., 2010)  Tagus Prodelta ey TR =2
(Glud et al., 2009) Sagami Bay 50 1250 4
Santa Barbara 3000 4500 67
(Bernhard et al., 2012b) Basin, USA
(Glock et al., 2013) 420-1310 10-1300 29-50 (OMZ)
Peruvian OMZ 10-90 2-6 (below OMZ)
(Dale et al., 2016) 1400-1500 1510-2380 62-90 (lower OMZ)
(Larsen et al., 2013) Jg’;fgcbgre"; 1-13 120 1-11
East China Sea 64-69 264 24-26
(Xuetal., 2017) Yellow Sea 16-88 45-144 36-61

Dissimilatory nitrate reduction (DNR) pathways such as denitrification are well studied in
denitrifying bacteria (Knowles, 1982). And some eukaryotes are known to use incomplete
denitrification pathways (e.g. freshwater ciliates, Loxodes sp.) (Finlay et al., 1983). For
example, incomplete denitrification to nitrous oxide was shown to be present in the fungus
Fusarium oxysporum (Shoun and Tanimoto, 1991; Takaya et al., 1999). Some diatoms are also
able to use dissimilatory nitrate reduction to ammonium (DNRA) (e.g. Amphora coffeaeformis
and Thalassiosira weissflogii (Kamp et al., 2011, 2013). However, the nitrate reduction
pathway remains unknown for most of the denitrifying eukaryotes such as the Gromiids,
Chlorophytes, Haptophytes and Dinoflagellates (Kamp et al., 2015). Benthic foraminifera were
the first discovered marine eukaryotes able to perform denitrification (Risgaard-Petersen et al.,
2006), but not all foraminifera are able to denitrify (Pina-Ochoa et al., 2010). Denitrifying
species of foraminifera are defined as species able to perform a complete denitrification proved
by denitrification rates measurements. Risgaard-Petersen et al. (2006) were the first to measure

denitrifying rates of two benthic foraminifera species: Nonionella cf. stella (OMZ, Peru) and
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Globobulimina turgida (Gullmar Fjord). Since that, nineteen species have been shown to be
denitrifiers (Risgaard-Petersen et al., 2006; Hggslund et al., 2008; Pina-Ochoa et al., 2010;
Bernhard et al., 2012b; Woehle et al., 2018; for details see Glock et al., 2019). The nitrate
reduction pathway seems to differ from one species to another: some species seem to possess
their own cytoplasmic pathway, while others have acquired their denitrifying capacity through
symbiosis. For example, Globobulimina turgida and Globobulimina auriculata have their own
eukaryotic denitrification pathways encoded in their genome (Woehle et al., 2018; Stein, 2018).
While denitrification in certain species (e.g. allogromiids in Santa Barbara Basin) is carried out
by bacterial endobionts and not by the foraminifer itself (Bernhard et al., 2012a; Nomaki et al.,
2014). Until 2019, it was accepted that denitrifying species were facultative anaerobes.
However, Glock et al. (2019) showed that nitrate was the preferred electron acceptor over
oxygen in foraminifera from the Peruvian OMZ.

Foraminifera denitrification rates show wide variability, with the highest rate (2241 +
1825 pmol N indiv. d*) measured for Valvulineria inflata (OMZ, Peru, Glock et al., 2019)
and the lowest denitrification rate (7 + 1 pmol N indiv. ! d-!) measured on Nonionella auris
(OMZ, Peru, Glock et al., 2019). These two denitrifying species are found mainly in oxygenated
depleted environments such as oxygen minimum zones (OMZ) of Peru (Glock et al., 2013) and
Chile (Risgaard-Petersen et al., 2006; Hggslund et al., 2008), in the anoxic Santa Barbara Basin
(California, USA) (Bernhard et al., 2012a) and in the seasonally hypoxic Gullmar Fjord
(Sweden) (Risgaard-Petersen et al., 2006). Denitrifying foraminifera, e.g. Bolivina
subaenariensisi, Uvigerina phlegeri and Valvulineria bradyana, can also be found in
oxygenated areas such as the Bay of Biscay (France) or the Rhone delta (France) (Pifia-Ochoa
et al., (2010)). Recently, Xu et al. (2017) estimated the role of benthic foraminifera in the
oxygenated bottom water sedimentary denitrification of the Yellow Sea and the East China Sea
(based on the denitrifying rates of five abundant species) (Table 2).

Several foraminifera species can store intracellular nitrate (Risgaard-Petersen et al.,
2006) with the highest intracellular nitrate concentrations for Globobulimina cf. ovula from
Peru (375 £ 174 NO3s” mM, Pifia-Ochoa et al., 2010). Foraminiferal species able to concentrate
intracellular nitrate seem to be able to respire it. Hence, several foraminiferal species may
together represent an important reservoir of nitrate storage in sediments (Bernhard et al.,
2012a), reaching 20 % of the nitrate pore water sediment in Gullmar Fjord (G. turgida) and 80
% in Sagami Bay (Risgaard-Petersen et al., 2006, Glud et al., 2009). Species that store
intracellular nitrate and denitrify might be able to actively migrate into the sediment towards

favourable micro niches for their food source and pore water environments (Koho et al., 2011;
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Nomaki et al., 2015). For example, Koho et al. (2011) suggested that Globobulimina turgida is
able to actively migrate into the sediment to find nitrate-containing strata and actively collect
nitrate in the presence or absence of oxygen. Foraminifera can store intracellular nitrates that
can be transported/produced in depth by bioirrigation or anoxic nitrification. The respiration of
these nitrates by foraminifera could increase the loss of fixed nitrogen in suboxic/anoxic
sediments (Prokopenko et al., 2011; Dale et al., 2016).

In addition to the ability of some benthic foraminiferal species to store nitrate for
dissimilatory purposes, mixotrophic (Haynesina germanica and Nonionellina labradorica) and
heterotrophic (Ammonia tepida) foraminiferal species are able to effectively assimilate
ammonium, and integrate this nitrogen source in their biomass (LeKieffre et al., 2018; Jauffrais
et al., 2019b; Bird et al., 2020). Ammonium assimilation was shown to be a suitable N source
(as suggested for planktonic foraminifera; LeKieffre et al., 2018) for cell growth and
development. Besides, Bird et al., (2020) and LeKieffre et al., (in preparation) suggested that
nitrogen assimilation could be widespread among foraminifera. Moreover, benthic foraminifera
might compete with MPB for NH4* availability in a fast N-turnover environment (Eyre et al.,
2016).

1.3.3 The preferential microhabitats/ microenvironments of benthic foraminifera

The TROX (TRophic conditions and OXygen concentration) model is a conceptual
approach to explain the microhabitat preferences of benthic foraminifera (Jorissen et al., 1995)
(Fig. 14 a). Briefly, under oligotrophic conditions, the depth of the microhabitat is controlled
by the availability of metabolizable food particles in the sediment. Under more eutrophic
conditions, the ecosystem is controlled by a critical level of oxygen concentration that
determines downward flow. Under food-limited conditions, anaerobic degradation of organic
matter may provide an additional food source around the redox front, which could explain the
depth infaunal maxima reported in the literature (Jorissen et al., 1995). Since, the TROX model
has been updated with for example the addition of some foraminifera species favoring nitrate
respiration over oxygen (Glock et al., 2019). The concept of microhabitats was modified by

indicating that denitrifying foraminifera migrate up or down through the depth of nitrate
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penetration in sediments, which would provide a good tool for understanding nitrate transport

by foraminifera in various marine environments (Fig. 14 b) (Xu et al., 2021).
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Figureld: Schematic diagram of the original (a) and modified (b) trophic oxygen model
(Jorissen et al., 1995) illustrating the relationship between organic loading, oxygenation, pore
water nitrate and their influence on foraminiferal vertical distribution and nitrate transport.
From Xu et al., (2021).

The vertical distribution of foraminifera can also be explained by the downward
transport of individuals by biomixing that introduces living foraminifera into the deeper
sediments (Fig. 15; Thibault de Chanvalon et al., 2015). This burial of living individuals to the
deeper sediment can be induced by biomixing (Alve and Bernhard, 1995; Goldstein et al., 1995;
Moodley, et al., 1998; Alve and Murray, 2001; Jorissen, 2003; Bouchet et al., 2009) and/or by
additional sediment deposition due to flood event. Three foraminiferal behaviors were
suggested by Thibault de Chanvalon et al., (2015) to explain the typical vertical distribution of
foraminifera in mudflats: 1) in the first ~ 3 cm depth, some individuals are able to migrate

towards the oxygenated and organic-rich

OPD -0 Optimal conditions,
layer as soon as they detect redox 1 Upward migration for
2 oxygenated layers Q@/,
gradients, 2) in deeper sediment ~ 8 cm B X
T 53 7 Limited 3D mobility to
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Figure 15: Putative mechanisms explaining the
(dormancy) or die (LeKieffre et al., A. tepida density profile (OPD: oxygen
penetration depth) in the “Les Brillantes”

2017). 3). Moreover, foraminifera can be

temporarily remobilized during

mudflat (Loire estuary). From Thibault de
Chanvalon et al., (2015).
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bioirrigation events, and could migrate towards organic-rich microenvironments in their
vicinity (Thibault de Chanvalon et al., 2015). The choice of the method used to differentiate
between living and dead foraminifera becomes crucial (Bernhard et al., 2006). Rose Bengal
staining is recommended for biomonitoring of foraminifera contained in the first centimeter of
the sediment (Schonfeld et al., 2012), whereas CellTracker Green labeled is recommended for
the study of the foraminiferal vertical distribution in environments with high redox
spatiotemporal variability (Nardelli et al., 2014; Langlet et al., 2014; Thibault de Chanvalon et
al., 2015; Cesbron et al., 2016; LeKieffre et al., 2017; Charrieau et al., 2018; Richirt et al.,
2019).

1.3.4 Foraminiferal preferential food source

Improving our knowledge on foraminiferal trophic interactions would allow to better
understand their role in the ecosystem functioning and in the biogeochemical cycles. These
interactions and nutrient transfers may drive mudflat ecosystems and biodiversity (LeKieffre et
al., 2017). Benthic foraminifera have diverse trophic strategies: they can be mixotroph or
heterotroph. Some species have shown omnivorous heterotrophic behaviors, feeding on various
food sources: organic matter detritus, bacteria, fungi, microalgae and sometimes metazoans
(Witte et al., 2003; Nomaki et al., 2005, 2006, 2008; Pascal et al., 2009; Dupuy et al., 2010;
Enge et al., 2011; Mojtahid et al., 2011; Wukovits et al., 2017, 2018; Bird et al., 2018; Lintner
et al., 2020). Some foraminiferal species are thought to display mixotrophic strategies. For
example, some species harbor putative procaryote symbionts that could play a role in their host
metabolism (Bernhard et al., 2003, 2012a; Bird et al., 2017; Prazeres et al., 2017). Another
mixotrophic strategy involved kleptoplasts (i.e. stolen chloroplasts) (Lopez, 1979; Jauffrais et
al., 2016; LeKieffre et al., 2018). Foraminiferal kleptoplasty is a symbiotic association whereby
chloroplasts obtained from microalgal preys, are sequestered into the host cell (Clark et al.,
1990). Some foraminiferal species from photic and aphotic zones have been found to perform
kleptoplasty with diatom chloroplasts (Lopez, 1979; Bernhard and Bowser, 1999; Tsuchiya et
al., 2015; Jauffrais et al.,, 2016, 2018). The kleptoplasts were proven to be functional
(production of oxygen and inorganic carbon assimilation) only in species from photic
environments (intertidal mudflats) (Lopez, 1979, Jauffrais et al. 2016, Lekieffre et al. 2018). In
species from deeper aphotic environments such as N. labradorica sampled in the Gullmar fjord,
the kleptoplasts were not photosynthetically active. Besides, kleptoplasts are also thought to
play a role in nitrogen assimilation, accounting for another putative N assimilation pathway in
the foraminiferal cell (Grzymski et al. 2002, LeKieffre et al. 2018).
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In mudflats, four typical intertidal species are found with different trophic strategies.
Ammonia tepida (Hayward et al., 2004; Richirt et al., 2019) is omnivorous, feeding on organic
detritus, bacteria, microalgae and meiofauna (Dupuy et al., 2010; Mojtahid et al., 2011; Pascal
etal., 2009; Wukovits et al., 2018). Haynesina germanica harbors kleptoplasts that were shown
to be photosynthetically active (Jauffrais et al., 2016). Less is known about Elphidium species.
Elphidium oceanense (d'Orbigny in Fornasini, 1904) and Elphidium selseyense (Heron-Allen
and Earland, 1911) are kleptoplastic (Lopez, 1979; Pillet et al., 2011; Jauffrais et al., 2018,
2019b). Nevertheless, it has not been proven yet that the kleptoplasts are photosynthetically
active in those two species.

Diatoms provide an important source of organic carbon and nutrients to benthic
foraminifera (Moodley et al., 2000; Nomaki et al., 2005, 2006; LeKieffre et al., 2017, 2018;
Lintner et al., 2020, 2021). Numerous experimental (Lee et al., 1966; Lopez, 1979; Gooday and
Lambshead, 1989; Bernhard and Bowser, 1999; Heinz et al., 2002; Goldstein et al., 2004;
Austin etal., 2005; LeKieffre et al., 2017) and metabarcoding (Pillet et al., 2011; Chronopoulou
et al., 2019; Schweizer et al., submitted) studies suggest that foraminiferal-diatom trophic
interactions are very specific. These foraminiferal-diatom trophic relationships would depend
on the trophic regime of the foraminifera, how the foraminifera eat the diatoms (cracking of the
frustule (Austin et al., (2005) or complete ingestion of the diatom (LeKieffre et al., (2017), Fig.
16) and the physicochemical conditions of the environment.

Figure 16: (a) Haynesina germanica cracking of captured Pleurosigma sp. (the arrow indicates
the cracking of the diatom frustule), from Austin et al., (2005). (b) Transmission electron
micrographs of different types of degradation vacuoles in Ammonia sp. T6. Cytoplasm of the
antepenultimate chamber exhibiting numerous diatom frustules (arrowheads), in which the
diatom cytoplasm is being digested (d*) and diatom chloroplasts are in degradation (c*). c:
chloroplasts, c¢*: chloroplasts in degradation, d*: diatom in degradation, dv: degradation
vacuoles, fv: fibrillar vesicles, li: lipid droplets, m: mitochondria, ol: organic lining, po: pore,
rb: residual bodies, v: vacuoles. Scale = 5 um. From LeKieffre et al., (2017).
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1.4 Microphytobenthos

Beyond the trophic relations existing between foraminifera and diatoms, diatoms and
foraminifera are two groups that can be used as bioindicators of marine ecosystems (Benito,
2020). Indeed, benthic foraminifera and diatoms respond rapidly and sensitively to
environmental changes. Moreover, foraminiferal tests and diatom frustules can be preserved for
a long time in the sediments. In coastal ecosystems such as intertidal mudflats, foraminiferal
and diatom communities indicate the transition of the land-sea continuum. In land-sea transition
systems, these bioindicators are valuable because spatiotemporal species dynamics are a means
of determining species response to natural and/or human-induced environmental gradients (e.g.,
water physico-chemistry, substrate type, bathymetry, organic matter, and dissolved oxygen).

The microphytobenthos (MPB) is composed of an assemblage of benthic photosynthetic
microalgae often dominated by diatoms (Macintyre et al., 1996; Méléder et al., 2007). Thus,
mudflats are highly productive coastal ecosystems (Maclintyre et al., 1996; Underwood and
Kromkamp, 1999; Paterson et al., 2003). Diatoms have different "life forms" (e.g. epipelic,
epipsammic, pelagic). Epipelic diatoms, are motile cells that move around sedimentary particles
(mainly muddy sediment) (Round and Happey, 1965), showing upward and downward
migrations according to the tidal cycle and photoperiod, modulated by light, temperature and
nutrient availability (Round and Happey, 1965; Admiraal et al., 1984; Consalvey et al., 2004).
These vertical migrations follow an endogenous circadian cycle synchronized with daily
emersion periods whereby cells migrate to the sediment surface forming biofilms where they
accumulate energy for metabolism (e.g. photosynthesis). Diatoms can make adjustments to
their position in the sediment that can be interpreted as a photo-regulatory mechanism (Perkins
et al., 2001; Jesus et al., 2006; Cartaxana et al., 2011; Serodio et al., 2012; Prins et al., 2020).
Thus when their energy quota is reached and/or when the tide rises, the cells down into the
sediment where they can use nutrients and produce new biomass (Saburova and Polikarpov,
2003). Conversely, epipsammic diatoms (strongly associated to sandy grains) depend mainly
on the thermal dissipation of excessive light energy to photo-regulate (Cartaxana et al., 2011,
Barnett et al., 2015; Blommaert et al., 2018). At high tide, with tidal currents and waves, a part
of the biofilm is resuspended in the water column (Fig. 17) and can contribute to the
phytoplankton (pelagic) biomass (Guarini et al., 2004). The granulometry allows to explain the
preferential life forms of diatoms in a mudflat (Méléder et al., 2007). Thus, mixed sediments
(muddy and sandy) are mainly represented by epipsammic species. Conversely, a mudflat with

finer particles is favourable to the development of epipelic species. Other life forms can be
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found such as: epiphytic living attached to seagrass and sometimes pelagic species can settle
on the sediment surface.

The spatial heterogeneity of intertidal mudflats is challenging to quantify accurately carbon
stocks and flows in coastal areas (Legge et al., 2020). MPB spatiotemporal distribution is highly
variable, as it is driven by physical (light photo-regulation, temperature, tides, and waves) and
biological (grazing, biostabilization, and bioturbation) factors (Consalvey et al., 2004; Spilmont
etal., 2007; Coelho et al., 2009, 2011; Serddio et al., 2012; Savelli et al., 2018). To assess MPB
biomass in tidal mudflat, measurements are often single-point sampling (Cartaxana et al., 2015;
Pniewski et al., 2015). The normalized difference vegetation index (NDVI) (Tucker, 1979) was
used as a proxy of MPB chlorophyll a, which itself is often used as a proxy for MPB biomass
(Méléder et al., 2003b; Forster and Jesus, 2006; Benyoucef et al., 2014). Chlorophyll a is an
ubiquitous pigment found in all MPB organisms. The development of remote sensing methods
using NDV I are now more widely used for MPB studies on a large spatial scale (from one meter
to several kilometers) (Méléder et al., 2003a; Brito et al., 2013; Benyoucef et al., 2014; Echappé
et al., 2018; Launeau et al., 2018; Méléder et al., 2020).
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Figure 17: Conceptual diagram of the processes leading to microphytobenthos primary
production on intertidal bare mudflats in relation with the alternance of tides: Upward
migration of diatoms during low tide and process of suspension of benthic diatoms in the water
column at high tide. From (Lebreton et al., 2019), modified from (Blanchard et al., 2006).
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2. Objectives of the PhD thesis

The general aim of this PhD research was to better understand the benthic faunal and
geochemical interactions from micro-scale to kilometer-scale in two contrasted coastal areas.
This PhD thesis is divided into four chapters, each of them investigating different combined
high resolution methods and multivariate analyses at different scales to reveal the interactions

between benthic faunal and geochemical compartments.

Chapter 1: Denitrification by benthic foraminifera and their contribution to N-loss from
a fjord environment

At the beginning of my PhD thesis in November 2017, a sampling cruise was performed at
two oxygenated and nitrate contrasted stations in the Gullmar Fjord (Sweden). This Chapter 1
investigated the contribution of denitrifying foraminifera to benthic nitrogen cycle in the
oxygenated station near the entrance of the fjord and another station in the seasonal hypoxic
deep basin. The benthic foraminifera Nonionella sp. T1 dominated in the oxygenated nitrate-
rich station of the fjord which was discovered recently in this area (Polovodova Asteman and
Schonfeld, 2015). The oxygenated station contained sediments with high pore-waters NO3
concentrations conversely to hypoxic station which was NO3™ depleted. Thus, the NO3z™ were
available to be respired by denitrifying species at the oxygenated station. Therefore, we
investigated the nitrate respiration rate of the non-indigenous species (NIS) Nonionella sp. T1.
The combined using of high resolution CTG-labeled, N2O microsensors and NOs 2D-DET gels
methods allowed to estimate accurately the contribution of denitrifying foraminifera to the
benthic nitrogen cycle. The general objectives of this Chapter 1 were: (1) to characterize the
density of the living benthic foraminifera at two contrasting stations in the Gullmar fjord: one
with oxic bottom water and one with hypoxic bottom water. We focused on the relative
abundance of the NIS Nonionella sp. T1 (2) to investigate if this NIS Nonionella sp. T1 can
denitrify and (3) quantify its eventual contributions to benthic denitrification in the sediments.
On the basis of the results we discussed the probable future impact of the NIS Nonionella sp.

T1 on the foraminiferal fauna and the nitrogen cycle in the Gullmar Fjord.

Chapter 2: Impact of hypoxia and bioirrigation on benthic manganese release in the
Gullmar Fjord using 2D high spatial resolution methods

The results of the Chapter 2 benefited from samples obtained during the November 2017
cruise in the Gullmar Fjord. The two oxygenated contrasted stations were also contrasted in
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dissolved and solid-phases manganese and impacted by macrofaunal activity. The Gullmar
Fjord is rich in macrofauna (Austen and Widbom, 1991). Bioturbation and bioirrigation due to
the macrofaunal burrowing disturb the early diagenesis redox fronts (Aller, 1982; Burdige,
2006). The Gullmar Fjord is Mn-rich in the sediments of the deep basin (Goldberg et al., 2012).
However, no estimation of the Mn cycle and the impact of seasonal hypoxia and bioturbation
on this cycle was previously established. In this Chapter 2 we investigated an innovative
approach to estimate the contribution of macrofaunal burrowing activity to Mn cycle in a
seasonal hypoxic fjord. For this purpose, we combined the using of innovative and recent
technical developments as: Mng 2D-DET gel method (Mouret et al., in preparation), embedded
sediment slabs (Jauffrais et al., in preparation) and selective chemical extractions to visualise
and quantify the contrasted dissolved and solid-phases Mn micro-distributions. Indeed,
macrofaunal activity generates bioirrigation through burrows improving exchanges between
anoxic deep sediments and the overlaying water. The objectives of this study were: 1) to
describe the dissolved and solid-phases Mn micro-distribution of two oxygen contrasted
stations in the Gullmar Fjord, 2) to calculate separately the diffusive and bioirrigational fluxes
at both stations by the Savitsky-Golay Filter method (Thibault de Chanvalon et al., 2017) and
3) to estimate the benthic Mn cycle in the Gullmar Fjord based on oxygenated steady-state

conditions and the impact of a hypoxic event on this cycle.

Chapter 3: Spatiotemporal dynamics of living benthic foraminifera revealed by
hydrodynamics and in situ trophic model in intertidal mudflat (Bourgneuf Bay, France)
Three stations were selected for the MUDSURYV project in early 2016, aiming to better
understand the functioning of the “La Coupelasse” site in the Bourgneuf Bay mudflat (West
coast of France). The Bourgneuf Bay is a semi-enclosed area located at the South of the Loire
river estuary. The “La Coupelasse” sampling site is composed of three stations (A, B and C)
spaced from 10 m apart (meso-scale/ decameter-scale) along a tidal channel near a path used
by oyster farmers. The sampling effort in this study was high and benefited from a multi-
parameter approach (geochemistry, microphytobenthos, benthic foraminifera). This Chapter 3
benefited from a monthly then quarterly geochemical database from March 2016 to October
2019. Simultaneously a monthly benthic foraminiferal monitoring occurred in the 1% cm depth
of the sediment, using Rose Bengal-staining and the adult size population of the dominant
species (> 150 um). The monthly microphytobenthos biomass was analyzed from April 2017

to July 2019 at the three stations. The MPB assemblages were analyzed at the station B.

43



Introduction

Two research paths were explored in this Chapter 3. Firstly, we investigated the
spatiotemporal dynamics of the dominant foraminiferal species through a multivariate analysis
gathering 3 years of environmental dataset. The foraminiferal dynamics were characterized by:
1) hydrodynamism and meteorological parameters (discharge, rainfall, temperature, tidal
coefficient, porosity, salinity, granulometry), 2) OM remineralization activity (alkalinity, OPD,
DOU), 3) pore-waters nutrients (DRP, NH4*, NOs", NO2") and 4) proxy of the MPB biomass
(NDVI). This analysis should allow to identify the environmental parameters inducing
unfavourable versus favourable reproduction periods. Secondly, we investigated an in situ
trophic model to find which diatom species were preferentially eaten by foraminiferal species
and could explain their temporal variabilities. Finally, the aims of this study were: (1) to
describe the spatial and temporal dynamics of the dominant foraminiferal species; (2) to
characterize the main environmental parameters driving the spatiotemporal foraminiferal
dynamics in a context of “confined waters” and (3) to discuss, in situ trophic model based on

the temporal foraminiferal species—specific diatoms food preferences.

Chapter 4: Influence of the Loire river hydrodynamics on geochemical and benthic
foraminiferal compartments in intertidal mudflat (Bourgneuf Bay, France)

This Chapter 4 is a complementary approach of the Chapter 3. We investigated further the
benthic faunal and geochemical compartments at two sampling time characterized by two
hydrological and meteorological contrasted months. April 2019 was characterized by winter
post-flooding period and October 2019 by summer low-water period. The aims of this Chapter
4 were: (1) to detail redox elements spatial variability at two hydrological and meteorological
contrasted periods; (2) to investigate the role of the tidal pump and flood events on the dynamics
of redox elements and the nutrient availability for benthic fauna; (3) to evaluate if the vertical
foraminiferal micro-distribution (CTG-labeled) allow to characterize the late disturbed winter
post-flooding and the stabilized late summer periods. To reach these objectives, we used high
spatial resolution methods. The simultaneous deployment of Mng, Feq, NO3", NH4" and DRP
2D-DET gels was used to provide accurate redox elements and nutrients vertical and lateral
variabilities at decimetric scale (within a station). Then, the using of dissolved and solid phases
1D profiles allowed us to capture the variability at decametric-scale (between the three stations).
The description of the geochemical processes over a larger resolution window at two contrasted
months could enable to understand the evolution of transient diagenesis driving especially the
nutrients dynamics (Thibault de Chanvalon et al., 2015, 2016). Moreover, the in situ

deployment of O profiles through several hours during emersion time would provide
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information about the MPB photosynthetic activity given indication on available oxygenated
micro-environments for benthic foraminifera. The foraminiferal species densities should
respond strongly to these contrasted months. We decided to explore the foraminiferal micro-
distributions CTG-labeled up to 10 cm depth to identify if the species distributions reflect the

state of sediment instability through unfavourable versus favourable periods.

3. Study areas

3.1 PART I: Gullmar Fjord

Fjords are characterized by a coastal geomorphology, formed by semi-enclosed marine
basins. Fjords are located above the Northern Fjord Belt as the Gullmar Fjord (Sweden) (red
star, Fig. 18) and under the Southern Fjord Belt (Bianchi et al., 2020).
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Figure 18: Global distribution of fjords. The red star indicates de Gullmar Fjord location.
Modified from Bianchi et al., (2020).

Fjords are the result of glacial erosion, indeed the majority of the fjords had a glacier or still
have one. The Gullmar fjord in Sweden, is an example of non-glaciated fjord. Non-glaciated
fjords are transitional environments subjected to the exchange between open-ocean water
masses and freshwater inputs from the land (Fig. 19). Generally, a sill located at the entrance
of the fjords separates the adjacent coastal waters from the deep basin, limiting water exchange
and circulation, and therefore the oxygen renewal (Howe et al., 2010). Limited water mass
exchanges, high sedimentation rate, make fjords ideal environments to reconstruct climate
change and anthropogenic impacts at high temporal resolution (Howe et al., 2010). Besides,
fjords are considered as mini-oceans basin laboratories allowing to observe biogeochemical

processes and typical benthic faunas (Skei, 1983; Howe et al., 2010). Sill fjords because of
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organic inputs from land and insufficient deep-water renewal, could be seasonally hypoxic even
anoxic (Filipsson and Nordberg, 2004b). The seasonal hypoxic Gullmar Fjord offers a high-
resolution environmental archive (Filipsson and Nordberg, 2004a) allowing to investigate

benthic geochemical processes and benthic faunal spatiotemporal variation.
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Figure 19: Principle physical processes within non-glaciated fjord (adapted from Howe, (2010)
and Bianchi et al., (2020)).

The Gullmar Fjord is located on the Swedish west coast, oriented in the SW-NE
direction (Fig. 20 a). The fjord fluctuates between cold and temperate climates and has a low
tidal activity with a range of 20 cm in the Skagerrak-Kattegat region (Svansson, 1984;
Nordberg, 1991). The hydrography of Gullmar Fjord depends on the waters of the adjacent
Skagerrak an extension of the North Sea, and also on the waters from the Kattegat an extension
of the Baltic Sea (Figure 20 b).
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Figure 20: (a) Gullmar Fjord location (black framed) on the Swedish West coast (data from
SHOM). (b) General water circulation: main surface currents (black arrows) and main deep
currents (grey arrows). GB: Great Belt; LB: Little Belt; AW: Atlantic Water; CNSW: Central
North Sea Water; JCW; Jutland Coastal Water; NCC; Norwegian Coastal Current; BW: Baltic
Water. Modified form Charrieau et al., (2018).
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Water exchanges occur during winter in the deepest part of the stagnant basin (near
Alsback monitoring station, Fig. 21). The low mixing of deep basin waters in winter time are
due to the 42 m deep sill (located between Sldggod and GF17-3 stations, Fig. 21), reducing water
exchanges. Fjord water masses are stratified (presence of haloclines) especially because of the
deep sill located in the entrance (Arneborg, 2004). Surface waters (uppermost 1 m of the water
column) are fresher than the underlying waters due to the inputs of the Orekilsélven river but
without a significant impact on the fjord hydrography (Arneborg, 2004). The deeper water
column layers are composed of the Baltic (1-18 m) and the Skagerrak (18-50 m) water masses.
The deepest layer (> 50 m) corresponds to the stagnant basin (Svansson, 1984) which is
influenced by both water exchanges and wind forcing during winter (Bjork and Nordberg,
2003). Indeed, several scientific publications demonstrated the influence of NAO (North
Atlantic Oscillation) on hypoxic events of the fjord (Hurrell, 1995; Nordberg et al., 2000; Bjork
and Nordberg, 2003; Filipsson and Nordberg, 2004b). From the late 1970s, the NAO is in
positive phase. Westerly winds limit the renewal of bottom waters, favouring hypoxic events
in the deepest part of the fjord. The first measured hypoxic event has been dated from February
1890 by Pettersson and Ekman (1891). Later several hypoxic events have been identified during
the 20" century and at the beginning of the 21" century (Filipsson and Nordberg, 2004b;
Polovodova Asteman and Nordberg, 2013). The recent hydrographic data used are obtained
from the Swedish Meteorological and Hydrological Institute’s (SMHI’s) publicly available
database SHARK (SMHI, 2020).

Different monitoring stations are located along the Gullmar Fjord (i.e. SIaggo at 65 m,
Bjorkholmen at 70 m, and Alsbéck at 117 m; SMHI, 2020). The monitoring of these stations is
uneven. Bjorkholmen monitoring (white triangle, Fig. 21) started in 1968 and stopped from
1999 to 2014. Slaggé monitoring (black dot, Fig. 21) started in 1986 and is still ongoing.
Alsback monitoring (red square, Fig. 21), started in 1977 but stopped in July 2015. Since 2010,
the hypoxia threshold ([O2] <2 mg L%, i.e., 63 pmol L) in Alsback station is reached typically
in late autumn and winter. As Alsb&ck monitoring stopped in July 2015, Bjérkholmen station
is used to estimate the hypoxic events after this date. The most external station SI&ggo, never
became hypoxic (black dot, Fig 21) and it is used as reference station for the oxygenated part
at the entrance of the fjord.
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In the first part of this PhD thesis, two sampling cruises were conducted in the Gullmar

Fjord. During November 2017 (cruise

Riverine water from Orekilsilven [\

"""""""""" Baltic water
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depth) (modified from Arneborg et al., (2004)
and Choquel et al., (2021)).
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near the Alsback monitoring station in the

Fig. 21). Then, a second cruise conducted

sediment sampling at the oxygenated
station (GF18-3).

Focus on the main foraminiferal species of interest in the Gullmar Fjord

The denitrifying foraminifera Globobulimina turgida was found in the seasonal hypoxic
Gullmar Fjord (Risgaard-Petersen et al., 2006). The genus Nonionella was described as
denitrifying, such as Nonionella cf. stella (Risgaard-Petersen et al., 2006). Recently, Nonionella
sp. T1 was described as a putative invasive species in the North Sea (Polovodova Asteman and
Schonfeld, 2015; Charrieau et al., 2019; Deldicq et al., 2019). Some precisions are necessary to
clarify Nonionella sp. T1 taxonomic ambiguity throughout literature. Briefly, its morphotype
has been successively named: Nonionella stella (Polovodora Asteman and Schonfeld, 2015);
Nonionella aff. stella by (Charrieau et al., 2018), Nonionella sp. by (LeKieffre et al., 2018) and
finally Nonionella sp. T1 (Charrieau et al., 2019; Deldicq et al., 2019) to differentiate it from
Nonionella stella T4 from Santa Barbara Basin. The genus Nonionella is denitrifying (Risgaard-
Petersen et al., 2006; Pina-Ochoa et al., 2010), the species Nonionella sp. T1 is suspected to

perform denitrification.
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3.2 PART II: Bourgneuf Bay

Tidal mudflats are one of the most widespread coastal ecosystems, with a recent global
area estimation of at least 127,921 km? (Murray et al., 2019). Indeed, intertidal mudflats are
found all around the world in coastal areas as in estuaries, bays and fjords (Fig. 22). Intertidal
mudflats play a major role in the ecosystem functioning due to their high biological productivity
(Lebreton et al., 2019; Barillé et al., 2020). The location of intertidal mudflats supports the
enrichment of adjacent terrestrial and marine ecosystems. Intertidal mudflats have high
economic and ecological potential. Economic activities gathering: shellfish-farmers, fishermen,
shellfish gatherers, tourists and birders are closely related to the ecological functions provided
by intertidal bare mudflats (Atkins et al., 2011; Liquete et al., 2013). Intertidal mudflats with
shellfish production (i.e. Bourgneuf Bay) are subject to regular sanitary monitoring including
microbiological control of Escherichia coli, monitoring of toxins produced by microalgae,
chemical contamination with heavy metals and the monitoring of oyster growth and mortality
(Synthese du rapport de I’Ifremer, 2014). The Water Framework Directive (WFD, 2000/60/EC)
is the framework for community policy in the field of water management of aquatic
environments, including coastal and transitional waters as the Bourgneuf Bay mudflat. The
directive aims to achieve or maintain high ecological and chemical status of groundwater and
surface water bodies. A final score is assigned to the ecological quality of the water masses.
The score of the water mass of Bay of Bourgneuf in 2017 indicated a good quality (Bulletin de

la surveillance 2018).
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Figure 22: Examples of intertidal bare mudflats throughout tropical, temperate and polar zones
illustrating their worldwide distribution. The Bourgneuf Bay location is indicated in bold
underlined. Modified from Lebreton et al., (2019).
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The Bourgneuf Bay (46°52'—47°08" N, 1°58'-2°20" W) is located in the south of the
Loire river estuary on the West coast of France (Fig. 22 a). The Bourgneuf Bay is a semi-
enclosed area over 340 km?, constituted by a large intertidal mudflat of 100 kmz2, opened to the
Atlantic Ocean by 10 km wide passage between the North of the Noirmoutier Island and the
“Pointe Saint Gildas” (Figure 22 b). A narrow second bay-ocean communication zone exists to
the south of the bay located at the "goulet de Fromentine™ (Debenay, 1978). The wide opening
to the North-West of the bay is subject to the influence of the ocean but also of the Loire river
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Figure 22: (a) Bourgneuf Bay location (black frame) on the French West coast (data from
SHOM). (b) (a) Bourgneuf Bay is located on the French Atlantic coast (b) on the South of the
Loire Estuary, the sampling site “La Coupelasse” is symbolized with a star, and (c) is a zoom
on the 3 sampling stations (A, B, C). Modified from Thomas et al., (2016).

The Loire river mean discharge ranges from 120m?® s to 5200 m® s!' (GIP, Loire
Estuaire). The Loire estuary is hyper-synchronous: the estuary shows an increasing tidal range
upstream (Le Floch, 1961), reaching a maximum tidal range of approximately 7 m. Due to
strong hydrodynamics, the annual mean concentrations of suspended matter are higher in the
northern part of the bay (154 mg L™1) than in the southern part (34 mg L) (Haure and Baud,
1995).

Oyster beds cover an area of 10 km? the Bourgneuf Bay is a site of extensive
Crassostrea gigas aquaculture, with 5330 metric tons produced in 2012 (Agreste, 2015). Figure
23 provides general information on Bourgneuf Bay to present the details of the sampling site
"La Coupelasse” (Fig; 22 b). The bathymetry (Fig. 23 a) indicates that the bay is shallow (max.

-15 m, red color) and our sampling site is located on the foreshore at 0 m depth (grey zone, -
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2.1°E; 47.1°N, Fig. 23 a). The surface of the sediments in the bay is diverse (Fig. 23 b), our
study site is located in the sandy mud part (in green, -2.1°E; 47.1°N, Fig. 23 b). The Bourgneuf
bay is an intertidal zone subject to tidal currents. Figures 23 ¢ and d illustrate the strength and

direction of the currents at (c) rising tide and at (d) ebb tide.
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Figure 23: (a) Bathymetry, (b) sedimentology of the surface sediment, (c) current strength at
the rising tide and (d) at ebb tide of the Bourgneuf Bay. The black star indicates the “La
Coupelasse” site (data from SHOM).

Focus on the main foraminiferal species of interest in the Bourgneuf Bay mudflat

Numerous studies performed on benthic foraminifera of the Bourgneuf Bay are carried
out since the PhD thesis of Debenay (Debenay, 1978) (e.g. Debenay and Guillou, 2002; Morvan
et al., 2004; Ernst et al., 2006; Jauffrais et al., 2016; LeKieffre et al., 2017, 2018). Among the
four main species found at the "La Coupelasse” site, some precisions are necessary to clarify
the taxonomic ambiguity throughout previous studies. Briefly, Ammonia tepida (Debenay,
1978; Debenay, 1978; Debenay and Guillou, 2002; Morvan et al., 2004; Debenay et al., 2006)
was since divided into pseudocryptic phylotypes, the main phylotype identified at our sampling
site being Ammonia sp. T6 (Hayward et al., 2004; Richirt et al., 2019). Two phylotypes of the
“Elphidium excavatum” species complex (Pillet et al., 2011; Darling et al., 2016) are found in
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the Bourgneuf Bay: Elphidium oceanense (genetic type S3, Darling et al., 2016) and Elphidium
selseyense (genetic type S5, Darling et al., 2016). Elphidium oceanense is previously named
Cribroelphidium gunteri and Elphidium selseyense is named Cribroelphidium excavatum in
Debenay, (1978) and Debenay and Guillou, (2002). No taxonomic precision is needed for
Haynesina germanica (genetic type S16, Darling et al., 2016). These species are typical of
transitional temperate Atlantic mesotidal to macrotidal environments. Their distributions are
described according to the concept of "confined waters" in the Bourgneuf Bay (Debenay and
Guillou, 2002). Thus, the distribution of these species depends both on a longitudinal marine-
to-freshwater gradient and on a vertical water-to-land gradient. Thus in muddy sediments, the
longitudinal distribution of these species indicates that Cribroelphidium excavatum dominates
in the lower estuary (marine influence), passing upward to Cribroelphidium gunteri and
Ammonia tepida and farther upstream in the bay to Haynesina germanica. The temporal
dynamics of these species remains to be clarified at the La Coupelasse site which is located in

intermediate position in the bay.
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Chapter 1

Abstract

Oxygen and nitrate availabilities impact the marine nitrogen cycle at a range of spatial
and temporal scales. Here, we demonstrate the impact of denitrifying foraminifera on the
nitrogen cycle at two oxygen and nitrate contrasting stations in a fjord environment
(Gullmar Fjord, Sweden). Denitrification by benthic foraminifera was determined
through the combination of specific density counting per microhabitat and specific nitrate
respiration rates obtained through incubation experiments using N2O microsensors.
Benthic nitrate removal was calculated from submillimeter chemical gradients extracted
from 2D porewater images of the porewater nitrate concentration. These were acquired
by combining the DET technique (diffusive equilibrium in thin film) with chemical
colorimetry and hyperspectral imagery. Sediments with high nitrate concentrations in the
porewater and oxygenated overlying water were dominated by the non-indigenous species
(NIS) Nonionella sp. T1. Denitrification by this species could account for 50 %-100% of
the nitrate loss estimated from the nitrate gradients. In contrast sediments below hypoxic
bottom waters had low inventories of porewater nitrate, and denitrifying foraminifera
were rare. Their contribution to benthic nitrate removal was negligible (<5 %). Our study
showed that benthic foraminifera can be a major contributor to nitrogen mitigation in
oxic coastal ecosystems and should be included in ecological and diagenetic models aiming

to understand biogeochemical cycles coupled to nitrogen.

1. Introduction

Hypoxic water (i.e., [02] < 63 pmol L?; (Diaz and Rosenberg, 2008a; Breitburg et al.,
2018)) occurs frequently in bottom waters of shallow coastal seas, due to remineralization of
organic matter and water stratification. Hypoxia may have large ecological effects (Levin et al.,
2009; Rabalais et al., 2010; Zhang et al., 2010), such as an increase in fauna mortality
(Stachowitsch, 1984; Diaz, 2001). However, certain microorganisms, e.g., bacteria and
foraminifera, can perform denitrification by respiring nitrate (Risgaard-Petersen et al., 2006)
and thereby survive in depleted oxygen environments. The effects of decreasing dissolved
oxygen availability at spatial and temporal scales will impact biogeochemical cycles such as
the nitrogen cycle (Childs et al., 2002; Kemp et al., 2005; Conley et al., 2007; Diaz and
Rosenberg, 2008b; Neubacher et al., 2013; Breitburg et al., 2018). The nitrogen cycle in marine
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sediments is a perpetual balance between nitrogen inputs (e.g., terrestrial runoff, atmospheric
precipitations) and outputs (e.g., denitrification from sediment and water column) (Galloway et
al., 2004; Sigman et al., 2009). In most semi-enclosed marine environments such as the Baltic
Sea, the nitrogen loss through benthic denitrification exceeds the inputs of nitrogen through
nitrogen fixation. These nitrogen sink regions of the ocean are mostly associated with anoxic

regions (Gruber and Sarmiento, 1997).

(a) Oxic bottom water (b) Hypoxic bottom water
Oxic water Hypoxic water
NH,—  ,NO, — »NOy NH," - » NOy -——-» NO;°
T T T Oxic nitrification i
¥
\ 556 i e ‘ Oxic sediment PON —» NH,;” ———— » NO, ———-| » NO;

Oxic
sedimens PON—»NH,”  ,NO, ——»NO;

Ammonification

Figure 1. Simplified nitrogen cycling in marine sediments when the bottom water is oxic (a)
and hypoxic (b). Chemical formulae: PON (particulate organic nitrogen), NH4* (ammonium),
NOs™ (nitrate), NO2™ (nitrite), NO (nitrogen oxide), N2O (nitrous oxide) and N2 (nitrogen). The
bold (dotted) arrows indicate reactions advantaged (reduced) by oxygen and nitrate presence
(depletion). See text for more details. Modified from (Jantti and Hietanen, 2012).

At oxic bottom water conditions (Fig. 1 a), ammonium (NH4") produced from
remineralization of particulate organic nitrogen (PON) in sediments, diffuses toward the oxic
sediment-superficial layer and through the sediment-water interface (SWI1). Nitrification is an
aerobic process which converts NH4* to nitrate (NOs’) in the oxic sediment and in the oxic water
column (Rysgaard et al., 1994; Thamdrup and Dalsgaard, 2008). Total denitrification, the sum
of “canonical denitrification” (NO3z™ = NO2 = NO -> N20 -> N2) and anammox is an
anaerobic process, that converts NO2™ or NO3™ to N gasses, such as e.g. N2 ((Brandes et al.,
2007) and references within) generating N removal from the environment. The process typically
occurs in sediment layers where oxygen is scarce (i.e. <5 umol L%, (Devol et al., 2008)) and is
the dominant process of nitrate reduction in coastal marine sediments (Herbert, 1999;
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Thamdrup and Dalsgaard, 2008). Denitrification depends on the nitrate transported from the
water column and adjacent sedimentary nitrification zones. Nitrification and denitrification are
thereby strongly coupled (Kemp et al., 1990; Cornwell et al., 1999). This dependency on
nitrification can imply a reduction of denitrification rates as bottom water turns hypoxic, (Fig.
1 b) since nitrification rates are reduced as nitrification cannot proceed under low oxygen
concentrations (~ 0 pmol L; (Rysgaard et al., 1994; Mortimer et al., 2004)). The exception
however is anoxic nitrification occurring through secondary reactions with NH4* oxidation by
Mn and Fe oxides (Luther et al., 1997; Mortimer et al., 2004). In reduced sediment,
dissimilatory nitrate reduction to ammonium (DNRA) can also contribute to nitrate depletion
leading to NOs™ conversion into NH4" instead of nitrogen (N2) (Christensen et al., 2000) and
compete denitrification.

Benthic foraminifera were the first marine eukaryotes found to perform complete
denitrification (Risgaard-Petersen et al., 2006), but not all foraminifera species can denitrify
(Pina-Ochoa et al., 2010). Denitrifying foraminifera species are defined in our study as species
able to perform denitrification proved by denitrification rate measurements. The denitrifying
species have a facultative anaerobic metabolism and store nitrate in their cells, which can be
used for denitrification. Nonionella cf. stella (Charrieau et al., 2019) and references therein))
and Globobulimina turgida were identified as the first denitrifying foraminifera species
(Risgaard-Petersen et al., 2006) but currently, nineteen denitrifying species within 9 genera are
known (Glock et al., 2019). Their cell specific rate range from 7 + 1 pmol N indiv! d! to 2241
+ 1825 pmol N indiv? d? (Glock et al., 2019), and the contribution of benthic foraminiferal
communities to benthic denitrification lies in the range from 1 to 90 % (Kamp et al., 2015; Dale
etal., 2016; Xu et al., 2017).

Recently, a non-indigenous and suspected invasive Nonionella stella morphotype:
Nonionella sp. T1 was described in the North Sea region (Deldicq et al., 2019)and also reported
from the Gullmar Fjord (Sweden) (< 5 %, (Polovodova Asteman and Schonfeld, 2015)). The
genus Nonionella is potentially capable to denitrify as demonstrated for Nonionella cf. stella
by Risgaard-Petersen et al. (2006). However, the NIS Nonionella sp. T1 morphotype, differs
both morphologically and genetically from Nonionella stella specimens sampled previously at
other localities, such as the Santa Barbara Basin (California USA) (Charrieau et al., 2018), the
Kattegat and Oslo Fjord (Norway) (Deldicq et al., 2019). As a consequence, the denitrification
capacity of the NIS Nonionella sp. T1 is unclear.
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In the present study, we investigate if the suspected invasion of the NIS Nonionella sp.
T1 has any implication for the nitrogen cycle in sections of the Gullmar Fjord (Sweden) that is
subjected to hypoxic events. Several denitrifying foraminifera species are present in the
Gullmar Fjord sediments: Globobulimina turgida (Risgaard-Petersen et al., 2006),
Globobulimina auriculata (Woehle et al., 2018), Stainforthia fusiformis and Bolivina
pseudopunctata (Gustafsson and Nordberg, 2001; Filipsson and Nordberg, 2004). The
denitrification capacity of the latter two species in the Gullmar Fjord is indicative from direct
measurement on affiliated species sampled at the coast of Peru, Bay of Biscay (France) and also
Santa Barbara Basin (Glock et al. (2019); Pifia-Ochoa et al. (2010) and (Bernhard et al., 2012)).
Several species, which apparently lack the ability to denitrify, but are able to survive anoxia,
are, however, also present in the sediments of the fjord. These include Bulimina marginata,
Cassidulina laevigata, Hyalinea balthica, Leptohalysis scotti, Liebusella goesi, Nonionellina
labradorica and Textularia earlandi. In the context of ecosystem function and service, it is
therefore of interest if the NIS Nonionella sp. T1 can denitrify and thereby if its invasion into
the Gullmar Fjord maintains (or elevates) the denitrification capacity of the overall foraminifera
community and thus the sediment or, alternatively, if the organism share a metabolism similar
to the non-denitrifying specimens above, with the possible consequence that the suspected
invasion of NIS Nonionella sp. T1 implies reduced contribution of foraminifera based
denitrification to the loss of N from the fjord.

Estimates of foraminifera contribution to benthic denitrification are limited by the high
spatial and temporal variability of sediment geochemistry and distribution of denitrifying
foraminifera. Marine sediments often include chemical micro-heterogeneities (Aller et al.,
1998; Stockdale et al., 2009), which can be averaged out within the volume of a sediment slice.
Moreover, sediment core slicing or centrifugation can induce cell lysis, which can lead to a bias
in porewater nitrate concentrations (Risgaard-Petersen et al., 2006). To obtain better estimates
of the chemical microenvironments at relevant submillimeter/ millimeter scales, new
approaches have to be used. Recently, a 2D-DET (two Dimensions Diffusive Equilibrium in
Thin-film) technique combined with colorimetry and hyperspectral imagery was developed to
obtain the distribution of nitrite and nitrate in sediment porewater at millimeter resolution in
two dimensions (Metzger et al., 2016). This method avoids mixing of intracellular nitrate and
the nitrate contained in the sediment porewater. We will apply this technique here to get
information about the distribution and concentration of nitrate at a scale relevant for modeling

denitrification rates.
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The general objectives of the study are (1) to characterize the density of the living
benthic foraminifera at two contrasting stations in the Gullmar fjord: one with oxic bottom
water and one with hypoxic bottom water. We will in particular focus on the relative abundance
of the NIS Nonionella sp. T1 (2) to investigate if this NIS Nonionella sp. T1 can denitrify and
(3) quantify its eventual contributions to benthic denitrification in the sediments. On the basis
of the results we will discuss the probable future impact of the NIS Nonionella sp. T1 on the

foraminifera fauna and the nitrogen cycle in the Gullmar Fjord.

2. Material and Methods
2.1 Site description and sampling conditions

The Gullmar Fjord is 28 km long, 1-2 km wide and located on the Swedish West coast
(Fig. 2). The fjord undergoes fluctuations between cold and temperate climates (Svansson,
1975; Nordberg, 1991; Polovodova Asteman and Nordberg, 2013; Polovodova Asteman et al.,
2018). The fjord is stratified (Fig. 2 d) in four water masses (Svansson, 1984; Arneborg, 2004).
Hypoxia events in the fjord have been linked to the influence of the North Atlantic Oscillation
(NAO) (Nordberg et al., 2000; Bjork and Nordberg, 2003; Filipsson and Nordberg, 2004).
Several monitoring stations are located in the fjord: SI&ggo (65 m water depth), Bjorkholmen
(70 m water depth) and Alsbéck (117 m water depth), the hydrographic and nutrient data were
obtained from the Swedish Meteorological and Hydrological Institute's (SMHI) publicly
available data-base SHARK (SMHI, 2020). Since 2010, the threshold of hypoxia ([O2] < 2 mg
L1, i.e. 63 pmol L) in Alsbéack station (red squares, Fig. 3) is reached typically in late autumn
and winter. Deep-water exchanges usually occur in late winter-early spring. However, the
duration of hypoxia varies between years and hypoxia events occurred in the summer 2014 and
2015, due to lack of deep-water exchange. The frequency of hypoxic events has increased in
the fjord (Nordberg et al., 2000; Filipsson and Nordberg, 2004).

Two sampling cruises were conducted in the Gullmar Fjord on board R/V Skagerak and
Oscar von Sydow, respectively. The 2017 cruise (GF17) took place between 14™ and 15%
November 2017 and two stations were sampled (GF17-3 and GF17-1, Fig. 2 ¢ and d) to define
the living foraminifera fauna and the sediment geochemistry at two contrasted stations. The
2018 cruise (GF18) took place on the 5" September 2018 with the focus to collect living
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Nonionella sp. T1 for O respiration and denitrification rates measurements. Only one station
(at the same position as GF17-3) was sampled.
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Figure 2. (a-c) Location of studied stations in the Gullmar Fjord (Sweden); blue diamond:
GF17-3 oxic station (50 m water depth); red square: GF17-1 hypoxic station (117 m water
depth); dark circles: monitoring stations Slaggo (65 m water depth) and Bjérkholmen (70 m
water depth). (d) Transect from the sill with the four Gullmar Fjord water masses and the
studied stations (modified from Arneborg et al., 2004).

GF17-3 (50 m water depth) is located closest to the mouth of the fjord (58°16'50.94"N/
11°30'30.96"E) with bottom waters from Skagerrak (blue diamond, Fig. 3) and GF17-1 (117 m
water depth) close to the deepest part of the fjord (58°19'41.40"N/11°33'8.40"E) near Alsback
monitoring station in the middle of the stagnant basin (red square, Fig. 3). In November 2017,
CTD profiles indicated the water mass structures at both stations (Fig. S1). Bottom water at
GF17-3 station was oxic with a dissolved oxygen content of 234 umol L. The dissolved
oxygen content decreased strongly with depth at the GF17-1 station reaching 9 umol L at the
seafloor, which is below the severe hypoxia threshold.
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Figure 3. Record from January 2010 to September 2018 of bottom water oxygen ([O2]) and
nitrite + nitrate ([NOs + NO2]) measurements from the monitoring stations Slaggd (65 m
water depth; black dot), Bjorkholmen (70 m water depth; white triangle) and the sampling
stations GF17-1 (Alsback, 117 m water depth; red square) and GF17-3 (50 m water depth;
blue diamond). The arrows indicate the date of the two sampling cruises: the 2017 cruise (14",
15" November 2017) and the 2018 cruise (5" September 2018). The grey zones indicate
hypoxic periods with a threshold of [O2/ < 63 umol L.

2.2 Foraminifera sampling and processing

During the 2017 cruise, two sediment cores per station (1A, 1C and 3A, 3C for GF17-1
and GF17-3 stations respectively) were immediately subsampled with a smaller cylindrical core
(9 8.2 cm) and sliced every 2 mm from the sediment surface to 2 cm depth and every 5 mm
from 2 cm to 5 cm depth to study living foraminifera distribution. The samples were incubated
without light for 10-19 hours in ambient seawater with Cell Tracker Green (CMFDA, 1 mM
final concentration) at in situ temperature (Bernhard et al., 2006) and then fixed with ethanol
96°. Fixed samples were sieved (> 355, 150, 125 and 100 um) and the > 100 um fraction, the
most commonly fraction used for foraminiferal analyses in the Gullmar Fjord (see Charrieau et
al., 2018 and references therein) was examined using an epifluorescence microscope equipped
for fluorescein detection (i.e., 470 nm excitation; Olympus SZX13). In the present study, the
foraminifera distribution will be described highlighting the NIS Nonionella sp. T1.
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2.3 Geochemical sampling and processing

One core from the shallow GF17-3 station was reserved for O, microelectrode profiling.
Oxygen concentration was measured in the dark with a Clark electrode (50 um tip diameter,
Unisense ®, Denmark) within the first 5 mm depth at a 100 pum vertical resolution. Due to
technical problems, no oxygen profiling was done at the GF17-1 station.

One core per station was dedicated for geochemical analyses; they were carefully
brought to Lund University (Sweden) and stored at in situ temperature (10°C) until further
analysis the next day. Overlaying water of the GF17-3 core was gently air bubbled to maintain
the oxygenated conditions recorded at this station. Hypoxia in the overlaying water of the
GF17-1 core was maintained by bubbling with N2> gas passed through a solution of

carbonate/bicarbonate to avoid pH rise due to degassing of COx.

Nitrite/Nitrate were analyzed using the 2D-DET method from Metzger et al. (2016). In
brief, for each core, a DET (Diffusive Equilibrium in Thin films) gel probe (16 cm x 6.5 cm
and 0.1 cm thickness) was hand-made prepared. The gel probe was inserted into the sediment
and left for 5 hours to allow diffusive equilibration between the gel and porewaters. After
equilibration, the gel was removed of the core and laid on a first NO2™ reagent gel. After 15
minutes at ambient temperature a pink coloration must appear where nitrite is detected. A
reflectance image of the nitrite gels was taken with a hyperspectral camera (HySpex VNIR
1600). The next step was to convert existing nitrate into nitrite with the addition of a reagent
gel of vanadium chloride (VCls). After 20 minutes at 50°C, additional pink coloration is
interpreted as porewater nitrate concentration. Followed by the acquisition of another
hyperspectral image and the conversion into false colors through a calibrated scale of
concentrations, the final gel images were cropped to avoid border effects. Each pixel (190 um
x 190 um) was decomposed as a linear combination of the logarithm of the different end-
member spectra using ENVI software (unmixing function) (Cesbron et al., 2014; Metzger et al.,
2016). Nitrite and nitrate detection limits are 1.7 pmol L™ (Metzger et al., 2016).

2.4 Oxygen and nitrate respiration rate measurements of the NIS Nonionella sp.
T1

The two cores sampled during the 2018 cruise (GF18) at the shallower GF17-3 station

were carefully transported and stored at in situ temperature (8 °C) for three days at the
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Department of Geosciences, Aarhus University (Denmark). Nonionella sp. T1 specimens were
picked at in situ temperature and collected in a Petri dish, containing a thin layer of sediment
(32 um) to check their vitality. Only living, active Nonionella sp. T1 specimens were picked

using a brush and cleaned several times with micro-filtered, nitrate-free artificial seawater.

Oxygen respiration rates were measured, following the method developed by (Hagslund
et al., 2008) using a Clark type oxygen microsensors (50 pum tip diameter, Unisense ®,
Denmark) (Revsbech, 1989). The O sensor was calibrated at in situ temperature (8 °C) in 0.7
M alkaline ascorbate solution (zero O2) and air-saturated sea water. Then, a pool of five living
Nonionella sp. T1 was transferred into a glass microtube (inner diameter 0.5 mm, height 7.5
mm), that was fixed inside a 20 ml test tube mounted in a glass-cooling bath (8 °C). A motorized
micromanipulator was used to measure O2 concentration profiles along a distance gradient that
ranged from 200 pum of the foraminifera to 1200 pm using 100 pum steps. Seven O
concentration profiles were generated with one incubation containing the pool of Nonionella
sp. T1. Negative controls were done by measuring O rates from microtube with empty
foraminifera shells and blanks with empty microtube. Oxygen respiration rates were calculated
with Fick’s first law of diffusion, J = -D * dC/dx, where J is the flux, dC/dx is the concentration
gradient obtained by profiles and D is the free diffusion coefficient of oxygen at 8 °C for a
salinity of 34 (1.382 x 10 cm™ s™!, Ramsing and Gundersen, 1994). The seven O, respiration
rates were calculated as the product of the flux by the cross section area of the microtube (0.196
mm?). Then, the average O, respiration rate was divided by number (n = 5) of Nonionella sp.

T1 present in the microtubes to obtain the respiration rate per individual.

The same pool of Nonionella sp. T1 specimens as for the O respiration measurements
was used for denitrification measurements. These measurements were performed in the
microtubes as described in (Hggslund et al., 2017). A N2O microprobe (Andersen et al., 2001)
with a 50 pum tip diameter was used to measure the N2O concentration profile, that developed
in the chamber after acetylene inhibition of the final step in the denitrification process (N.O -
N>). Calibration of the sensor was performed using the standard addition method by successive
injections of a N2O saturated solution in order to have 14 uM steps of final concentration. The
cell specific N2O production rate was calculated from the N2O flux (estimated from the
concentration gradient and Fick’s first law), the surface area of the microtube (0.25 mm?) and
the number of Nonionella sp. T1 in the tubes (n=5) as described above. Rates are reported with

the unit pmol N indivt d.
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Since O respiration and denitrification rates are linked to cytoplasmic volumes or
biovolumes (BV) (Geslin et al., 2011; Glock et al., 2019), the specimens from the pool of
Nonionella sp. T1 were measured (width (a) and length (b), Fig. 4) using a micrometer mounted
on a Leica stereomicroscope (MZ 12.5) to estimate the average BV. The volume of each shell
was estimated by using the best resembling geometric shape, a spheroid prolate (V=

2
%n (%) (g)). Then, according to (Hannah et al., 1994), 75 % of the measured entire volume of

the shell was used as the estimated cytoplasmic volume. Five Nonionella sp. T1
specimens sampled during the 2017 cruise (GF17, study of the fauna) were also measured to
compare their average size with the size of the specimens sampled during the 2018 cruise

(GF18, denitrification rate measurements).

Figure 4. Scanning Electronic Microscope images of a Nonionella sp. T1 from the GF17-3 oxic
station in the Gullmar Fjord. White lines (a, b) correspond to measured distances serving for
a spheroid prolate volume model.

2.5 Contributions of the NIS Nonionella sp. T1 to benthic denitrification

Benthic denitrification was estimated using the 2D nitrate concentrations obtained with
the DET technique. An average 1D nitrate profile was obtained by calculating the mean of 290
vertical profiles ((5.5 cm width x 1 pixel) / 0.019 cm for 1-pixel size) extracted from the 2D

concentration image. Then, nitrate production and consumption zones were calculated with
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PROFILE software (Berg et al., 1998). With the assumption that nitrate consumption was
equivalent to denitrification, the benthic denitrification rate was calculated by integrating nitrate

consumption over the depth.

The denitrification activity of the NIS Nonionella sp. T1 population was calculated
using the specimen abundances in the nitrate consumption zones and their cell specific activity.
The size of the Nonionella sp. T1 specimens sampled during the two cruises, however, differed
markedly (Table 1). The cell specific denitrification rate of denitrifying foraminifera is
correlated with their size according to the model: In (y) = 0.68 In (x) — 5.57, where y is the
denitrification rate (opmol ind? dt) and x is the shell BV (um?3) (Geslin et al., 2011; Glock et al.,
2019; Equation S1) and we therefore used this model to correct the denitrification estimates for

size specific variations.

A maximum estimate of the contribution of the NIS Nonionella sp. T1 population to
benthic denitrification was obtained from the ratio of the denitrification activity of Nonionella
sp. T1 population and the benthic denitrification rate estimated from the porewater nitrate
concentration profiles. This presumes that Nonionella sp. T1 exclusively use nitrate dissolved
in the sediment porewater as source for denitrification (calculation approach A). A minimum
estimate of the contribution of Nonionella sp. T1 population to benthic denitrification was
obtained from the ratio between the denitrification activity of Nonionella sp. T1 population and
the benthic denitrification rate estimated from porewater nitrate concentration profiles plus the
denitrification activity of Nonionella sp. T1 population. This presumes that Nonionella sp. T1
exclusively use intracellular nitrate as source for denitrification (calculation approach B).
Table 1. Total shell volume (um?) and the biovolume (BV, um?) corresponding to 75 % of the

total shell volume measured on the pool of five Nonionella sp. T1 from the 2017 and the 2018
cruises in the Gullmar Fjord. Abbreviations: sd (standard deviation), ind. (individual).

Nonionella sp. T1 1% cruise 1%t cruise 2" cruise 2" cruise
total shell volume BV total shell volume BV

ind. 1 6.7 10 %% 5.010%% 3.110%% 2.310%0

ind. 2 451046 3.410%% 2.4 10 %06 1.8 1006

ind. 3 5.110%% 3.810%% 1.4 10+06 1.0 10+0¢

ind. 4 491046 3.710%% 9.210%% 6.9 100

ind. 5 5.810%% 4.410%08 6.2 10 *0 4.710%%

Average (Um?®) 5.410% 4010708 1.7 10 1.310%

sd (umd) 0.8 10 *06 0.6 10 * 1.0 10 *06 0.7 10+
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3. Results
3.1 The NIS Nonionella sp. T1 oxygen and nitrate respiration rates in the Gullmar
Fjord

The O respiration rate measured from the pool of Nonionella sp. T1 specimens collected
during the 2018 cruise (GF18) was 169 + 11 pmol O indiv.? d*! with an average BV of 1.3 +
0.7 10%% pum? (BV details, Table 1). The denitrification rate measured from the same pool of

specimens was 21 + 9 pmol N indiv?! d.

The Nonionella sp. T1 average BV of the specimens collected during the 2017 cruise
(GF17-3) was 4.0 + 0.6 107 pm?, i.e. more than three times the Nonionella sp. T1 average BV
of the 2018 samples (1.3 + 0.7 10*% pm?). As denitrification rates and foraminifera BV are
related (see method), the measured denitrification rate was corrected using the BV of
Nonionella sp. T1 from the 2017 cruise. Hence, the Nonionella sp. T1 corrected denitrification
rate was 38 + 8 pmol N indiv. ! d* (Equation S1).

3.2 The NIS Nonionella sp. T1 and foraminifera fauna regarding porewater nitrate

micro-distribution

The bottom water at GF17-3 station was oxic (Fig. S1, [02] = 234 pmol L 1) and the
measured oxygen penetration depth (OPD) in the sediment was 4.7 £ 0.2 mm (n = 3). No nitrite
was revealed on the gel (< 1.7 umol L), only nitrate was detected. Bottom water average NOs™
concentration was 14.6 + 2.3 pmol L™ and nitrate concentration decreased with depth in the
sediment (Fig. 5 c, d). Nitrate concentrations ranged between 13.1 +3.2 to 11.7 + 3.4 umol L1,
from the SW1 to the OPD. Nitrate concentrations decreased strongly under the OPD from 11.7
+3.410 2.8 + 0.9 pmol L at 4.0 cm depth. From 4.0 to 5.0 cm depth, NOs™ concentration was
very low with an average value of 2.7 + 0.9 umol L (Fig. 5 ¢, d). The PROFILE parameters
(Berg et al., 1998) used on laterally averaged nitrate porewater vertical distribution of both
stations are available in Table S1. Thus, the PROFILE modelling of the averaged nitrate
porewater profile revealed one nitrification zone from 0 to 1.2 cm depth and two denitrifying
zones (red line, Fig. 5 d). The first denitrification zone occurred between 1.2 to 3.5 cm depth
with a nitrate consumption of 3.92 E-% nmol cm™ s and the second smaller consumption zone
was from 3.5 to 5 cm depth (1.53 E° nmol cm™ s°1). The total denitrification rate from 1.2 to
5 cm depth was 4.07 E% nmol cm® s (Fig. 5 d).
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The total densities of living foraminifera were similar between the cores GF17-3A and 3C
(9 8.2 cm, 5 cm depth) with 1256 individuals and 1428 individuals, respectively (Fig. 5 a and
b; Table S2, GF17-3A and 3C). Nonionella sp. T1 was the main denitrifying species, accounting
for 34 % of the total living fauna in the core GF17-3A and 74 % in GF17-3C (Fig. 5 a, b; Table
S3). One other candidate for denitrification, Stainforthia fusiformis, was in minority: 1 % of the
total fauna in both cores (Fig. 5 a, b; Table S3, GF17-3A and 3C). The other known denitrifying
species previously reported in the Gullmar Fjord, Globobulimina turgida (Risgaard-Petersen et
al., 2006) and Globobulimina auriculata (Woehle et al., 2018) were absent. Three non-
denitrifying species (Pina-Ochoa et al., 2010; Xu et al., 2017; Glock et al., 2019) were dominant
in the cores GF17-3A and 3C: Bulimina marginata (37 and 5 %, respectively), Cassidulina
laevigata (9 and 5 %) and Leptohalysis scotti (11 and 9 %).

GF17-3 Nitrate 2D gel (umol L) Nitrate modelling (nmol cm™ s™)
: (c). (d)

3A 3C
Density (individuals per 10 cm?) Density (individuals per 10 cm?)
0 50 100 150 200 250 0 50 100 150 200 250

(a) (b)

[NO5] (umol L)
0 5 10 15

)

Qv
o

Nonionella sp. T1
Non-denitrifying species

Depth (cm)

0 1 2 3 4 5 4E 0
Width (cm) Production (nmol cm= st)

GF17-1

1A 1c ()

Density (individuals per 10 cm?) Density (individuals per 10 cm?)

[NO57] (umol L)
0 50 100 150 200 250 o 50 100 150 200 5 10

0<17

15

oo
&

0 1 2 a 5 3E® 0

wid (cm) Production (nmol em* )
Figure 5. Micro-distributions of living foraminifera densities in GF'17-3 oxic station (a, b) and
in GF17-1 hypoxic station (e, f). Nonionella sp. Tl specimens are in black, the sum of the non-
denitrifying species in grey and the small dots (e, f) show the other denitrifying species (known
and potential candidates). The maps of porewater nitrate 2D gels are presented for the stations
GF17-3 (c) and GF17-1 (g). The SWI is represented by a black line at 0 cm depth (c, g) and
the OPD is represented by the dashed line in bold at 4.7 = 0.2 mm depth (c). Nitrate 1D profiles
(d and h, black dots) are calculated using the average value of each pixel line of the nitrate
distribution image (290 pixels wide), the standard deviation is represented by two fine dotted
lines. The corresponding best-fitting concentration profiles (red dots, d and h) and the
production zones (red line) are modelled with PROFILE software. The 1D profile
corresponding to x = 1 mm (white line, g) is represented with a blue square profile (h) and the
deep nitrate spot is indicated by a black arrow. The hatched grey zone (h) represents the
detection limit of the nitrate 2D gel (<1.7 umol L™).
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The density and the micro-distribution of Nonionella sp. T1 differed between the two cores
(Fig. 5aand b; Table S2, GF17-3A and 3C)..Nonionella sp. T1 relative abundance accounted
for 18 % and 50 % of the fauna in the nitrification zone (from the SW1 to 1.2 cm depth) for the
cores GF17-3A and 3C respectively (Table S3). In the main denitrifying zone (from 1.2 cm to
3.5 cm), the Nonionella sp. T1 relative abundance represented 27 % of the fauna for the core
GF17-3A and 78 % for the core GF17-3C. In the second denitrifying zone, the Nonionella sp.
T1 relative abundance increased from 3.5 to 5 cm depth and dominated the fauna with relative
abundances of 60 % and 98 % (GF17-3A and 3C respectively). The relative abundance of the
denitrifying candidate, Stainforthia fusiformis, was a minor component in each zones of both
cores and did not exceed 2 % (Table S3, GF17-3A and 3C). The three non-denitrifying species
(e.g. B. marginata, C. laevigata and L. scotti) also dominated the fauna of both cores (Table S2
and S4). From the SWI to 1.2 cm depth, B. marginata accounted for 42 % and 12 %, C.
laevigata 16 % and 13 % and L. scotti 6 % and 11 %, for the cores GF17-3A and 3C
respectively. In the first denitrifying zone (1.2-3.5 cm depth), B. marginata accounted for 34 %
and 2 %, C. laevigata for 7 % and 2 % and L. scotti for 25 % and 13 % (GF17-3A and 3C
respectively). In the second denitrifying zone (3.5-5 cm depth), B. marginata accounted for 34
% and 0 %, C. laevigata was absent and L. scotti 5 % and 1 % (GF17-3A and 3C respectively).

Due to severe hypoxia at the GF17-1 station, oxygen was assumed to be below detection
limit within the sediment. No nitrite was detected at this station (< 1.7 umol L?). Average NOs’
concentration in the bottom water reached 5.7 + 1.0 pmol L (Fig. 5 g and h). Nitrate
concentrations decreased from the SWI (4.2 + 1.0 pmol L) to 1.6 cm depth (1.8 + 0.6 pmol L-
1y and then average nitrate concentration remained below the detection limit (1.7 umol L™Y).
However, a micro-environment with higher nitrate concentration was visible on the left part of
the gel between 2.0 and 3.0 cm depth. A 1D vertical profile passing through this micro-
environment (white line, Fig. 5 g) was extracted from the 2D image and the maximal nitrate
concentration of this patch was above the detection limit with a value of 6.5 pmol L™ at 2.3 cm
depth (blue square profile, Fig. 5 h). The PROFILE modelling (Table S1) of the laterally
averaged nitrate vertical distribution revealed at the sampling time one denitrifying zone from
the SWI to 1.6 cm depth with a nitrate consumption of 2.71 E% nmol cm™ s (red line, Fig. 5
h). No PROFILE modelling was done under 1.6 cm depth, because nitrate concentration was

below the detection limit (hatched grey zone, Fig. 5 h).
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Living foraminifera showed a large difference in both species distribution and total densities
between the two cores GF17-1A and 1C (Fig. 5 e, f; Table S2) with 1457 individuals and 786
individuals respectively (& 8.2, 5 cm depth). Nonionella sp. T1 represented a low relative
abundance of the total fauna with 5 % for the core GF17-1A and was almost absent (1 %) for
the core GF17-1 C (Table S3). The known denitrifying G. auriculata was minor in the fauna
with relative abundances of 1 % and 2% (GF17-1A and 1C respectively). The denitrifying
candidate S. fusiformis was also found in both cores reaching only 3% of the total fauna (Figure
5 e, f; Table S3). The other denitrifying candidate B. pseudopunctata, was almost absent of the
total fauna with relative abundances of 0 % and 2 % for the cores GF17-1A and GF17-1C
respectively (Table S3). The same three non-denitrifying species observed in oxic station were
also dominant for both cores GF17-1A and 1C: B. marginata (64 and 30 %), C. laevigata (16
and 15 %) and L. scotti (4 and 36 %).

In the denitrifying zone (0-1.6 cm), Nonionella sp. T1 relative abundance was rare (2 %)
for the core GF17-1A) and almost absent from the fauna for the core GF17-1C. For the core
GF17-1A, Nonionella sp. T1 relative abundance reached 26 % of the fauna between 1.6 and 2.5
cm depth (Fig. 5 e, GF17-1A), whereas it was almost absent from the rest of the core GF17-1A
and it was absent from the core GF17-1C (Table S3). For the cores GF17-1A and 1C, S.
fusiformis reached respectively 2 % and 3 % in the denitrifying zone (0-1.6 cm). Under the
denitrifying zone (1.6-5 cm), S. fusiformis represented 4 and 1 % of the fauna (GF17-1A and
1C respectively). The three other non-denitrifying species dominated both cores in the
denitrifying zone (0-1.6 cm): B. marginata accounted for 66 % and 35 %, C. laevigata 19 %
and 19 % and L. scotti 4 % and 24 % for the cores GF17-1A and 1C respectively. From 1.6 to
5 cm depth, B. marginata accounted for 61 % and 11 %, C. laevigatafor 5 % and 2 % and L.
scotti for 6 % and 75 % (GF17-1A and 1C respectively).

4. Discussion

4.1 The NIS Nonionella sp. T1 density in comparison with other species from the

Gullmar Fjord

The presence and relative abundance of the NIS Nonionella sp. T1 in the Gullmar Fjord and
in the Skagerrak-Kattegat strait have been documented during the last decades. The earliest

SEM observations of specimens resembling Nonionella sp. T1 morphotype in the deepest part
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of the fjord date back to summer 1993 (identified as Nonionella turgida, (Gustafsson and
Nordberg, 2001)). The invasive characteristics of Nonionella stella were firstly revealed by
Polovodova Asteman and Schonfeld, (2015). Then, Nonionella stella was identified as
Nonionella sp. T1 morphotype also described as a NIS and potentially invasive species in the
Oslofjord by Deldicq et al. (2019). The estimated introduction date of Nonionella sp. T1 into
the deepest part of the Gullmar Fjord is 1985 according to Polovodova Asteman and Schonfeld,
(2015). The relative abundance of Nonionella sp. T1 in the deepest fjord station was less than
5 % between 1985 and 2007 (Polovodova Asteman and Schonfeld, 2015 and references within).
At the GF17-1 hypoxic station, the Nonionella sp. T1 relative abundance was between 1-5 %
(Table S3, GF17-1A and 1C). Thus, the Nonionella sp. T1 relative abundance in the deepest
part of the fjord seems to remain stable. In contrast to GF17-1 station, the GF17-3 oxic station
was sampled for the first time in this study. In this station closer to the mouth of the fjord than
GF17-1, the relative abundance of Nonionella sp. T1 varied between 34 and 74 % (Table S3,
GF17-3A and 3C). Previous studies showed an increase in the relative abundance of Nonionella
sp. T1 morphotype in the Skagerrak-Kattegat region (near the entrance of the Gullmar Fjord).
The Nonionella sp. T1 represented 10 % of the fauna in June 2013 (Polovodova Asteman and
Schonfeld, 2015). The Oresund strait linking the North Skagerrak, the Kattegat and the Baltic
Sea showed an increase in Nonionella sp. T1 relative abundance from 1 % to 14 % observed
between 1998 and 2009 (Charrieau et al., 2019). The foraminifera fauna in the Gullmar Fjord
changed over the last decades and Nonionella sp. T1 seems to become an invasive species in

the Gullmar Fjord oxic shallow water area.

The foraminifera fauna found at the GF17-1 station in the deepest part of the fjord differed
from previous studies (Nordberg et al., 2000; Filipsson and Nordberg, 2004; Risgaard-Petersen
et al., 2006; Polovodova Asteman and Nordberg, 2013; Polovodova Asteman and Schénfeld,
2015). Indeed, until the early 1980s, the foraminifera fauna in the deepest part of the fjord was
dominated by a typical Skagerrak — Kattegat fauna (Bulimina marginata, Cassidulina laevigata,
Hyalinea balthica, Liebusella goési, Nonionellina labradorica and Textularia earlandi)
(Nordberg et al., 2000). However, the fauna changed. S. fusiformis and B. pseudopunctata
became the major species (Nordberg et al., 2000; Filipsson and Nordberg, 2004). Further
studies by Polovodova Asteman and Nordberg (2013) demonstrated that at least until 2011 S.
fusiformis, B. pseudopunctata and T. earlandi dominated the fauna. Foraminifera fauna
described in the present study differs. In November 2017 S. fusiformis did not exceed 3 % of

the fauna (Table S3, GF17-1A and 1C), B. pseudopunctata reached only 2 % in the core GF17-
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1C (Table S3, GF17-1C) and T. earlandi was a minor species < 1 %. Then, in November 2017,
B. marginata, C. laevigata and L. scotti were the dominant species in the fjord. The Elphidium
clavatum-selseyensis species complex (following the definition from Charrieau et al., 2018), H.
baltica, N. labradorica, and T. earlandi were present with a low relative abundance (< 5 %,
Table S3). Namely, G. turgida reached 37 % of the foraminifera fauna in August 2005 at the
deepest station (Risgaard-Petersen et al., 2006); whereas in November 2017 this species relative
abundance decreased to become a minor species of the assemblage. However, such trend for S.
fusiformis and B. pseudopunctata must be interpreted with caution since our study used the >
100 pm fraction whereas some of the previous studies used the > 63 um fraction. We also wet
picked the specimens and used Cell Tracker Green to identify living foraminifera, which might
affect the results compared to Rose Bengal studies of dry sediment residuals.

The relative abundance of the potential invasive Nonionella sp. T1 in 2017increased
compared to the study of Polovodova Asteman and Schonfeld (2015) in the oxic part of the
fjord. It is also noteworthy that the two non-denitrifying species B. marginata and C. laevigata
described as typical species of the Skagerrak-Kattegat fauna (Filipsson and Nordberg, 2004)
increased markedly in the fjord as well. It is evident that the foraminifera fauna in the Gullmar
Fjord is presently very dynamic with considerable species composition shifts probably
following seasonal water body stratification and consecutive oxygen depletion occurring in the
fjord (Fig. 3).

4.2 Foraminifera ecology considering porewater nitrate micro-distribution

For the first time a core sampled in the Gullmar fjord shows Nonionella sp. T1 as a dominant
species. This observation was made under oxic conditions at GF17-3 station (50 m depth)
during November 2017 (Fig. 5 a, b; Table S2; S4). Nonionella sp. T1 density increased with
sediment depth below the sedimentary oxic zone (Fig. 5 a — d; Table S2), which could be
explained by its preference to respire nitrate rather than oxygen. This would be in agreement
with the hypothesis of using nitrate as the preferred electron acceptor suggested by Glock et al.
(2019). Nonionella sp. T1 distribution could be explained by its capacity to store nitrate
intracellularly before porewater nitrate is denitrified by other organisms such as bacteria. In
detail, in the upper part of the sediment, within the oxic zone, Nonionella sp. T1 would respire

oxygen at the rate of 169 + 11 pmol O, indiv! d*(Fig. 5 ¢ and d). Below the oxygen penetration
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depth (from 4.7 £ 0.2 mm to 3.5 cm), Nonionella sp. T1 could store and respire the ambient
nitrate at the rate of 38 = 8 pmol N indiv?! d*. Further down, where the nitrate porewater is
depleted (Fig. 5 c, d; from 3.5 to 5 cm depth), Nonionella sp. T1 would respire on its
intracellular nitrate reserves to survive (Fig. 5 a, b; from 3.5 to 5 cm depth). When the
intracellular nitrate reserve runs out, Nonionella sp. T1 would be able to migrate to an upper
zone where nitrate is still present in the sediment to regenerate its intracellular nitrate reserve
(Fig. 5 a, b; from 1.2 to 3.5 cm depth).

Hypoxia occurred approximately at least one month before the sampling cruise in the
deepest part of the fjord (Fig. 3). When hypoxia is extended to the water column, nitrification
both in the water column and the sediment is reduced or even stopped, as oxygen is almost
absent (Fig. 1 b; Childs et al., 2002; Kemp et al., 2005; Conley et al., 2007; Jantti and Hietanen,
2012). Under this condition, the coupled nitrification-denitrification processes are strongly
reduced (Kemp et al., 1990). At the GF17-1 station, no nitrification in superficial sediment was
showed by our data and nitrate was low but still detectable in the bottom water. Nitrate can
diffuse from the water column into the sediment, and thereby generate the denitrification zone
as modelled by PROFILE between the SWI and 1.6 cm depth (Fig. 5 h).

The rare presence of the NIS Nonionella sp. T1 and other denitrifying species as
Globobulimina auriculata, Bolivina pseudopunctata and Stainforthia fusiformis in the hypoxic
station indicates that sediment chemical conditions turned unfavorable towards denitrification
during prolonged hypoxia. Instead, the non-denitrifying species Bulimina marginata,
Cassidulina laevigata, and Leptohalysis scotti dominated in this hypoxic environment. Their
survival could be due to seasonal dormancy (Ross and Hallock, 2016; LeKieffre et al., 2017)
and their ability to release propagules which can disperse and grow when environmental
conditions turn favorable again (Alve and Goldstein, 2003). The suspected deep nitrification
zone (blue square profile, Fig. 5 h) could indicate the presence of nitrate micro-niches deeper
in the sediment and might explain the patchy distribution of Nonionella sp. T1 also at the
hypoxic site (see Fig. 5 e; Table S2, GF17-1A). Therefore, deep nitrate production in these
micro-environments could favor the presence of Nonionella sp. T1, which can be attracted by
this nitrate source of electron acceptor to respire (Nomaki et al., 2015; Koho et al., 2011). This
deep nitrification zone could be the result of macrofaunal activity (burrowing activity) that
introduce some oxygen deeper into anoxic sediment (Aller, 1982; Karlson et al., 2007; Nizzoli
et al., 2007; Stief, 2013; Maire et al., 2016). This nitrification zone could also be due to an
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anaerobic process. The Gullmar Fjord is Mn-rich (Goldberg et al., 2012) and metal-rich
particles can be bio-transported into the anoxic sediment, thus allowing ammonium oxidation
into NOz™ by Mn and Fe-oxides in the absence of oxygen deeper in the sediment (Aller, 1994;
Luther et al., 1997).

Table 2. Summary of the NIS Nonionella sp. T1 contributions to benthic denitrification in the
Gullmar Fjord. The porewater denitrification zones come from PROFILE modelling (Fig. 5 d,
h). To estimate the contributions of Nonionella sp. T1 the number of counted specimens per
zones was used. Two different approaches were used to estimate the contribution of Nonionella
sp. T1: (A) Nonionella sp. T1 denitrification rate divided by nitrate porewater denitrification
rate; (B) Nonionella sp. T1 denitrification rate divided by nitrate porewater denitrification rate
plus Nonionella sp. T1 denitrification rate. The calculations are detailed in Equation S2.

Sediment

Nonionella

Nitrate

Nonionella sp.

. Nonionella sp. | Nonionella sp.

. depth interval sp- T1 porewater . Tl . T1 contribution | T1 contribution
Stations of (counted | denitrification | denitrification (%) (%)

denitrification | specimens rates rates a rogu‘:h A a ro(;éh B
(cm) per zone) | (nmol cm®s?) | (nmol cm™2s?) PP PP

GF17-3A 12to5 841 4.07 EY 1.90 E-%5 47 3
GF17-3C 12t05 1807 4.07 EY 4.06 E% 100 50
GF17-1A Oto1.6 3 271E% 6.72 E 0 0
GF17-1C Otol.6 12 271E% 2.69 E7 1 0

4.3 Contributions and potential impacts of the NIS Nonionella sp. T1 to benthic

denitrification in the Gullmar Fjord

Considering that Nonionella sp. T1 is denitrifying the nitrate from sediment porewater
(approach A, Table 2; see method 2.5), its contribution to benthic denitrification in the oxic
station would be 47 % in the core GF17-3A and would reach 100 % in the core GF17-3C. If we
consider that Nonionella sp. T1 uses its intracellular nitrate pool for denitrification (approach
B), its contribution to benthic denitrification would be 32 % in the core GF17-3A and would
reach 50 % in the core GF17-3C (Table 2). These two calculation approaches highlight the
difficulties and the importance of knowing the concentration of environmental nitrate and
foraminifera intracellular nitrate at the same time to estimate the contributions of foraminifera
to benthic denitrification. Moreover, in this study there is no data on anammox process which
contributes also to the total denitrification (Brandes et al., 2007). The results reported in
previous studies as (Engstrom et al., 2005) do not allow us to extrapolate their data at our oxic
station, located at the entrance of the fjord. Thus, we assume that our estimate of denitrification
is conservative since the possible contribution of anammox is not included in the calculation.
However, despite these uncertainties Nonionella sp. T1 contribution to benthic denitrification
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supports the hypothesis that this non-indigenous denitrifying foraminifer plays a major role in

the benthic nitrogen cycle.

At the hypoxic station, the opposite was shown where the estimated contribution of
Nonionella sp. T1 to benthic denitrification was below 1 % whatever the calculation approach.
The estimated contributions of the other denitrifying foraminifera found in this station were
low. Foraminifera contributed to almost 5 % of benthic denitrification. Compared to the oxic
station, the NIS Nonionella sp. T1 and the other denitrifying species contributions to benthic

denitrification were weak in a prolonged hypoxic station of the Gullmar Fjord.

Overall, the Gullmar Fjord is well oxygenated except for the deepest basin where oxygen
goes down when there is no deep water exchange (Fig. 3 c). Therefore, the GF17-3 oxic station
could be considered representative of the Gullmar Fjord benthic ecosystem. Nonionella sp. T1
is not the most efficient denitrifying species compared to Globobulimina turgida (42 pmol N
ind*d?, with BV = 1.3 10*% pum?®) and also less efficient than Nonionella cf. stella from Perd.
However, Nonionella sp. T1 high density could accelerate sediment denitrification and
participate to increase the contrast between the two hydrographic conditions. Indeed, the
increasing discrepancy of bottom water oxygenation between stations induces a gap in the
availability of nitrate for anaerobic facultative metabolisms in the sediment. In the oxygenated
part of the fjord, high contribution to benthic denitrification (estimated between 50 and 100%)
by Nonionella sp. T1 could take part to a potential de-eutrophication of the system by increasing
the nitrogen loss. Primary production (PP) in the Gullmar Fjord is dominated by diatom blooms
in spring and autumn (Lindahl and Hernroth, 1983). Since the 1990s, (Lindahl et al., 2009)
observed an increase in PP in the Gullmar Fjord, potentially changing its trophic status towards
eutrophic. This increase in PP also shown in the adjacent Kattegat could be related to the
nitrogen input loading from the land and atmosphere (Carstensen et al., 2003). Lindahl et al.
(2003) argued that the PP in the Gullmar Fjord was due to climatic forces resulting from a
strong positive North Atlantic Oscillation (NAO) index, which increased the availability of
deep-water nutrients (Kattegat nitrate-rich) through changes in the thermocline. The benthic
denitrification of the Gullmar Fjord produces nitrogen unassimilable by primary producers.
Moreover, foraminiferal nitrate uptake and intracellular storage act as an additional sink
through bio-transportation and permanent sequestration in sediments (Glock et al., 2013;

Prokopenko et al., 2011). Thus, denitrifying foraminifera including Nonionella sp. T1 could
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help counterbalance a potential eutrophication of the system via nitrogen loss (Seitzinger,
1988).

Contrastingly, in the hypoxic part of the fjord, nitrate and nitrite rapidly exhausted become
scarce, resulting in a decrease in benthic denitrification including foraminifera contribution. As
a consequence of oxygen and nitrate scarcity, nitrification, denitrification and anammox
processes are less intense resulting in a decrease of nitrogen mitigation and accumulation of
ammonium in the deeper part of the fjord subjected to prolonged severe hypoxia (Fig. 1).
Moreover, the low availability of nitrate in the sediment would possibly increase the benthic
transfer towards the water column of reduced compounds such as manganese and iron produced
deeper in the sedimentary column by other anaerobic metabolisms (Hulth et al., 1999). These
new results demonstrate that the role of denitrifying foraminifera is underestimated in the
nitrogen cycle and that overlooking this part of the meiofauna may lead to a misunderstanding

of environments subject to hydrographic changes.

5. Conclusion

This study revealed a drastic change in living foraminifera fauna due to several hypoxic
events that occurred in the last decades in the Gullmar Fjord. For the first time, the non-
indigenous species (NIS) Nonionella sp. T1 dominated up to 74 % the foraminifera fauna at a
station with oxygenated bottom waters and high nitrate content in sediment porewater. This
NIS can denitrify up to 50-100 % of the nitrate porewater sediment under oxic conditions in the
fjord. Whereas, under prolonged hypoxia, nitrate depletion turns environmental conditions
unfavorable for foraminifera denitrification, resulting in a low density of Nonionella sp. T1 and
other denitrifying species. Foraminifera contribution to benthic denitrification was negligible
(~ 5 %) during prolonged seasonal hypoxia in the fjord. Moreover, the potential invasive
denitrifying Nonionella sp. T1 could impact the nitrogen cycle under oxic conditions by
increasing the sediment denitrification and could counterbalance potential eutrophication of the
Gullmar Fjord. Our study demonstrated that the role of denitrifying foraminifera is

underestimated in the nitrogen cycle especially in oxic environments.
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Figure S1. CTD profiles of temperature, salinity, fluorescence and oxygen concentration in the
water column of the both stations: (a) GF17-3 oxic station (50 m water depth) and (b) GF17-1
hypoxic station (near Alsback, 117 m water depth).

Equation S1. Detailed calculation for biovolume correction for the denitrification rate of the
NIS Nonionella sp. T1 from the November 2017 cruise. Equation used according to Geslin et

al. (2011) and Glock et al. (2019).

In(denitrification rate 2018 cruise) * (0.68 * In (BV 2017 cruise) — 5.57) / (0.68 * In (BV 2018

cruise) — 5.57) = In(corrected denitrification rate 2017 cruise)

Example: In(21) * (0.68 * In (1.3 10 *%) —5.57) / (0.68 * In (4.0 10 *%) — 5.57) = In(38).
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Table S1: PROFILE software parameters used to generate the porewater nitrate modelling in
both stations GF17-3 and GF17-1 in the Gullmar Fjord (see details in Berg et al., 1998).

PROFILE parameters GF17-3 GF17-1

Depth at top of calculation domain (cm) 0 0

Depth at bottom of calculation domain
(cm) 4.8 4.8

Max number of equally spaced zones in

interpretation (1 to 12) 8 8
Type of boundary conditions (4:t=C b=F) 4 4
First boundary condition (umol L?) 13.1 4.2
Second boundary condition 0 0

Nitrate diffusion coefficient (cm2 s?) in
water 1410 1.410%

Expression for sediment diffusivity (Ds)

(2: Ds=FI"2*D) 2 2
Concentration in water column (umol L) 14.6 5.7
Minimum for production rate -1.0 10*% -1.0 10%%0
Maximum for production rate 1.0 10" 1.0 1020

Maximum deviation (in %) when

accepting a calculated minimum 0.001 0.001

Level of significance in the F statistics 0.01 0.01
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Table S2. Total densities (individuals per slice of 10 cm®) and relative abundances (%) of the
foraminiferal fauna from the GF17-3A and 3C cores and from the GF17-1A and 1C cores of
the Gullmar Fjord (GF). The cores were sliced every 2 mm from the SWI to 20 mm depth and
every 5 mm from 20 to 50 mm depth. The foraminiferal sections are divided as: the NIS and
potential invasive Nonionella sp. T1 species in the GF according to Polovodova Asteman and
Schonfeld (2015) and Deldicq et al. (2019), the known denitrifying species in the GF according
to Risgaard-Petersen et al. (2006) and Woehle et al. (2018), the non-denitrying species
according to Pina-Ochoa et al. (2010) and the minor other species of the fauna.

Total density Relative
GF17-3A Species 02 | 24 | 46 | 6-8 |8-10 |10-12 |12-14 |14-16 | 16-18 | 18-20 | 20-25 | 25-30 | 30-35 |35-40 |40-45 |45-50 per species abundance
(%)
invasive | Nonionella sp-T1 (Deldicq and al.| o | g | 15 | 59 | 14 | 18 | 15 | 15 | 17| 7 | 14| 6 | 19| 45 | &0 | 122 436 3%
species 2019)
known Globobulimina turgida (Bailey) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
denitrifyi
enitrifying | ) bobulimina auricula (Hogiund)l o | o | o | o | o | o | o | o] o | o] ol o] oo olo 0 0
species in GF
candidate Bolivina pseudopunctata tl1]olo| 1] 12|lo]lolo]lolo|lolo|lo]o]lo 4 0
L (Hoglund)
denitrfying Stainforthia fusiformis
species - 2 0 0 1 3 1 0 0 2 0 1 0 0 0 0 0 10 1
(Williamson)
non- Bulimina marginata (d'Orbigny) 22 48 37 32 30 35 12 14 26 26 15 6 25 26 73 43 471 37
denitrifyng | Cassidulina laevigata (d'Orbigny)| 10 | 41 4 | 19 9 2 2 | 24 3 1 0 0 0 0 0 0 114 9
species Leptohalysis scotti (Chaster) 2 1 6 6 4 9 9 6 | 17 | 20 | 13 | 8 6 5 5 9 134 11
Ammonia falsobeccari (Rouvillois)| 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 3 0
Bolivina skager_rakensm (Qvale and 0 0 3 0 0 0 0 0 3 0 0 0 0 0 0 0 6 1
Nigam)
Bolivina spathulata (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bolivina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cribrostomoides nitida (Goés) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Eggerella scabra (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Elphidium clavat.um—selseyenas 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0
(d'Orbigny)
Hyalinea balthica (Schroeter) 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0
Lenticulina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Liebusella goesi (Hoglund) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nonionella labradorica (Dawson) | 0 0 4 0 3 0 0 0 0 3 0 0 0 0 0 0 10 1
minor other | Nonionella turgida (Williamson) 1 0 1 1 6 9 0 0 0 0 2 0 0 0 0 0 20 2
Species Pyrgo williamsoni_(Silvestry) 4 9 0 5 1 0 0 0 0 0 0 0 0 0 0 0 19 2
Qumquelocuhpa bosciana 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 2 0
(d'Orbigny)
Quinqueloculina seminulum t|{s5|oflo|1]o]o|lo|lo|lolo|lo|lo|ol|olfo 7 1
(Linné)
Quinqueloculina stalkeri (Loeblich 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
and Tappan)
Reophax subfusiformis (Earland) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Scutulons sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stainforthia loeblichi (Feyling- 1 0 3 2 1 0 0 2 0 1 0 0 0 0 0 0 1n 1
Hanssen)
Textularia earlandi (Parker) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Textularia sagittula (Defrance) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
other species 0 0 1 2 0 0 0 1 0 2 0 1 0 1 0 0 7 1
Total density per slice 53 111 73 93 73 75 40 63 68 68 45 22 52 7 170 | 175 1256 100

111



Chapter 1

. Relative
Total
GF17-3C Species 02 | 24 | 46 | 68 | 810 |10-12 12-14 | 14-16| 16-18 | 18-20 | 2025 | 25-30 | 30-35 | 3540 | 4045 | 45-50 ;:fsszzls:sy abundance
(%)
invasive | Nonionella sp-T1 (Deldicqand al. | -\, | 45 | 34 | g | 63 | 35 | 41 | 25 | s6 | 51 | s6 | 98 | 1as | 140 | 80 | 88 1063 74
species 2019)
known Globobulimina turgida (Bailey) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
denitrifying
species in GF Globobulimina auricula (Hoglund)| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
candidate Bolivina pseudopunctata ol ol oflolo|lo]|lo]o|lo|lo|lo|o]o|o]|o]|o 0 0
L (Hoglund)
denitrifying Stainforthia fusiformis
species - 0 2 2 0 2 1 0 0 1 0 0 0 0 0 0 0 8 1
(Williamson)
non- Bulimina marginata (d'Orbigny) | 18 9 9 16 11 2 2 2 1 2 0 0 1 0 0 1 75 5
denitrifyng | Cassidulina laevigata (d'Orbigny) | 15 14 15 12 9 5 9 0 0 0 0 0 0 0 0 0 79 5
species Leptohalysis scotti (Chaster) 15| 9 8 | 16| 7 7 2] 5 2t | |9 3 2 1 3 0 128 9
Ammonia falsobeccari (Rouvillois)| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bolivina skagerrakensm (Qvale and | 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0
Nigam)
Bolivina spathulata (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bolivina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cribrostomoides nitida (Goés) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Eggerella scabra (Williamson) 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0
Elphidium c!avat_um-selseyensns 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N 0
(d'Orbigny)
Hyalinea balthica (Schroeter) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Lenticulina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Liebusella goesi (Hoglund) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nonionella labradorica (Dawson) | 0 5 1 3 0 4 1 7 7 4 1 0 0 0 0 0 31 2
minor other | Nonionella turgida (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
species Pyrgo williamsoni_(Silvestry) 0 2 0 0 0 1 0 0 0 [ 0 0 0 0 0 0 3 0
Quinqueloculina bosciana ololo]lo|lololo|lolo]o|lolo]lo|olflo]o 0 0
(d'Orbigny)
Qumquelocu!lna} seminulum 3 2 0 3 0 0 0 0 0 0 0 0 0 0 0 0 8 1
(Linné)
Quinqueloculina stalkeri (Loeblich 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
and Tappan)
Reophax subfusiformis (Earland) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Scutulons sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stainforthia loeblichi (Feyling- 0 0 | 0 0 0 | 0 0 0 0 0 0 0 0 0 5 0
Hanssen)
Textularia earlandi (Parker) 1 0 1 0 0 0 0 0 0 0 0 0 0 [ 0 0 2 0
Textularia sagittula (Defrance) 6 7 1 2 0 3 0 0 0 0 0 0 0 0 0 0 18 1
other species 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Total density per slice 80 98 74 134 | 91 57 65 38 85 68 66 101 148 | 141 92 88 1428 100
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. Relative
. Total d
GF17-1A Species 02 | 24 | 46 | 68 | 810 [1012[12:14| 14-16 | 16-18 | 18-20 | 2025 | 2530 | 3035 | 3540 | 4045 | 4550 | 'O 4 | s ingance
per species %)
|nvasye Nonionella sp.T1 (Deldicq and al., 0 1 0 1 1 0 0 9 15 19 2 2 2 3 1 1 74 5
species 2019)
known Globobulimina turgida (Bailey) 0 1 1 0 0 0 0 1 0 1 0 0 0 1 0 0 5 0
denitrifying
species in GF Globobulimina auricula (Héglund)| 0 0 1 0 0 0 1 0 1 0 1 2 0 0 1 2 8 1
candidate Bolivina pseudopunctata 1|1 ofofloflo|ofofjofoflo|o|o]o|ol]fo 2 0
o (Hoglund)
denitrfying Stainforthia fusiformis
species - 8 4 13 3 1 5 0 0 0 2 0 1 1 1 3 2 43 3
(Williamson)
non- Bulimina marginata (d'Orbigny) | 83 130 | 165 63 115 | 112 51 36 32 38 23 19 16 14 24 17 937 64
denitrifyng | Cassidulina laevigata (d'Orbigny) | 27 47 46 13 30 12 38 4 4 5 2 2 1 0 2 1 234 16
species Leptohalysis scotti (Chaster) 19|10| 6| 3|5 |2|4]o]of|2|s5|o0o|3|a4]|1]1 65 4
Ammonia falsobeccari (Rouvillois)[ 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0
Bolivina skagerrakensm (Qvale and 0 0 5 1 0 1 0 0 0 1 0 0 0 0 0 0 8 1
Nigam)
Bolivina spathulata (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bolivina sp. 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0
Cribrostomoides nitida (Goés) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Eggerella scabra (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Elphidium cIava'Fum-seIseyenss 0 1 1 0 0 1 1 0 0 0 1 0 0 0 0 1 6 0
(d'Orbigny)
Hyalinea balthica (Schroeter) 1 4 2 1 1 0 1 0 0 0 0 0 0 0 0 0 11 1
Lenticulina sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Liebusella goesi (Hoglund) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nonionella labradorica (Dawson) | 2 2 2 0 0 7 3 4 0 0 2 0 0 0 0 0 20 1
minor other | Nonionella turgida (Williamson) 0 0 1 0 1 0 1 2 2 6 2 0 0 0 0 0 15 1
species Pyrgo williamsoni (Silvestry) 0 1 0 0 0 0 0 0 0 0 1 2 0 0 0 0 4 0
Qumquelocull_na bosciana 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(d'Orbigny)
Quingueloculina seminulum sl 271 2]o0o]lofl1]oflolo|lo]| o] o] o]o 16 1
(Linné)
Quinqueloculina stalkeri (Loeblich 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
and Tappan)
Reophax subfusiformis (Earland) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Scutulons sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stainforthia loeblichi (Feyling- 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0
Hanssen)
Textularia earlandi (Parker) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Textularia sagittula (Defrance) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
other species 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Total density per slice 143 | 207 | 249 86 156 | 139 99 56 55 73 59 27 24 24 33 26 1457 100
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; Relative
GF17-1C Species 02 | 24 | 46 | 68 | 810 |10-12|12-14 | 14-16 | 16-18 | 18-20 | 20-25 | 25-30 | 30-35 | 35-40 | 40-45 | 45-50 Tp‘;tf'sgzzlse';y abundance
(%)
invasive Nonionella sp.T1 (Deldicq and al.,
species 2019) 2 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 4 1
known Globobulimina turgida (Bailey) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
denitrifying
species in GF |Globobulimina auricula (Hoglund)| 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 14 2
5 Bolivina pseudopunctata
d?ﬂ?ﬁ;?;:g (Hoglund) 2 1 1 1 1 1 5 2 1 4 0 0 0 0 0 0 18 2
species Stainforthia fusiformis
(Williamson) 11 8 0 0 0 0 1 1 1 0 1 0 0 0 0 0 23 3
non- Bulimina marginata (dOrbigny) | 31 | 38 | 66 | 17 | 31 | 9 | 11 |12 | 12 | 1 | 3 [ 1| 2| 2| 2| 4 244 30
denitrifyng | Cassidulina laevigata (d'Orbigny)| o | 24 | 26 | 20 | 11 | 7 5 9 6 3 0 0 0 0 0 0 119 15
specks Leptohalysis scotti (Chaster) | o1 | 12 | 17 | 8 | 17 | 14 | 17 | 18 | 35 | 31 | 18 | 18 | 6 | 17 | 24 | 19 293 36
Ammonia falsobeccari (Rouvillois)| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bolivina skagerrakensis (Qvale and
Nigam) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bolivina spathulata (Williamson) 0 2 2 0 0 1 0 0 0 0 0 0 0 0 0 0 5 1
Bolivina sp. 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0
Cribrostomoides nitida (Goés) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Eggerella scabra (Williamson) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Elphidium clavatum-selseyensis
(d'Orbigny) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Hyalinea balthica (Schroeter) 1 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 3 0
Lenticulina sp. 0 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 3 0
Liebusella goesi (Hoglund) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nonionella labradorica (Dawson) | 1 0 1 0 0 2 0 0 3 0 0 0 0 0 0 0 7 1
minor other | Nonionella turgida (Williamson) 0 0 0 0 0 0 0 0 0 1 3 0 0 0 0 0 4 0
species Pyrgo williamsoni_(Silvestry) 2 2 6 1 2 1 1 5 3 1 0 0 0 0 0 0 24 3
Quinqueloculina bosciana
(d'Orbigny) 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0
Quinqueloculina seminulum
(Linné) 3 3 1 0 0 1 0 0 0 0 0 0 0 0 0 0 8 1
Quinqueloculina stalkeri (Loeblich
and Tappan) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Reophax subfusiformis_(Earland) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Scutulons sp. 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Stainforthia loeblichi (Feyling-
Hanssen) 1 1 0 0 0 1 1 0 0 1 0 0 0 0 0 0 5 1
Textularia earlandi (Parker) 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Textularia sagittula (Defrance) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
other species 0 0 1 1 0 1 0 1 0 0 0 0 0 0 0 0 4 1
Total density per slice 85 96 123 | 47 63 38 41 61 63 43 27 20 9 20 26 24 786 100
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Table S3: Relative abundance (%) of the main foraminiferal species of the Gullmar Fjord per
zones defined by porewater nitrate modelling profiles. In the GF17-3 oxic station, three zones
are delimited: the nitrification zone from 0 to 12 mm depth, the 1% denitrification zone from 12
to 35 mm depth and the 2" denitrification zone from 35 to 50 mm depth, then the foraminiferal
relative abundance of the total core from 0 to 50 mm depth. In the GF17-1 hypoxic station, one
zone is delimited by the porewater nitrate modelling profile: the nitrification zone from 0 to 16
mm depth. Then, the rest of the core corresponded to the undetected nitrate zone from 16 to 50
mm depth. The foraminiferal sections are divided as: the invasive Nonionella sp. T1 species
according to Polovodova Asteman and Schonfeld (2015) and Deldicq et al. (2019), the known
denitrifying species in the GF according to Risgaard-Petersen et al. (2006) and Woehle et al.
(2018), the non-denitrying species according to Pina-Ochoa et al. (2010) and the minor other
species of the fauna.

. Relative percentage Relative percentage .
. Relative percentage from Total Relative percentage
GF17-3A S - -
pecies 0-12 mm depth zone from 12-35 mm depth | from 35-50 mm depth from 0-50 mm depth zone
zone zone
invasive species Nonionella sp.T1 18 27 60 34
known Globobulimina turgida 0 0 0 0
denitrifyi
en} rlfylng Globobulimina auricula 0 0 0 0
species in GF
candidate Bolivina pseudopunctata 1 0 0 0
denitrifyi
et Aymg Stainforthia fusiformis 2 1 0 1
species
denitrifyi Bulimina marginata 42 34 34 37
non-S e:;izlsymg Cassidulina laevigata 16 7 0 9
P Leptohalysis scotti 6 25 5 11
frinor cher other species (<5%) 16 6 1 8
species
% by zone 100 100 100 100
Relati rcentage from Relative percentage Relative percentage Total Relati -
GF17-3C Species elative percentage rom| .1 1535 mm depth | from 35-50 mm depth ot Reative percentage
0-12 mm depth zone from 0-50 mm depth zone
zone zone
invasive species Nonionella sp.T1 50 78 98 74
known Globobulimina turgida 0 0 0 0
denitrifying - .
species in GF Globobulimina auricula 0 0 0 0
candidate Bolivina pseudopunctata 0 0 0 0
denitrifying . . . .
species Stainforthia fusiformis 1 0 0 1
denitrifyi Bulimina marginata 12 2 0 5
non—s e:éti:symg Cassidulina laevigata 13 0 5
P Leptohalysis scotti 11 13 1 9
minor other
s (<50
species other species (<5%) 13 5 0 6
% by zone 100 100 100 100
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Relative percentage from

Relative percentage

Total average from

GF17-1A Species 0-16 mm depth zone from 16-50 mm depth 0-50 mm depth zone
zone
invasive species Nonionella sp.T1 2 15 5
known Globobulimina turgida 0 0
denitrifying
species in GF Globobulimina auriculata 0 2 1
candidate Bolivina pseudopunctata 0 0 0
denitrifying
species Stainforthia fusiformis 2 4 3
o Bulimina marginata 66 61 64
non-demt.rlfymg Cassidulina laevigata 19 5 16
species Leptohalysis scotti 4 6 4
m];l:;c?;:er other species (<5%) 7 7 6
% by zone 100 100 100
. Relative percentage from Relative percentage Total average from
GF17-1C Species 0-16 mm depth zone from 16-50 mm depth 0-50 mm depth zone
zone
invasive species Nonionella sp.T1 0 0 1
known Globobulimina turgida 0 0 0
SSZ:;;?Z]?F Globobulimina auricula 0 0 0
candidate Bolivina pseudopunctata 3 1 2
denitrifying . . . )
species Stainforthia fusiformis 3 | 3
non-denitrifying Bulir‘nim‘z margii?ata 35 11 30
species Cassidulina laevigata 19 2 15
Leptohalysis scotti 24 75 36
mlgsgc(i);rlsqer other species (<5%) 13 10 14
% by zone 100 100 100

Equation S2. Calculation example of the Nonionella sp. T1 denitrification rate (nmol cm=d?)

and the contributions (%) of Nonionella sp. T1 to nitrogen cycle (GF17-3A).

Conversion of Nonionella sp. T1 denitrification rate in nmol cm3s?

Corrected Nonionella sp. T1 denitrification rate = 38 pmol ind™*d*

38 pmol ind* d/ 1000/ 86400 = 4.4 nmol ind*s?

4.4 nmol indt st * 841 (number of Nonionella sp. T1)/ (Pl * 25/4) (cross section area of the

microtube) = 1.90 E % nmol cm® st
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Contribution of Nonionella sp. T1 to benthic denitrification

Contribution A (%) = Foraminifera denitrification / Denitrification estimated by PROFILE

from nitrate porewater.

Contribution A (%) from GF17-3A= (1.90 E "% nmol cm™ s * 100) / 4.07 E % nmol cm= s
(sum of the two porewater denitrifying zones, Fig. 5 d, Table 1) = 47%.

Contribution B (%) = Foraminifera denitrification / (Foraminifera denitrification +

Denitrification estimated by PROFILE from nitrate porewater).

Contribution B (%) from GF17-3A= (1.90 E  nmol cm s * 100) / (1.90 E "% nmol cm? s
+ 4.07 E % nmol cm? s) sum of the two porewater denitrifying zones, Fig. 5 d, Table 1) =
32%.
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Impact of hypoxia and bioirrigation on benthic manganese release in the

Gullmar Fjord using 2D high spatial resolution methods
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Chapter 2

1. Introduction

In natural environments, the most common oxidation states of manganese (Mn) are Mn(l1),
Mn(111) and Mn(1V). In marine and freshwaters, the Mn oxidation states are coupled to reactions
affecting the biogeochemical cycles as carbon, nitrogen, sulfur, oxygen, and iron (Burdige,
1993; Aller, 1994b; Hulth et al., 1999). Two redox phases of Mn are commonly described in
sediments: the dissolved and reduced Mn(ll) phase and the solid-phase Mn(lll, 1V)
oxides/oxyhydroxides. Mn(IV) oxides result from the aging of Mn(l11) during sediment burial
(Anschutz et al., 2005). Soluble Mn(I11) complexed with a ligand has long been underestimated
in the dissolved Mn phase of the sediments due to methodological limitations (Madison et al.,
2013; Thibault de Chanvalon and Luther, 2019). Soluble Mn(l1l) can be both electron acceptor
or donor. Soluble Mn(l111) results mainly from the oxidation of the reduced Mn(Il) (Madison et
al., 2013).

The Mn is involved in the recycling of organic matter (OM) and many secondary reactions
through redox reactions which mobilize oxidized and reduced forms (Froelich et al., 1979;
Burdige, 1993). In the absence of oxygen, Mn oxides can be reduced by ammonia (NH4"),
dissolved iron (Fe(ll)), iron sulphide (FeS) and hydrogen sulphide (H2S) (Froelich et al., 1979;
Aller and Rude, 1988; Luther et al., 1997; Hulth et al., 1999; Thamdrup and Dalsgaard, 2000;
Madison et al., 2013). The dissolved Mn(Ill) mainly comes from the oxidation of reduced
Mn(I1) by oxygen and also from Mn oxides reduction by dissolved iron (Madison et al., 2013).
The reduced Mn(I1) can be oxidized by oxygen (O2), nitrate (NO3™) and iodate (103") (Hulth et
al., 1999; Anschutz et al., 2000). In marine oxygenated environment, at steady-state, the surface
sediment is constituted of a layer enriched in solid-phase oxidized Mn with Mn(IV) oxides and
Mn(111) oxyhydroxides (both forms are referred as Mn oxides) (Canfield et al., 1993; Burdige,
1993). Deeper in anoxic sediments, Mn oxides are reduced to dissolved Mn(I1) (Burdige, 1993).
Due to the concentration gradient of Mn(Il), a part of the benthic flux of dissolved Mn(Il)
escapes from the anoxic sediment and can be reoxidized at the sediment surface. The presence
of a superficial Mn oxides layer creates a cap preventing Mn(l1) escape from sediment (Canfield
1993). However, exchanges exist across the sediment oxic-anoxic boundary and across the SWI
by diffusion of Mn(ll) in the bottom waters and its precipitation in solid phase (Sundby and
Silverberg, 1985; Anschutz et al., 2005). In anoxic sediments, Mn(ll) can be buried when it
precipitates as a carbonate phase.

Hypoxia (< 63 pmol L™ O; (Levin et al., 2009; Breitburg et al., 2018)) leads to a transient
state of redox boundaries impacting Mn biogeochemical cycle (Burdige, 1993; Aller, 1994b;
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Anschutz et al., 2000; Kristensen et al., 2003; Sundby, 2006). A decrease in the O, bottom water
concentration decreases the reoxidation efficiency of the dissolved Mn (Mn(1l) and Mn(l11))
which, in well oxygenated bottom water conditions, builds the enrichment in Mn oxides in the
oxic sediment layer. The fluxes of reduced compounds as dissolved manganese (Mng) from the
anoxic sediment to the water column increase (Aller, 1994; Kristiansen et al., 2002; Katsev et
al., 2007). The increase of the Mnq fluxes coincides with the decrease of the oxic sediment
layer. Indeed, the impermeability of the oxic layer containing the major part of Mn oxides is
exhausted by O> depletion and the Mng can more easily cross the SWI (Thamdrup et al., 1994).
The Mngq flux released to the water column varies in intensity during hypoxia (Sundby et al.,
1986; Thamdrup et al., 1994; Aller, 1994; Kristiansen et al., 2002; Katsev et al., 2007). At the
beginning of a hypoxia event, the Mngq flux increases rapidly until a maximal Mng concentration
reached in anoxia. Then, the Mng flux decreases progressively corresponding to the depletion
of the reservoir (or stock) of Mng combined with the low reoxidation of Mn oxides (Sundby et
al., 1986).

Since 1950, an increase of oxygen consumption of about 50% was observed in the deep
water basin of the Gullmar Fjord, located on the Swedish West Coast (Erlandsson et al., 2006).
Seasonal hypoxia events occurred in the deep basin of the Gullmar Fjord between early autumn
to late winter and sometimes in summer (Nordberg et al., 2000; Filipsson and Nordberg, 2004;
Arneborg, 2004; Erlandsson et al., 2006; Polovodova Asteman and Nordberg, 2013; Choquel
et al.,, 2021). The deep basin of the Gullmar Fjord is one of the known Mn oxide-rich
environments worldwide (Sundby et al., 1986; Thamdrup, 2000; Engstrom et al., 2005;
Vandieken et al., 2012; Goldberg et al., 2012) with a high organic carbon content (~ 3 %,
(Engstrom et al., 2005)). The reduction of Mn oxides in the Gullmar Fjord was identified as a
significant anaerobic carbon oxidation pathway (Engstrom et al., 2005; Vandieken et al., 2012,
2014).

The Gullmar Fjord sediments are rich in macro and meiofauna (Austen and Wibdom, 1991).
Bioturbation is induced in the sediment by infauna as; biodiffusors (e.g. bivalve, echinoderma)
which randomly rearranged sediment particles and gallery-diffusors (e.g. polychaeta) which dig
galleries, tubes and burrows (Austen and Wibdom, 1991; Gerino et al., 2003; Gilbert et al.,
2007). Bioturbation creates a three-dimensional mosaic of sediment oxic-anoxic boundaries
(Middelburg and Levin, 2009). Bioturbation contributes to disturb the vertical distribution of
redox species, inducing a transient state (Aller, 1982; Berner, 1980; Anschutz et al., 2000).
Indeed, benthic infaunal activity impacts solute transport through the passive or active flushing

of burrow, generating a network between SWI and deeper sediment, namely bioirrigation
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(Meile et al., 2001). Bioirrigation may increase Mnq fluxes across the SW1 to the point that the
measured benthic fluxes may be mainly due to bioirrigation rather than diffusion. Bioturbation
and bioirrigation impact strongly Mn cycle; metal oxides are conveyed downwards in reduced
zones and reduced forms are mixed upwards to reoxidation zones (Canfield et al., 1993; Aller,
1994; Thamdrup, 2000; Burdige, 2006). Early hypoxia may enhance infaunal activity due to
biological stress (Point et al., 2007), inducing an increase of bioirrigational Mng fluxes to the
overlying water (Sundby and Silverberg, 1985). Mn redox transformations occur at millimetre
scales, often localized at the SWI and near active flushed (i.e. ventilated) burrows. To better
estimates the Mng micro-environments, 2D-DET (two-dimensional diffusive equilibrium in
thin film) recent technique have to be used to obtain the distribution of Mng in sediment
porewater at millimeter resolution in two dimensions (Mouret et al., in preparation).

Few previous studies reported dissolved and solid-phase Mn measurements in the Gullmar
Fjord (Sundby et al., 1986; Engstrom et al., 2005; Goldberg et al., 2012). No estimation of the
Mn cycle and the impact of seasonal hypoxia on this cycle has been established. The present
study aimed to fill this gap investigating an innovative modelling approach combining 2D- DET
gels (Mn dissolved-phase), embedded sediment (solid-phase Mn) and selective chemical
extractions from core samples to quantify the solid-phase Mn. The 2D-DET gels method is a
new approach to target manganese micro-environments at millimeter scales combining
colorimetry and scanner imagery (Mouret et al., in preparation). The mathematical approach
developed by Thibault de Chanvalon et al., (2017) to quantify iron fluxes from 2D-DET gels
and estimate the SWI diffusive flux and the bioirrigational flux was adapted to calculate Mn
dissolved fluxes.

The objectives of this study were: 1) to describe the dissolved and solid-phase Mn micro-
distribution of two oxygen contrasted stations in the Gullmar Fjord, 2) to calculate the diffusive
and bioirrigational fluxes at both stations and 3) to estimate the benthic Mn cycle in the Gullmar
Fjord based on oxygenated steady-state conditions and the impact of a hypoxic event on this

cycle.

2. Material and methods

2.1 Site description

The Gullmar Fjord is 28 km long, 1-2 km wide and located on the Swedish West coast
(Fig. 1). The fjord climate fluctuates between cold and temperate conditions (Svansson, 1975;
Nordberg, 1991; Polovodova Asteman and Nordberg, 2013; Polovodova Asteman et al., 2018).
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The Gullmar Fjord is stratified in four water masses (Svansson, 1984; Arneborg, 2004).
Hypoxic events in the fjord have been linked to the influence of the North Atlantic Oscillation
(Nordberg et al., 2000; Bjork and Nordberg, 2003; Filipsson and Nordberg, 2004). In the
deepest basin, the sediment accumulation rates were estimated between 0.7 to 0.9 cm/ y*
(Filipsson and Nordberg, 2004; Nordberg et al., 2009). The monitoring from January 2010 to
September 2018 of oxygen bottom water concentrations of several stations located in the
Gullmar Fjord (Slaggo (65 m depth), Bjorkholmen (70 m) and Alsback (117 m)) was presented
in Choquel et al.,, (2021), data were obtained from the Swedish Meteorological and
Hydrological Institute’s (SMHI’s) publicly available database SHARK (SMHI, 2020). Since
2010, the threshold of hypoxia (< 63 umol L™ O2) in Alshéck station (117 m water depth) is
reached typically in late autumn and winter. Deep-water exchanges usually occur in late winter
to early spring. However, the duration of hypoxia varies between years and hypoxia events
occurred in the summers 2014 and 2015, due to a lack of deep-water exchange. The frequency
of hypoxic events has increased in the Gullmar Fjord (Nordberg et al., 2000; Filipsson and
Nordberg, 2004).

2.2 Sampling
2.2.1 Sediment core sampling

The sampling cruise was conducted in the Gullmar Fjord with R/V Skagerak and took
place the 14" and 15" November 2017 (Choquel et al., 2021). Two stations were sampled.
GF17-3 station (50 m water depth) was located closest to the mouth of the fjord (58°16'50.94"N/
11°30'30.96"E) with bottom waters from the Skagerrak (blue diamond, Fig. 1) and GF17-1
station (117 m water depth) was located close to the deepest part of the fjord
(58°19'41.40"N/11°33'8.40"E) near Alsback monitoring station in the middle of the stagnant
basin (red square, Fig. 1). CTD profiles (Choquel et al., 2021) allowed to determine bottom
water oxygenation at both stations, with [O2] = 234 umol L for the GF17-3 station and [O2] =
9 umol L™ for the GF17-1 station. Two cores (@ 9 cm and max length 80 cm) per station were
sampled with a Ge-Max corer for geochemical analyses. The first core was dedicated for two-
dimensional analyses and the second to O> microelectrode profiling and solid-phase Mn
analyses. Temperature and salinity were measured in the core supernatant water immediately

after their recovery on the deck using a WTW Series 3110 conductivity meter.
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Figure 1: Location of studied stations in the Gullmar Fjord (modified from Choquel et al.,
(2021)). (a) Location of the Gullmar Fjord (Sweden). (b) Location of the sampling stations:
blue diamond for GF17-3 oxic station (50 m water depth) and red square for GF17-1 hypoxic
station (117 m water depth). The dark circle and white triangle indicate the monitoring stations
Slaggo (65 m water depth) and Bjérkholmen (70 m water depth), respectively.

2.2.2 Sampling and treatment for two-dimensional analyses

One core per station was carefully brought to Lund University (Sweden) and stored at in
situ temperature (10°C) until further analyses the next day. Overlaying water of the GF17-3
core was gently air bubbled to maintain the oxygenated conditions recorded at this station.
Hypoxia in the overlaying water of the GF17-1 core was maintained by bubbling with N2 gas
passed through a solution of carbonate/ bicarbonate to avoid pH rise due to degassing of carbon
dioxide (CO.). A schematic of sampling and treatment for the Mng 2D-DET gel and the
sediment slab associated is presented in Figure 2. For each core, a 2D-DET (Diffusive
Equilibrium in Thin films) gel probe (16 cm x 6.5 cm and 0.5 mm thickness, Fig. 2) was
handmade-prepared and mounted on a Plexiglas plate and protected from particles by a PVDF
membrane (0.2 um). Then, the DET gel probes were mounted on stainless-steel boxes. These
boxes were cut to have an opening of the size of the 2D-DET gel. This opening was covered
with a PVDF membrane (0.2 pum) to allow diffusive transport between sediment into the box

and 2D-DET gel and latter solution exchanges during embedding of the slab. The device was
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inserted in the two sampled cores GF17-3 and GF17-1 respectively (see Fig. 2, bl) for 5h of
diffusive equilibration time. Once the devices recovered, the stainless steel boxes were
disassembled to realize the different treatments and analyses: 1) the dissolved Mn phase with

2D-DET gels analyses (see details part 3.1) and 2) the solid-phase Mn analyses (see details part
3.2).

S ——
 6:5cm
A
SWI
§| [Polyacrylamid — | Equilibration | —*| Equilibrated
©|| gel probe ’ time gel
Mny
reagent gel
v (a) +
()
6 cm
—>

Figure 2: Schematic of the deployment of 2D device for sampling the Mng 2D-DET gel and the
sediment slab associated and the treatment of the 2D-DET gel. (a) Gel probe dimensions, then
(b and b1) the probe was inserted into the sediment core and left for 5 hours of diffusive
equilibration time. (c) The equilibrated gel was removed of the core and was laid on a Mng
reagent gel, the reaction happened in the dark. (d) A yellowish coloration appeared revealing
porewater manganese. (e) The gels were scanned and converted into concentrations thanks to
a calibrated scale of concentrations. The final image was cut to avoid border effects. (b2) Once
the Mng step was completed, the sediment slab into the stainless steel box was (b3) embedded
to allow Mn solid phase analyses.

The sediment slabs contained in the steel boxes (Fig. 2 b2) were placed in a bigger box to
realize the embedding process. No picture of the raw sediment slabs was done due to the PVDF
membranes on each side of stainless steel boxes covering the sediment slabs. The embedded
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process was described in (Jauffrais et al., in preparation, in preparation a). The treatment
consisted into a series of chemical baths allowing exchanges between the sediment slabs and
the bath solutions through the PVDF membrane. The box containing the slabs and the solutions
were placed inside a vacuum chamber initially saturated with nitrogen to avoid oxygen
contamination of the anoxic sediment and was put under vacuum to promote infiltration into
pore spaces. Then, the box containing the embedded slabs was dried in an oven (50°C) until the
resin hardens. Once the resin hardened, the epoxy-embedded sediment slabs were cut and the
surfaces were polished before to be analysed. The final size of the embedded slabs was 9 x 6
cm (Fig. 2 b3). During the embedding process, a vertical sediment compaction of ~ 1.5 cm was

observed.

2.3 Analyses
2.3.1 Dissolved Mn phase analyses with 2D-DET gels

A summary of the Mnq 2D gel method was presented in Fig. 2 (a — €). This method
allowed to determine in 2D the dissolved manganese concentration of sediment porewaters
(Mouret et al., in preparation). Briefly, in the presence of imidazole, the dissolved manganese
(Mn(I1) and Mn(111)) of the gel probe reacts with the cadmium-TCPP (4,4',4”,4"'-(Porphine-
5,10,15,20-tetrayl) tetrakis (benzoic acid)) complex and forms a Mn-TCPP complex via a
substitution of Cd by Mn. The reagent gel was equilibrated in the dark during 30 minutes with
the reactive solution (Fig. 2). Then, a photograph of the gel assemblage was taken with a scanner
(CanoScan LIiDE 600F). The manganese 2D-DET images were processed with ImageJ®
software. Images were cropped at the edges (5 mm omitted from analysis), to remove boundary
effects. The final size of the gels was 5.5 cm width by 14 cm long. Then, the images were split
into primary colour intensities (red, green and blue), and converted into 16-bit grey-scale
images. The blue colour intensity was found to give the most sensitive response for manganese.
The pixel values of the manganese gel were calibrated using the pixel values of the manganese
standards and plotted with R software (package plot3D). The detection limit of the Mng 2D-
DET gel used was 19 pmol L (Mouret et al. in prep).

2.3.2 Solid-phase Mn analyses

Micro-X-ray fluorescence (u-XRF) analyses
Once the sediment slabs were polished, the surfaces of sides associated to the Mng 2D
gel faces were analysed with micro-X-ray fluorescence (u-XRF) to characterize solid-phase Mn

127



Chapter 2

distribution. A Bruker M4 TORNADO laboratory instrument equipped with a Rh X-ray tube
operated at 50 kV and 300 uA was used. The X-ray fluorescence was measured using a silicon
drift detector with a spot size of 25 um and a distance of 40 um between the centre of two spots.
The maps were recorded in vacuum with an acquisition time of 50 ms/pixel. The images
obtained were assembled on ImageJ® software. All the surface of the embedded sediment was
not analyzed (too long acquisition time). Color scaling of images was based on the count
intensity range within the mapped area and adjusted for brightness and contrast to optimize the
visualization of features with ImageJ® software. The signal intensity transformed into color
intensity of the GF17-1 image was low and was multiplied by 11 to be as visible as the GF17-
3 image.

Selective chemical extractions

The same cores dedicated to O, microelectrode profiling (internal diameter = 8.2 cm)
were sliced, frozen and freeze-dried for the determination of reactive solid-phase Mn analyses.
An aliquot (~100 mg) was used for the extraction of reactive manganese. Aliquots were exposed
to 10 mL of an ascorbate solution (buffered at pH 8) over 24 h (Anschutz et al., 1998; Hyacinthe
et al., 2001) to dissolve the reactive Mn oxides and oxyhydroxides referred as Mn(lll, 1V)
(Anschutz et al., 2005). A second aliquot (~100 mg) was exposed to 10 mL of a solution of HCI
over 24 h to extract the reactive Mn(lll, 1V) and the Mn(ll) of carbonate phases. Manganese
was measured with an ICP-OES ICAP 6300 Thermo-Fischer, using an external aqueous
standard for calibration. The results of the extraction by ascorbate are noted Mn-Asc and those
of the extraction by HCI, Mn-HCI.

The granulometry of the sediment was performed on the same core used for O:
microelectrode profiling and solid-phase Mn analyses (Annex 1). The granulometry scale
comes from (Blott and Pye, 2001).

2.3.3 Production rate estimates, fluxes and stock calculations

Both fluxes and production rates of dissolved manganese were determined from the
measured 2D distributions of Mng concentrations. The detailed method was described in
Thibault de Chanvalon et al., (2017) for 2D distributions of dissolved iron. Briefly, the
procedure was based on the polynomial interpolation of data by the Savitsky-Golay Filter (SGF)
procedure on R software. The diffusive Mng flux was obtained by applying Fick's first law

across the SWI. The uncertainty for SWI positioning using SGF procedure was estimated at +
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1 mm and the diffusive Mng flux standard deviation was estimated at 20 % (Thibault de
Chanvalon et al., 2017). Bioirrigation is generated by the flushing of ventilated burrow
networks (Aller, 2001). Burrows that showed a clear depletion (consumption) of Mngq
(discolouration) were considered as active. The delimitation of the depletion named “burrow
lining” was shown by a black line in the 2D image of the sediment. The bioirrigational flux (Jir)
was normalized per unit of sediment surface area according to the equation Jirr = (3_Fburrow)/ (dsed
Lsed) Where Fourow Was the burrow removal rate, the width (Lseq) and the thickness (dseq) of the
2D gel analysed. The uncertainty of the bioirrigational Mng flux was estimated at 52 % (i.e.
sum of standard deviations from numerical reconstruction and parameter sensitivity, see details
in Thibault de Chanvalon et al., 2017). In a steady-state situation, the total efflux of Mng across
the SWI should be matched by an equal input of manganese (hydr)oxides into the sediment,
thus the total Mnq efflux across the SWI was calculated as the sum of the diffusive and the
bioirrigational Mng fluxes. The uncertainty of the total Mnq flux was the sum of the uncertainties
of the diffusive Mng flux and the bioirrigational Mng flux.

The production rate (expressed in umol L™ d*) was calculated using the first and the
second derivatives of the polynomial at each pixel (Thibault de Chanvalon et al., 2017). The
production rate calculation was based on four assumptions: (1) the steady state of diagenesis
reactions, (2) the absence of advection, (3) the occurrence of only negligible lateral exchanges
and (4) the absence of solute exchange at a lower scale than the sampling resolution. The
negative production rate in the 2D image characterised Mng consumption zones and the positive
production rate showed Mng production zones. According to Thibault de Chanvalon et al.,
(2017), only burrows detected on the basis of a combination of the manganese depletion onto
the 2D gels and consumption areas were identified as actively flushed burrows. The “apparent
recycling rate” (ARR) was defined as the transfer of manganese from the dissolved phase back
to the solid phase of the sediment, expressed for 1 m? of the surface of sediment. The ARR was
calculated by integrating the production rate for all pixels that show a negative production rate
(i.e. manganese consumption) over the whole sediment domain (5.5 cm x 14 cm), dividing this
quantity by the domain width (Lseqs = 5.5 cm) and subtracting the bioirrigational flux. The
validity and consequences of these assumptions were abundantly discussed in Thibault de
Chanvalon et al., (2017) and references within. The transfer of the solid phase to the dissolved
phase was the sum of the ARR and the total Mng fluxes. The solid-phase Mn flux was calculated
using the Mn-Asc concentrations, the average sedimentation rate of 0.8 cm. y* (Filipsson and
Nordberg, 2004) and a standard porosity of 0.8 and a standard volumic mass of 2560 kg. m™.

The solid-phase Mn stock corresponding to the quantity of Mn oxides (mmol m?) at the
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sediment surface was estimated using the Mn-Asc profiles, the standard porosity, the standard

volumic mass and the thickness of the Mn oxides layer.

3. Results

3.1 2D porewater distributions of Mnd concentrations

Figure 3 shows the two-dimensional data set for the distribution of Mng obtained with
the 2D gels at the well oxygenated GF17-3 station (Fig. 3a) and at the hypoxic GF17-1 station
(Fig. 3b). At the GF17-3 station (Fig. 3a), the Mng was almost absent in the bottom water (~ 0
umol L) and increased in a Mng accumulation zone from SWI to 8 cm depth (see average
profile, Fig. 3c), the maximal peak value reached 50 umol L™ (Fig. 3a) with an average value
of 21 + 6 umol L in this zone (Fig. 3c), then decreased rapidly near O pmol L from 8 to 12
cm depth. In the Mng accumulation zone (i.e. from SWI to 8 cm depth) the lateral variability
was heterogeneous. In the middle of the image (Fig. 3a), a green zone is visible from the SWI
to 5 cm depth and presents lower concentrations near 15 pmol L, (red 1D profile; Annex 2a,
b) compared to concentrations around (yellowish zone, Fig. 3a) reaching until 40 umol L
(black 1D profile; Annex 2a, b). This manganese depletion zone (Fig. 3a) is characterized by a
decreasing Mng concentration towards a potential active burrow lining due to flushed
ventilation through burrows to the water column (Fig. 3a).
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Figure 3: (a, b) Concentrations (umol L) of Mng converted in false colour. The SWI is
represented by the black line and the uncertainty of + 1mm on SWI position was represented by
the red and green lines. For the hypoxic GF17-1 station, the scale of the concentrations of
dissolved manganese was ten time higher than for GF17-3 station. (c, d) Average concentration
profiles of the 2D gels (umol L) in black + standard deviation in red. (e, f) Mng production
rates (umol L d?) estimated by SGF procedure. The consumption zones are in blue and the
production zones in red. The lining of active burrows is in black.

The 2D Mngq distributions were highly contrasted between the two stations (Fig. 3a, b).
In the hypoxic station, the Mng (Fig. 3b) concentration in the bottom water reached 43 + 5 umol
L. In the sediment, the lateral and vertical gradients of Mng differed. From the SWI to 5.5 cm
depth, the average concentration increased from 41 + 4 to 228 + 76 umol L* then from 5.5 cm
to 12 cm depth the average concentration remained stable 372 + 31 umol L (average profile,
Fig. 3d). In the middle of the image (Fig. 3b), the manganese depleted zone from the SWI to 4
cm depth has concentration similar to bottom water concentrations (red 1D profile, Annex 2c,
d). Then, the manganese depleted zone extends deeper from 4 cm to almost 9 cm depth
(yellowish zone, Fig. 3b; red 1D profile, Annex 2c, d). This manganese depletion zone from
the SWI to 9 cm depth was also related to an active burrow. On the right of the manganese
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depleted zone, the concentration gradient was higher from the SWI to 5.5 cm depth (blue 1D
profile, Annex 2c, d) and the maximal concentration of 500 pmol L was reached at the bottom
right of the image (purplish area, Fig. 3b).

Figure 3e and f showed the calculated production rates resulting of the SGF procedure.
For the oxygenated GF17-3 station, below the SWI, the main consumption zone was observed
at 1cm depth (dark blue zone, Fig. 3e). A production zone, matching with the Mng maxima
around 2 cm depth (reddish orange zone, Fig. 3e), was located below this consumption zone.
Different fragmented patterns were visible with a vertical alternation of production and
consumption zones. The lining of the active burrow was delimited by a black line (from SWI
to 5 cm depth), corresponding to the boundary between a consumption area and flanked by
zones of production. The main consumption zone was inside the burrow (Fig. 3e) and
corresponding to the Mng green front (15 umol L d?, Fig. 3a). The production rate was lower
and more diffuse (near 0 umol L d?, Fig. 3e) below the burrow lining from 5 cm depth to the
deeper sediment. At the GF17-1 station (Fig. 3f), no clear production and consumption zones
were present below the SWI. In the middle of the image, from SWI to 9 cm depth, a
consumption zone (blue zone) corresponding to the manganese depletion created by the active
burrow (Fig. 3b) was observed. A production zone (orangish zone, Fig. 3f) was visible flanked
to the consumption zone. The edge of the active burrow located between these consumption
and production zones is delimited by a black line. Around the burrow structure, the production
rate was almost 0 umol L d without clearly other defined vertical structure.

The SGF procedure allowed to calculate separately the diffusive Mng flux from the
bioirrigational Mng flux across the SWI. Thus, the diffusive Mnq flux at the oxygenated GF17-
3 station was 38 + 8 umol m d* and the bioirrigational Mng flux was 37 + 19 umol m?2 d*. At
the hypoxic GF17-1 station, the diffusive Mng flux was 83 + 17 pmol m? d*! and the

bioirrigational Mnq flux was 555 + 289 umol m2 d2.

3.2 2D distributions of solid-phase Mn

The granulometry of the sediment from the both stations were similarly composed of 80%
of coarse silt (16- 31 um) (Annex 1). The solid-phase Mn micro-distribution was obtained by
M-XRF analyses from the embedded sediment slabs (Fig. 4a, c). The quantification of the solid-
phase Mn distribution was obtained by selective chemical extractions (Mn-Asc and Mn-HClI,
Fig. 4b, d). At the oxygenated GF17-3 station (Fig. 4a), the solid-phase Mn micro-distribution
was scattered (orange patchiness) and decreased from 4 cm to 9 cm depth (less signal intensity
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with darker colouration). At SWI, the Mn concentrations were lower than the GF17-1 station
with 9 pmol g™ Mn-Asc and 15 pmol g-* Mn-HCI (Fig. 4b). Then, the concentrations decreased
from 0.2 to 8 cm depth with 1 + 1 pmol g Mn-Asc and 5 + 1 pmol g* Mn-HCI. At the hypoxic
GF17-1 station, the solid-phase Mn micro-distribution showed a front enriched in solid-phase
Mn below the SWI (Fig. 4c). A vertical structure (targeted by a white arrow, Fig.4c) probably
corresponds to a burrow structure. The profiles of Mn-Asc and Mn-HCI (Fig. 4d) showed high
concentrations at SWI with 293 pmol g for Mn-Asc and 489 pumol g™ for Mn-HCl to 1.2 cm
depth with a maximum of 464 pmol g* and 589 umol g, respectively. Then, the concentration
decreased rapidly from 3 cm to 9 cm depth with 11 + 2 umol g** Mn-Asc and 27 + 5 pmol g
Mn-HCI. At the bottom (from 8 to 9 cm depth) on the left side of the Figure 4c, the intensity of
the signal increased (orange patch), however no increase of the Mn-Asc and Mn-HCI was
observed (Fig 4d).

GF17-3 GF17-1
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Figure 4: (a, c) Maps of the solid-phase Mn determined with p-XRF analyses. The white line
represents the sediment-water interface and the outlines of the analysed zones. The black parts
were the not-analysed zones. Colour scaling from black (the lowest relative concentration) to
orange (the highest relative concentration) is based on the count intensity range within the
mapped zone and adjusted for brightness and contrast to optimize the visualisation of features.
(c) The signal intensity transformed into color intensity of the GF17-1 image was low and was
multiplied by 11 to be as visible as the GF17-3 image. (a). The white arrow (c) targets an
enriched burrow in solid-phase Mn. (b, d) Vertical distributions of selective chemical
extractions; Mn-Asc (umol. g %, in grey) and Mn-HCI (umol. g*2, in black).
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4. Discussion

4.1 Comparison with previous studies

To compare the Mn concentrations obtained in this study with the existing literature, the
Table 1 summarises a non-exhaustive references list from different places worldwide where Mn
concentrations were available.

The Mng concentrations at the oxygenated GF17-3 station was not investigated previously.
However, a similar maximal Mng concentration of 50 umol L™ was found by (Sundby et al.,
1986) at a very shallow station near Kristineberg marine station where bottom waters are well
oxygenated (Table 1). When bottom waters are oxygenated, Mn oxides are present in the oxic
surface layer. However, no clear solid-phase Mn layer enrichment was visible for the station
GF17-3 and the Mn micro-distribution was relatively homogeneous in the four first centimetres
on the Mn uXRF map (Fig. 4a). The selective chemical extractions revealed that the first
centimeter of sediment was slightly enriched in Mn (Fig. 4b). The low Mn-Asc concentrations
are equivalent to Mn oxides data (extraction by hydroxylamine and acetic acid) of Engstrom et
al., (2005) for a station at 70 m water depth located further inside the Gullmar Fjord (Table 1).
Maximal solid-phase Mn concentrations were 33 times higher for the hypoxic GF17-1 station
and the Mn pXRF map shows an enrichment in the first centimetre of sediment. The Mn-Asc
concentrations at the GF17-1 station were slightly higher than the previous Mn oxides
(extraction by hydroxylamine and acetic acid) measurements reported in the Alsback deep basin
by Engstrom et al., (2005) who sampled in February 2001, one month after the beginning of a
hypoxic event (Table 1). Goldberg et al., (2012) sampled the Alsb&ck station in January 2009,
one month after the beginning of a hypoxic event and found almost twice lower Mn-HCI
concentrations and twice lower maximal Mng concentrations (Table 1). But in general, our data

are consistent with data previously published for the Gullmar Fjord.
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Table 1: An overview of the Mnd concentration (umol L) and fluxes (umol m2 day™) and the
Mn solid phase of the surface sediment (Mn-Asc, pmol. g2).

Water Oxygepatlon Methods for Mn- | Maximal Mng | Maximum Mn- | Maximum Mn- | Diffusive Mny flux| Total Mng flux
References h conditions of Methods for Mng : 1 . 1 1, 2 1 2 1
depth (m) bottom waters oxides (umol L) | oxides (umol. g™) | HCI (umol.g™) | (umol m™d™) (umol m*d™)
Gullmar Fjord
This study 50 m oxic 2D gels extraction by ascorbate 40 9 15 38 75
This study 117 m hypoxic 2D gels extraction by ascorbate 500 293 589 83 638
oxic (begining of porewater extracted by
Sundby et al., 1986 6m 9IniNg Of o trifugation/ benthic . 50 . . 93 66
the experiment)
chamber
extraction by
Engstrém et al., 2005 116 m hypoxic - hydroxylamine and - 250 - - -
acetic acid
extraction by
Engstrém et al., 2005 70m oxic - hydroxylamine and 5.7 - - -
acetic acid
Goldbergetal, 2012 | 119m hypoxic | Porewater extracted by - 26 - ~300 -
rhizons
Skagerrak
Rajendran et al., 1992| 200-600 m oxi  [Porewater extracted witha)  extraction by 45-60 ~27-320 ~27-320 533-877 -
squeezer hydrolamine and citrate
Bakker et Helder, 35-677m oxic porewater extracted with a R 10- 100 } : 20- 180 :
1993 squeezer
" . porewater extracted by | extraction by oxalate
Canfield et al., 1993 | 190-695 m oxic 3 . A 45- 450 5-330 - -
centrifugation and dithionite
g . porewater extracted by | extraction by citrate- . } ; ;
Slomp et al., 1997 19-330m oxic centrifugation dithinite-bicarbonate 220 i
Thamdrup and 700 m oxic porewater extracted with a extraction by oxalate 250 528 - - -
Dalsgaard, 2000 squeezer
extraction by
Engstrém et al., 2005 %0 ar:T(]i 700 oxic hydrolamine and acetic 310325 - - -
acid
Baltic Sea
Pakhomovaetal., | 55m (Gulf . sediment core/ benthic
2007 of Finland) oxic chamber 350 1750 4400
Pakhomovaetal., | 79 m (Gulf . sediment core/ benthic
2007 of Finland) hypoxic chamber " 300 1300
67 m
Lenzetal, 2015 | (Northem oxic porewater extracted by ~10 115
Gotland centrifugation
Basin)
89m orewater extracted b
Lenzetal., 2015 (Bornholm hypoxic P ) . Y 250 236
. centrifugation
Basin)
169 m
Lenzetal, 2015 | (NOrthern | iciouxinic | Porewater extracted by 200 81
Gotland centrifugation
Basin)
Lenz et al., 2015 191 m (Faro anoxic/euxinic porewate( extra.cted by 300 84
Deep) centrifugation
238 m orewater extracted b
Lenz et al., 2015 (Gotland | anoxic/euxinic P ) . Y 250 98
centrifugation
Deep)
416m orewater extracted by
Lenz et al., 2015 (Landsort | anoxic/euxinic P 3 . Y 1200 220
centrifugation
Deep)
238m orewater extracted b extraction by citrate-
Hermans et al., 2019 | (Gotland | Reoxygenated P . . Y xiraction by 411 500 4400
Deep) centrifugation dithinite-bicarbonate
65 m to 200 . .
Hermans et al., 2019 | m (Gotland hypoxic purewater_ extra_cted by egtrggtlon b y citrate- 7 to 506 ~0 to 400 0 to 6520
Basin) centrifugation dithinite-bicarbonate
60m to 80 seasonall! orewater extracted b
Lenstraetal, 2021 | m (Gulf of Ty P y extracted by 4010 350 90 to 4200 3700 to 6600
N hypoxic centrifugation
Finland)
67m seasonall orewater extracted b
Lenstraetal, 2021 | (Gotland | P " extracted by 18 80 170
hypoxic centrifugation
area)
237 m orewater extracted b
Lenstraetal,, 2021 | (Goatland | Reoxygenated P ) . 4 415 4500 15300
centrifugation
area)
173m orewater extracted by
Lenstra et al,, 2021 (Gotland euxinic P 3 . Y 80 30 0
centrifugation
area)
87m orewater extracted b
Lenstraetal, 2021 | (Bornholm | Reoxygenated P ) . Y 70 580 2000
N centrifugation
basin)
4rm seasonall orewater extracted b
Lenstraetal, 2021 | (Arkona Ty m " extracted by 22 900 100
N hypoxic centrifugation
basin)
Panama basin
orewater extracted by a extraction by
Aller, 1990 oxic P Y hydrolamine and acetic 150- 350 21
squeezer .
acid
[Aarhus Bay
Aarhus Bay . . porewater extracted by a
Thamdrup et al., 1994 (Denmark) oxic/ hypoxic squeezer/ benthic chamber 75-110 20 410-1200 330-420
Long Island Sound
Long Island core extractions/ extraction b
Aller, 1994 Sound oxic-hypoxic . N X v 50-300 4-30 -10-4590 -6- 3800
incubations hydrolamine and citrate
(USA)
Laurentian trough
. porewater extracted by a 6 5 .
Katsev et al., 2007 | St Lawrence hypoxic squeezerfincubations 200 7107-710 120-419
Madison et al., 2013 |St Lawrence hypoxic porewat:a::etgz?ed bya extraction by ascorbate 50-200 14-140
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The deep basin of the Gullmar Fjord is one of the known Mn oxide-rich environments
worldwide (Sundby et al., 1986; Thamdrup, 2000; Engstrom et al., 2005; Vandieken et al.,
2012; Goldberg et al., 2012) with a high organic carbon content (~ 3 %, Engstrom et al., 2005).
In the Skagerrak and in the Baltic sea, the maximal Mn oxides concentrations and the maximal
Mng concentrations showed ranges of values similar to our results for the Gullmar Fjord (Table
1 and references within). Strong surface enrichments in Mn oxides occur in areas where the
flux of metal oxides from the overlying water is large and/or as a result of long-term internal
cycling of Mn. A large flux of metal oxides to sediment can be supported by a high input from
nearby riverine sources (e.g. on the Amazon shelf; (Aller et al., 1986)), by redeposition of metal
oxide rich material eroded from other areas (e.g. in coastal environments; Aller, 1994,
Thamdrup et al., 1994), or by “Mn-refluxing”, i.e. remobilization of Mng from sediment pore
water, formation of Mn oxides in the water column and redeposition of the Mn oxides (Adelson
et al., 2001; Sulu-Gambari et al., 2017). The dominance of microbial manganese reduction in
anaerobic carbon oxidation for Mn oxides rich environments like the Gullmar Fjord was
previously shown or suggested (Aller, 1990; Canfield et al., 1993; Engstrom et al., 2005;
Vandieken et al., 2012, 2014; Hyun et al., 2017).

4.2 Impact of hypoxia

Production of dissolved Mn in sediments through reductive dissolution of Mn oxides is
driven by the degradation of organic matter (Burdige, 2006). Part of the dissolved Mn can be
released to the overlying water and this release is most pronounced for sediments under oxygen-
depleted waters (Pakhomova et al., 2007; Homoky et al., 2011). Deeper water in the Gullmar
Fjord gets renewed once a year usually during late winter/early spring. Oxygen concentrations
decrease during the rest of the year, being lower than 63 pmol L during autumn and winter.
The low oxygen concentration (9 umol L) of bottom waters at the deep station at the sampling
time favour the reductive dissolution of Mn oxides (Burdige, 1993). Maximal Mng
concentrations are 10 times higher at the GF17-1 station impacted by hypoxia than at the oxic
GF17-3 station. They are also twice higher than maximal concentrations measured by Goldberg
et al., (2012) who sampled the Alsback station in January 2009 during a hypoxic event (Table
1). Mngq fluxes were calculated from the 2D gels and modelled using the SGF method (Thibault
de Chanvalon et al., 2017). Table 2 summarises all Mnq fluxes calculated from the 2D gels:
diffusive flux, bioirrigational flux and total sediment-water flux which corresponds to the sum
of diffusive flux and bioirrigational flux. The diffusive Mnqg flux for the oxic GF17-3 station

was twice lower than the diffusive flux for the hypoxic GF17-1 station (Table 2). When hypoxia
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occurred in the bottom waters, Mn oxides reduction into dissolved manganese increase. Thus,
a larger part of the Mng can diffuse toward the SW1, increasing the diffusive Mng flux. Previous
laboratory experiments and studies for other coastal areas found highest benthic release rates of
Mn at sites with low bottom water oxygen (Table 1, e.g. (Sundby et al., 1986; Thamdrup et al.,
1994; Katsev et al., 2007; Lenz et al., 2015; Hermans et al., 2019)). The Mnq diffusive flux of
the GF17-1 station was not as high compared to other hypoxic Mn-rich places worldwide which
can reach higher Mng flux values ranging from 370 to 6500 pmol m2 d* (Table 1; Thamdrup
et al., 1994; Aller, 1994; Pakhomova et al., 2007; Hermans et al., 2019; (Lenstra et al., 2021)).

Low Mn oxide concentrations were observed at the oxic station GF17-3 located at 50 m
water depth and also at another station located at 70 m water depth sampled by Engstrom et al.,
(2005). Contrastingly, the deep station GF17-1 was enriched in Mn oxides (e.g., our study and
Engstrom et al, 2005). The both stations sampled for our study present non negligible Mnqg
effluxes towards overlying bottom waters, even the oxic GF17-3 station (Tables 1 and 2).
Dissolved Mn released from sediments into oxic overlying waters may precipitate as Mn oxides
(Emerson et al., 1982; Millero et al., 1987). They can remain suspended or can settle to the
seafloor, often resulting to a cycle of deposition at the SWI, mobilization in dissolved form in
the sediment, escape to the overlying water and oxidation upon contact with oxygen followed
by redeposition (Aller, 1994). This recycling including the water column is called “refluxing”
(Adelson et al., 2001). Additionally, in the presence of dissolved organic matter, a part of
dissolved Mn(Il) can be oxidized to Mn(l11) and complexed with organic ligands and stay in
solution (Oldham et al., 2017). Some of the Mn in the water column might be transported
laterally and might be precipitated/ be deposited in the deepest part of the fjord leading to Mn
sediment focussing. Moreover, during seasonal hypoxic events, remobilization of dissolved Mn
from sediments in the deep part of the Gullmar Fjord likely can likely contribute to high
dissolved Mn concentrations in the water column as shown by Lenstra et al., (2021) in the Baltic
Sea. After the annual inflow of oxygenated water in the deep basin, part of the Mng may
precipitate as Mn oxides that can be rapidly redeposited due to gravity-driven settling (e.g.,
Adelson et al., 2001; Sulu-Gambari et al., 2017; Lenstra et al., 2021) and due to the rapid
reduction of Mn oxides in the sediment, dissolved Mn could be released back into the water
column. In the Baltic Sea, the resulting strong refluxing is responsible for the surface sediment
enrichments in Mn and high benthic release fluxes. The refluxing rate would also benefit from
a thin hypoxic layer, as this would reduce the time required for upward diffusive and turbulent
transfer of dissolved Mn into the oxic waters and downward, gravity-driven settling of Mn

oxides (Lenstra et al., 2021). However, to assess the contribution of potential Mn refluxing to
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Mn enrichment in the Gullmar Fjord, a combination of pore water profiles, benthic flux
determinations and dissolved and particulate Mn analyses in the water column would be
required.

Table 2: Summary of different manganese fluxes calculated from the 2D gels by the SGF method
and the solid Mn stock from Mn-Asc extractions.

Oxic GF17-3 Hypoxic
station GF17-1 station
Average sedimentation rate (cm. y %) 0.7 0.7
Porosity 0.8 0.8
Volumic mass (kg. m3) 2650 2650
Average [Mn-HCI]-[Mn-Asc] below the Mn oxide peak (umol. g?) 3.8 18.8
Mn carbonate flux (umol m2d?) 39 191
diffusive Mng flux (umol m2 d) + 20% 38 8 83 +17
bioirrigational Mnq flux (umol m2 d?) £ 52 % 37 £19 555 + 289
Total SWI Mna flux (pmol m2 d?) 75 + 27 638 + 306
Apparent Recycling Rate (ARR) (umol m2 d?) + 37 % 131+£48 1254 + 464
Apparent Production Rate (APR) (umol m2 d?) + 37 % 19171 1800 * 666
Mn oxide inventory (mmol m?) 16 2200
Number of recycling before burial 1.9 2.4
Residence time 84 days 3.3 years
Time to deplete Mn oxide inventory 213 days 9.4 years

4.3 Impacts of bioirrigation

The macrofauna in the deepest part of the Gullmar Fjord (e.g., mainly Polychaeta, Mollusca,
Crustacea) was dense until 3000 ind. m2in 1978. However, macrofauna disappeared due to a
high mortality episode after a severe hypoxic event in the winter 1979/1980 (Josefson and
Widbom, 1988). A recolonization followed but the density reached 700 ind. m™2. In July 2001,
macrofauna was sampled during oxic conditions at the Alsb&ck station for sediment reworking
experiments and density values were similar with 795 ind. m~2 (Gilbert et al., 2007). (Josefson
et al., 2002) sampled a station at 40 m water depth in the innermost part of the Gullmar Fjord
in 1999 and found a macrofaunal density of 1300 ind. m™.

These highly inhabited sediments are perforated with tubes and burrows formed by bottom-
dwelling animals such as polychaetes, crustaceans and bivalves. These structures influence the
geometry of reaction rates and solute distribution in the sediment creating a mosaic of
microenvironments (Kristensen, 2000). During “burrow ventilation,” macrofauna flush their

burrows with overlying water, meanwhile causing “bioirrigation,” which describes the
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enhanced solute transport through bulk sediments around the burrow (Kristensen et al., 2012).
Macrofaunal water renewal is likely to bring oxic water into the burrows, which consumes
reduced dissolved Mn and replenishes the stock of Mn oxide. In the hypoxic GF17-1 station, a
Mn-rich structure on the uXRF map (white arrow, Fig. 4c) was identified as a burrow enriched
in Mn oxides. This structure could correspond to the burrow identified on the Mnq 2D gel (Fig.
3b). In the oxic GF17-3 station, no Mn-rich burrow or superficial layer below the SWI was
visible on the uXRF map (Fig. 4a). This is probably due to the low concentrations of Mn-oxide
(Mn-Asc data). Nevertheless, a burrow structure was identified on the Mnq 2D gel (Fig. 3a). It
is also possible that the burrow was not inside the sediment slab as Mn gel was on the external
side of the sampling device (Fig. 2 bl).

Dissolved manganese concentrations decreased towards the interior of the burrows
(consumption zones, Fig. 3 ¢, d). These consumption zones were also observed for 2D dissolved
iron distribution in coastal sediments with a high density of macrofaunal burrows (Thibault de
Chanvalon et al., 2015, 2017). Thus, the pore-waters with high Mng concentrations accumulated
in the reduced sediment could be intensively ventilated by burrows and released in the water
column. The bioirrigationnal Mnq flux of the oxic GF17-3 station was equivalent to the diffusive
Mng flux (Table 2). Conversely at the hypoxic station, the bioirrigationnal Mng flux was 7 times
higher than the diffusive Mng flux (Table 2). Bioirrigationnal fluxes contributed to 49 % and
87 % of the total Mng flux for the oxic GF17-3 and the hypoxic GF17-1 stations, respectively.
Other studies in environments rich in macrofauna used the comparison between diffusive fluxes
calculated using 1D Mnygy profiles and total fluxes measured with in-situ benthic chambers or
core incubation measurements to estimate the contribution of bioirrigation. In this way,
(Warnken et al., 2001) found in the oxic environment of Trinity Bay region in Galveston Bay
a contribution of biorrigational Mng fluxes of 62-95%. In Gulf of Finland, Pakhomova et al.,
(2007) obtained a contribution of bioirrigation to total Mn fluxes of 60% and 77% for the oxic
and hypoxic stations, respectively. Our estimated contributions are similar to the evaluations of
these studies.

Although macrofauna density is probably lower in the deepest part of the Gullmar Fjord,
the release of Mn into the water column by bioirrigation is extremely high. The bioirrigational
Mnyg flux is lower in the shallow station (Table 2) probably because the Mn-oxide enrichment
of the deep station leads to the building of higher Mng concentrations in porewater.
Nevertheless, these very high pore-water Mng concentrations are probably increased with the

hypoxic conditions established in the deep part of the fjord one month before sampling.
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Hypoxia already had large consequences for the functioning of benthic ecosystems in the
Gullmar Fjord as showed by the high decrease of macrofauna density after a severe hypoxia
event (Josefson et Widbom, 1988). In severe cases of hypoxia or anoxia, macrofauna density
may decrease or disappear. Depending on species resistance to low oxygen conditions/anoxia,
bioirrigation may be affected and the total Mn flux to overlying water may strongly decrease
(Middelburg and Levin, 2009). However, some macrofauna species can compensate for low
oxygen content of the overlying water by increased pumping activity (Gamble, 1970;
Kristensen, 1983; Forster et al., 1995). In this case, Mnq bioirrigational fluxes would be

increased.

4.4 Estimated manganese budget of the Gullmar Fjord

A manganese budget is suggested in the Figure 5 for both stations. The oxic GF17-3 station
was assumed to be at steady-state; however, the GF17-1 station encountering a hypoxic event
was in a transient state. Nevertheless, for the calculations, the steady-state was also assumed at
the GF17-1 station. The solid-phase Mn oxides inventories were 2200 mmol m and 16 mmol
m2in the hypoxic GF17-1 station and the oxic GF17-3 station respectively (Table 2; Figure 5).
The apparent recycling rate (ARR), defined by Thibault de Chanvalon et al. (2017) as the
transfer of Mn from the dissolved phase back to the solid phase of the sediment, was calculated
for both stations. ARR was 131 + 48 pmol m d*! for the oxic station and 1254 * 464 umol m-
2 d for the hypoxic station. An equivalent estimation can be done with the apparent production
rate (APR) based on the production of Mng from Mn oxides. APR was 191 + 71 pmol m2 d'
for the oxic station and 1800 + 666 umol m2 d* for the hypoxic station. In steady state
conditions, the APR should correspond to the sum of the ARR with the diffusive flux across
the SWI and the bioirrigational flux. Accordingly, the Mn budget estimated here shows only a
small deficit between 5 and 8 % for oxic and hypoxic stations respectively, which remains
within the uncertainty of the estimated fluxes.

Mouret et al., (2009) showed in the Bay of Biscay that when the difference between Mn-
HCI and Mn-Asc concentrations was constant at depth, it could be in majority attributed to the
precipitation of mixed Ca-Mn carbonates (Middelburg et al., 1987; Mucci, 1988, 2004;
Jakobsen and Postma, 1989). Using a sediment accumulation rate of 0.7 cm y* determined for
the deep station (Filipsson and Nordberg, 2004) and average Mn-HCI-Mn-Asc contents of 3.8
pumol g and 18.8 pumol g below the Mn oxides peaks for the oxic and hypoxic stations
respectively, burial fluxes of Mn as carbonate phase can be estimated. Mn burial fluxes of 39

and 191 pmol m d* were found for the oxic and hypoxic stations respectively. Assuming that
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Mn inventory in sediment is stable, these estimated Mn carbonate fluxes allow to infer the
portion of the ARR reoxidized as Mn oxides (ARR — Mn carbonate flux). These calculations
show that 45% and 56% of the Mng produced by Mn oxides dissolution are reoxidized in
sediment for the oxic and hypoxic stations respectively, 36% and 34% are released to the
overlying water and 19% and 10% are buried in sediments as carbonate phase. Based on steady
state conditions, this Mn budget allows to estimate the settling Mn oxide fluxes to be 99 pumol
m2 d? for the oxic station and 737 pumol m2 d? for the hypoxic station. These Mn budget
estimations show that 39% and 26% of the settling Mn oxides fluxes for GF17-3 and GF17-1
stations are ultimately buried in sediments. For the hypoxic station, these estimations are more
indicative than quantitatively reliable due to the transient state at the time of sampling, with
hypoxic conditions likely increasing the APR and decreasing the Mng re-oxidation rate in

sediments.
(a) (b)
Oxic bottom water Inputs from water Hypoxic bottomwarer Inputs from water
column column
recipitation . precipitation X
Mng (11 ————  Mn(IIVIV) oxides Mn, (IUII) -------- »  Mn(TIVIV) oxides
1 Sedimentation Sedimentation
p 99 737
- Bioirrigation Diffusion
Bioirrigation iffusi precipitation dissolution 83 precipitation dissolution|
37 1063 1800
[Suboxic sediment Suboxic sediment
Mn, (IV/TIT) Mn, (I'1IT)
Precipitation Precipitation
39 191
Mn(II) carbonate
Mn(II) carbonate
Anoxic sediment Anoxic sediment

Figure 5: Estimated Mn cycle from the two contrasted O stations in the Gullmar Fjord, (a)
oxygenated GF17-3 station (50 m) and (b) hypoxic GF17-1 station (117 m). The black values
indicated the Mng budget in umol m2 d* from the 2D gels modelling. The white values indicated
the solid Mn(111/ 1V) oxides flux (umol m? d1) from the bottom water to the oxic sediment and
the solid Mn(l11/ 1V) oxides stock in mmol m? in the oxic sediment layer. Abbreviations;
Apparent Recycling Rate (ARR).

The residence time of Mn oxides was calculated from the Mn oxides inventory divided by
the APR (Figure 5 and Annex 3 calculation details). The residence time was 84 days and 3.3
years for the GF17-3 station and the GF17-1 station respectively (Table 2). Canfield et al.,
(1993) obtained a residence time of 250 days in the Skagerrak indicating a rapid recycling of

Mn that is of the same order of magnitude as the value obtained for the oxic station. Metal
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recycling in sediments allows one metal molecule to be used in organic matter degradation a
number of times before burial (Aller, 1990). Solid phase metal oxide is reduced in the metal
oxide reduction zone in the anoxic sediment. The reduced metal, which is dissolved in the pore
water, can be reoxidized after diffusion into the oxic layer or by reaction with a reoxidizing
agent. A subsequent mixing event, such as bioturbation, mixes the newly formed particulate
metal oxide into the reducing layer where the metal can be re-used. As long as no metal escape
this cycle, metal oxide reduction continued. The ratio of APR to Mn oxides input to sediment
reveals that a Mn atom is recycled 1.9 times for the oxic station and 2.4 times for the hypoxic
station before finally being buried. These values are very low compared to other estimates in
the Skagerrak by (Canfield et al., 1993) (130-260 times) or in the Ulleung Basin by (Hyun et
al., 2017) (3800 times). This very low recycling is likely due to high Mng effluxes with a high
contribution of bioirrigation at both stations.

Oxygen concentration in the waters of the Gullmar Fjord continues to decrease annually
due to enhanced oxygen consumption in the deep water (Erlandsson et al., 2006). The sill depth
is 42 m and the basin water below the sill level constitutes the part of the basin affected by
hypoxia/anoxia due to the annual stagnation of water for 9 months (Erlandsson et al., 2006).
The time required to deplete Mn-oxides inventories was estimated by dividing the Mn-oxide
inventory by the total Mng flux (Figure 5 and Annex 3 calculation details). This time was 9.4
years for the GF17-1 station and 213 days for the GF17-3 station. The oxic GF17-3 station
could be affected by hypoxic conditions during severe hypoxia/anoxia periods due to its
location below the sill level. Prolonged hypoxic conditions will induce a higher Mn oxides
reduction rate and a lower Mng re-oxidation rate leading to higher Mng efflux and depletion of

Mn oxides inventory.

5. Conclusion

This study revealed an innovative approach to estimate the contribution of macrofaunal
burrowing activity to manganese (Mn) cycle in the seasonal hypoxic Gullmar Fjord. We
combined the using of Mng 2D-DET gel method with embedded sediment slabs and selective
chemical extractions to visualise and quantify the contrasted dissolved and solid-phases Mn
micro-distributions, in oxic station and another impacted by hypoxia event. The deep station
GF17-1 impacted by hypoxia revealed a high Mn dissolved and solid-phases. Below the surface
a Mn oxides enriched layer and an enriched macrofaunal burrow were visible on the 2D uXRF

map. Conversely, the shallower oxic station GF17-3 indicated lower Mn dissolved and solid-
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phases. The Mn micro-distribution indicated a homogenous zone with the 2D pXRF map. The
dissolved manganese (Mng) was 10 times higher in the hypoxic station (reaching up to 500
umol L1) than in the oxic station. A burrow lining was detected on the Mng 2D gel at the two
stations, allowing to calculate separately the diffusive and bioirrigational Mnq fluxes with the
Savitsky-Golay Filter method (Thibault de Chanvalon et al., 2017). In the oxic station, the
bioirrigational and diffusive Mngq fluxes were equivalent. The bioirrigational flux contributed
up to 49 % of the total Mng flux (sum of the diffusive and bioirrigational Mnq fluxes, 75 pmol
m2d-1). Conversely, in the hypoxic station the bioirrigational Mng flux was 7 times higher than
the diffusive flux. This high Mn-rich station was fueled by the intense ventilation of burrows
and refluxing (enrichment of the water column and then redeposition linked to focusing). The
bioirrigational flux should contribute up to 87 % of the total Mng flux (sum of the diffusive and
bioirrigational Mng fluxes, 638 pumol m2 d-!). Hypoxia can lead to a harsh decrease in
macrofaunal density. However, the contribution of bioirrigation to Mn cycle in hypoxia
remained high. This would be due to the high amount of Mnq found in deep sediments. Then,
despite the decrease in macrofaunal density, some species of the macrofauna can compensate
the lack of oxygen by increasing their pumping activity (more flushing). This study highlighted
the high contribution of macrofaunal burrowing activity to the Mn cycle. Finally, we suggested
an estimation of the Mn budget in the two contrasted stations. These estimates allowed to
quantify (suggesting the steady state) the fluxes between the different states of Mn (e.g.
dissolved phase, solid phase, burial) and to reveal how important the bioirrigation part is in the

contribution of this cycle.
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Annex 1: Gullmar Fjord grain size analyses (%) (a) hypoxic GF17-1 station and (b) oxygenated
GF17-3 station. Five size fractions were detailed; in grey fine, and medium silt (2-16) um, in
dotted line, coarse silt (16-31) um, in black very, coarse silt (31-63) um, in light grey, very fine
to medium sand (63-500) um, in dark grey, coarse to very coarse sand (500-2000) um. The
granulometry scale came from Blott and Pye, (2001).
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Annex 2: (a-b) Oxygenated GF17-3 station and (c-d) hypoxic GF17-1 station. (a, c) 2D gels
Mnyg, the dotted vertical lines were the location of the 1D profiles visible in figure b and d,
respectively. Abbreviations; sediment-water interface (SWI).
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Annex 3 calculation details of the Table 2:

Mn carbonate flux
Sediment flux = [Sediment rate (cm.yt)/ 100] x 0.2 x Volumic mass (kg.m) = (0.7/ 100) x 0.2
X 2650 =3.71 kgm2y?!

Mn carbonate flux= [Solid flux (kg m*? y" 1) x average [MnHCI]-[MnAsc] (umol g*) x 1000}/
number of days per year= (4.24 x 3.8 x 1000)/ 365.25 days = 38 umol m?2 d-*

Mn oxide inventory (mmol m)
For a sediment slice:
Mn-Asc (umol g ) x (1- porosity) x Volumic mass (kg.m) x thickness of the slice (m)

Inventories are calculated as the sum of all sediment slices belonging to the Mn-rich peak in
the MnAsc profile.

Number of recycling before burial:
APR (umol m2 d?) /settling Mn oxide flux (umol m2d?)=191/99=1.9

Residence time (days):
[Mn oxide inventory (mmol m2) x 1000/ APR (umol m2 d%)] = 16 x 1000 / 191= 84 days

Time to deplete Mn oxide inventory (days):
[Mn oxide inventory (mmol m2) x 1000/ Total SWI Mng flux (umol m=2 d1)] = 16 x 1000 / 75
=213 days
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1. Introduction

Intertidal environments occur at the transition between the marine and continental realms,
as semi-enclosed bays subjected to fluctuating fresh water supply from a river discharge. In
these areas, the intertidal sediments are in a transient state and the sediment stability is rarely
achieved due to the variation of various environmental parameters. Indeed, several hydrological
(river discharges, tidal cycles, waves and currents), meteorological (rainfall, temperature, wind-
storms), and biological (benthic fauna) factors occur at different spatial and temporal scales.
Large scale disturbances, such as flood events in a semi-enclosed area, can strongly affect the
sediment properties. The “confine waters” concept has been previously described as the time
of renewal with marine-originated (dissolved) elements in each given point, driving the
organisms’ distribution, assemblage composition and longitudinal geochemical gradients
(Guelorget and Perthuisot, 1992; Debenay et al., 2000; Debenay and Guillou, 2002; Whitfield
et al., 2012). The complexity of that concept makes it challenging to evaluate the average
environmental characteristics at a given point and the in situ response time of benthic fauna to
these environmental changes (Debenay et al., 2000, 2006). After a winter flood event, three
different stages: 1) during the flood, 2) post-flooding period and 3) stabilized period have been
identified (Thibault de Chanvalon et al., 2016). These three stages in the context of “confine
waters” require @ multi-parameters approach to target the high variability of physicochemical
parameters and sediment deposit and/or resuspension on benthic meiofauna (foraminifera).

Intertidal mudflats are highly productive ecosystems, mainly due to the presence of
communities of benthic microalgae and photosynthetic bacteria, communally known as
microphytobenthos (MPB). MPB forms transient biofilms at the surface sediment during
emersion periods. Measuring the MPB biomass is challenging due to its high spatiotemporal
variability (Méléder et al., 2005; Jesus et al., 2005, 2006; Brito et al., 2009; Benyoucef et al.,
2014; Serodio et al., 2020). Nevertheless, some non-destructive techniques (e.g. normalized
difference vegetation index (NDVI)), are now routinely used to increase the amount of
measured biofilm surface. These photosynthetic organisms have a key role in coastal
ecosystems; they drive biogeochemical cycles through their nutrients uptakes, carbon
sequestration and primary organic matter (OM) production, further supporting marine and
coastal food-webs (Maclntyre et al., 1996; Echappé et al., 2018). Microphytobenthos from
muddy sediments is often dominated by diatoms (class Bacillariophyceae, (Dangeard, 1933)
(Underwood and Smith, 1998)), which form dense golden-brown biofilms in the first
millimeters of mudflat sediments (Méléder et al., 2003a, 2005; Benyoucef et al., 2014; Launeau

et al., 2018) and they are characterized by many cell sizes and shapes (Hillebrand et al., 1999;
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Sun and Liu, 2003; Olenina et al., 2006). Their biomass and relative abundance (diatoms
assemblage) vary based on the fluctuations of different parameters (e.g. hydrodynamism, tides,
light exposure, temperature, nutrients availability), therefore they can be used as bioindicators
of environmental conditions (De Jonge and Van Beusekom, 1996; Guarini et al., 1997; Seuront
and Spilmont, 2002; Méléder et al., 2005; Jesus et al., 2006; Echappé et al., 2018; Oakes et al.,
2020; Benito, 2020). Moreover, diatoms are significant food source for benthic meiofauna as
foraminifera (Nomaki et al., 2006; Pascal et al., 2009; Mojtahid et al., 2011).

Foraminifera are ubiquitous marine single-cell protists, protected by a calcareous,
agglutinated or organic external shell. Like diatoms, foraminifera are bioindicators of the
environmental variability of their habitats (e.g. hydrodynamism, tides, temperature, oxygen
availability, food source) (e.g. (Bradshaw, 1961; Jorissen et al., 1995; Debenay et al., 2000;
Debenay and Guillou, 2002; Debenay et al., 2006; Schonfeld et al., 2012; Mojtahid et al., 2016;
Jauffrais et al., 2017; Benito, 2020; Bouchet et al., 2021). Moreover, benthic foraminifera have
diverse trophic strategies. In mudflats, a part of foraminiferal species has shown omnivorous
heterotrophic behaviors feeding on various food sources (OM detritus, bacteria, fungi,
microalgae and metazoans) (Nomaki et al., 2008; Pascal et al., 2009; Dupuy et al., 2010;
Mojtahid et al., 2011; Wukovits et al., 2018). Others are mixotrophic and use chloroplasts from
their preys to perform active photosynthesis (i.e. kleptochloroplasts; (Lopez, 1979)) (Pillet et
al., 2011; Jauffrais et al., 2016; Cesbron et al., 2017; LeKieffre et al., 2017; Lintner et al., 2020,
2021). Diatoms are an important source of organic carbon and nutrients to benthic foraminifera
(Moodley et al., 2000; Nomaki et al., 2005, 2006; LeKieffre et al., 2017; Lintner et al., 2020,
2021). Experimental (Lee et al., 1966; Lopez, 1979; Gooday, 1988; Bernhard and Bowser,
1999; Heinz et al., 2002; Goldstein et al., 2004; Austin et al., 2005; LeKieffre et al., 2018b) and
metabarcoding (Pillet et al., 2011; Chronopoulou et al., 2019; Schweizer et al., submitted)
approaches have shown that benthic foraminiferal species might feed on specific diatoms.
However, there is a lack of in situ evidences of foraminiferal species—specific diatoms as food
source due to the technical issues of studying ecological relationships between benthic
foraminifera and diatoms.

The Bourgneuf Bay mudflat (West coast of France) is a semi-enclosed area under the
influence of the Loire river discharge when flood events combined with currents and tides push
particles towards the interior of the bay (GIP Loire Estuaire). The surface of intertidal sediments
is subjected to the alternance between instability and stable periods. These sedimentary changes
generate a highly variable environment influencing the dynamics and relationships of benthic

meiofauna. Thus, before using foraminiferal dynamics as bioindicators in intertidal
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environments, there is a need to understand foraminiferal responses to environmental
parameters. Through a 3-years monthly/quarterly monitoring of environmental and biological
parameters, the aims of the present study are: (1) to describe the spatial and temporal dynamics
of the dominant foraminiferal species; (2) to characterize the main environmental parameters
driving the spatio-temporal foraminiferal dynamics in a context of “confined waters” and (3) to
present, in situ trophic model based on the temporal foraminiferal species—specific diatoms food
preferences.

2. Material and Methods
2.1 Site description

The Bourgneuf Bay (46°52—47°08'N, 1°58'-2°20"W) is located on the French Atlantic
coast in the south of the Loire river estuary (Figure 1). The Bourgneuf Bay is a semi-enclosed
area of 340 km?, with a large intertidal mudflat area of 100 km?, connected with the Atlantic
Ocean by a 10 km wide passage between the North of the Noirmoutier Island and the “Saint
Gildas pointe”. A narrow second bay-ocean communication zone named "goulet de
Fromentine" exists to the south of the bay (Debenay, 1978). The wide north west opening allows
a connection with the ocean and the Loire estuary. The Loire estuary shows an increasing tidal
range upstream, reaching a maximum tidal range of approximately seven meter (Le Floch,
1961). The sediments rejected by the Loire estuary are largely pushed towards the interior of
the Bourgneuf Bay through saltation processes (Debenay, 1978).

The sampling site was located at “La Coupelasse” (Fig. 1b). Three stations A
(47°0°56.49°N, 2°1°26.72°W), B (47°0°56.83’N, 2°1°26.80’W) and C (47°0°56.67°N,
2°1°27.16°W) were sampled along a small tidal channel near a path used by oyster farmers to
access to a large tidal channel located at the middle of the mudflat (500 m of distance from
shore) (Fig. 1c). The three stations were located ten meter apart. The stations A and C were the
closest to the tidal channel and the station B was the more distant from the channel. These three
stations were sampled monthly since March 2016 for the MUDSURYV monitoring survey
(OSUNA, Pays de la Loire).
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Figure 1: (a) Bourgneuf Bay is located on the French Atlantic coast (b) on the South of the
Loire river estuary, the sampling site “La Coupelasse” is indicated with a star, and (c) is a
zoom on the 3 sampling stations (A, B, C). Modified from (Thomas et al., 2016).

2.2 Sampling strategy
MUDSURYV survey includes a large dataset of fourteen environmental parameters and

two biological parameters (sampling strategy summarized in Table 1).
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Parameters used

Sampling dates

Sampling location

Analyses location

Environmental parameters

Global hydrological and

Loire river discharge
monthly air temperature

monthly from Marsh 2016

Weather station of
Bourgneuf en retz and

meteorological parameters monthly rainfall uat?r:f;‘lm:)r?t? Il \]7utlhezn 019 Montjean sur Loire Angers
tidal coefficient g y Y hydrological station
alkalinity, dissolved reactive
. . hermical phosphorus (DRP), ammonium monthly from Marsh 2016
Ore'“’zai;;g;z;em'ca (NH,"), nitrite (NO,"), nitrate to April 2017 then Stations A B, C Angers
(NO3), salinity, diffusive oxygen | quaternaly until July 2019
uptake (DOU)
monthly from Marsh 2016
Sedimentary physical porosity to April 2917 then Stations A, B, C Angers
quaternaly until July 2019
parameters monthly from April 2017 to
granulometry July 2019 Stations A, B, C Nantes
. . monthly from Marsh 2016
rinerazaton sty | dssahed orygenpae (o0L) | 10912017 ten sutlon Angers
y xygen up quaternaly until July 2019
NDVI (Normalized difference | monthly from April 2017 to .
MPB Chla proxy vegetation index) July 2019 Stations A, B, C Nantes
Biological parameters
. - monthly from Marsh 2016
0 st
Perthic foraminfera | > 5% of the assermlage (1*cm | ™15 il 2017 then Sttions A B, C Aogers
P epth) quaternaly until July 2019
5 -
MPB diatom species > 5 9% of the assemblage (2 mm | monthly from April 2017 to Station B Nantes
depth) July 2019

2.3 Hydrological and meteorological parameters

The tidal coefficients reported at each sampling months, came from Pornic

(http://www.maree.info). The monthly Loire river discharge (m® s*) was monitored at the
120 km the

(http://www.hydro.eaufrance.fr/). The monthly air temperature (T°C), the monthly rainfall

Montjean-sur-Loire  station, located ~ upstream  from estuary

(mm) and wind-storm events (> 70 km h™) were retrieved from the weather station of
Bourgneuf-en-Retz (Fig. 2 b) (47,04°N | 1,95°W) using the information from SHOM

(https://www.shom.fr). The wind-storm events were punctual and were not included in further

data analyses.

2.4 Geochemical and physical sampling

2.4.1 Geochemical sampling and processing

One core per sampling for each station was used for pore-waters and solid-phases
analyses. The cores (internal diameter = 8.2 cm) were carefully brought back to the Angers
laboratory and stored at in situ temperature until further analyses the next day. The cores were
sliced in a bag filled with nitrogen (N2) to avoid oxygen contamination of the reduced
sediments. The cores were sliced every 2 mm down to 2 cm depth, then 5 mm down to 5 cm

and 1 cm down to 11 cm depth. For the aims of this study, only the concentrations of the 1%t cm
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(the average of the first 5 slices of 2 mm depth) were used for the nutrients, alkalinity and
salinity analyses. Each sediment slice was weighed and centrifuged (3500 rpm) for 15 min and
the supernatant was filtered using a 0.2 pl filter (RC25, Sartorius ©). One aliquot was used for
nutrient colorimetric analyses (ammonium (NH4"), nitrite (NO2’), and nitrate (NOz3Y)), a second
aliquot was used for alkalinity analysis. All spectrophotometric analyses were performed using
a Genesys 20 from Thermo-Fischer. Ammonium was analyzed using a phenol-hypochlorite
method (Harwood and Kihn, 1970). Nitrite was analyzed using the Griess reagent (Griess,
1879), a second reagent was prepared using vanadium chloride (VCls) to reduce nitrate into
nitrite, allowing nitrate determination (Cecchini and Rocchina Caputo, 2012). Alkalinity was
measured using the colorimetric bromophenol blue/formic acid method (Sarazin et al., 1999).
A third pore-water aliquot was acidified with HNO3z and analyzed by ICP-AES (Thermo
Scientific iCAP 6300 Radial) to measure sodium (Na), dissolved Mn, Fe and P for further
analyses. The salinity was calculated from the Na measurements (Thibault de Chanvalon et al.,
2015).

2.4.2 Physical sampling and processing

The sediment resulting from the centrifugation was frozen for solid-phases analyses.
Within one week, samples were freeze-dried, weighed again to calculate the porosity. Aliquots
were kept for ascorbate-extraction of the reactive solid-phases for further studies.

Granulometry analysis was carried out on the first centimeter of the sediment from April
2017 to March 2019 for the three sampling stations. The analyses were conducted using a laser
granulometer MalvernTM Mastersizer 3000 (MMS, Nantes) and data were processed with the
RYSGRAN package in R (R core team). The median grain size (D50) was the main parameter

considered for the analyses in this study.

2.5 Oxygen profiling and modeling in dark conditions

One extra core from the station C was used to perform profiles of O, using a
microelectrode to quantify oxygen penetration depth (OPD, mm) and dissolved oxygen uptake
(DOU, nmol cm s1). Sediment oxygen profiles were measured in Angers laboratory the day
after sampling, in dark conditions (i.e. aerobic mineralization) with a Clark electrode (50 pum
tip diameter, Unisense ®, Denmark). A motorized micromanipulator was used to measure O
concentration profiles along the sediment core using 100 um steps. Each oxygen profile was
repeated 5 to 10 times (with 5 minutes intervals) to confirm the stability of the O, gradient. The

average of ~ 10 profiles was used to calculate the OPD and DOU, using PROFILE software
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(Berg et al., 1998). The two boundary conditions used for the calculations corresponded to the
overlying water oxygen concentration and the zero flux at the bottom of the oxic zone. The bulk
sediment molecular diffusion coefficient (Ds) was estimated according to DS = ¢2D0 (Ullman
and Aller, 1982) where ¢ was the sediment porosity and DO was the diffusion coefficient in

water at in situ temperature (Li and Gregory, 1974).

2.6 NDVI sampling and processing

Microphytobenthos (MPB) was monitored from April 2017 to July 2019. The NDVI
(Tucker, 1979) was used as a proxy of MPB chlorophyll a, which itself is often used as a proxy
for MPB biomass (Méléder et al., 2003b; Forster and Jesus, 2006; Benyoucef et al., 2014).
Chlorophyll a is an ubiquitous pigment found in all MPB organisms. The NDVI is calculated
using the following formula:

NDVI = (R7so - Re73) / (R750 + Re73)
R7s0 is the reflectance at 750 nm in the near infrared (NIR) and Re73 is red reflectance of
chlorophyll aat 673 nm (Bargain et al., 2012). The sediment surface was sampled at each station
and brought back to Nantes laboratory to be analyzed the day after to avoid potential migration
effects. Finally, from 5 to 8 punctual measurements where performed on the sediment surface
of the 3 stations with a spectroradiometer in the range of 400 nm to 900 nm (Flame 3

spectroradiometer (OceanOptics)).

2.7 Biological parameters

2.7.1 Microphytobenthos species sampling and processing

Microphytobenthos biodiversity was analyzed monthly at the station B from April 2017
to July 2019. The topmost 2-mm of sediment (where the majority of the MPB was present) was
frozen using liquid nitrogen according to the contact—coring method (Ford and Honeywill,
2002). Samples were brought back to the laboratory and stored at -80 °C before taxonomic
identification and cells counting. Diatom cells were prepared following a protocol adapted from
(Ribeiro, 2010). Diatom cells identification and counting were performed by microscopic
observations at a 200x or 400x magnification (Zeiss Axioskop 50 microscope) based on
morphological criteria (Hillebrand et al., 1999; Méléder et al., 2003b; Ribeiro, 2010; Harrison
et al., 2015). A minimum of 100 frustules was counted per sample. The occurrence (relative
abundance) per diatom species was used. The temporal variability of diatom species was
designed using different shape and size classes (Hillebrand et al., 1999; Ribeiro, 2010; Harrison

et al., 2015). Diatom shape and size seem to be important factors influencing the predation by
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the foraminifera (Lopez, 1979; Austin et al., 2005; LeKieffre et al., 2018a). The dominant
diatom species (> 5 % of the assemblage) was selectionned to perform predator (foraminifera)-
prey (diatoms) temporal relationships analyses. The life-forms (epipelic (moving cells),
epipsammic (sand-fixed cells), pelagic (planktonic) and epiphytic (attached on seagrass)) of

each diatom species were determined according to (Méléder et al., 2007; Ribeiro, 2010).

2.7.2 Foraminiferal sampling and processing

Foraminiferal specimens were sampled monthly from March 2016 to October 2019 (38
sampling date). One sediment core per station was collected each month, excepted in: August,
November and December 2017, and in February, August and September 2019, where the
sampling campaigns could not be carried out. The uppermost centimeter of the sediment core
(diameter 8.2 cm) was used to analyze foraminiferal assemblage composition. Then, the
foraminiferal densities (i.e absolute abundances) were standardized and expressed as
individuals per 50 cm™ (Schonfeld et al., 2012). Directly after collection, the first centimeter of
the cores was sliced and stored in bottles with 95% ethanol containing 2 g L™! of Rose Bengal
stain. The sediment slices were then washed and sieved (using a 350, 150, 125 and 63 pm
meshes). The > 150 um fraction was examined under a stereomicroscope (Leica S9i, 10x
magnification). Only specimens colored in pink (with the exception of the last chamber) were
considered as living cell at the sampling date. Foraminifera were placed in micropaleontological
slides and identified using morphological criteria. The 125 pum and 63 um fractions were not
analyzed, thus this study did not include juvenile forms, which are rarely found in the 150 um
fraction. This limitation should be considered when interpreting temporal dynamics (Murray
and Alve, 2000; Richirt et al., 2020). All living specimens were taxonomically assigned with
the exception of high density samples (i.e. > 300 individuals), which were micro—split with an
Otto Microsplitter. The micro splitter allows to reduce equitably the amount of individual to a
manageable numbers of cells and therefore save time for the identification (Alve and Murray,
2001). Scanning electron microscopy (SEM) images of the dominant species were taken with
a Zeiss EVO LS10 at low vacuum (50Pa).

2.8 Data analyses

2.8.1 Permutational multivariate analysis of variance (PERMANOVA)

The NDVI values and the foraminiferal densities were subjected to a 3 factors mixed
model PERMANOVA (stations, months and years) with a Monte Carlo test (Anderson et al.,

2008). This analysis will test whether NDVI values and foraminiferal species density
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significantly differed spatially (i.e. among stations) and temporally (i.e. months and years). The
Bray-Curtis distance was used for foraminifera and the Euclidean distance for the
environmental parameter NDVI. The PERMANOVA model was performed with the VEGAN

package on R version 4.0.2 (R core team).

2.8.2) Canonical Correspondence Analysis (CCA)

A canonical correspondence analysis (CCA) was performed to characterize the
preferential ecological environments of the foraminiferal species. The analysis was conducted
with the PAST software (paleontological statistics, 3.08, (Hammer, 2001)) To determine the
foraminiferal spatiotemporal dynamics, dominant foraminiferal species (with relative
abundance > 5 %) and 14 environmental parameters were considered. The environmental
dataset includes: 1) hydrodynamism and meteorological parameters (discharge, rainfall,
temperature, tidal coefficient, porosity, salinity, granulometry), 2) OM remineralization activity
(alkalinity, OPD, DOU), 3) pore-waters nutrients (DRP, NH4", NO3z", NO>"), 4) proxy of the
MPB biomass (NDVI). To perform the analysis, the foraminiferal densities were square root
transformed, whereas environmental parameters were centred and standardized per station as
follow: (x - mean x)/ sd. In which x is the value of the variable in one station, mean X is the
mean of the same variable among each station and sd is the corresponding standard deviation.
The center and the standardization of the parameters allowed to obtain a dataset of independent

variables having the same mean and dispersion and therefore the same weight in the ordination.

2.8.3 Distance-based linear model (DistLM)

The distance-based linear model (DistLM) routine was conducted using the software
PRIMER v.6.0.2 (Clarke and Gorley, 2006) with the PERMANOVA add-on (Anderson et al.,
2008). The DistLM model was used to determine which diatom species predict the temporal
variation of foraminiferal species. In other words, we used the DistLM model to investigate
which diatom species were preferentially feed by foraminiferal species and could explain their
temporal variability. The foraminiferal species densities were square root transformed followed
by the generation of a Bray-Curtis similarity matrix. The Akaike Information Criterion (AIC)
and significant p-value (< 0.05) were used to select the “best fit” subset of diatom species. Two
test were generated with the DistLM model: the marginal and the sequential tests. The Marginal
tests analyzed individually the “best fit” subset of diatom species for each foraminiferal species.

The sequential tests analyzed the “best fit” combinations of diatom species for each
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foraminiferal species. Thus, the diatom species selected by the sequential test and not by the

individual test were considered in this study as occasional species.

3. Results

3.1 Spatial and temporal variations of environmental parameters

3.1.1 Physicochemical sediment properties related to the hydrodynamism of the bay

The tidal coefficient registered at each sampling date varied between 50 and 114 (Fig.

2 a). To increase sampling time during the emersion period, the sampling was performed during
high tidal coefficients. Five wind-storm events (> 70 km h™) were recorded by the weather
station during the sampling period; in January, February and March 2017, January 2018 and
March 2019 (black arrows, Fig. 2 a). The Loire river discharge showed large seasonal
fluctuations with an average of 666 + 599 m®s™ (n=46 months) (black line and diamonds; Fig.
3 b). The discharge was characterized by flood events above > 1000 m® s (Fig. 2 b) observed
in February and June 2016, in January, February and March 2018. Below < 500 m® s? the
discharge was in low waters especially from early summer to late autumn (Fig. 2 b). Namely,
the low waters periods occurred from July to December 2016, May to November 17, July to
November 2018 and April to October 2019. The rainfall (grey triangles and dotted line; Fig. 2
b) followed the Loire river discharge fluctuations. The temperature showed a clear seasonal
trend every year (Fig. 2 ¢) with an annual average of 13.5 + 4.8°C (n=46 months). The higher
temperatures were reached from late summer to early autumn (Fig. 2 ¢) coinciding with the low
waters periods and a lower rainfall (Fig. 2 b). The data of the tidal coefficient, Loire river

discharge, rainfall and temperature are available in Annex 1.
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Figure 2: Hydrological and meteorological parameters: (a) the tidal coefficient (grey squares
and grey dotted line) with wind-storm events > 70 km h'* occurring before sampling crop (black
arrows), then (b) the Loire river discharge (m® s™) (black diamonds and black line) with the
monthly rainfall (mm) (grey triangles and grey dotted line) and (c) the monthly air temperature
(T°C) (black triangles). The two large grey squares indicated the separation between years.

The salinity calculated using the 1% cm at each station was: 35.73 + 3.19 (n= 26 months)
at the station A, 35.76 + 2.99 (n= 25 months) at the station C and 36.51 + 2.83 (n= 23 months).
The salinity fluctuated insignificantly among stations, the higher salinity values were observed
from spring to early autumn (Annex 2). The porosity calculated per station indicated: 0.86 +
0.04 (n= 20 months) at the stations A, 0.86 £ 0.03 (n= 20 months) at the stations B and 0.84 +
0.09 (n= 20 months) at the stations C. No significant trends were observed, but lower porosity
values were sometimes observed in spring mostly at the station C (Annex 2). The median grain-
size (D50) measured at each station were: 28.18 + 12.46 um (n=21) at the station A, 25.82 +
3.13 um (n=19) at the station B and 25.01 + 3.30 um (n=13) at the station C. The granulometry

was stable and sometimes showed higher values in winter and spring at the station A. In Annex
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2 are detailed the values of environmental parameters per station (salinity, porosity, D50,
alkalinity, NH4*, NO2", DRP).

3.1.2 Temporal variation of OM remineralization activity

The OM mineralization activity was followed with OPD and DOU measurements
performed in dark conditions. A temporal plot for OPD and DOU is available in Annex 3. The
OPD measured at the station C was 1.52 £ 0.44 mm (n= 22 months) and the calculated DOU
was 36.24 + 15.45 mmol m? d!. The OPD and DOU widely fluctuated temporally and may
tend to show negative trends (Annex 3). Then, alkalinity measured between stations was: 5.50
+1.12 mmol kg (n= 21 months) at the station A, 5.18 + 0.94 mmol kg™ (n=19 months) at the
station B and 5.61 + 0.89 mmol kg (n= 19) at the station C. The alkalinity concentrations
poorly fluctuated between stations. Overall, the higher alkalinity values seemed to be reached

from spring to early autumn (Annex 3).

3.1.3 Spatiotemporal variations of pore-waters nutrients

The pore-waters nutrients measured from the 1t cm depth, widely fluctuated spatially and
temporally. A spatiotemporal plot for each parameter is available in Annex 3. At this stage it
remained difficult to detect spatiotemporal trends. Overall, NO2 concentrations measured per
station were: 0.40 = 0.47 pmol L (n= 21) at the station A, 0.59 + 0.83 pmol L (n= 20) at the
station B and 0.56 + 0.64 umol L (n= 20) at the station C. The NO2 concentrations were low
and closed to the limit of detection, no clear seasonal trend was observed (Annex 3). No NOz
concentration (~ 0 umol L) was detected (data not shown). Ammonium concentrations
measured per station were: 25.38 + 33.19 umol Lt (n= 23) at the station A, 31.12 + 44.06 pumol
L (n=22) at the station B and 24.68 + 32.95 umol L (n= 23) at the station C. The NH4*
concentrations strongly fluctuated spatially and temporally. Higher NH4* concentrations were
observed mostly in autumn and winter (Annex 3). The dissolved reactive phosphorus
concentrations measured per station were: 7.66 + 10.20 pmol L™ (n= 24) at the station A, 7.00
+10.88 pmol Lt (n= 24) at the station B and 6.98 + 10.20 pmol L (n= 24) at the station C.
The DRP concentrations also strongly fluctuated. Higher DRP concentrations were observed

mostly in summer and early autumn (Annex 3).

3.1.4 Spatiotemporal variations of MPB biomass
The NDVI values did not show a clear seasonal trend. The NDVI values highly
fluctuated spatially (details in Annex 4). Average NDVI values at the station A was 0.26 +0.10
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(n=24 months), 0.33 + 0.15 (n= 24 months) at station B and 0.31 = 0.04 (n= 24 months) at
station C. The PERMANOVA test applied on the NDVI values between stations and months
were no-significant (p-value = 0.29 and 0.12, respectively). However, the inter-annual
variations differed, supported by a significant PERMANOVA test between years (p-value =
0.001).

3.2 Spatial and temporal dynamics of biological parameters

3.2.1 Temporal dynamics of the diatom species shapes

At the station B, 29 diatom dominant species (> 5 % of the assemblage) were identified
(details in Annex 5). These diatoms showed seven different shapes according to Hillebrand et
al., (1999), presented in Figure 4. Frustules shape were elongated, “prism on elliptic base” (Fig.
4 @), “prism on parallelogram base” (Fig. 4 b), “cylinder” (Fig. 4 c), “half elliptic prism” (Fig.
4 d) and “cymbelloid” (Fig. 4 €). Two other complex shapes were found: “cylinder + 2 half
spheres” (Fig. 4 f) and “prolate spheroid + 2 cylinders” (Fig. 4 Q).

SIMPLE SHAPES COMPLEX SHAPES
Elongated shapes
(a) Prism on elliptic base (b)Prism on
parallelogram base (¢) Cylinder
(f) Cyvlinder + 2 half spheres
Half shapes
— (€) Cymbelloid
(d) Half elliptic prism (g)Prolate spheroid + 2 cylinders

Figure 4: Summary of the seven diatoms shapes identified in the assemblage. According to
Hillebrand et al., 1999.

Figure 5 shows the temporal dynamics of the seven diatom shapes. The details of the
diatom species per shape is available in Annex 5. Two shapes dominated the diatoms
assemblage: the “prisms on elliptic base” (grey, Fig. 5) and the “prisms on parallelogram base”

(dark blue). The “prisms on elliptic base” (grey, Fig. 5) were composed of Navicula
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meuleumansii (Bory de Saint-Vincent), Plagiogrammopsis vanheurckii ((Grunow) Hasle,
Stosch et Syvertsen), Navicula spartinetensis (M. J. Sullivan et Reimer), Navicula abscondita
(Hustedt), Chaetoceros sp. (Ehrenberg), Staurophora salina ((W.Smith) Mereschkowsky),
Psammodictyion sp. (Kelly), Plagiotropis seriata ((Cleve) Kuntze), Entomoneis paludosa ((W.
Smith) Reimer), Planothidium septentrionalis ((dstrup) Round & Bukhtiyarova), Navicula cf
flagellifera (Hustedt) and Plagiotropis vanheurckii (Grunow in Van Heurck). The occurrence
of the “prisms on elliptic base” shape fluctuated temporally, reaching up to 70% of the
assemblage in spring and summer and seemed to be less representative in autumn and winter.
The “prisms on parallelogram base” (dark blue, Fig. 5) were composed of Gyrosigma limosum
(Sterrenburg & Underwood), Gyrosigma fasciola ((Ehrenberg) J.W.Griffith & Henfrey),
Gyrosigma wansbeckii ((Donkin) Cleve), Pleurosigma formosum (W.Smith), Pleurosigma
angulatum ((Queckett) W. Smith), Nitzschia cf distans (W.Gregory), Nitzschia cf aequorea
(Hustedt), Nitzschia maxima (Grunow) and Cymatosira belgica (Grunow). The occurrence of
the “prisms on parallelogram base” shape seemed to alternate with the previous shape (Fig. 5).
Thus, the “prisms on parallelogram base” shape was more representative of the assemblage (up
to 80 %) in autumn and winter. Then, other shapes were less representative of the diatom
assemblage. The “cylinder” shape (green, Fig. 5) was composed of two species: Thalassiosira
sp. (Cleve) and Melosira sp. (C.Agardh). This shape was observed mainly in spring and autumn
reaching up to 20% of the assemblage. The “half elliptic prism” shape (orange, Fig. 5) was
composed of Eutonogramma dubium (Hust) reaching until 6 % of the shape assemblage. This
shape was not observed in winter. The “cymbelloid” shape was composed of Halamphora sp.
((Cleve) Mereschkowsky). This shape was poorly represented on the assemblage, reaching the
6 % in spring. Overall, this shape was not observed in autumn and winter. The “cylinder + 2
half spheres” shape (light blue, Fig. 5) was composed of Podosira stelligera ((Bailey) A. Mann)
and Skeletonema sp. (Greville). This shape was poorly represented in the assemblage, reaching
up to 8 % in late autumn and spring. Overall, this shape was not observed in winter. Then, the
“prolate spheroid + 2 cylinders” (pink, Fig. 5) shape was composed of Cylindrotheca sp.
(Rabenhorst). This shape did not show clear trend, it composed the 11% of the shape

assemblage in spring 2018, and was also observed in early autumn.
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Figure 5: Temporal variations of the seven diatoms shapes obtained from the species
(abundance > 5 % of the assemblage) at the station B.

3.2.2 Spatiotemporal dynamics of foraminiferal species density

The dominant foraminifera identified were Ammonia sp. T6. (Hayward et al., 2004;
Richirt et al., 2019), Haynesina germanica (Ehrenberg, 1840), Elphidium oceanense (D'
Orbigny in Fornasini, 1904), “Elphidium excavatum” complex species from Darling et al.,
(2016) and Elphidium selseyense (Heron-Allen and Earland, 1911, “Elphidium excavatum”
complex species from (Darling et al., 2016)) (Figure 6).
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Figure 6: Scanning Electronic Microscope images of the dominant foraminiferal species(a)
Ammonia sp. T6, (b) Haynesina germanica, (c) Elphidium oceanense and (d) Elphidium
selseyense found at “La Coupelasse” in the Bourgneuf Bay mudflat (France) (> 150 um). The
scale bar indicates 100 pm.

The spatial variation of the foraminiferal species densities between station was not
supported by a significant PERMANOVA test (Ammonia sp. T6 (p-value = 0.08), Haynesina
germanica (p-value = 0.94), Elphidium oceanense (p-value = 0.27) and Elphidium selseyense
(p-value = 0.19)). Nevertheless, these species densities showed significant temporal variation
per month and year. Significantly fluctuations were observed for Ammonia sp. T6 (p-value =
0.001 for both parameters) and Elphidium oceanense (p-value = 0.001 and 0.001 for month and
year, respectively) as well as for Elphidium selseyense (p-value = 0.002 and 0.001 for month
and year, respectively), but not for Haynesina germanica which varied only monthly (p-value
=0.001) not yearly (p-value = 0.71).

Ammonia sp. T6 spatiotemporal dynamics (Fig. 7 a) indicated high density events >
600 ind. 50 cm (indicated by black arrows in Fig. 7 a). In 2016 two high density events were
observed: in spring 2016 (March and May) and in autumn 2016 (October and November)). In
2017 one high density event was observed in autumn (September and October). In 2018 two

high density events were observed: in winter (February) and in late summer 2018 (August).
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However, no high density event was observed in 2019. Also Haynesina germanica
spatiotemporal dynamics (Fig. 7 b) indicated high density events > 600 ind. 50 cm™ (indicated
by black arrows in Fig. 7 b). Haynesina germanica showed the same high density events than
Ammonia sp. T6. In spring 2016 two high density events were observed: in spring (March) and
autumn (November). Similarly, in 2017 one high density event was observed in autumn
(September). In winter 2018 two high density events were observed: in winter (February) and
late summer (August) 2018. However, in 2019 one high density event was observed in summer
(July). Elphidium oceanense spatiotemporal dynamics indicated globally low density (Fig. 7 c).
One high density event (> 600 ind. 50 cm™, Fig. 7 ¢) was observed each year in autumn: in
September 2017, in late August 2018, in October 2019, however, in autumn 2016 no high
density event was observed. Elphidium selseyense density was very low (< 100 ind. 50 cm,
Fig. 7 d) compared to the other species (see the lower scale, Fig. 8 d). Elphidium selseyense
spatiotemporal dynamics indicated density events (> 100 ind. 50 cm™, Fig. 7 d) each year in
spring and summer: in May, July and August 2016, from May to July 2017, from May to August
2018, however no density event was observed in 2019. Annex 6 presents the dominant
foraminiferal species density (ind. 50 cm > 150 pm) from March 2016 to October 2019

sampled at the three station.
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Figure 7: Spatiotemporal dynamics of the four dominant foraminiferal species (ind. per 50
cm 3, > 150 um) Ammonia sp. T6 (a), Haynesina germanica (b), Elphidium oceanense (c) and
Elphidium selseyense (d). Different line patterns represent the three sampling stations: stations
A (in black with black circles), B (in grey with a grey squares) and C (in black dotted line with
black triangles). The black arrows indicate the high density events > 600 ind. cmfor Ammonia
sp. T6, Haynesina germanica, Elphidium oceanense and > 100 ind. 50 cm™ for Elphidium
selseyense. Note that the density scale of Elphidium selseyense is lower than the scales of the
other species. The cross indicates no available data. The grey boxes separate the different
years.

3.3 Ecological preferences of the foraminiferal species

3.3.1 Environmental parameters driving the spatiotemporal foraminiferal
dynamics

The canonical correspondence analysis (Fig. 8, database in Annex 7) provided

information on the spatiotemporal dynamics of foraminiferal species in relation with the
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environmental parameters. The factorial plan of the CCA axes used the scale type 1 of Legendre
and Legendre (1998), gathers 93 % of the total variance (axis 1, eigenvalue = 0.04, variance =
51 %; axis 2, eigenvalue = 0.03, variance = 42 %). The significance of both axes using the
Monte Carlo permutation test (n = 999) for both axes was significant (p < 0.001). The CCA
discriminated clearly the environmental variables (vector arrows) (Fig. 8). The sampling dates
of the three stations (A (black circle), B (grey square) and C (white triangle)) were not separate
but indicated a single set. Three main foraminiferal preferential environments were identified.
Ammonia sp. T6 and Haynesina germanica were negatively correlated with both axes,
Elphidium oceanense was correlated negatively with the axis 1 and positively with the axis 2,
whereas Elphidium selseyense was correlated positively with both axes. Firstly, the
spatiotemporal dynamics of Ammonia sp. T6 and Haynesina germanica were mainly related to
parameters linked to the hydrodynamism of the bay and winter conditions (i.e. discharge,
rainfall, D50) and a higher OPD. Secondly, the spatiotemporal dynamics of Elphidium
oceanense was mainly related to high salinity, then by high NH4* concentrations and higher
NDVI values. Thirdly, the spatiotemporal dynamics of Elphidium selseyense was mainly
related to high temperature then by parameters reflecting OM remineralization activity (i.e.
alkalinity and DOU).
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Figure 8: Canonical correspondence analysis (CCA) biplot summarizing the effects of the
environmental parameters on the foraminiferal spatiotemporal dynamics (sqrt ind. 50 cm).
The environmental parameters are composed of: 1) parameters linked to the hydrodynamism
and meteorology in blue (discharge, rainfall, temperature, tidal coefficient, porosity, salinity,
granulometry), 2) OM remineralization activity in red (alkalinity, OPD, DOU), 3) pore-waters
nutrients in orange (DRP, NH4", NOs", NO2"), 4) proxy of the MPB biomass in green (NDVI).
The sampling dates were represented for the three stations: station A (black circle), station B
(grey square) and station C (white triangle). The foraminiferal species are indicated with a
star; Ammonia sp. T6 (AT), Haynesina germanica (HG), Elphidium oceanense (EO) and
Elphidium selseyense (ES). The first two axes support 51 % (axis 1) and 42 % (axis 2) of the
variables information. To facilitate the reading of the CCA dotted frames show the coordinates
of the CCA axes for Elphidium selseyense (ES) and Elphidium oceanense (EO). The details of
the CCA with sampling dates is available in Annex 7.

3.3.2 In situ temporal variability of the foraminiferal species—specific diatoms food
preferences

Foraminiferal species density responded specifically to the changing environmental
parameters of the Bourgneuf Bay (Fig. 8). The results of the DistLM model were presented in
Figure 9 (detailed in Annex 8). The “best fit” explanatory diatom species were designed with
their shapes (see Figure 5). Their size classes were also represented according to Ribeiro et al.,
(2010): “small” (<250 pm), “medium” (250-1000 pm) and “large” (> 1000 pm).

The DistLM analysis highlighted 16 “best fit” diatom species explaining foraminiferal

temporal dynamics (Figure 9). Most of these “best fit” diatom species were represented by two
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shapes “prism on elliptic base” and “prism on parallelogram base”, the most common shapes
found in the diatoms assemblage (Fig. 5). The temporal dynamics of these 16 “best fit” diatom
species are available in Annex 8. Ammonia sp. T6 (Fig. 9 a) was characterized by 6 “best fit”
diatom species (Navicula spartinetensis, Pleurosigma formosum, Gyrosigma Fasciola,
Pleurosigma angulatum, Cymatosira belgica and Thalassiosira sp.), showing various simple
elongated shapes “prism on elliptic base”, “prism on parallelogram base”, “cylinder” and all
size classes “small, medium and large”. Haynesina germanica (Fig. 9 b), was characterized by
3 “best fit” diatom species (Pleurosigma formosum, Navicula cf flagellifera and Plagiotropis
vanheurckii), showing specifically two simple elongated shapes “prism on elliptic base”, “prism
on parallelogram base” and only large size class. One occasional large “prism on parallelogram
base” species was found (Nitzschia cf distans; in grey, Fig. 9 b). Conversely, Elphidium
oceanense (Fig. 9 c¢) was characterized by 8 “best fit” diatom species (Thalassiosira sp.,
Skeletonema sp., Plagiotropis vanheurckii, Eutonogramma dubium, Navicula cf flagellifera,
Podosira stelligera, Gyrosigma wansbeckii and Plagiogrammopsis vanheurckii) showing the

29 6

most various shapes: simple elongated shapes “prism on elliptic base”, “prism on parallelogram
base”, “cylinder”, “half elliptic shape” and a complex shape “cylinder + 2 half spheres”.
Moreover, all sizes classes were represented. Two occasional large “prism on elliptic base”
species were found (Navicula spartinetensis and Entomoneis paludosa; in grey, Fig. 9 c).
Elphidium selseyense (Fig. 9 d) was not characterized by a “best fit” diatom species, any species
was significant. However, one occasional large “prism on elliptic base” species (Navicula
abscondita) was found. Some “best fit” diatom species were not exclusive and were shared by
two foraminiferal species as: Pleurosigma formosum shared by Ammonia sp. T6 and Haynesina
germanica, Thalassiosira sp. and Navicula spartinetensis shared by Ammonia sp. T6 and
Elphidium oceanense, finally Plagiotropis vanheurckii and Navicula cf flagellifera were shared
by Haynesina germanica and Elphidium oceanense. The temporal dynamics of the 16 diatom

species is detailed in Annex 9.

176



Chapter 3

(a) Ammonia sp. T6

) ) ) (b) Haynesina germanica
Navicula spartinetensis (L)

é Pleurosigma formosum (L)
Navicula cf flagellifera (L)

Pleurosigma formosum (L) Gyrosigma fasciola (L) g

Plagiotropis vanheurckii (L)

Pleurosigma angulatum (L) Thalassiosira sp. (M) Nitzschia cf distans (L)

Cymatosira
belgica (S)

Elphidium oceanense

Plagiogrammopsis Gyrosigma wansbeckii (L)

Thalassiosira sp. (M) vanheurckii (M)
Podosira Entomoneis paludosa (L)
stelligera (L) i
Navicula cf flagellifera (L)

é Plagiotropis vanheurckii (L)
Skeletonema sp. (S) G Navicula spartinetensis (
] Eutonogramma dubium (L) é Legend:
-

(d) Elphidium selseyense

Medium (M)
Navicula abscondita (L)
@ : 7/ Small (S)

Figure 9: The foraminiferal species—specific diatoms food preferences found by the DistLM
model; (a) Ammonia sp. T6, (b) Haynesina germanica, (c) Elphidium oceanense and (d)
Elphidium selseyense. The “best fit” diatom species (in bold) were designed according to their
shape (details in Figure 5) and their size (S= small, M= medium and L= large). The species
indicated in grey are considered occasional species.
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4. Discussion

4.1 Taxonomy of the dominant foraminiferal species in the Bourgneuf Bay

The dominant foraminiferal species identified at the sampling stations were Ammonia
sp. T6, Haynesina germanica, Elphidium oceanense and Elphidium selseyense (Fig. 6). The
morphospecies Ammonia tepida previously identified in the Bourgneuf Bay (Debenay, 1978;
Debenay and Guillou, 2002; Morvan et al., 2004; Debenay et al., 2006) is composed of 3
different phylotypes which are not closely related genetically and can be considered as three
pseudocryptic species. These common phylotypes in the French Atlantic coast are Ammonia sp.
T1, T2 and T6 (Hayward et al., 2004; Schweizer et al., 2011; Richirt et al., 2019; Bird et al.,

2020). Ammonia sp. T6 dominates in the Loire estuary with 90 % relative abundance and
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Ammonia sp. T1 represent the remaining 10 % (Richirt, 2020). Two important morphological
criteria distinguish T1 from T6; the average pore diameters and the suture elevation (Richirt et
al., 2019). Ammonia sp. T1 is described with intermediate pores and raised sutures whereas
Ammonia sp. T6 (Fig. 6a) has large pores and flush sutures (Richirt et al., 2019). The two
phylotypes were not discriminated systematically in the current study, even if some samples
were punctually observed at the different sampling sites to assess the general ratio between the
two phylotypes. It was estimated that Ammonia sp. T1 represented less than < 5 % in the
samples and can be considered as a minor species and therefore can be included in the Ammonia
sp. T6 counts. Ammonia sp. T6 is a typical intertidal species (e.g. mudflat, marshes and brackish
lakes) present in Europe and East Asia (Hayward et al., 2004; Schweizer et al., 2011; Lintner
et al., 2019; Richirt et al., 2020; Bird et al., 2020).

Haynesina germanica (Ehrenberg, 1840; genetic type S16; Darling et al., 2016) is
described with a rounded test, with slightly lobate periphery, densely scattered pores, without
sutural bridges, and an umbilical area covered by irregular papillae (see Fig. 6b). Haynesina
germanica is a typical intertidal species, abundant in transitional environments at temperate
latitudes as in the Bourgneuf Bay mudflat (Ellison, 1984; Cearreta, 1988; Alve and Murray,
2001; Debenay, 1978; Debenay and Guillou, 2002; Debenay et al., 2006; Armynot du Chatelet
et al., 2004; Morvan et al., 2006; Cesbron et al., 2016; Mojtahid et al., 2016; Saad and Wade,
2017).

Two phylotypes of the “Elphidium excavatum” species complex (Pillet et al., 2011;
Darling et al., 2016) are found in the Bourgneuf Bay: Elphidium oceanense (genetic type S3,
Darling et al., 2016) and Elphidium selseyense (genetic type S5, Darling et al., 2016). Elphidium
oceanense (d’Orbigny in Fornasini, 1904) has an inflated test with coarse pores, long and
irregular sutural bridges, a large umbilical area covered by irregular and coarse bosses (see Fig.
6¢). This morphospecies was identified in the Bourgneuf Bay by LeKieffre et al., (2017),
Jauffrais et al., (2018), and in the Loire estuary by Durand (2017). In previous studies,
Elphidium oceanense does not appear in the foraminiferal assemblages of the bay and near areas
(Debenay, 1978; Debenay and Guillou, 2002, Morvan et al., 2004; Debenay et al., 2006;
Mojtahid et al., 2016). Indeed, this morphospecies have been identified with the species name
Elphidium gunteri, as shown by the SEM image in Debenay, (1978). Elphidium gunteri was
first described in Florida (Cole, 1931), and it is therefore preferable to use the name E.
oceanense which was described in Europe (d’Orbigny in Fornasini, 1904) and encountered in

shallow intertidal to subtidal waters (Darling et al., 2016; Jauffrais et al., 2018).
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Elphidium selseyense (Heron-Allen and Earland, 1911; genetic type S5 in Darling et al.,
2016) has a moderately inflated test with relatively coarse and densely scattered pores,
depressed sutures and an umbilical region covered by a few umbilical knobs (see Fig. 6d). This
species was identified in the Bourgneuf Bay by LeKieffre et al., (2017) and Jauffrais et al.,
(2018). In previous publications, Elphidium selseyense did not appear in the foraminiferal
assemblages of the bay and near areas. Before the study of Darling et al., (2016), Elphidium
selseyense was referred as Elphidium excavatum forma selseyensis (Feyling-Hanssen, 1972;
Pillet et al., 2013). Elphidium excavatum also known as Cribroelphidium excavatum (Terquem,
1875) was identified in the Loire estuary (Mojtahid et al., 2016; SEM image available in
Durand, 2017), Gulf of Morbihan (Redois, 1996), Vie estuary (Debenay et al., 2006),
Bourgneuf Bay (Debenay and Guillou, 2002; Morvan et al., 2004). SEM images for each study
are required to harmonize the species assignments and avoid species confusion according to the
different authors. Elphidium seleyense is a widespread and opportunistic species found in

shallow intertidal waters in temperate latitudes (Darling et al., 2016; Jauffrais et al., 2018).

4.2 Spatial distribution and population dynamics of foraminiferal species in the
“confined waters” concept

4.2.1 Spatial distribution of foraminiferal species

The spatial distribution of benthic foraminifera species in the Bourgneuf Bay has been
subject of several previous studies, especially by Debenay (Debenay, 1978; Debenay et al.,
2000; Debenay and Guillou, 2002). The assemblage at the “La Coupelasse” site was composed
of four dominant species. These species are typical of “confined" transitional environments.
Indeed, their distributions depend both on a longitudinal marine-to-freshwater gradient and on
a vertical water-to-land gradient (Debenay and Guillou, 2002). The “La Coupelasse” site was
characterized by muddy (coarse silt) sediments (Annex 3) and located in the upper middle part
of the bay (Fig. 1b; Fig. 10). Ammonia tepida and Haynesina germanica were the two dominant
species during the monthly survey, showing one or two high density events at contrasting
hydrological and meteorological periods (Fig. 7). Therefore, these two species would be present
at an optimal site where they could develop at two different seasons: in a winter period
(characterized by high hydrodynamism and continental freshwater inputs) and in early
autumnal period (characterized by lower hydrodynamism and more marine influence) (Fig. 7).
Conversely, Elphidium selseyense and Elphidium oceanense indicated one event or short period
of high density, in spring and autumn, respectively (Fig. 7). The hypothesis established by

Debenay and Guillou, (2002) suggests that the Elphidium are species indicating a marine
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influence (Fig. 10). Therefore, these two Elphidium species would be located at a site where
they could be less privileged, explaining their almost absence during periods under the influence

of the Loire river discharge (e.g. decreasing the salinity of the bay).

Temperate Atlantic meso- to macrotidal environments
Trochammina inflata

La Cc slasse Jadammina macrescens
« La Loupcelasse Arenoparrella mexicana

Haplophragmoides wilberti|
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Figure 10: Distribution of the dominant species in the Bourgneuf Bay mudflat and the
hypothetical location of the “La Coupelasse” site dominated by Ammonia tepida,
Cribroelphidium gunteri and Haynesina germanica according to Debenay and Guillou, (2002).
According to the new taxonomy Cribroelphidium excavatum is the previous name of Elphidium
selseyense, then Cribroelphidium gunteri is the previous name of Elphidium oceanense.
Modified from Debenay and Guillou, (2002).

In ecological studies it is crucial to assess the patchiness of benthic foraminifera at
decameter scale (~ 10 m) to characterize correctly the intra variation of the sampling site
(Valiela, 1995; Murray and Alve, 2000; Buzas, 2015; Debenay et al., 2000, 2006; Armynot du
Chatelet et al., 2017). A low spatial variability was observed at decameter scale (surface area ~
43 m? (area = (V3/4) x 10?), Fig. 1 c) for foraminiferal species density between the three
sampling stations (see Results section 3.2.2, Fig. 7). The patchiness observed at some sampling
dates as September and October 2017 (Fig. 6) might be promoted by sediment surface
heterogeneity (e.g. grazing, mud ripples, MPB biomass, bioturbation). The spatial distribution
of benthic foraminiferal species allowed to contextualize the study site through the concept of

“confine waters”. However, the population dynamics of these species remain unclear.

4.2.3 Population dynamics

The increase of peaks in foraminiferal species densities observed in this study (Fig. 7)
was interpreted as reproductive events, whereas the decrease in density was interpreted as
mortality of specimens (Alve and Murray, 2000). The observation of population dynamics was
limited to the adult stage > 150 um. Therefore, a time lag potentially occurred between the
reproductive event and the observed adult stage. This time lag is challenging to determine in

situ and experimentally because foraminiferal life cycle (i.e. propagules, juveniles, adult stages)
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is species-specific and several environmental factors can impact reproduction events (i.e. food
source, hydrodynamism, pollution; (Walton, 1955; Ellison, 1984; Erskian and Lipps, 1987,
Alve and Murray, 1994; Murray and Alve, 2000; Langezaal et al., 2003; Alve and Goldstein,
2003; Ernst et al., 2006). In this study we considered adult specimens, and consequently a
complete view of the growth cohorts was not possible. Besides, previous population dynamics
studies using growth cohorts, reported difficulties in following accurately species life cycle
(Myers, 1943; Murray and Alve, 2000; Richirt, 2020). A possible way would be to study the
ontogenetic rate of a species under controlled experimental conditions. The ontogenetic rate of
Ammonia tepida is studied experimentally by (Stouff, 1998). The multiplication of loges is
rapid at the beginning of ontogeny: in less than two weeks it grows from the proloculus stage
(1 loge) to the juvenile stage (~ 8-9 loges) at which stage the test size can reach up to 100 pm.
However, the adult stage with maximal size is reached in 3 months (~ 14-20 loges).
Consequently, a reproductive event with specimens > 150 um would be possible within a
month. Moreover, in intertidal environments an increased density response of adult
foraminifera is supposed to be around 1 month (Boltovskoy and Lena, 1969; Morvan et al.,
2006; Debenay et al., 2006). Consequently, we hypothesized that the high density events
observed in this study (Fig. 7) were rapid responses to a reproductive event that occurred from
1 to 3 month before the observation.

Ammonia sp. T6 and Haynesina germanica were the two main species of the assemblage
(Fig. 7). Other studies, have previously reported the presence of these two species all year round
(e.g. (Jones and Ross, 1979; Cearreta, 1988; Basson and Murray, 1995; Gustafsson and
Nordberg, 1999; Murray and Alve, 2000). At our sampling site, Ammonia sp. T6 and Haynesina
germanica showed similar spatiotemporal dynamics (Fig. 7). However, they did not show a
clear yearly cyclicity of high density events. This was observed in several intertidal areas for
Ammonia tepida (Murray and Alve 2000, 2001; Alve and Murray, 1994; Morvan et al., 2006,
Debenay et al., 2006; Saad and Wade, 2017), and Haynesina germanica (Ellison 1984; Santofia
estuary, Cearreta, 1988; Alve and Murray, 2001; Morvan et al., 2006, Debenay et al., 2006;
Saad and Wade, 2017; Cesbron et al., 2016). At “La Coupelasse” site, these species indicated
one or two high density events at contrasting hydrological and meteorological periods (Fig.7).
The late winter/early spring high density events did not occur each year. We hypothesized that
there was a dual response to high hydrodynamism and winter meteorological conditions:
foraminiferal faunas might respond with strongly increased mortality (2017 and 2019, Fig. 7),
and/or with accelerated reproduction (2016 and 2018, Fig. 7). This dual response was also

suggested in relation to oil-induced pollution in the Bourgneuf Bay by Ernst et al., (2006). Then,
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we suggest that the high-density events were due to reproduction (asexual or sexual) of the
specimens in situ but instead due to a contribution of propagules transported by the currents
from the Loire estuary, where these species are also present (Mojtahid et al., 2016). It is possible
that the propagules could find more suitable conditions for their development in the bay (Alve
and Goldstein, 2003). Another explanation could be the lower sampling frequency during the
year 2019 with a consequent miss out of the reproductive event (Fig. 7). In late summer/early
autumn, the hydrodynamism was lower, indicating a period more favorable for the reproduction
of specimens and also for the development of dormant propagules. Conversely, Elphidium
selseyense and Elphidium oceanense indicated one event or short period of high density, in
lower hydrodynamism and summer conditions periods (Fig. 7), indicating a higher marine
influence (Debenay and Guillou, 2002; Fig. 10). The temporal dynamics of Elphidium
oceanense is poorly known. The reproductive event of Elphidium oceanense was almost
synchronous with those shown by Ammonia sp. T6 and Haynesina germanica. However, we
noticed the absence of reproduction event in autumn 2016 (Fig. 7), suggesting that Elphidium
oceanense could be linked to other environmental parameters. Elphidium selseyense was not
synchronous with the three previous species (Fig. 7), showing lower densities and reproduction
event in spring. As for Elphidium oceanense, the temporal dynamics of Elphidium selseyense
in intertidal areas is poorly known. Jones and Ross, (1979) described the same seasonal
reproduction events in spring/early summer at the Samish Bay (Washington). In the
Grevelingen lake submitted to anoxic events (the Netherlands, Richirt et al., 2020), Elphidium
selseyense shows a complex spatiotemporal distribution and the dominance of Elphidium
selseyense over Ammonia sp. T6 would not come from its ability to withstand anoxia but it
rather be linked to the availability of food source.

4.3 Environmental parameters driving the spatiotemporal foraminiferal dynamics at
« La Coupelasse » site
4.3.1 Environmental parameters influencing the spatiotemporal variability of the
MPB biomass
The average NDVI values found at the three sampling stations matched with typical
values (~ 0.30) found in the Bourgneuf Bay (Méléder et al., 2005; Beyoucef et al., 2014). At
decimeter scale, the spatial heterogeneity of the MPB biomass fluctuated widely at each station
(result part 3.1.4), as observed in previous studies (Méléder et al., 2005; Benyoucef et al., 2014;
Echappé et al., 2018). Indeed, the MPB biomass is influenced by biotic parameters not included

in this study: aggregation of cells (Decho, 2000), vertical migrations of cells (Jesus et al., 2006)
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and grazing (Gooday, 1996; Seuront and Spilmont, 2002). Consequently, the spatial
heterogeneity indicated no significant difference at decameter scale between the three stations
(result part 3.1.4). Indeed, no clear seasonal trend was identified for the MPB biomass (Annex
4), as observed by Méléder et al., (2005).

The multivariate analysis allowed to contextualize the spatiotemporal variability of the
MPB biomass in parallel to other environmental parameters (NDVI, Fig. 8). Previous studies,
indicate that the spatiotemporal variability of the MPB biomass is mainly driven by
temperature, tidal height and sediment structure variations (Seuront and Spilmont, 2002; Jesus
et al., 2005, 2006, 2009; Meléder et al., 2003a, 2005; Brito et al., 2009; Spilmont et al., 2011).
At the “La Coupelasse” site, a high hydrodynamism (i.e. discharge, rainfall, higher mean grain
size, sand events and wind-storms) seemed to reduce NDVI values (Fig. 8). Indeed, a high
hydrodynamism induces adverse conditions, for instance the potential destruction of the
sediment surface by deposition and resuspension (De Jonge and Van Beusekom, 1996;
Benyoucef et al., 2014). Moreover, high temperatures did not impact the development of MPB
biomass (Fig. 8). Indeed, protracted high temperature combined with longer light exposure can
lead to MPB photo-inhibition and a consequent decrease in the total biomass (Jesus et al., 2006;
Cartaxana et al., 2015). Finally, desiccation of the sediment surface (inducing lower porosity,
and higher salinity) might also limit the MPB biomass development, as shown previously
(Guarini et al., 1997; Blanchard et al., 1997; Benyoucef et al., 2014).

The nitrogen uptake is crucial for MPB biomass, especially NOs and NH4*™ (Underwood
and Kromkamp, 1999; Seuront and Spilmont, 2002; Méléder et al., 2007; Oakes et al., 2020).
At the sampling site, NO2~ and NOs™ concentrations were closed to the detection limit or
undetected during the entire sampling period. This would suggest that denitrification was very
high and that NO3z™ was rapidly used by MPB and bacteria (Dalsgaard and Thamdrup, 2002;
Risgaard-Petersen et al., 2003). Ammonium was clearly correlated with the NDVI contrary to
phosphorus (Fig. 8). Ammonium and phosphorus are essential nutrients for benthic primary
producers (Sundbédck and Granéli, 1988; Feuillet-Girard et al., 1997; Deborde et al., 2008;
Oakes et al., 2020). However, this study was limited in the interpretation of these nutrients

which are dependent on diagenetic processes occurring deeper in the sediment.

4.3.2 Synthesis of the environmental parameters driving the spatiotemporal
foraminiferal species dynamics
The Bourgneuf Bay is a semi-enclosed area under marine and fresh waters influences

(Debenay, 1978; Debenay and Guillou, 2002). The multivariate analysis presented in Figure 8
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confirmed the characterization of the parameters related to the hydrodynamism and the
meteorology of the Bourgneuf Bay. The late winter/early spring periods were characterized by
a high winter hydrodynamism, cumulating flood events (high discharge) and a higher rainfall
(Fig. 8). These parameters would induce sediment mixing showed by a higher mean grain size
and punctual sand inputs (Annex 3). The porosity also seemed to be lower (Fig. 8), likely due
to particles mixing (resuspension/deposit). The particles mixing occurring at the sediment
surface could have induced a higher oxygenation and consequent deeper OPD. Then, the river
discharge generated a lower salinity in the surface sediments. These parameters suggested a
sediment instability period, characterizing the dual response of Ammonia sp. T6 and Haynesina
germanica reproductive events previously discussed. The early autumn period was
characterized by a lower hydrodynamism and summer conditions, suitable for MPB biomass
development and the favorable reproductive period for the marine species Elphidium
oceanense, and for Ammonia sp. T6 and Haynesina germanica. Elphidium selseyense
reproductive period differed from the three other species. Late spring/early summer period was
characterized by higher temperature, matching with a higher organic matter aerobic (DOU) and
anaerobic (alkalinity, increasing DRP) processes. Foraminiferal species show diverse
behavioral and alternative metabolisms. However, in this study the foraminiferal sampling (1%
cm depth) did not allow to go further in the interpretations. A vertical micro-distribution study
at contrasted seasons would estimate the foraminiferal species contributions to OM
remineralization and would allow exploration of potential micro-niches deeper in the

sediments.

4.4 In situ trophic model based on the temporal foraminiferal species—specific
diatoms food preferences
4.4.1 Temporal variations of the diatom shapes assemblage

The MPB assemblage at the station B, was composed of 29 dominant diatom species
showing seven diatom shapes (see Results section 3.2.1). The occurrence of these diatom shape
classes fluctuated temporally (Fig. 5). Each shape class was constituted of a set of species
indicating various life-forms (e.g. epipelic, epipsammic, epiphytic, pelagic).

The main diatom life-form found in muddy sediment was epipelic. These moving cells,
located at the sediment surface, are able to perform vertical migration that supports intense
gradients of environmental parameters. Moreover, these cells are localized where the nitrogen
food source is easily assimilated compared to sandy sites (Underwood and Krompkamp, 1999;
Méléder et al., 2007).
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Episammic diatoms species correspond mainly to mixed and sandy sediment. These sediments
are characterize by grains providing greater surface area for epipsammic cells attachment
(Paterson and Hagerthey, 2001). Then, these sediments are related to high physical stress and
various nutrients levels (Underwood and Krompkamp, 1999; Paterson and Hagerthey, 2001;
Méléder et al.,, 2007). Moreover, epipsammic species could indicate a decreasing
photosynthetic active biomass (Méléder et al., 2005; Jesus et al., 2009). Rarely observed in the
assemblage, pelagic species (settling from the water column to the sediment surface) were
identified in the “prism on elliptic base” shape (Chaetoceros sp.), and the complex shape
“cylinder + 2 half spheres” (e.g. Skeletonema sp., Podosira stelligera). Namely, Podosira
stelligera can be also considered as pelagic species (Continuous Plankton Recorder Survey
teams, 2004). Then, the epiphytic life-form was identified in the “cylinder” shape (Melosira
sp.). The pelagic and epiphytic life-forms identified punctually might transported by currents
from another area of the bay.

Diatom life-forms are explained by the hydrodynamism of the Bourgneuf Bay, especially
the granulometry of the sediments (Méléder et al., 2007). A further analysis in progress could
provide additional information on the diatoms assemblage in the view of physicochemical

parameters.

4.4.2 Foraminiferal species-specific diatoms food preferences

The theoretical trophic model suggested in this study aimed to establish possible preferential
temporal relationships between prey (diatoms) and predators (foraminifera). Haynesina
germanica feed preferentially on large "prism on elliptic base™ and "prism on parallelogram
base" shapes. These shapes are also commonly named "pennate” diatoms. The broad and
elongated simple "pointed tip" diatoms might be easier to feed on. Indeed, the ornamented
aperture of Haynesina germanica allows to fracture (i.e. cracking) the diatom frustule to empty
the diatom cellular content towards the foraminiferal cytoplasm (Austin et al., 2005; LeKieffre
et al.,, 2017). Thus, the four identified diatom species eaten by Haynesina germanica
(Pleurosigma formosum, Plagiotropis vanheurckii, Navicula cf flagellifera and Nitzschia cf
distans) were only epipelic forms. We hypothesized that the diatom life-forms might influence
the diet of Haynesina germanica and the other foraminiferal species. The trophic model did not
suggest that Haynesina germanica feeds only on these four species, other species with the same
shape and size could be eaten. As suggested by the metabarcoding study of (Schweizer et al.,
submitted), other diatom forms are identified in the Haynesina germanica microbiome such as:

Pleurosigma spp., Gyrosigma spp. but also unknow diatom sequences.
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Ammonia sp. T6 would prefer to feed on other diatom species such as Navicula
spartinetensis, Pleurosigma formosum, Gyrosigma fasciola, Pleurosigma angulatum, and
Thalassiosira sp. These species showed various sizes (small, medium and large), and elongated
shape with a “pointed tip” but also cylindrical. Ammonia sp. T6 does not break the diatom
frustule, it rather incorporates the entire diatom cell (LeKieffre et al., 2017). The study of
(Schweizer et al., submitted) also identified sequences of Thalassiosira spp. and Gyrosigma
spp. in the Ammonia sp. T6 microbiome as well as unknown diatom species. Ammonia sp. T6
would feed on both epipelic and epipsammic species. This more diverse trophic regime could
indicate that there would be no competition between Ammonia sp. T6 and Haynesina germanica
for the diatom species preferentially eaten.

The consumption of diatoms by Elphidium spp. is poorly known. Elphidium oceanense and
Elphidium selseyense also share ornamentation on the aperture that might function to break
diatom frustules (Austin et al., 2005). Elphidium oceanense shown the most diverse diet,
preferring to feed on species of various sizes and shapes: simple elongated shape with a
“pointed tip"”, cylindrical, and also complex shapes. Moreover, the diatom life-forms were
diverse: epipelic (Gyrosigma wansbeckii, Entomoneis paludosa, Navicula spartinetensis,
Plagiotropis vanheurckii, Navicula cf flagellifera), epipsammic (Plagiogrammopsis
vanheurckii, Eutonogramma dubium, Thalassiosira sp., Podosira stelligera) but also pelagic
species such as Skeletonema sp. and Podosira stelligera. This preference for pelagic forms
could be explained by the preferred marine influence of Elphidium oceanense. Some of these
diatom species are identified in the Elphidium oceanense microbiome as Navicula spp.,
Thalassiosira spp., Entomoneis spp. but also other species present in the bay, such as Nitzschia
spp. and Odontella spp. (Schweizer et al., submitted).

No clear diatom species would explain the temporal dynamics of Elphidium selseyense,
with the only exception of the large pennate form Navicula abscondita. No previous studies
using a metabarcoding approach, inducing a lack of knowledge on this species. A recent study
from (Lintner et al., 2021) analyzed Elphidium excavatum (related to Elphidium selseyense) in
controlled conditions and suggested that this species would prefer to feed on Chlorophyceae
rather than diatoms (soft shell would be easier to feed). In the Bourgneuf Bay, Méléder et al.,
(2007) suggested that Euglenophyceae (soft shell) could be a component of summer diatom
assemblages. The presence of Elphidium selseyense in late spring/early summer period could
corroborate that this species feed preferentially on other microalgae as food source.

5. Conclusion
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This study investigated the monthly spatiotemporal dynamics of the dominant foraminiferal
species in the “La Coupelasse” muddy site of the Bourgneuf Bay (West coast of France). Four
typical intertidal foraminifera dominated: Ammonia sp. T6, Haynesina germanica, Elphidium
oceanense and Elphidium selseyense. No spatial variability at decameter scale was found.
Ammonia sp. T6 and Haynesina germanica showed one or two density events per year. The
winter/early spring period was characterized by a combination of high hydrodynamism and
winter meteorological parameters (i.e. Loire river discharge, wind-storm events, high rainfall,
higher granulometry and lower porosity). The sediment instability would generate a dual
response for Ammonia sp. T6 and Haynesina germanica: mortality versus accelerating
reproduction. Conversely, the density events observed in early autumn were characterized by a
lower hydrodynamism and summer conditions (i.e. low waters of the Loire river, higher
temperature and MPB biomass). This more favourable period for benthic fauna indicated
reproductive events for Ammonia sp. T6, Haynesina germanica and Elphidium oceanense.
Elphidium selseyense reproduced only in spring, suggesting to be driven by other environmental
parameters. Finally, the foraminiferal spatiotemporal dynamics provided accurate information
on the "confined waters™ concept. The foraminiferal temporal dynamics are also driven by their
food source. The ecological in situ trophic model allowed to confirm and complete the prey
(diatoms) — predator (foraminifera) relationships. Haynesina germanica showed a restrictive
diet, feeding on few large elongated epipelic diatom species. Ammonia sp. T6 showed a wider
diatoms diet, feeding on different sizes, elongated shapes and life-forms (epipelic and
epipsammic). Elphidium oceanense presented the most various diet, feeding on different sizes,
simple and complex shapes, and life-forms (epipelic, epipsammic and pelagic). No diatom
species indicated clearly the temporal variability of Elphidium selseyense. Besides, this trophic
model would suggest that foraminiferal species feed preferential on their own diatom species,

inducing no competition for diatom food source.
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Annex 1: Environmental parameters: Tidal (tidal coefficient at the sampling dates), Rainfall
(monthly rainfall (mm)), Discharge (monthly average Loire river discharge (m® s™)), temperature

(monthly air temperature (T°C)).

Months Tidal Rainfall Discharge | Temperature
0116 135 934 8
0216 100 1880 8
0316 78 80 1440 8
0416 50 30 1310 10
0516 106 57 893 15
0616 103 47 1970 17
0716 96 444 19
0816 78 227 20
0916 111 28 206 18
1016 114 32 212 12
1116 105 82 457 10
1216 106 13 531
0117 90 28 409
0217 99 74 783
0317 97 62 1160 11
0417 76 10 529 11
0517 60 48 457 16
0617 102 29 257 19
0717 77 20 178 20
0817 18 143 19
0917 93 51 177 15
1017 77 32 165 15
1117 51 191 9
1217 100 625 8
0118 77 86 2380 9
0218 89 47 2170 5
0318 98 74 1640 8
0418 96 47 1240 13
0518 101 36 713 15
0618 81 90 951 19
0718 87 21 302 21
0818 85 44 161 20
0918 87 6 161 17
1018 94 28 153 14
1118 85 51 297
1218 85 100 670 9
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0119 108 29 478 6

0219 47 1030

0319 111 42 698 10
0419 97 38 379 12
0519 88 50 373 13
0619 82 50 264 17
0719 78 30 121 21
0819 30 106 19
0919 70 113 17
1019 86 90 185 17

Chapter 3

Annex 2: Environmental data for the stations A, B and C. Porosity, Salinity, Alkalinity (mmol
kg1), NHs* (umol L), DRP (umol L), NO2 (umol L) and D50 (um).

Station A
Months Porosity Salinity Alkalinity NH4* DRP NO2 D50
0316_A 0.88 28.84 4.83 21.45 14.17 0.33
0416_A 0.84 30.87 4.97 6.08
0516_A 0.84 31.32 6.06 5.73
0616_A 32.41 6.23 5.04 44.74
0716_A 33.14 8.22 13.08
0816_A 35.32 4.89 55.64 6.22 0.25
0916_A 36.00 6.97 32.08 5.21 0.03
1016_A 0.87 37.13 4.92 4.12 0.06
1116 A 0.88 36.76 4.40 57.02 3.43 0.02
1216 A 0.91 35.13 4.55 2.08 0.00 0.06
0117_A 0.89 35.52 3.85 0.00 1.72 0.00
0217_A 0.86 33.18 3.81 33.01 1.62 0.11
0317_A 0.85 32.06 6.28 10.98 5.34 0.89 24.61
0417_A 0.87 43.86 5.05 11.29 1.92 0.59 28.35
0517_A 0.94 35.13 20.72 23.18
0617_A 0.84 38.53 19.34 2.01 0.39 20.64
0717_A 0.85 34.79 13.10 20.55 1.22 26.75
0917_A 23.83
1017_A 0.86 38.10 5.43 150.98 0.92 1.92 23.66
0118_A 0.79 38.10 4.99 71.10 0.92 0.32 23.12
0218_A 26.14
0318_A 79.39
0418 A 0.83 37.41 5.01 12.19 1.53 0.42 32.05
0518_A 23.12
0618_A 26.14
0718 A 39.11 7.03 25.94 0.89 0.11 25.31
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0818_A 27.06
0918_A 21.57
1018 A 37.26 13.38 0.68 0.45 24.61
1118 A 23.02
1218 A 26.32
0119 A 0.89 35.00 5.10 4.62 4.03 0.07 40.20
0319_A 22.59
0419_A 0.86 36.76 12.10 9.08 0.72
0519_A
0619_A
0719_A 0.80 39.19 6.48 8.99 2.84 0.18
1019 A 0.82 38.11 6.41 11.60 18.07 0.24

Station B
Months Porosity Salinity Alkalinity NH4* DRP NO2 D50
0316_B 0.87 28.63 4.66 13.25 9.55 0.60
0416_B 0.86 30.06 5.05 0.88
0516_B 0.90 32.30 5.98 6.34
0616_B 33.40 6.06 13.96 51.75
0716 B 33.31 6.23 20.36
0816_B 3.48
0916_B 35.69 5.23 181.05 3.48 0.62
1016 B 0.83 34.49 4.39 3.42 0.91
1116 B 0.83 36.26 4.60 55.16 3.43 0.38
1216 B 0.88 34.85 4.30 3.21 0.00 0.91
0117 B 0.84 35.28 3.34 0.00 4.03 0.64
0217 B 0.93 36.13 3.37 32.32 2.56 0.07
0317_B 0.83 31.70 551 33.78 3.19 0.47 25.78
0417 B 0.84 40.85 5.43 8.78 1.98 0.33 29.48
0517_B 0.86 36.30 19.73 21.03
0617_B 0.82 37.25 12.26 3.20 0.22 22.96
0717_B 0.84 39.21 15.93 5.53 0.87 24.00
0917 B 25.02
1017 B 0.85 36.99 5.82 134.50 0.91 3.82 25.48
0118 B 0.82 36.99 4.82 49.02 0.91 0.20 24.56
0218 B 30.95
0318_B 34.59
0418 B 0.86 38.37 5.07 21.69 1.96 0.26 24.79
0518 B 23.50
0618_B
0718 B 36.41 6.22 34.61 2.11 0.13 24.73
0818 B 27.32
0918_B 22.59
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1018 B 37.28 12.42 1.31 1.14 24.90
1118 B
1218 B 25.43
0119 B 0.91 36.03 4.63 13.13 4.57 0.14 26.94
0319 B 26.51
0419 B 0.91 40.82 19.91 10.06 0.16
0519 B
0619_B
0719 B 0.82 38.84 6.77 7.51 2.94 0.00
1019 B 0.86 36.54 6.08 15.01 7.46 0.00

Station C
Months Porosity Salinity | Alkalinity NH4* DRP NO2 D50
0316_C 0.50 4.89 8.62
0416_C 0.84 4.34 36.64 0.36
0516_C 0.90 34.02 6.38 7.77
0616_C 33.77 6.94 1.87 32.65
0716_C 32.20 6.80 27.48
0816_C 21.59
0916_C 35.69 5.78 32.04 21.59 0.72
1016_C 0.87 36.88 5.73 4.75 231 0.12
1116_C 0.87 36.72 4.39 48.75 2.25 0.11
1216 C 0.90 35.73 4.90 1.87 0.00 0.12
0117_C 0.91 36.86 4.02 0.00 0.00 0.18
0217_C 0.93 33.06 4.49 29.94 6.05 0.08
0317_C 0.86 31.86 5.58 4.26 1.57 0.33 20.36
0417_C 0.86 43.66 5.64 10.31 1.72 0.60 29.21
0517_C 0.86 36.50 3.06
0617_C 0.81 38.60 19.34 5.02 1.75 21.98
0717_C 0.85 41.58 23.35 4.73 0.52 21.42
0917_C
1017_C 0.85 37.63 5.52 156.09 0.00 1.87
0118 _C 0.78 37.63 5.45 56.82 0.00 0.32 26.88
0218 C 28.88
0318_C
0418 C 0.87 38.63 5.63 8.75 0.90 0.41 24.16
0518_C 22.91
0618_C
0718 C 37.86 5.92 40.60 3.01 0.09 31.53
0818 C
0918_C
1018_C 37.11 14.95 0.14 0.35
1118 C 24.96
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1218 C 23.28
0119 C 0.84 36.23 5.45 6.83 4.95 1.24 24.96
0319 C 24.61
0419 C 0.76 37.41 35.18 9.59 2.05

0519 C

0619 _C

0719 C 0.81 32,51 6.54 9.38 3.25 0.00

1019 C 0.83 37.64 7.00 13.23 7.13 0.06
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Alkalinity (mmol kg™?)
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Annex 4: Spatiotemporal variations of the NDVI values at the 3 sampling stations A (b

lack line.

black circles). B (grey line. grey diamonds) and C (dotted line. black squares). The two large

grey squares indicate the separation between the years.
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Annex 5: The 29 diatom dominant species (> 5 % of the assemblage) identified at the station B
of “La Coupelasse” site. The shape of each diatom species is indicated.
Occurrences >5 % Shapes 0317 0417 0517 0617 0717 0817 0917 1017
Navicula meulemansii prism on elliptic base 11 3 11 9 13 17 45 0
Gyrosigma limosum prism on parallelogram base 1 3 26 3 15 1 2 3
Pleurosigma formosum prism on parallelogram base 54 36 0 2 0 0 2 1
Pleurosigma angulatum prism on parallelogram base 12 3 1 1 0 8 3 3
Plagiogrammopsis vanheurckii prism on elliptic prism 1 2 2 3 5 5 4 5
Navicula spartinetensis prism on elliptic prism 1 4 0 4 6 2 1 0
Gyrosigma wansbeckii prism on parallelogram base 1 3 7 4 1 6 2 0
Navicula abscondita prism on elliptic base 0 2 40 4 1 0 1 0
Thalassiosira sp. cylinder 1 4 1 1 3 9 9 22
Chaetoceros sp. prism on elliptic base 0 15 1 0 0 0 0 0
Staurophora salina prism on elliptic base 0 0 0 40 1 1 0 0
Psammaodictyion sp. prism on elliptic base 1 1 2 1 3 3 2 10
Pleurosigma formosum prism on parallelogram base 0 0 0 4 1 15 1 0
Nitzschia cf aequorea prism on parallelogram base 5 6 0 0 1 2 1 10
Melosira sp. cylinder 0 2 1 0 1 0 0 2
Plagiotropis seriata prism on elliptic base 0 0 0 3 0 0 2 0
Gyrosigma fasciola prism on parallelogram base 0 1 0 0 0 0 0 1
Nitzschia cf distans prism on parallelogram base 0 2 0 3 0 0 5 1
Nitschia maxima prism on parallelogram base 0 0 1 0 0 1 0 0
Entomoneis paludosa prism on elliptic base 0 0 2 0 19 1 0 0
Cymatosira belgica prism on parallelogram base 2 1 1 1 0 1 2 8
Planothidium septentrionalis prism on elliptic base 0 0 0 0 0 0 0 6
Podosira stelligera cylinder + 2 half spheres 0 1 0 2 0 1 2 2
Navicula cf flagellifera prism on elliptic base 0 0 0 2 0 5 1 0
Cylindrotheca sp. prolate spheroid + 2 cylinders 0 0 0 1 3 0 2 0
Eutonogramma dubium half heliptic prism 0 1 0 1 2 0 1 0
Plagiotropis vanheurckii prism on elliptic base 5 3 0 0 0 1 0 0
Halamphora sp. cymbelloid 0 1 0 6 1 0 0 0
Skeletonema sp. cylinder + 2 half spheres 0 0 0 0 0 0 0 0
others <5 % 5 9 6 6 18 23 14 27
total % 100 100 100 100 100 100 100 100
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Occurrences >5 % Shapes 0118 0218 0318 0418 0518 0618 0718 0818 0918 1018 1118 1218
Navicula meulemansii prism on elliptic base 18 28 41 33 9 13 0 2 0 4 4 2
Gyrosigma limosum prism on parallelogram base 6 48 22 7 7 6 7 0 1 1 0 3
Pleurosigma formosum prism on paralle logram base 1 0 0 0 0 5 1 0 0 0 26 24
Pleurosigma angulatum prism on paralle logram base 13 1 0 2 1 2 1 0 18 41 0 15
Plagiogrammopsis vanheurckii prism on elliptic prism 2 0 1 1 7 6 19 24 28 9 13 2
Navicula spartinetensis prism on elliptic prism 2 2 6 3 16 6 4 0 2 8 1 7
Gyrosigma wansheckii prism on parallelogram base 1 2 11 4 7 11 4 0 0 1 0 4
Navicula abscondita prism on elliptic base 1 1 7 4 7 2 9 0 1 5 2 2
Th iosira sp. cylinder 3 1 5 0 8 4 5 10 10 5 1 1
Chaetoceros sp. prism on elliptic base 0 0 1 20 19 10 1 1 2 0 3 1
Staurophora salina prism on elliptic base 0 0 1 0 1 1 10 0 2 1 0 0
Psammodictyion sp. prism on elliptic base 1 1 2 1 2 4 0 6 3 1 2 2
Pleurosigma_formosum prismon p N base 1 0 0 0 0 1 1 0 0 4 7 2
Nitzschia cf aequorea prism on p n base 13 0 0 0 0 1 4 0 0 1 1 0
Melosira sp. cylinder 0 0 0 19 1 7 0 0 0 0 1 0
Plagiotropis seriata prism on elliptic base 0 0 0 0 0 1 7 11 2 1 1 0
Gyrosigma fasciola prism on p: n base 0 0 0 0 0 0 0 0 0 2 2 11
Nitzschia cf distans prism on p: M base 3 1 0 1 0 0 2 0 0 1 1 1
Nitschia maxima prism on p: N base 2 0 0 0 0 1 1 0 0 0 5 4
Entomoneis paludosa prism on elliptic base 0 0 0 0 0 0 0 1 1 0 0 0
Cymatosira belgica prism on parallelogram base 1 0 1 1 0 1 2 3 1 0 0 1
Planothidium septentrionalis prism on elliptic base 15 1 0 0 0 0 0 2 0 0 0 0
Podosira stelligera cylinder + 2 half spheres 1 0 0 0 1 1 3 3 2 0 6 0
Navicula cf ifera prism on elliptic base 0 1 0 0 0 0 0 8 3 1 3 3
Cylindrotheca sp. prolate spheroid + 2 cylinders 0 11 0 0 0 0 0 0 0 1 0 0
Eutonogramma dubium half heliptic prism 0 0 1 0 0 0 6 5 5 0 4 0
Plagiotropis vanheurckii prism on elliptic base 1 0 0 0 0 2 1 0 0 1 0 0
Halamphora sp. cymbelloid 0 0 0 0 0 1 1 0 0 0 0 2
Skeletonema sp. cylinder + 2 half spheres 0 0 0 0 0 6 0 0 0 0 2 0
others <5 % 15 4 2 5 12 12 12 25 21 15 16 16
total % 100 100 100 100 100 100 100 100 100 100 100 100
Occurrences > 5 % Shapes 0119 0219 0319 0419 0519 0619 0719
Navicula meulemansii prism on elliptic base 12 9 6 19 9 0 8
Gyrosigma limosum prism on parallelogram base 9 2 2 7 6 5 10
Pleurosigma formosum prism on parallelogram base 6 55 59 30 4 2 1
Pleurosigma angulatum prism on parallelogram base 12 7 7 3 2 1 0
Plagiogrammopsis vanheurckii prism on elliptic prism 0 1 0 2 5 13 4
Navicula spartinetensis prism on elliptic prism 9 9 6 8 4 5 6
Gyrosigma wansheckii prism on parallelogram base 17 2 3 2 7 4 1
Navicula abscondita prism on elliptic base 7 0 0 2 2 7 1
Thalassiosira sp. cylinder 1 1 1 1 4 5 4
Chaetoceros sp. prism on elliptic base 0 0 0 0 9 1 1
Staurophora salina prism on elliptic base 1 0 0 1 1 9 2
Psammodictyion sp. prism on elliptic base 1 1 0 3 3 1 3
Pleurosigma formosum prism on parallelogram base 0 1 3 0 1 1 2
Nitzschia cf aequorea prism on parallelogram base 0 0 0 3 1 3 2
Melosira sp. cylinder 0 0 0 2 7 0 1
Plagiotropis seriata prism on elliptic base 1 1 1 0 1 7 1
Gyrosigma fasciola prism on parallelogram base 7 5 5 0 0 1 0
Nitzschia cf distans prism on parallelogram base 1 1 3 2 1 2 0
Nitschia maxima prism on parallelogram base 10 1 0 0 0 1 1
Entomoneis paludosa prism on elliptic base 0 0 0 0 1 1 15
Cymatosira belgica prism on parallelogram base 0 1 1 2 1 2 1
Planothidium septentrionalis prism on elliptic base 0 0 0 0 0 1 1
Podosira stelligera cylinder + 2 half spheres 0 0 1 0 1 3 1
Navicula cf flagellifera prism on elliptic base 0 0 0 3 0 0 1
Cylindrotheca sp. prolate spheroid + 2 cylinders 0 0 0 0 0 0 3
Eutonogramma dubium half heliptic prism 0 0 0 2 1 5 3
Plagiotropis vanheurckii prism on elliptic base 0 0 0 0 3 2 0
Halamphora sp. cymbelloid 0 0 0 1 1 1 1
Skeletonema sp. cylinder + 2 half spheres 0 0 0 0 5 1 0
others <5 % 6 6 3 8 19 18 25
total % 100 100 100 100 100 100 100
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Annex 6: Dominant foraminifera species densities (ind. 50 cm™ > 150 um) from March 2016
to October 2019 sampled at “La Coulepesse” (France). AT (Ammonia sp. T6). HG (Haynesina

germanica). EO (Elphidium oceanense). ES (Elphidium selseyense).

Months AT HG EO ES total
0316_A 1081 711 35 0 1826
0416_A 684 451 22 1 1159
0516_A 841 105 7 222 1175
0616_A 155 63 10 24 252
0716_A 113 22 9 102 246
0816_A 237 214 67 103 620
0916_A 136 28 34 34 232
1016_A 579 115 145 6 844
1116_A 402 160 94 10 666
1216 A 524 383 77 29 1013
0117 _A 103 83 24 218
0217_A 53 54 108
0317_A 117 78 14 217
0417_A 111 31 20 171
0517_A 117 28 88 242
0617_A 366 323 50 54 794
0717_A 137 224 51 42 454
0917 _A 261 136 165 4 566
1017_A 489 202 151 0 843
0118 A 241 355 31 0 627
0218 A 649 823 23 0 1495
0318 A 44 10 0 3 56

0418 A 111 120 12 6 249
0518 A 303 109 101 39 551
0618 A 109 51 2 137 299
0718 A 124 198 23 80 425
0818 A 784 668 1087 54 2594
0918 A 361 208 377 6 951
1018_A 202 167 178 19 566
1118 A 348 573 134 17 1072
1218 A 178 256 42 2 478
0119 A 42 161 10 11 223
0319_A 202 372 55 638
0419 A 55 57 7 124
0519 A 112 48 7 15 181
0619_A 79 84 17 181
0719 A 241 649 361 1250
1019 A 241 408 660 1309
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0316 B 1167 753 21 0 1942
0416_B 159 43 0 206
0516_B 860 353 293 1513
0616_B 158 39 23 223
0716_B 185 91 94 374
0816_B 82 307 47 70 505
0916_B 396 367 188 0 951
1016_B 377 555 78 50 1060
1116_B 579 730 101 23 1433
1216_B 43 65 18 11 137
0117 B 415 565 27 1013
0217 B 25 53 1 6 85

0317 B 185 117 39 22 363
0417 B 122 46 12 11 190
0517 B 352 82 26 163 623
0617 B 331 285 88 74 779
0717 B 204 313 100 110 726
0917 B 1142 847 621 0 2610
1017_B 713 241 159 0 1113
0118 B 101 160 4 10 275
0218 B 163 134 37 19 353
0318 B 128 114 8 253
0418 B 167 105 23 303
0518 B 155 66 19 74 315
0618_B 100 45 1 96 242
0718 B 186 134 95 29 445
0818 B 590 1099 559 78 2326
0918_B 135 163 136 14 448
1018 B 10 48 10 8 75

1118 B 19 100 93 10 222
1218 B 59 135 46 56 296
0119 B 37 152 7 13 209
0319 B 10 14 5 0 28

0419 B 22 27 1 24 75

0519 B 63 28 3 20 115
0619 B 66 103 35 8 212
0719 B 161 390 285 0 837
1019 B 63 186 93 0 343
0316_C 467 423 13 2 905
0416_C 153 91 6 3 253
0516_C 1231 502 15 463 2211
0616_C 108 25 11 147
0716_C 73 41 83 200
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0816_C 50 88 0 90 228
0916_C 165 125 127 17 435
1016_C 266 60 137 4 467
1116_C 313 162 74 0 549
1216_C 120 153 44 2 319
0117 C 104 54 12 0 170
0217 C 105 249 3 6 362
0317 C 135 113 16 2 265
0417_C 154 41 26 223
0517_C 78 20 5 44 147
0617_C 418 317 75 67 877
0717 C 125 227 57 66 476
0917 C 1507 652 893 78 3130
1017 C 1410 501 210 2120
0118 C 183 176 38 396
0218 C 210 497 39 746
0318 C 200 150 358
0418 C 334 43 19 396
0518 C NA NA NA NA NA

0618_C 22 9 0 13 44

0718 C 99 124 58 0 282
0818 C 1033 1045 1367 97 3542
0918 C 283 142 274 2 701
1018 C 183 95 116 13 406
1118 C 241 379 120 33 773
1218 C 132 287 148 37 604
0119 C 53 234 5 17 309
0319 C 155 279 43 15 491
0419 C 142 188 21 13 364
0519 C 20 13 2 6 41

0619 C 41 51 14 2 108
0719 C 42 165 83 1 290
1019 _C 107 87 433 0 627
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Annex 7: Inputs data for the CCA analysis. Environmental parameters are centred and
standardized per station: (x - mean x)/ sd. in which x is the value of the variable in one station.
mean X is the mean of the same variable among a station and sd is the corresponding standard
deviation. The foraminifera species densities (> 150 um. 50 cm) are square-root transformed.

Months Discharge | Temperature Tidal Rainfall Porosity D50 Salinity
0316_A 1.30 -1.07 -0.89 1.39 0.47 -2.16
0416_A 1.08 -0.70 -2.90 -0.56 -0.39 -1.53
0516_A 0.39 0.21 1.12 0.50 -0.58 -1.38
0616_A 2.19 0.75 0.91 0.08 -1.04
0716_A -0.36 1.16 0.41 -1.61 -0.81
0816_A -0.73 1.36 -0.89 -1.47 -0.13
0916_A -0.76 1.01 1.48 -0.66 0.08
1016_A -0.75 -0.22 1.70 -0.51 0.18 0.44
1116_A -0.34 -0.80 1.05 1.47 0.66 0.32
1216 A -0.22 -1.21 1.12 -1.22 141 -0.19
0117_A -0.42 -1.87 -0.02 -0.63 0.82 -0.07
0217_A 0.20 -1.09 0.62 1.17 0.07 -0.80
0317_A 0.83 -0.53 0.48 0.70 -0.27 -0.29 -1.15
0417_A -0.22 -0.51 -1.03 -1.35 0.41 0.01 2.55
0517_A -0.34 0.56 -2.18 0.12 2.39 -0.40 -0.19
0617_A -0.68 1.08 0.84 -0.63 -0.66 -0.60 0.88
0717_A -0.81 1.32 -0.96 -0.96 -0.15 -0.11 -0.29
0917_A -0.81 0.40 0.19 0.24 -0.35

1017_A -0.83 0.33 -0.96 -0.49 0.07 -0.36 0.74
0118 _A 2.87 -0.92 -0.96 1.64 -1.84 -0.41 0.74
0218_A 2.52 -1.85 -0.10 0.09 -0.16

0318_A 1.63 -1.09 0.55 1.17 411

0418_A 0.97 -0.12 0.41 0.10 -0.70 0.31 0.53
0518_A 0.09 0.40 0.76 -0.32 -0.41

0618_A 0.48 122 -0.67 1.77

0718_A -0.60 151 -0.24 -0.92 -0.23 1.06
0818_A -0.84 1.26 -0.38 -0.04 -0.09

0918_A -0.84 0.81 -0.24 -1.51 -0.53

1018_A -0.85 0.11 0.26 -0.63 -0.29 0.48
1118 A -0.61 -0.94 -0.38 0.24

1218_A 0.01 -0.94 -0.38 2.18 -0.15

0119_A -0.31 -1.48 1.27 -0.60 0.77 0.97 -0.23
0319 A 0.06 -0.68 1.48 -0.12 -0.45

0419_A -0.47 -0.35 0.48 -0.25 0.12 0.32
0519 A -0.48 -0.10 -0.17 0.21

0619_A -0.66 0.73 -0.60 0.21

0719_A -0.90 1.55 -0.89 -0.57 -1.80 1.08
1019 A -0.80 0.73 -0.31 1.78 -1.01 0.75
0316_B 1.30 -1.07 -0.89 1.39 0.34 -2.38
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0416_B 1.08 -0.70 -2.90 -0.56 0.10 -1.90
0516_B 0.39 0.21 1.12 0.50 131 -1.16
0616_B 2.19 0.75 0.91 0.08 -0.79
0716_B -0.36 1.16 0.41 -1.61 -0.82
0816_B -0.73 1.36 -0.89 -1.47

0916_B -0.76 1.01 1.48 -0.66 -0.02
1016_B -0.75 -0.22 1.70 -0.51 -0.83 -0.43
1116 B -0.34 -0.80 1.05 1.47 -0.78 0.17
1216_B -0.22 -1.21 1.12 -1.22 0.65 -0.31
0117_B -0.42 -1.87 -0.02 -0.63 -0.69 -0.16
0217_B 0.20 -1.09 0.62 1.17 221 0.12
0317_B 0.83 -0.53 0.48 0.70 -0.97 -0.01 -1.35
0417_B -0.22 -0.51 -1.03 -1.35 -0.68 1.17 1.70
0517_B -0.34 0.56 -2.18 0.12 0.08 -1.53 0.18
0617_B -0.68 1.08 0.84 -0.63 -1.03 -0.91 0.50
0717_B -0.81 1.32 -0.96 -0.96 -0.47 -0.58 1.15
0917_B -0.81 0.40 0.19 0.24 -0.26

1017_B -0.83 0.33 -0.96 -0.49 -0.22 -0.11 0.41
0118_B 2.87 -0.92 -0.96 1.64 -1.14 -0.40 0.41
0218_B 2.52 -1.85 -0.10 0.09 1.64

0318_B 1.63 -1.09 0.55 1.17 2.80

0418_B 0.97 -0.12 0.41 0.10 0.16 -0.33 0.87
0518_B 0.09 0.40 0.76 -0.32 -0.74

0618_B 0.48 1.22 -0.67 1.77

0718_B -0.60 151 -0.24 -0.92 -0.35 0.22
0818_B -0.84 1.26 -0.38 -0.04 0.48

0918_B -0.84 0.81 -0.24 -1.51 -1.03

1018_B -0.85 0.11 0.26 -0.63 -0.29 0.51
1118_B -0.61 -0.94 -0.38 0.24

1218 B 0.01 -0.94 -0.38 2.18 -0.13

0119_B -0.31 -1.48 1.27 -0.60 1.42 0.36 0.09
0319_B 0.06 -0.68 1.48 -0.12 0.22

0419_B -0.47 -0.35 0.48 -0.25 1.61 1.69
0519_B -0.48 -0.10 -0.17 0.21

0619_B -0.66 0.73 -0.60 0.21

0719_B -0.90 1.55 -0.89 -0.57 -1.19 1.03
1019 B -0.80 0.73 -0.31 1.78 0.11 0.26
0316_C 1.30 -1.07 -0.89 1.39 -3.77

0416_C 1.08 -0.70 -2.90 -0.56 0.10

0516_C 0.39 0.21 1.12 0.50 0.71 -0.88
0616_C 2.19 0.75 0.91 0.08 -0.97
0716_C -0.36 1.16 0.41 -1.61 -1.52
0816_C -0.73 1.36 -0.89 -1.47

0916 C -0.76 1.01 1.48 -0.66 -0.29
1016_C -0.75 -0.22 1.70 -0.51 0.39 0.13
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1116 C -0.34 -0.80 1.05 1.47 0.42 0.07
1216_C -0.22 -1.21 1.12 -1.22 0.73 -0.28
0117_C -0.42 -1.87 -0.02 -0.63 0.78 0.12
0217_C 0.20 -1.09 0.62 1.17 1.05 -1.22
0317_C 0.83 -0.53 0.48 0.70 0.22 -1.41 -1.65
0417_C -0.22 -0.51 -1.03 -1.35 0.26 1.27 2.53
0517_C -0.34 0.56 -2.18 0.12 0.28 0.00
0617_C -0.68 1.08 0.84 -0.63 -0.25 -0.92 0.74
0717_C -0.81 1.32 -0.96 -0.96 0.21 -1.09 1.79
0917_C -0.81 0.40 0.19 0.24

1017_C -0.83 0.33 -0.96 -0.49 0.20 0.39
0118_C 2.87 -0.92 -0.96 1.64 -0.59 0.57 0.39
0218_C 2.52 -1.85 -0.10 0.09 1.17

0318_C 1.63 -1.09 0.55 1.17

0418_C 0.97 -0.12 0.41 0.10 0.42 -0.26 0.75
0518_C 0.09 0.40 0.76 -0.32 -0.64

0618_C 0.48 1.22 -0.67 1.77

0718_C -0.60 1.51 -0.24 -0.92 1.98 0.48
0818_C -0.84 1.26 -0.38 -0.04

0918_C -0.84 0.81 -0.24 -1.51

1018 C -0.85 0.11 0.26 -0.63 0.21
1118 C -0.61 -0.94 -0.38 0.24 -0.02

1218 C 0.01 -0.94 -0.38 2.18 -0.52

0119 _C -0.31 -1.48 1.27 -0.60 0.06 -0.02

0319 C 0.06 -0.68 1.48 -0.12 -0.12

0419_C -0.47 -0.35 0.48 -0.25 -0.87 -7.58 0.32
0519 C -0.48 -0.10 -0.17 0.21

0619_C -0.66 0.73 -0.60 0.21

0719 C -0.90 1.55 -0.89 -0.57 -0.33 -1.42
1019 C -0.80 0.73 -0.31 1.78 -0.03 0.40
Months NO2 NH4* DRP NDVI Alkalinity OPD_C DOuU_C
0316_A -0.15 -0.12 0.64 -0.60 0.68 -1.48
0416_A -0.58 -0.47 -0.73 0.20
0516_A -0.59 0.50 1.09 -0.40
0616_A -0.61 3.64 0.65

0716_A 0.53 2.43 -1.53 2.68
0816_A -0.31 0.91 -0.14 -0.54 -0.51 0.51
0916_A -0.78 0.20 -0.24 131 1.30 -0.70
1016_A -0.73 -0.35 -0.52 -0.19 -0.74
1116_A -0.81 0.95 -0.41 -0.98 -0.14 0.43
1216_A -0.73 -0.70 -0.75 -0.85 2.14 -0.65
0117_A -0.85 -0.76 -0.58 -1.47 1.07 -0.45
0217_A -0.61 0.23 -0.59 -1.51 0.16 -0.10
0317_A 1.04 -0.43 -0.23 0.69 0.41 0.50
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0417 _A 0.41 -0.42 -0.56 -0.24 -0.40 1.42 -1.04
0517_A 1.28 -0.35 0.00 -0.58
0617_A -0.02 -0.18 -0.55 0.43 -0.72 0.20
0717_A 1.74 -0.37 1.26 0.25 -1.03 1.22
0917_A 2.68

1017_A 3.23 3.78 -0.66 -0.13 -0.06 -0.16 0.03
0118 A -0.16 1.38 -0.66 -0.86 -0.45 0.63 -1.31
0218 A 0.56

0318 A -0.39

0418 A 0.04 -0.40 -0.60 -0.63 -0.43 -1.49 -0.44
0518 A -0.77

0618 _A -1.45

0718_A -0.62 0.02 -0.66 -0.47 1.36

0818 A 0.67

0918_A -1.37

1018_A 0.10 -0.36 -0.68 -0.92

1118 A -1.37

1218 A 1.60

0119 A -0.69 -0.63 -0.36 1.01 -0.36 -0.28 -0.16
0319_A 1.20

0419 A 0.69 -0.40 0.14 0.82 -1.15 2.03
0519_A -0.18

0619_A -0.20

0719 _A -0.46 -0.49 -0.47 0.13 0.88

1019_A -0.33 -0.42 1.02 -2.68 0.82 -0.96 0.24
0316 B 0.01 -0.41 0.23 -0.55 0.68 -1.48
0416_B -0.69 -0.14 -0.73 0.20
0516 B -0.56 0.86 1.09 -0.40
0616 B -0.39 411 0.94

0716_B 1.23 1.13 -1.53 2.68
0816 B -0.32 -0.51 0.51
0916_B 0.03 3.40 -0.32 0.06 1.30 -0.70
1016_B 0.39 -0.33 -0.85 -0.19 -0.74
1116 B -0.26 0.55 -0.33 -0.62 -0.14 0.43
1216 B 0.39 -0.63 -0.64 -0.94 2.14 -0.65
0117 B 0.06 -0.71 -0.27 -1.97 1.07 -0.45
0217 B -0.63 0.03 -0.41 -1.93 0.16 -0.10
0317 B -0.14 0.06 -0.35 0.36 0.41 0.50
0417_B -0.31 -0.51 -0.46 -0.58 0.26 1.42 -1.04
0517 B 1.17 -1.35 0.00 -0.58
0617 B -0.45 -0.43 -0.35 0.01 -0.72 0.20
0717 B 0.34 -0.34 -0.14 -0.04 -1.03 1.22
0917 B 0.10

1017 B 3.88 2.35 -0.56 -0.50 0.69 -0.16 0.03
0118 B -0.48 0.41 -0.56 -0.70 -0.38 0.63 -1.31
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0218_B 0.42
0318_B -0.70

0418_B -0.40 -0.21 -0.46 -0.79 -0.11 -1.49 -0.44
0518_B -0.84

0618_B -0.76

0718_B -0.56 0.08 -0.45 -0.32 1.11

0818_B 2.32

0918_B 0.31

1018 B 0.66 -0.42 -0.52 2.87

1118 B -1.03

1218 B 0.65

0119 B -0.55 -0.41 -0.22 1.15 -0.59 -0.28 -0.16
0319 B 0.75

0419 B -0.52 -0.25 0.28 -0.02 -1.15 2.03
0519 B -0.38

0619 B -0.26

0719 B -0.72 -0.54 -0.37 -0.31 1.70

1019 B -0.72 -0.37 0.04 0.96 -0.96 0.24
0316_C -0.60 0.18 0.68 -1.48
0416_C -0.32 0.36 -1.42 -0.73 0.20
0516_C -0.51 0.87 1.09 -0.40
0616_C -0.69 2.78 1.51

0716_C 2.22 1.35 -1.53 2.68
0816_C 1.58 -0.51 0.51
0916_C 0.24 0.22 1.58 0.19 1.30 -0.70
1016_C -0.70 -0.61 -0.51 0.14 -0.19 -0.74
1116_C -0.71 0.73 -0.51 -1.37 -0.14 0.43
1216 C -0.70 -0.69 -0.76 -0.79 2.14 -0.65
0117 C -0.60 -0.75 -0.76 -1.78 1.07 -0.45
0217 C -0.75 0.16 -0.10 -1.26 0.16 -0.10
0317 C -0.36 -0.62 -0.59 -0.02 0.41 0.50
0417_C 0.07 -0.44 -0.57 -0.05 0.04 1.42 -1.04
0517 _C -0.43 -0.66 0.00 -0.58
0617_C 1.84 -0.16 -0.21 0.16 -0.72 0.20
0717_C -0.07 -0.04 -0.24 -0.26 -1.03 1.22
0917_C 0.46

1017_C 2.04 3.99 -0.76 -0.29 -0.09 -0.16 0.03
0118_C -0.39 0.98 -0.76 -0.60 -0.17 0.63 -1.31
0218_C 1.30

0318_C -0.60

0418_C -0.24 -0.48 -0.66 -0.83 0.02 -1.49 -0.44
0518_C -0.90

0618_C -1.41

0718 C -0.74 0.48 -0.43 0.14 0.35

0818_C 3.42
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0918 C -1.21
1018_C -0.33 -0.30 -0.74 -0.66
1118 C -0.63
1218 C 0.80
0119 C 1.06 -0.54 -0.22 0.63 -0.18 -0.28 -0.16
0319 C 0.91
0419 C 2.32 0.32 0.28 0.35 -1.15 2.03
0519 C 0.35
0619 C -0.09
0719 C -0.88 -0.46 -0.41 -0.34 1.05
1019 C -0.79 -0.35 0.02 1.57 -0.96 0.24
Months AT HG EO ES
0316_A 32.87 26.66 591 0.00
0416 _A 26.16 21.25 4.73 0.99
0516_A 29.00 10.24 2.61 14.91
0616_A 12.46 7.94 3.12 4.93
0716_A 10.61 4.73 2.96 10.10
0816_A 15.39 14.61 8.18 10.14
0916 _A 11.66 531 5.83 5.83
1016_A 24.05 10.70 12.03 241
1116 A 20.05 12.66 9.70 3.12
1216_A 22.90 19.56 8.76 5.40
0117_A 10.14 9.14 4.93 2.79
0217_A 7.31 7.37 0.00 0.00
0317_A 10.84 8.81 2.79 3.69
0417_A 10.52 5.57 2.96 4.52
0517_A 10.79 5.31 2.96 9.40
0617_A 19.13 17.98 7.11 7.37
0717_A 11.70 14.98 7.17 6.46
0917_A 16.16 11.66 12.85 1.97
1017_A 22.12 14.21 12.31 0.00
0118 A 15.52 18.85 5.57 0.00
0218 A 25.47 28.69 4.83 0.00
0318_A 6.61 3.12 0.00 1.71
0418 A 10.52 10.97 3.41 241
0518 A 17.40 10.43 10.05 6.23
0618 A 10.43 7.17 1.39 11.70
0718 A 11.15 14.07 4.83 8.92
0818 A 28.01 25.84 32.98 7.37
0918 A 19.00 14.41 19.41 241
1018 A 14.21 12.92 13.33 4.41
1118 A 18.64 23.93 11.57 4.18
1218 A 13.33 16.01 6.46 1.39
0119 A 6.46 12.70 3.12 3.27
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0319 A 14.21 19.28 7.44 2.96
0419 A 7.44 7.57 2.61 2.20
0519 A 10.57 6.90 2.61 3.82
0619 A 8.87 9.19 4.18 0.00
0719 A 15.52 25.47 19.00 0.00
1019 A 15.52 20.19 25.69 0.00
0316_B 34.16 27.45 4.62 0.00
0416_B 12.62 6.54 1.97 0.00
0516_B 29.33 18.80 2.41 17.12
0616_B 12.58 6.23 1.71 4.83
0716_B 13.62 9.55 1.71 9.70
0816_B 9.03 17.52 6.83 8.36
0916_B 19.90 19.16 13.72 0.00
1016_B 19.41 23.57 8.81 7.11
1116_B 24.05 27.02 10.05 4.83
1216_B 6.54 8.07 4.29 3.27
0117_B 20.36 23.77 5.21 2.41
0217 B 5.02 7.31 0.99 2.41
0317_B 13.62 10.79 6.23 4.73
0417 B 11.06 6.76 3.41 3.27
0517_B 18.77 9.03 5.12 12.77
0617_B 18.20 16.89 9.40 8.59
0717 B 14.28 17.68 10.00 10.47
0917 B 33.79 29.10 24.93 0.00
1017 B 26.69 15.52 12.62 0.00
0118 B 10.05 12.66 1.97 3.12
0218 B 12.77 11.57 6.07 4.41
0318 B 11.32 10.66 2.79 1.97
0418 B 12.92 10.24 4.83 2.79
0518 B 12.46 8.13 4.41 8.59
0618_B 10.00 6.68 0.99 9.80
0718 B 13.65 11.57 9.75 5.40
0818_B 24.30 33.15 23.65 8.81
0918 B 11.62 12.77 11.66 3.69
1018_B 3.12 6.90 3.12 2.79
1118 B 4.41 10.00 9.65 3.12
1218 B 7.70 11.62 6.76 7.50
0119 B 6.07 12.35 2.61 3.55
0319 B 3.12 3.69 2.20 0.00
0419 B 473 5.21 0.99 4.93
0519 B 7.94 5.31 1.71 452
0619 B 8.13 10.14 5.91 2.79
0719 B 12.70 19.76 16.89 0.00
1019 B 7.94 13.65 9.65 0.00
0316_C 21.61 20.57 3.55 1.39
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0416_C 12.39 9.55 2.41 171
0516 _C 35.09 22.40 3.82 21.52
0616_C 10.38 5.02 171 3.27
0716 _C 8.53 6.39 1.97 9.08
0816 _C 7.04 9.40 0.00 9.50
0916_C 12.85 11.19 11.28 4.18
1016 _C 16.31 7.76 11.70 1.97
1116 _C 17.68 12.73 8.59 0.00
1216_C 10.97 12.39 6.61 1.39
0117 C 10.19 7.37 3.41 0.00
0217 C 10.24 15.77 1.71 2.41
0317 C 11.62 10.61 3.94 1.39
0417 C 12.42 6.39 1.39 5.12
0517 C 8.81 4.52 2.20 6.61
0617_C 20.46 17.79 8.65 8.18
0717 C 11.19 15.07 7.57 8.13
0917 C 38.82 25.54 29.89 8.81
1017_C 37.55 22.38 14.48 0.00
0118 C 13551 13.26 6.15 0.00
0218 C 14.48 22.30 6.23 0.00
0318_C 14.14 12.23 2.96 0.00
0418 C 18.28 6.54 0.00 4.41
0518 C

0618 C 4.73 2.96 0.00 355
0718 C 9.95 11.15 7.63 0.00
0818_C 32.14 32.32 36.97 9.85
0918 C 16.84 11.91 16.55 1.39
1018 C 1351 9.75 10.75 3.55
1118 C 15.52 19.46 10.97 5.75
1218 C 11.49 16.95 12.15 6.07
0119 C 7.31 15.30 2.20 4.06
0319 C 12.46 16.69 6.54 3.82
0419 C 11.91 13.72 4.62 3.55
0519 C 4.52 3.55 1.39 2.41
0619 _C 6.39 7.17 3.69 1.39
0719 C 6.46 12.85 9.08 0.99
1019 C 10.33 9.35 20.81 0.00
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Annex 8: Results of the DistLM analysis used to explore the relationship between foraminiferal
species and diatoms species. p-values are obtained using 999 permutations of residuals under
the best fit model. The occasional species were selected based on AIC test and p-value. AIC
(Akaike information criterion).

Ammonia sp. T6

Species p-values AIC

Pleurosigma formosum 0.004

Pleurosigma angulatum 0.026

Navicula spartinetensis 0.04

Thalassiosira sp. 0.014

Gyrosigma fasciola 0.017

Cymatosira belgica 0.046
Haynesina germanica

Species p-values AlIC

Pleurosigma formosum 0.003

Navicula cf flagellifera 0.048

Plagiotropis vanheurckii 0.041

Nitzschia cf distans 0.028 139.61
Elphidium oceanense

Species p-values AlIC

Plagiotropis vanheurckii 0.014

Gyrosigma wansbeckii 0.008

Thalassiosira sp. 0.048

Podosira stelligera 0.011

Navicula cf flagellifera 0.027

Eutonogramma dubium 0.016

Plagiogrammopsis vanheurckii 0.023

Skeletonema sp. 0.049

Entomoneis paludosa 0.014 160.64

Navicula spartinetensis 0.045 151.11
Elphidium selseyense

Species p-values AlIC

Navicula abscondita 0.018 120.53
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Annex 9: Occurrence (%) of the selected diatom species by the DistLM analysis.
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Influence of the Loire river hydrodynamics on geochemical and benthic

foraminiferal compartments in intertidal mudflat (Bourgneuf Bay, France)
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Chapter 4

1. Introduction

Intertidal sediments are in transient state. The stability of the sediment is influenced by
various environmental parameters combining: hydrological (river discharge, tidal cycles, waves
and currents), meteorological (rainfall, temperature, wind-storms), and biological (benthic
fauna) factors occurring at different spatial (from micro to kilometers) and temporal (from day
to years) scales. A flood event can significantly affect the sediment properties over a large
scale. To evaluate the impacts of such disturbance, spatiotemporal geochemical and biological
sediment instability markers (combination of redox chemical elements and benthic fauna
distributions) are used.

River floods have significant physical sedimentary effects on nearshore areas like the
deposition and resuspension of sediment (Aller, 2004; McKee et al., 2004; Sundby, 2006; Roy
et al., 2013; Thibault de Chanvalon et al., 2016). The frequent remobilization of muddy
sediments affects the porosity and destructures the redox fronts established during diagenesis
processes (Froelich et al., 1979; McKee et al., 2004). Different redox stages have been
previously described in the intertidal mudflat of Loire estuary following a flood event during
the winter flood, the about 1 month later for the post-flooding period and finally the stabilized
summer period (~ 6 months later) (Thibault de Chanvalon et al., 2016). Namely, in the winter
flood period, no manganese (Mn), iron (Fe) and phosphorus (P) are released into pore waters
within the flood-deposited layer. In post-flooding period, a high Mn-Fe-P oxidized phases are
consumed while the dissolved phases smoothly increased. In stabilized period, the oxides are
strongly dissolved. The increase of nutrients as ammonium (NH4*) and dissolved reactive
phosphorus (DRP) are favored by: the higher anaerobic organic matter (OM) remineralization
(higher alkalinity, sulfato-reduction process). A high P/ Fe ratio allow the release of phosphorus
to feed primary producers at the sediment surface (Thibault de Chanvalon et al., 2016).

Tidal cycles, rain and flood events, participate to the microphytobenthos (MPB) biofilm
resuspension (Dupuy et al., 2014; Ha et al., 2018; Redzuan and Underwood, 2021). MPB
biomass as well as the diversity and photosynthetic activity are influenced by the availability
of light modulated by the deposit and/ or resuspension of sediment (Bartoli Marco et al., 2003;
Méléder et al., 2005, 2007; Jesus et al., 2006, 2009; Brito et al., 2009; Delgard et al., 2012).
Therefore, decreasing O availability influences the microhabitats of benthic meiofauna as
foraminifera (Jorissen et al., 1995; Geslin et al., 2011; Koho and Pifia-Ochoa, 2012; Thibault
de Chanvalon et al., 2015; Jauffrais et al., 2016). Benthic foraminifera react to physicochemical
disturbances by a fluctuating density and specific richness (Culver and Buzas, 1995; Ernst et
al., 2006; Armynot du Chatelet and Debenay, 2010; Nardelli et al., 2014; Thibault de Chanvalon
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et al., 2015; Cesbron et al., 2016; Mojtahid et al., 2016; Richirt et al., 2020). One the one hand,
during a stabilized period, the vertical micro-distribution patterns of living foraminifera reflect
species micro-environment preferences, indicated by a higher density in the oxygenized zone
(Cesbron et al., 2016). On the other hand, the physicochemical disturbances increase the
patchiness due to the variety of foraminiferal response to stress conditions (Murray and Alve,
2000; Ernst et al., 2006). Thus, the dormant specimens and propagules wait for favorable
conditions to recolonize the sediment (Alve, 1999; Alve and Goldstein, 2003, 2010; Ross and
Hallock, 2016; LeKieffre et al., 2017). The challenge remains the identification of the time lag
between the flood event and the response of foraminifera. This lag depends on the sediment
stabilization as well as food supply and O availability and can range from several days to
several months (Morvan et al., 2004; Ernst et al., 2006; Debenay et al., 2006; Koho et al., 2007;
Hess and Jorissen, 2009; Papaspyrou et al., 2013).

At microenvironment scale, the complex interactions between geochemical and biological
compartments can be difficult to observe with conventional technics. Moreover, the resolution
is generally limited by the dimensions of the sampling windows (Stockdale et al., 2009). To
overcome this limitation, new methods and multiple sampling time point are required to
evaluate the spatial and temporal variability with sufficient confident level. Developments of
two-dimensional diffusive equilibrium in thin film gels (2D-DET) coupled with colorimetric
methods, allow a high resolution at mm and sub-millimeter scales of dissolved elements like
Fe/ DRP (Cesbron et al., 2014), NO>/ NOs™ (Metzger et al., 2016), NH4* (Metzger et al., 2019),
Mn (Mouret et al., in prep). The advantage of 2D gels is to provide the characterization of
microenvironments about biogeochemical processes in both horizontal and vertical dimensions
simultaneously (e.g. diffusive fluxes, production/ consumptions zones) (Jézéquel et al., 2007;
Santner et al., 2015; Thibault de Chanvalon et al., 2017; Choquel et al., 2021; Moncelon et al.,
2021). Oxygen microsensors are commonly used to evaluate aerobic mineralization (O2
consumption, in dark conditions) and photosynthetic activity (O2 production, in light
conditions) (Revsbech, 1989; Glud et al., 2005; Delgard et al., 2012). Repeated O> profiling
during low tide, allow to observe the O, dynamics impacting both redox zonations and O>
availability for benthic meiofauna as foraminifera (Papaspyrou et al., 2013). Namely, a drastic
instability of pore waters O gradients can be lethal for some foraminiferal species that cannot
withstand sub-to anoxic sediment conditions and not able to migrate to preferential oxygenation
zones (Moodley, L. et al., 1998; Jorissen et al., 1995; Ernst et al., 2002; Geslin et al., 2011).

In this study, we focused on the Loire river estuary seasonal discharge impacting nearshore

areas as the Bourgneuf Bay mudflat, when flood events combined to currents and tides pushed
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particles by the river plume towards the interior of the bay (GIP Loire Estuaire). Intertidal
sediments, where diagenetic processes are transient may be fueled by sediment deposit and/ or
resuspension in post-flooding period, generating higher instability of redox chemical elements
and benthic faunal compartments. The aims of this chapter are: (1) to detail redox elements
spatial variability at two hydrological and meteorological contrasted periods; (2) to investigate
the role of the tidal pump and flood events on the dynamics of redox elements and the nutrient
availability for benthic fauna; (3) to evaluate if the vertical foraminiferal micro-distribution
(CTG-labeled) allow to characterize the late disturbed winter post-flooding and the stabilized

late summer periods.

2. Materials and Methods

2.1 Site description

The Bourgneuf Bay (46°52—47°08'N, 1°58'-2°20"W) is located on the French Atlantic
coast in the South of the Loire river estuary (West Atlantic coast, France; Chapter 4). The
Bourgneuf Bay is a semi-enclosed area of 340 km?, with a large intertidal mudflat area of 100
kmz, connected with the Atlantic Ocean by 10 km wide passage between the North of the
Noirmoutier Island and the “Pointe Saint Gildas”. A narrow second bay-ocean communication
zone named "goulet de Fromentine™ exists to the south of the bay (Debenay, 1978). The wide
North West opening allows a connection with the ocean and the Loire estuary. The sediments
rejected by the Loire estuary are largely pushed towards the interior of the Bourgneuf Bay
generating siltation (Debenay, 1978).

The sampling site was located at “La Coupelasse” (Chapter 3). Three stations A
(47°0°56.49°N, 2°1°26.72°W), B (47°0°56.83’N, 2°1°26.80’W) and C (47°0°56.67°N,
2°1°27.16°’W) were sampled along a tidal channel near a path used by oyster farmers to access
at the middle of the mudflat (500 m of distance from shore). The three stations were 10 m apart.
The stations A and C were the closest to the tidal channel and the station B was the more distant

from the channel.

2.2 Sampling strategy

In this study, sampling was focused on two contrasted hydrologically situations during
the year 2019: in April and October 2019. The Loire river flood event occurred in February
2019. April corresponded to a period of post-flooding of the Loire river (2 months after the
flood) and October to a period of low water level (8 months after the flood). The three stations

were sampled for 1D geochemical analyses until 11 cm depth and living foraminiferal species
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densities (Rose Bengal staining) in the first centimeter of sediment. In this study, the station C
was sampled for additional analyses: foraminiferal vertical micro-distributions (CTG-labelling)
until 10 cm depth and 2D geochemical analyses.

2.3 Tidal, hydrological and meteorological data

The tidal coefficients reported at each sampling months, came from Pornic

(http://www.maree.info). The monthly Loire river discharge (m® s*) was monitored at the
Montjean-sur-Loire  station, located ~ 120 km upstream from the estuary

(http://www.hydro.eaufrance.fr/). The monthly air temperature (T°C), the monthly rainfall

(mm) and wind-storm events (> 70 km h™) were retrieved from the weather station of
Bourgneuf-en-Retz (Chapter 3) (47,04°N | 1,95°W) using the information from SHOM

(https://www.shom.fr). The wind-storm events were punctual events and not included in the

further data analyses.

2.4 Geochemical sampling and processing

2.4.1 1D sampling and processing

One core per sampling time was used for pore water and solid-phase analyses. The core
(internal diameter = 9.4 cm) was brought to the Angers laboratory and stored at in situ
temperature (15 and 18°C, respectively for April and October) until further analysis the next
day. The core was sliced in a glove bag filled with nitrogen (N2) to avoid oxygen contamination
of the reduced sediments. The core was sliced every 2 mm up to 2 cm depth, then 5 mm up to
5cmand 1 cm up to 11 cm depth. Each sediment slice was weighed then centrifuged (3500
rpm) for 15 min and the supernatant was filtered using a 0.2 um filter (RC25, Sartorius ©). An
aliquot was used for nutrient colorimetric analyses (ammonium (NH4"), nitrite (NO2’), and
nitrate (NOz3")), a second was used for alkalinity analysis. All spectrophotometric analyses were
performed using a Genesys 20 from Thermo-Fischer. Ammonium was analyzed using a phenol-
hypochlorite method (Harwood and Kiihn, 1970). Nitrite was analyzed using the Griess reagent
(Griess, 1879), a second reagent was prepared using vanadium chloride (VCIs) to reduce nitrate
into nitrite, allowing nitrate determination. Alkalinity was measured using the colorimetric
bromophenol blue/ formic acid method (Sarazin et al., 1999). A third pore water aliquot was
acidified with HNO3 and analyzed by ICP-AES (Thermo Scientific iCAP 6300 Radial) to
measure sodium (Na), dissolved iron (Feq), dissolved manganese (Mng) and dissolved reactive
phosphorus (DRP) (uncertainty is 5% for Feq and Mng and 25% for DRP). The salinity was
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calculated from the Na measurements ((Na x 35)/ 469, Thibault de Chanvalon et al., 2015). The
precision of the salinity values was of the order of 1 or 2 units.

Centrifuged sediment plugs were frozen for solid-phases analyses. Within one week,
samples were freeze-dried, weighed again to determine the porosity and manually ground using
an agate mortar. About 100 mg were used for the extraction of reactive manganese (Mnasc), iron
(Feasc), and associated phosphorus (Pasc). Aliquots were exposed to 10 mL of ascorbate solution
(buffered at pH 8) over 24 h (Anschutz et al., 1998, 2005; Hyacinthe et al., 2001).
Measurements were performed after a 50-fold dilution with a 1% ultrapure nitric acid with an
ICP-AES ICAP 6300 Thermo-Fischer.

2.4.2 2D sampling and processing

The principle of the 2D-DET methods (Jézéquel et al., 2007; Robertson et al., 2008;
Pageés et al., 2011; Cesbron et al., 2014; Bennett et al., 2015; Metzger et al., 2016, 2019) is to
adapt existing colorimetric reaction for solutions to the hydrogel 2D samples. The principle is
to superimpose one or two reagent gels over a sample gel that was previously equilibrated in
the sediment. The 2D-DET gels methods used in this study were: NO2/ NO3™ (detailed method
in Metzger et al., 2016, summarized in Choquel et al., 2021), Mnq (detailed method in Mouret
et al., in prep; summarized in Chapter 3), NH4" (detailed method in Metzger et al., 2019) and
Fed/ DRP (detailed method in Cesbron et al., 2014 and summarized in Thibault de Chanvalon
et al., 2015). For the 2D sampling deployment, we used a “stainless steel support” to
simultaneously sample a sediment slab and the pore waters with the 2D-DET gels (Fig. 1). Two
2D-DET gel probes for sampling Mng and NO2/ NO3™ were placed on each side of a Plexiglas
plate and on a second Plexiglas plate were placed a combination of two 2D-DET gel probes for
sampling Feq/ DRP and NH4*. The two Plexiglas plates with the four gels were mounted on a
“stainless-steel support” allowing to sample the sediment slab.

For each chemistry: NO27/ NOs™, Mng, Fes/ DRP and NH4* (Metzger et al., 2016, Mouret
et al., in prep, Metzger et al., 2019, Cesbron et al., 2014), a DET gel probe was -prepared and
protected from particles by a PVDF membrane (0.2 um) when mounted on the Plexiglas plates
(Fig. 1 a). Then, the DET gel probes were assembled with the “stainless-steel support” forming
the sampling device. This 2D sampling device was deployed in situ at the station C in April and
October 2019 at low tide. Because of the equilibration time of 5 hours, a large mud core (glass
walls, size 30 x 30 x 25 cm, ~ 0.02 m®) was sampled around the sampling device, transported
to the lab and maintained at in situ temperature (15 and 18°C, respectively for April and

October) (Fig. 1 b-e). Once the 2D sampling device removed, the 2D-DET gel probes were
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disassembled (Fig. 1 f) and laid on specific colorimetric reagent gels in order to obtain the
coloration development for each chemical species. Photographs (reflectance analysis) of the gel
assemblages for NO2/ NO3s™ and Feq/ DRP were taken with a hyperspectral camera (HySpex
VNIR 1600). These hyperspectral images were converted into false colors through calibrated
scales of concentrations corresponding to each chemistry. Each pixel was decomposed as a
linear combination of the logarithm of the different endmember spectra using ENVI software
(unmixing function) (Cesbron et al., 2014; Metzger et al., 2016). Photographs of the gel
assemblages for Mng and NH4* were taken with a scanner (CanoScan LiDE 600F). These
images were processed with ImageJ® software, split into primary color intensities (red, green
and blue) and converted into 16-bit grey-scale images. The blue color intensity was found to
give the most sensitive response for manganese concentration (Mouret et al., in prep; Chapter
2). The red color intensity was found to give the most sensitive response for NH4*
concentrations (Metzger et al., 2019). The grey values of each pixel of the Mng and NH4" images
were converted into concentrations using calibrated scales of concentrations for Mng and NH4").
The final concentration images were plotted with R software (package plot3D) and cropped to
avoid border effects. The final size of the images was 5 cm width by 10 cm long. The detection
limits are 1.7 umol “? for the NO,/ NO3 2D-gels (Metzger et al., 2016), 19 umol L™ for Mng
(Mouret et al. in prep), about 1 umol L™! for Feq, 2 pmol L™! for DRP (Cesbron et al., 2014)
and about 20 pmol L™ for NH4* (Metzger et al., 2019). The sediment slab into the “stainless-
steel support” (Fig. 1 f) was embedded for further solid-phase analyses (see Chapter 2).

230



Chapter 4

(2)

/
/

/ uoddns ajeuoqIedkjoq /

6.5
-w‘

PVDF
membrane

aueiqudw JJAd

193 4-7 d¥d /74
198 a-7 "HN

ueiquaw JJAd

surIquLDW JAAd /

198 a-T FON /0N
Jueiquidw JAAd

/
/

198 @-T 'uN
wuoddns a1eu0qieokjog

/[
/
/

(b)

Figure 1: Schematic view of the sampling device, (a) the different 2D-DET gel probes were
mounted on a "stainless steel support™, then (b) the 2D sampling deployment was assembled
and inserted in a” mud aquarium” for 5 h equilibration time. The “mud aquarium” was
sampled at the station C in the Bourgneuf Bay mudflat in April and October 2019. (c- e)
Photography of the 2D sampling deployment and the large mud core. (f) The 2D-DET gel
probes were disassembled to be analyzed and the sediment slab into the “stainless steel
support” was embedded for further solid-phase analyses.

2.5 In situ oxygen profiling and modelling in light and dark conditions

During the sampling days, in situ Oz profiling was performed at low tide during 4 hours
(~ 2 h before and after the low tide hour). Sampling was carried out at low tide at 11h 07 on 18
April 2019 and at 15h06 on 3 October 2019. Sediment O profiles were measured in the light
with a Clark electrode (50 pum tip diameter, Unisense ®, Denmark) to determine MPB
photosynthetic activity. A motorized micromanipulator was used to realize O> concentration
profiles within the first 5mm depth at a 100 um vertical resolution. Oxygen profiling was
continuously repeated in order to evaluate the intensity variations of the MPB photosynthesis
activity. The average oxygen penetration depth (OPD) was used with standard deviation (n =
12 in April, n= 11 in October). The profile (n=1) showing the higher Oz production was selected
for modelling dissolved oxygen uptake (DOU) (umol m2 d1) and O production/ consumption
(nmol cm™ s1) zones. During O profiling a black plastic bag was wrapped around the profiling
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device (~ 1 hour) to measure aerobic mineralization (O, consumption without photosynthesis

activity).

2.6 Pore water concentration modelling

The 1D profiles and the average profiles obtained from 2D concentration images were
modeled using PROFILE software (Berg et al., 1998). The two boundary conditions used for
the calculations corresponded to the first solute concentration at the top and the last solute
concentration at the bottom. The bulk sediment molecular diffusion coefficient (Ds) was
estimated according to DS = ¢2D0 (Ullman and Aller, 1982) where ¢ was the sediment porosity
acquired along the sediment depth and DO was the diffusion coefficient in water (1.7079E%
cm? stin April and 1.8575E cm? st in October) at in situ temperature (15 and 18°C,

respectively) and salinity (Li and Gregory, 1974).

2.7 Foraminiferal sampling and processing

The foraminiferal vertical distributions were performed in April and October 2019. One
core per date was collected with a cylindrical core (& 8.2 cm) and sliced every 2 mm up to 2
cm, 5 mmup to 5 cmand 1 cm up to 10 cm depth. The samples were incubated without light
for 10-19 hours in ambient seawater with CellTracker Green (CMFDA, 1 mM final
concentration) at in situ temperatures (Bernhard et al., 2006) and then fixed with ethanol 96°.
Fixed samples were sieved (> 355, 150, 125 and 63 pm) and the > 125 um fraction was
analyzed, using an epifluorescence microscope equipped for fluorescein detection (i.e., 470 nm
excitation; Olympus SZX13). All foraminifera that fluoresced continuously and brightly were
wet-picked, air-dried, identified and counted. Scanning Electron Microscopy (SEM) images of
the dominant foraminifera species (> 5 % of the assemblage) are available in Chapter 4. These
foraminiferal vertical distributions were performed in addition to the classic sampling used for
foraminiferal MUDSURYV biomonitoring (> 1 cm depth, 150 um fraction, Rose Bengal
staining) (see Chapter 3).

3. Results

3.1 Sediment biogeochemistry

3.1.1 Environmental context and physico-biogeochemical sediment properties

The Loire river discharge widely fluctuated from October 2018 to October 2019 (Fig. 2
a). The winter flood event (1030 m3s™) occurred in February 2019. The sampling in April (379

m s) occurred two months after the flood and one month after the last wind-storm event (>
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70 km h'). The second sampling in October was in a period of low water level (< 200 m?s?1)
since July. The average monthly rainfall indicated a sharp increase in early autumn reaching 90
mm in October (Fig. 2 a). The biogeochemical sediment properties differed between the two
months. In April the OPD (measured in the dark) was 1.02 £ 0.003 mm (n=2) and it was higher
in October reaching 1.89 £ 0.06 mm (n=6). One O profile per sampling event was shown in
Fig. 2 b. In April, the porosity profile was disturbed showing a lower value in the 1% cm depth
(0.76 £ 0.02) and fluctuated deeper (Fig. 2 c). In October, the sediment showed a higher porosity
in the 1% cm depth (0.83 + 0.03), then the porosity stayed stable deeper. The surface alkalinity
was similar until 6 cm depth, then the alkalinity increased in October until 16 mmol kg* (Fig.
2 d). The sediment surface salinity in April was 39.7 and 37.7 in October, then the two profiles

decreased and stayed similar (Fig. 2 e).
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Figure 2: (a) Loire river discharge (m* s) from October 2018 to October 2019 (black
histogram), a flood event (1030 m s™) occurred in February and a wind-storm event (> 70 km
h™) in March. The average monthly rainfall (mm) is shown by a dotted line (38 mm in April)
and (90 mm in October). The white and black arrows indicate the sampling months. The tidal
coefficients of the sampling days were 97 in April and 86 in October. The average monthly air
temperature was 12°C in April and 17°C in October. (b) OPD (depth scale in mm), (c) porosity,
(d) alkalinity and (e) salinity profiles for the station C were reported for April (white square)
and October (black circle).
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3.1.2 1D profiles of Mn, Fe and P

Figure 3 presents the 1D profiles of ascorbate-extracted and dissolved Mn, Fe and P in
April (a-c) and October (d-f) 2019. In the 1% cm of sediment, the reactive Mn oxides (Mnasc,
white symbols; Fig. 3 a, d) decreased from 4.1 pmol g*to 2.1 umol g in April and from 6.2
umol g to 2.1 umol gt in October. Mnasc showed a constant concentration below the 1%t cm of
2.4 +0.2 pmol gtin April and 1.6 + 0.4 umol gt in October. In April, the associated 1D Mnq
(dark square; Fig. 3 a) increased from 9.2 pmol L to 108.5 pmol L in the two first cm of
sediment and stayed quite stable deeper (101.1 + 11.6 umol L?). In October, the Mng (dark
circle; Fig. 3 d) indicated a bimodal 1D profile, with an increase from 2.0 pmol L to 158.9
umol Lt in the 1% cm depth, then a second peak deeper reaching 183.6 umol L™ at 7.5 cm
depth.

The reactive Fe oxides (Feasc, white symbols; Fig. 3 b, e) decreased with sediment depth.
In April the Feasc decreased from 77.2 umol g* to 30.2 umol gt in the 1% cm depth, then stayed
stable deeper (32.8 * 4.9 umol g) (white square; Fig. 3 b). In October, the sediment surface
showed a lower concentration of 42.2 umol g to 29.0 pmol gtin the 1% cm, then Feasc Was
stable with 28.6 + 7.5 umol g* (white circle; Fig. 3 ). The associated 1D Feq profile increased
with depth until a maximal value of 903.0 umol L reached at 2.5 cm depth in April (dark
square; Fig. 3 b) and 1694.6 umol L™ reached at 5.5 cm depth in October (dark circle; Fig. 3
e).

Fe-bound phosphorus (Pasc, white symbol; Fig. 3 ¢, f) had similar pattern to Feasc. In
April, the Pasc increased from 7.1 umol g* to 10.3 umol g*in the 1% cm of sediment and
decreased continuously deeper (7.9 + 1.5 pmol g) (white square; Fig. 3 ¢). In October, the Pas
decreased from 9.4 pmol g* to 6.0 umol gt in 1% cm depth, then stayed stable deeper with 6.5
+ 1.2 umol g* (white circle; Fig. 3 f). In April, the associated 1D DRP profile (dark symbol;
Fig. 5 b, ) continuously increased until 50.1 umol L at 10.5 cm depth (dark square; Fig. c).
In October, the DRP was stable until 3 cm depth then increased until 172.8 pmol L at 10.5 cm
depth (dark circle; Fig. 4 f).
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Figure 3: Ascorbate-extracted (white symbol) and dissolved manganese, iron and phosphorus
(dark symbol) from (a-c) April and (d-f) October. A single 1D ascorbate-extracted and
dissolved profile was reported for each chemical element from the station C.

3.1.3 1D and 2D Mnyg distribution and modelling

Figure 4 illustrates the spatial variability of the Mng concentration and modelling using
1D (dark symbol) and 2D (white symbol) methods in April (Fig. 4 a-d) and October (Fig. 4 e-
h). In April, the difference between the 1D and the 2D profiles was high (Fig. 4 a). The average
2D profile showed high Mng concentrations between 106.0 + 88.9 pmol L™ and 410.6 + 120.0
umol Lt in the 1% cm of sediment. Below the Mnq increased until a maximum (corresponding
to the reddish color zone of the 2D gel; Fig. 4 b) between 3 and 7 cm depth (741.9 £ 12.0 pmol
L) and then decreased deeper. The modelling indicated negative (i.e. from the sediment to the
overlaying water) Mng top fluxes: 1D -1.61E% umol m? d* and 2D -7.53E pmol m2 d2.
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One main production zone was found from the surface to ~ 4 cm depth with the 1D (2.13E%4
nmol cm= s; Fig. 4 d) and 2D modelling (1.28E nmol cm™ s; Fig. 4 c). One main
consumption zone was found below 4 cm depth with the 1D (-4.76E nmol cm™ s?; Fig. 5 d)
and 2D modelling (-3.06E% nmol cm= s%; Fig. 5 c).

In October (Fig. 4 e-h), the 1D and 2D profiles indicated a similar pattern (Fig. 4 €). The
average 2D profile showed higher Mng values between 85.6 + 52.8 pmol L™ and 220.2 + 43.6
umol Lt in the 1% cm of sediment, slightly fluctuated deeper (238.9 + 22.1 umol L)
(homogeneous color zone visible with the 2D gel, Fig. 4 f). The modelling indicated similar
negative Mng top fluxes; 1D -7.33E* pmol m? d* and 2D -8.62E%* umol m dX. One main
production zone was found from the surface to ~ 1.5 cm depth with the 1D (1.36E™ nmol cm-
351y and 2D (1.31E% nmol cm™ s) modelling. Below 1.5 cm depth the Mng showed a main
consumption zone between 1.5 to 2.5 cm depth with the 1D (-4.34E% nmol cm= s1) and 2D (-

3.61E%nmol cm s1) modelling. Deeper, the production zones detected were very low.
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Figure 4: 1D and average 2D Mngq profiles and associated modelling in (a-d) April and (e-h)
October. (a, e) 1D profiles (dark symbol) and 2D profiles (white symbol). The average +
standard deviation of the 2D profiles were extracted from the 2D gels b and f, respectively. The
production and consumption zones of the 2D profiles were in ¢ and g, respectively and the
production and consumption zones of the 1D profiles were in d and h, respectively. The dotted
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line (c, d, g, h) represents the limit (zero) between production (positive values) and consumption
(negative values).

3.1.4 1D and 2D Feq distribution and modelling

Figure 5 illustrates the spatial variability of the Feq concentration and modelling using
1D (dark symbol) and 2D (white symbol) methods in April (Fig. 5 a-d) and October (Fig. 5 e-
h). In April the difference between the 1D and the 2D profiles was high (Fig. 5 a). The 1D
profile showed higher maximum concentrations than the average 2D profile. The average 2D
profile increased between 7.8 + 2.9 umol L™ to 188.9 + 79.2 pmol L in the 1% cm, then slightly
decreased deeper (292.05 + 45.37 umol L1). The modelling indicated negative Feq top fluxes;
1D -1.33E pmol m? d* and 2D -5.51E pmol m d. Globally, one main production zone
was found from the surface to ~ 3 cm depth with the 1D (1.94E% nmol cm= s*; Fig. 5 d) 2D
(7.65E™ nmol cm s%; Fig. 6 ¢) modelling. One main consumption zone was found from 4 cm
depth to 10 cm depth with the 1D modelling (-3.33E% nmol cm3 s%; Fig. 5 c).

Conversely in October, the 1D and 2D profiles presented a similar pattern (Fig. 5 e) but
appeared vertically shifted. The surface concentrations were higher with the 2D method, from
14.9 + 3.5 pmol L to 285.94 + 98.1 umol L in the 1% cm depth whereas no Feq was detected
with the 1D profile. The maximal Feq peak of 1695.6 umol L was reached at 6 cm depth with
the 1D method (Fig. 5 e) and 1562.3 + 132.2 pmol L reached at 4 cm depth with 2D method
(high concentrated zone from the surface to 6 cm depth, the black arrow indicated a potential
macrofaunal burrow trace; Fig. 5 f, Thibault de Chanvalon et al., 2015). The modelling
indicated a negative Feqtop flux 2D -8.12E%* umol m d. No estimate of the Feq 1D top flux
was suggested due to the absence of Feq concentration in the first cm depth. One main
consumption zone was found from the surface to ~ 2 cm depth with the 1D (-4.21E nmol cm-
3 sy and 2D (-2.42E nmol cm s1) modelling. The production zone was deeper from 2 to 6
cm depth with the 1D (3.50E nmol cm™ st) and the 2D (3.37E% nmol cm™ s'!) modelling.

Deeper, a second lower consumption zone was detected.
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Figure 5: 1D and average 2D Fegq profiles and associated modelling from (a-d) April and (e-h)
October. (a, €) 1D profiles (dark symbol) and 2D profiles (white symbol). The average +
standard deviation of the 2D profiles were extracted from the 2D gels b and f, respectively. The
production and consumption zones of the 2D profiles were in ¢ and g, respectively and the
production and consumption zones of the 1D profiles were in d and h, respectively. The dotted
line (c, d, g, h) represents the limit (zero) between production (positive values) and consumption
(negative values). The black arrow on the October 2D Feq gel indicated a potential
macrofaunal burrow trace.

3.1.5 Pore water NOs  and NOz availability

The 2D gels performed to analyze the spatial variability of NO>™ and NO3z™ showed no
detected concentrations in April and in October. No NO3™ was also detected in pore waters of
the 1D sediment cores. The 1D NO>" profile indicated concentrations closed to the detection
limit in April with concentration of 2.1 + 1.4 umol L* in the 1% cm of sediment and a maximal
concentration of 5.03 umol L reached at 3 cm depth. In October, the NO,” was not detected.

No robust modelling was performed with NO2™ (data not shown).

3.1.6 1D and 2D NH4* distribution and modelling
Figure 6 illustrates the spatial variability of the NH4" concentration and modelling using
1D (dark symbol) and 2D (white symbol) methods in April (Fig. 6 a-d) and October (Fig. 6 e-
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h) 2019. In April the difference between the 1D and the 2D profiles was low (Fig. 6 a). The 1D
profile decreased from 29.0 pmol L™ to 18.6 umol L at 0.5 cm depth, then increased until 58.3
umol L7 in the 1% cm depth. Deeper the NH4* concentration increased gradually until 386.6
umol Lt at 10.5 cm depth. The average 2D profile increased almost with the same range of
concentration in the 1%t cm of sediment, and increased deeper until 426.9 + 12.6 umol L™ at 10
cm depth. The modelling indicated negative NH4" top fluxes; 1D -1.61E* umol m2 d* and 2D
-7.49E°% pumol m2 d1. Globally, one main consumption zone was found from the surface to ~
1.5 cm depth with the 1D modelling (-1.21E2 nmol cm™ s%; Fig. 6 d) and from the surface to
3 cm depth with the 2D modelling (-4.09E%* nmol cm™ s*; Fig. 6 c). Globally, one main
production zone was found below 1.5 cm depth with the 1D modelling (1.22E% nmol cm=3s?;
Fig. 6 ¢) and below 3 cm with the 2D modelling (3.01E nmol cm™ s*; Fig. 6 c).

In October, the 1D profile increased between 6.7 umol L™ to 56.2 pumol L in the first
2.25 cm depth, then increased strongly deeper until 648.7 umol L™ at 7.5 cm depth then
decreased (515.3 pmol L) and increased again until 644.3 umol L™ at 10.5 cm depth (Fig. 6
e). The average 2D profile increased almost with the same range of NH4* concentration in the
two first centimeters, then increased until 589.6 + 22.3 umol L™ at 10 cm depth. The modelling
indicated negative 1D NH4* top fluxes; 1D -7.15E™ pmol m? dX. No 2D NH4" top flux was
suggested due to the uncertainty of the positioning of the interface. One main consumption zone
was found from the surface to ~ 4 cm depth with the 1D (-7.65E nmol cm™ s1) and 2D (-
1.09E% nmol cm™ s) modelling. The production zone was below 4 cm depth with the 1D
modelling (5.47E% nmol cm s) and below 5 cm depth with the 2D modelling (7.19E% nmol

cm3s?),
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Figure 6: 1D and 2D NH4* profiles and associated modelling from (a-d) April and (e-h)
October. (a, e) 1D profiles (dark symbol) and 2D profiles (white symbol). The average *
standard deviation of the 2D profiles were extracted from the 2D gels b and f, respectively. The
production and consumption zones of the 2D profiles were in ¢ and g, respectively and the
production and consumption zones of the 1D profiles were in d and h, respectively. The dotted
line (c, d, g, h) represents the limit (zero) between production (positive values) and consumption
(negative values).

3.1.7 1D and 2D DRP distribution and modelling

Figure 7 illustrates the spatial variability of the DRP concentration and modelling using
1D (white symbol) and 2D (black symbol) methods in April (Fig. 7 a-d) and October (Fig. 7 e-
h) 2019. In April the difference between the 1D and the 2D profiles was high (Fig. 7 a). The
average 2D profile stayed stable between 1.2 + 0.1 umol L™ to 6.6 + 0.5 pmol L™ in the first 4
cm depth, then slightly increased 6.1 + 0.2 umol L at 10 cm depth. The modelling indicated a
positive DRP top flux 2D 5.51E" pmol m? d. No estimate of the 1D DRP top flux was
suggested. Globally, a low consumption zone was found all along the 1D profile modelling (-
6.14E nmol cm™ s; Fig. 7 d) and from the surface to 2 cm depth with the 2D modelling (-
9.67E% nmol cm s*; Fig. 7 ¢). One main production zone was found from 2 to 4 cm depth
with the 2D modelling (9.37E% nmol cm™ s; Fig. 7 ¢).
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In October, the 1D and 2D profiles showed again a high difference (Fig. 7 €). The
average 2D profile was stable between 2.6 + 0.1 pmol L™ to 5.0 + 0.9 pumol L™ in the first 2
cm, below the DRP increased until 125.8 + 9.5 pmol L™ at 10 cm depth (higher DRP
concentrations visible on the 2D gel, the black arrow indicates a potential macrofaunal burrow
trace; Fig. 7 f). The modelling indicated positive DRP top fluxes; 1D 2.12E% pmol m2 d* and
2D 2.80E™" umol m d*. One main consumption zone was found from the surface to ~ 5.5 cm
depth with the 1D (-1.43% nmol cm= s1) and 2D (-9.83E% nmol cm= s) modelling. The
production zone was below 5.5 cm depth with the 1D (9.71E™® nmol cm= s?) and the 2D

(5.80E% nmol cm s1) modelling.
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Figure 7: 1D and 2D dissolved reactive phosphorus profiles and associated modelling from (a-
d) April 2019 and (e-h) October 2019. (a, e) 1D profiles (dark symbol) and 2D profiles (white
symbol). The 2D profiles are the average DRP profile extracted from the 2D gels b and f,
respectively. The average * standard deviation of the 2D profiles were extracted from the 2D
gels b and f, respectively. The production and consumption zones of the 2D profiles were in ¢
and g, respectively and the production and consumption zones of the 1D profiles were in d and
h, respectively. The dotted line (c, d, g, h) represents the limit (zero) between production
(positive values) and consumption (negative values). The black arrow on the October 2D DRP
gel indicated a potential macrofaunal burrow trace.
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3.2 Microphytobenthos photosynthetic activity

3.2.1 In situ temporal photosynthetic activity dynamics

In April the maximal photosynthetic activity (yellowish profiles; Fig. 8 a) measured
before the low tide hour produced until [O2] 559 umol L™ (OPD = 1650 um depth). The deeper
OPD reached 1800 um. The profiles measured closer to the low tide hour indicated a decreasing
OPD. A profile was measured in dark condition (OPD = 1050 um; dark profile, Fig. 8 b). The
profiles measured after the low tide hour (blue profiles) indicated a lower oxygen concentration
(until 390 pmol L1). In October the O, production was twice as high (Fig. 8 a, b). The maximal
photosynthetic activity (yellowish profiles) measured before the low time hour produced until
[O2] 880 umolL™ (OPD = 2450 um depth; Fig. 8 b). The deeper OPD reached 4000 pm. The
profiles measured closer to the low tide hour indicated also a decreasing OPD. A profile was
also measured in dark condition (OPD = 1800 um; dark profile, Fig. 8 b). The profiles measured

after the low tide hour (blue profiles) indicated a lower O concentration (until 470 pmol L™).
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Figure 8: In situ temporal dynamics of MPB photosynthetic activity before and after low time
hour in (a) April and in (b) October. The dark profiles were realized in situ in the dark. The
yellowish profiles were performed before low time hour (10h 28 and 14h 15, respectively). The
blue profiles were performed after low time hour. The vertical scale was in pum.
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3.2.2 DOU and maximal photosynthetic production modelling

The DOU fluxes measured in situ in dark conditions (Table 1) were positive fluxes
whereas the DOU fluxes measured in situ at light conditions were negative (Table 1). The DOU
fluxes measured in the dark were similar in April and October. The DOU fluxes measured at
light had a value three times higher in October. The same order of magnitude was observed for
O2 consumption zones. The O, production zones modeled with the maximal photosynthetic
activity profile, showed a value twice higher in October.

Table 1: Modelling performed on two in situ profiles in light and dark conditions in April and
October. The low tide hour, in situ profiling hour and in situ temperature for O, profiling were
indicated. One profile performed in the dark and one profile showing the maximal
photosynthetic activity were selected for DOU fluxes, production and consumption zones
modelling.

April October
Light conditions Light Dark Light Dark
Low tide time 11h 07 15h 06
In snu_proﬂllng 10h 39 14h 06
time
In situ T°C 15 15 18 18
OPD (mm) 1.45 £ 0.02 (n=12) | 1.03 +0.003 (n=2) | 2.31 = 1.03 (n=11) |1.89 = 0.06 (n=6)
=1: = =1z — =1: =2 =]z =
Profile used (n=1;0PD=165|(n=1: OPD=1.00{(n=1;0PD=245| (n=1:0PD
mm) mm) mm) 1.10 mm)
[DOU (umol m dY) 22850 2.98E2 -7.63E®2 3 5352
02 ti
2 consumption - 1.40E™ 345 -3.836 4.08E™
(nmol cm™ 57°)
0: production 1.66E! 4728
(nmol cm™ s7™)
Maximal [Oz]
559 880
(umol LY

3.3 Benthic foraminiferal fauna

3.3.1 Foraminiferal vertical micro-distributions

The benthic foraminiferal vertical micro-distribution (CTG-labelling) showed drastic
contrasted densities and a changing Elphidium species between April and October (Fig. 9). In
April, the total density was very low reaching 92 individuals in the 1 cm depth (50 cm™). Three
dominant species were identified: Ammonia sp. T6 (white, Fig. 9 a), Haynesina germanica
(light grey, Fig. 9 a) and Elphidium selseyense (dark grey, Fig. 9 a). The vertical foraminiferal
micro-distribution showed a bimodal trend with two peaks of density; in the 1%t cm depth and

from 5 to 10 cm depth, however the density remains low. In October, the total density was
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higher in the 1%t cm depth reaching 752 ind. 50 cm™ (Fig. 9 b). Three species were also
identified: Ammonia sp. T6, (white, Fig. 9 b), Haynesina germanica (light grey, Fig. 9 b) and
Elphidium oceanense (dark grey, Fig. 9 b).The foraminiferal densities decreased with depth.
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Figure 9: Living foraminiferal vertical micro-distribution (individuals per 10 cm™) in (a) April
2019 and in (b) October 2019 (CTG-labelling). The density scale was lower in April (30 ind.
10 cm®) than in October (200 ind. 10 cm). Four dominant species were found (>150 pum
fraction); Ammonia sp. T6 (white), Haynesina germanica (light grey), Elphidium selseyense
was found only in April (dark grey) and Elphidium Oceanense was found in October (dark

grey).

3.3.2 CellTracker-Green versus Rose Bengal methods

In this study the CellTracker-Green (CTG) was used for foraminiferal micro-
distribution (Fig. 9). However, the MUDSURYV biomonitoring survey at the three sampling
stations uses Rose Bengal staining (RB). Table 2 indicated the densities of the living
foraminifera counted in the 1% cm core with the two methods. In April, the counted living
foraminifera differed between the two methods. Four times more living individuals were
counted with the Rose Bengal method (92 versus 364 ind. 50 cm™). Living Ammonia sp. T6,
Haynesina germanica and Elphidium selseyense were 3 to 4 times more abundant with RB.,
some individuals of Elphidium oceanense were counted in April with RB. In October, the
difference between the two methods was lower (Table 2). The total density of counted living
foraminifera in the 1% cm depth was similar (752 versus 627 ind. 50 cm), however some

differences were observed between species. Ammonia sp. T6 and Haynesina germanica were
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1.5 to 2 times less abundant with the RB. There was no living Elphidium selseyense specimen

and the number of living Elphidium oceanense was similar between the two methods.

Table 2: Comparison of foraminiferal individuals per 50 cm™ of the 1% cm sediment from the
station C (> 150 um) by two staining methods; CellTracker Green (CTG) and Rose Bengal
(RB). The Rose Bengal data of the stations A and B were added for meso-scale variability

discussion.

Staining Ammonia | Haynesina | Elphidium | Elphidium | Total (ind.
methods sp. T6 germanica | selseyense | oceanense | 5() cm'3)
CTG 46 42 4 0 92
April-C
RB 142 188 13 21 364
October- CTG 168 171 0 413 752
C RB 107 87 0 433 627
4. Discussion

4.1 Multiple deployments to provide detailed spatiotemporal variability of redox
elements and nutrients
4.1.1 Vertical distribution of redox species

Sediments of the intertidal Bourgneuf Bay mudflat are characterized by a high anaerobic
OM remineralization. According to Froelich et al. (1979), anaerobic processes like the
reduction of Mn oxides and Fe oxides take place below a thin oxic layer. However, in this study
the depth of the Mng and Feq, production and consumption zones differed between the two
sampling periods (Fig. 4 and 5). A summary of the calculated fluxes and production/
consumption zones is available in Annex 1 a and b, respectively. In April, the dissolved Mng
and Feq shared the same production depths between the sediment surface to 4 cm depth with
consumption zones deeper (Fig. 4 and 5). Whereas in October, the Mng production was
constrained from the surface to 2 cm depth and the Feq production zone was from 2 to 6 cm
depth. Therefore, a decoupling of the Mng and Feq production zones was observed in October.
It could be explained by the expected succession of available terminal electron acceptors
yielding the maximum energy as predicted by the theory (Froelich et al., 1979) which was well
established in October but not in April. The mudflat topography and sedimentation rate were
not measured in our study, however a flood deposit of a layer with a thickness of 5to 10 cm on
mudflats has frequently been reported for the French Atlantic coast (Goubert et al., 2010;
Thibault de Chanvalon et al., 2016). In February, the flood deposition could represent an
important stock of oxidants that are likely to fuel transient diagenesis for several months
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(Thibault de Chanvalon et al., 2016). In October, the maximal Feq concentration and the
production zone (2-6 cm depth; Fig 5 f, g) would be limited by the increasing of sulfato-
reduction process taking place from ~ 7 cm depth (Annex 2 b) (Taillefert et al., 2007). The
increase in anaerobic processes was also shown by the higher alkalinity values at these depths
in October (Fig. 1 d; Annex 3 c). In April, the Feq concentration zone was deeper (Fig. 5 f),
might suggesting that the sulfato-reduction zone was almost absent in the 10 first centimeters
of sediment and was probably deeper (Annex 2 a).

4.1.2 Spatial variability of redox elements at decametric and decimetric scales

The used of the combination of 1D and 2D methods revealed the spatial heterogeneity of
the Mng and Fegq at decimetric-scale (within the same station) (Fig. 4 and 5). At decametric scale
(~ 10 m), the 1D profiles performed at the stations A (blue triangle), B (green square) and C
(grey circle) are available in Annex 3. In April, the 1D and average 2D Mng concentration
profiles and fluxes highly differed (Fig. 4 a-d; Annex 1 b). At decametric scale, the 1D Mng
profile at the station B (Annex 3 ¢) was similar to the average 2D Mnyg profile at the station C.
This observation might suggest a higher spatial heterogeneity at decimetric scale. Indeed, the
difference observed between the 1D profile of the C core and the average profile obtained from
the 2D Mnq gels (spaced a few tens of centimeters apart) was as large as the difference observed
between the 1D profiles from A, B and C cores (spaced from 10 m apart). Therefore, there was
no larger heterogeneity at the decametric scale. Moreover, heterogeneity could occur on a
smaller scale than the decimetric scale. The presence of macrofaunal burrows (only visible on
the 2D Feq and DRP gels (Fig. 5 f and Fig. 7 f) can generated an average concentration profile
and an associated standard deviation showing less variability at the 2D gel-scale compared to
the difference between the 1D profiles at decametric scale. This would suggest that the
heterogeneity occurred mainly at the decimetric scale. Conversely in low water period
(October), the Mng profiles showed similar trend and concentrations, suggesting homogeneous
benthic properties for Mn (Fig. 4 e-h; Annex 1 b).

The 1D and average 2D Feq concentration profiles at the station C and fluxes differed
laterally in April (Fig. 5) and vertically in October as discussed previously. Moreover, a vertical
discoloration on the 2D Feq gel in October (black arrow; Fig. 5 f) targets a potential trace of
macrofaunal burrow (as observed on other gel images in Thibault de Chanvalon et al., 2015)
increasing the sediment heterogeneity at decimetric scale. In April, the 1D Feq profiles at
decametric scale (Annex 3 f) showed shifted concentration peaks conversely to the average 2D

profile showing lower Feq concentrations (Fig. 5 b). In October, the 1D Feq profiles at

246



Chapter 4

decametric scale also present contrasted vertical distributions (Annex 3 f). Finally, the vertical
heterogeneity of the Feq distributions was very high in both April and October at decametric
scale (depth of appearance of the Feq, position of the peak, and maximal concentrations). The
spatial variability of 1D SO4> profiles at decametric scale indicated similar trend profiles in
April, excepted at the station B showing larger vertical fluctuations (Annex 3 k, 1). In October,
the 1D SO4> profiles at decametric scale indicated similar trend profiles with an increased

concentration at ~ 7 cm depth (Annex 3 I).

4.1.3 Spatial variability of nutrients (NH4* and DRP)

The used of the combination of 1D and 2D methods revealed the spatial heterogeneity of
the NH4" at decimetric and decametric scales (Fig. 6; Annex 3 g-h). In April, the 1D and average
2D NH4" concentration profiles were similar (Fig. 6 a-d), whereas in October the decimetric
scale was higher (Fig. 6 e-h). In April, the 1D concentration profiles where lower at the stations
A and B compared to the station C, whereas in October, the 1D concentration profiles of the
stations A and B where similar to the 2D average profile. These observations might suggest that
the spatial heterogeneity was higher at decametric scale in post-flooding period and the spatial
heterogeneity was higher at decimetric scale in stabilized summer period. The NH4" spatial
variability was also visible through fluxes, especially in October where the 1D profile was
negative and the average 2D profile was positive. Moreover, the NH4* production was higher
(Annex 1 a-b).

The used of the combined 1D and 2D methods also revealed the spatial heterogeneity of the
DRP at decimetric and decametric scales (Fig. 7; Annex 3 i-j). In April and October, the 1D
DRP profiles were higher than the 2D average profiles, this would suggest a high spatial
heterogeneity at decimetric scale at the two periods. Moreover, as the 2D Feq average
concentration profile, a macrofaunal burrow (black arrow; Fig. 7 f) was visible on the 2D DRP
image. In the same way, the DRP average concentration profile and associated standard
deviation showed less variability at the 2D gel-scale compared to the difference between the
1D profiles at decametric scale. This would suggest that the heterogeneity occurred mainly at
the decimetric scale. However, in April the spatial heterogeneity at decametric scale was low,
indeed the three 1D DRP profiles were similar (Annex 3 i). In October, the spatial heterogeneity
at decametric scale was higher as the 1D profile of the station B was similar to the 2D average
profile from the station C (Fig. 7 f; Annex 3 j).
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Finally, the redox spatial variability differed between the two hydrological contrasted
periods. Indeed, the spatial variability of redox elements Mn, Fe and SO4> seemed higher at
decametric scale in April, whereas in October Mn and SO42 would indicate lower variability
excepted Fe showing high vertical distribution variability. At decimetric scale, the spatial
variability of Mn and Fe were higher in April and lower in October. Concerning nutrients, the
spatial variability at decimetric and decametric scales was high in October. Conversely in April,
NH4" concentration profiles were homogeneous at decimetric scale and heterogeneous at

decametric scale, the reverse was observed for DRP.

4.2 Combined influence of the tidal pump fueled by contrasted hydrological periods
4.2.1 Linking tidal dynamics of Oz with the MPB photosynthetic activity
Micro-scale variations of O2 concentration at the sediment surface are linked to the tidal

cycles (Delgard et al., 2012). During low tide, the O2 concentration and production fluctuated
with the MPB photosynthetic activity in the uppermost millimeters of the sediment surface in
~ 4 hours (Fig. 8 a, b; Table 1). At ebb tide, the benthic Oz concentration and production
increased deeper by approximately 500 um in sediments until low tide time. At rising time, the
peak of O2 concentration decreased (~ divided by a factor 2) and increase towards the surface
by approximately 200 um (Fig 8; Table 1). In this study, irradiance was not measured during
O- profiling. According to previous literacy, the fluctuation in photosynthetic activity is linked
to the endogenous vertical migratory movement of diatom cells (epipelic life-form) impacted
by irradiance (Serddio et al., 1997; Guarini et al., 2000; Bartoli Marco et al., 2003; Brotas et
al., 2003; Jesus et al., 2009; Walpersdorf et al., 2017; Pniewski et al., 2015; Prins et al., 2020).
Namely, the cells migrate upward to the surface at ebb tide, then the cell migrate deeper in
sediment before incoming tide (Easley et al., 2005; Jesus et al., 2006, 2009; Brito et al., 2009;
Serddio et al., 2020). However, some previous studies showed that cells can migrate deeper in
the sediment due to light stress, inducing photo-regulation response and an optimal depth (Jesus
et al., 2006; Prins et al., 2020). Thus, our results (Fig. 8; Table 1) would suggest that at ebb tide
the maximum photosynthetic activity occurred deeper in the sediment, to avoid inhibition of
irradiation. Then with incoming tide, photosynthetic activity decreased and occurred closer to
the surface. The study of Delgard et al., (2012) describes that at rising tide the O, concentration
decreases in the oxic zone greater more than an hour before the arrival of the water (decreasing

OPD) and illumination does not change.

4.2.2 The dynamics of reduced species and nutrient availability
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The tidal pump generates hydrostatic pressure gradients at low tide inducing a seeping
(negative fluxes) of anoxic pore waters and advection of pore waters through macrofaunal
burrows and permeable sediments. This process is a major contributor of solute export from the
sediment to the tidal channels (Billerbeck et al., 2006; Taillefert et al., 2007; Deborde et al.,
2008; Abril et al., 2010; Delgard et al., 2012; Anschutz et al., 2019). The contrasted
hydrological context fueled the dynamics in oscillatory redox elements generated by tidal
pump. In this study the permeability of the sediment was not measured, however it is possible
to suggest hypotheses about the permeability from the mean grained size measurements of the
sediment (Burdige, 2006). In April, the flood deposit/ resuspension decreased the porosity at
the sediment surface and deeper until 10 cm depth (Fig. 1 b). Some very coarse silt and very
fine sand inputs were observed at the “La Coupelasse” site in post flooding period (see D50 in
annex Chapter 3). This would indicate a higher permeability of the sediment. These coarser
grained could suggest that pore water containing the dissolved chemical elements could
circulate by advection in response to pressure gradients in the sediments (Janssen et al., 2005).
On the contrary, the higher porosity at the sediment surface in October can indicate a more
compacted sediment and constituted mainly of coarse silt (see D50 in annex Chapter 3). The
finer gained sediment could induce a lower permeability. Thus in stabilized period, the pore
water transport processes would be dominated by molecular diffusion, bioturbation and
bioirrigation (Berner, 1980; Aller, 1982). Besides, macrofaunal activity could be higher in
October (macrofaunal burrow trace; 2D Feq, DRP gels in October; Fig. 5 f; Fig. 6 ). It would
be interesting to estimate the contribution of Feq and DRP bioirrigational fluxes to diffusive
fluxes by the Savitsky-Golay Filter method (Thibault de Chanvalon et al., 2017) in further
analyses (as presented in Chapter 3). The redox elements and nutrients fluxes calculated in this
study were based on transport by molecular diffusion and not by transport by advection.
Advective pore water fluxes provide a transport mechanism faster than diffusion (Huettel et al.,
1998; McKee et al., 2004). We hypothesized that the advection process should play a minor
role at “La Coupelasse” site, further analyses based on the calculation of sediment permeability

and advection are required.
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Ammonium and DRP are essential nutrients for benthic primary producers (Sundback
and Granéli, 1988; Feuillet-Girard et al., 1997; Deborde et al., 2008; Oakes et al., 2020). In
marine environments rich in OM, the production of DRP and NH4" by sulfato-reduction is
important because sulfato-reduction is a major process of OM degradation in depth. Moreover,
DRP can be release in pore water by desorption when Fe oxides are reductively dissolved
(Krom and Berner, 1980; Sundby et al., 1992; Anschutz et al., 1998, 2019). The general
correlation between [Plasc and [Felasc (R? > 0.6) in April show a similar trend in October 2019
(R? = 0.56). This result confirm that Pasc Was bound to Fe oxides, contrary to April that did not
show significant linear correlation due to a bimodal distribution (Annex 4). Nevertheless, we
observed a higher quantity of Pasc adsorbed on Feasc in April (for the group of points from 1 to
5.5 cm deep) than in October. This observation could indicate that different processes are
involved than those observed by Thibault de Chanvalon et al., (2016) in the Les Brillantes
mudflat after the flooding. This same trend was observed at the station A but not at station B
(data not shown). In October, DRP increased with depth independently of Feq (decoupling of
zones; Fig. 5 fand Fig. 7 f), which suggests the increasing contribution of the organic P source
from OM remineralization according to depth (increasing sulfato-reduction, Annex 2 c). In

April, the DRP concentration was very low and Feq remained high. Puso/Feqse ratio
0 0.1 02 03 04
0

Figure 10 shows the pattern of [Plasc/[Felasc, at the surface:
[Plasc/[Felasc ~ 0.1 in April and ~ 0.2 in October, indicating a
progressive P enrichment of Fe oxides at the sediment surface in

post-flooding period. Deeper in sediment the [Plasc/[Fe]asc ratios

=

were high (~ 0.3) compared to the previous studies summarized in
Thibault de Chanvalon et al., (2016). These high ratios indicated

that Fe oxides were saturated in P in April and October. Moreover,

(wo) pdag

in case of redox oscillations the kinetics of Fe oxidation was higher
than P adsorption (Thibault de Chanvalon et al., 2016). As a
consequence, DRP produced in the deep sediment by the OM

10

remineralization diffused towards the sediment surface, without to ~ Figure 10: [Plasc/[Fe]asc
) . ) ) ratio according to depth
be retained by Fe oxides, to feed benthic primary producers. The April (white square)
low DRP concentrations observed in April (Fig. 8 (a-d); Annex 3 a'ndl in October (black
circle).
i) might suggest the DRP exhaustion by the tidal pump and primary )
producers.
At the Bourgneuf Bay sampling site, NO2" and NOz™ concentrations were closed to the

detection limit or undetected during the year (see part 3.3.1). This would suggest that
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denitrification is very high and NOz3™ rapidly consume by MPB and bacteria (Dalsgaard and
Thamdrup, 2002; Risgaard-Petersen et al., 2003). Ammonium was more concentrated in deep
sediment in April and was higher in October (Fig. 6; Annex 3 g, h). The linear correlations
between NH4" and DRP concentrations were good (R?= 0.74 and R?=0.85, respectively; Fig.
11 a). However, the slopes differed, especially lower in October. The NH4* consumption could
be more efficient in October, which could correspond to the increase in the MPB biomass
observed during the stabilized late summer period (see Chapter 4). The N/P ratios (Fig. 11 b)
indicated lower values than the Redfield ratio (16:1), excepted in April from ~ 4 to 6 cm depth.
This would imply that nitrogen was mainly limiting at the sampling site and phosphorus in

excess (Hillebrand and Sommer, 1997), excepted in April where DRP was very low.
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Figure 11: (a) Pore water concentration of NH4* versus DRP (umol L) in April (white square)
and in October (black circle), respectively with the equations and R? of their associated linear
regressions. (b) The N/P ratio function of depth in April (white square) and in October (black)
circle. The dotted line indicates the N/P Redfield ratio (16:1).

4.3 Foraminiferal micro-distribution (CTG); good bioindicators of the sediment
stability in two hydrological contrasted periods
4.3.1 The vertical micro-distributions of living benthic foraminifera

The foraminiferal density and vertical micro-distribution profiles differed between the
disturbed post-flooding and stabilized late summer periods (Fig. 9). In April, the foraminiferal
density was low suggesting unfavorable conditions for foraminiferal development (e.g;
discharge, rain, high tidal coefficient, lower porosity, currents, wind-storms). In these
conditions only the two typical species inhabiting transitional environment were observed
Ammonia sp. T6 and Haynesina germanica with some exception of few specimens of Elphidium
oceanense. The vertical distribution in April showed a bimodal trend probably due to the
sediment deposit/ resuspension of specimens after the flooding (Fig. 9 a). The same bimodal

trend was shown in Ammonia tepida vertical distribution at Les Brillantes mudflat (Loire
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estuary) explained partly by the impact of intense macrofaunal bioturbation (Thibault de
Chanvalon et al., 2015). This explanation cannot be used in the present case, where the
macrofaunal bioturbation existed but remained rare (few burrows were observed during slicing
cores, personal observations). Thibault de Chanvalon et al., (2015) suggest an alternative
mechanism that can explain our case. Along the first 3 cm depth, foraminifera are capable to
migrate up to the oxygenated, organic-rich surface layers once they detect redox gradients,
whereas in deeper sediment layers, they are no longer capable to reach the superficial
oxygenated layer and remained blocked in depth. The vertical micro-distribution observed in
April might reflect mixed residuals individuals in disturbed sediments. In October, the
sedimentary conditions were stable, favored by several months of lower hydrodynamism and
summer conditions (Fig. 1 a). Higher foraminiferal densities were observed in the 1% cm depth
and then decreased strongly with depth (Fig. 9 b). The high density found at the sediment
surface suggests favorable conditions for the development of living foraminiferal specimens
particularly for Elphidium oceanense.

The time lag between the propagules and the adult stages depends on the growth rate which
can take from 1 to 3 months (for Ammonia tepida in (Stouff, 1998)). In previous studies, two
reproductive event triggers were reported: 1) reproductive events occurs under favorable
conditions (stable sediments, high Oz concentration and food availability) (Debenay et al., 2006;
Alve and Goldstein, 2003; Hess and Jorissen, 2009; Mojtahid et al., 2016; LeKieffre et al.,
2017), reproductive events occurs under stress conditions (unstable geochemical gradients, sub-
anoxia, anthropogenic pollution) inducing a fast reproduction in the following days (Morvan et
al., 2004; Ernst et al., 2006) leading to high densities. In this study, the April foraminiferal
vertical distribution occurred two months after the Loire river flood and one month after the
last wind-storm event (Fig. 2). Therefore, the sediment underwent strong physicochemical
disturbances. The early spring 2019 was not described by a rapid reproduction event but by the
increased mortality of the specimens (no reproduction, no juvenile observed in fraction 125
pm). In October, the stabilized sedimentary conditions induced a favorable reproductive period
for three species, Ammonia sp. T6, Haynesina germanica and Elphidium oceanense. However,
Ammonia sp. T6 and Haynesina germanica did not show a high reproduction event as already
observed in previous years with densities exceeding 1000 ind. 50 cm per species (see Chapter
3). The maximal reproduction event could have been reached in the previous months (August
and September) or following months (November, December) as observed in previous years (see
Chapter 3).
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4.3.2 Comparison between Rose Bengal versus CellTracker Green methods

Rose Bengal was the first method used as a means to distinguish living from dead
foraminifera in the 1950s. The principle consists to bound specific proteins to living cells to
produce a magenta coloration of the specimen (Walton, 1952; Bernhard et al., 2006).
CellTracker Green (CTG) probe forms a fluorescent compound when hydrolyzed with non-
specific esterase, making accurate identification of living organisms under an epifluorescent
microscope (Bernard et al., 2006). CTG is often used in ecological and experimental studies to
differentiate living from dead benthic foraminifera (Bernhard et al., 2006; Nardelli et al., 2014;
Langlet et al., 2014; Thibault de Chanvalon et al., 2015; Cesbron et al., 2016; Charrieau et al.,
2018; Richirt et al., 2020; Choquel et al., 2021). The advantage of CTG in comparison with
Rose Bengal is the efficiency on short time scales and therefore the limitation of false positives
crucial to describe population dynamics in highly transient environments (Bernhard et al., 2006;
Figueira et al., 2012; Pucci et al., 2009; Ross and Hallock, 2016; Melaniuk, 2021).

In this study, the difference in live staining and fluorescent specimens counted in the 1% cm
depth with the two methods was striking (Table 2). The Rose Bengal staining overestimated the
living specimens in April. However, the live specimens counted in October with both methods
were in the same range. The difference of both methods in the determination of “live”
specimens in the 1t cm depth in April can indicate that a part of foraminiferal specimens stained
with Rose Bengal were actually dead. In October sediments indicated stable conditions, high
foraminiferal densities at the surface are the result of the presence of abundant labile OM and
oxygenated layer (Jorissen et al., 1995; Cesbron et al., 2016). Moreover, in October, smaller
individuals were counted in the 125 pum fraction of the 1%t cm depth: 37 ind. 50 cm™ for
Ammonia tepida, 34 ind. 50 cm™ for Haynesina germanica and 28 ind. 50 cm for Elphidium
oceanense, no specimen of this fraction was observed below 1 cm depth. This suggests that a
reproduction event occurred on the sediment surface. Some individuals were found in deep at
the two months, this would be induced by downward transport by macrofaunal biomixing
introducing living foraminifera into deeper sediment layers (Thibault de Chanvalon et al.,
2015). Then, some specimens could be dormant after a prolonged presence in sub-oxic
conditions, reducing their metabolism but still detected with CTG (Thibault de Chanvalon et
al., 2015; LeKieffre et al., 2017).

The spatial variability (patchiness) observed with Rose Bengal specimens at decametric
scale (between the three stations) in April was high (Annex 5), however the patchiness observed
at decimetric-scale at the station C was higher between Rose Bengal and CTG specimens.

Despite this spatial variability and the use of the two methods, we can observe a significant
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distinction between the two Elphidium species. Elphidium selseyense was only present in
Spring (Chapter 3). Elphidium oceanense was less represented but show a peak of reproduction
in autumn (Chapter 3).

Previous studies insist to compare the two staining methods at each sampling site (Bernhard
et al., 2006; Pucci et al., 2009; Figueira et al., 2012; Melaniuk et al., 2021). The offset between
living and dead specimens can lead to inaccurate population turnover, complicating ecological
interpretations in transient environments. Therefore, ecological and experimental studies are
performed only with CTG labelling (Nardelli et al., 2014; Langlet et al., 2014; Thibault de
Chanvalon et al., 2015; Cesbron et al., 2016; Charrieau et al., 2018; Richirt et al., 2020; Choquel
etal., 2021).

4.3.3 Oz respiration rates and alternative metabolisms

The foraminiferal O respiration rate method is detailed in Annex 6 a, and the O respiration
rate per species is available in Annex 6 b. The contribution of foraminifera to benthic aerobic
mineralization is detailed in Annex 7 a. The contribution of foraminifera to benthic aerobic
mineralization was considered low (< 1 %) in the Bourgneuf Bay at the station C (Annex 7 b),
as previously shown in coastal sediments (Geslin et al., 2011; Cesbron et al., 2016). In suboxic
zones, some foraminifera species can survive with alternative respiration pathways as
denitrification (Risgaard-Petersen et al., 2006). However, not all species (i.e. Ammonia tepida)
are able to store intracellular nitrate to perform the denitrification (Pina-Ochoa et al., 2010;
Glock, 2019). To our knowledge, no evidences of measured denitrification rate is available for
Haynesina germanica and the two Elphidium species. According to the low seasonal
availability of pore waters nitrate, denitrification would not be a preferential metabolic pathway
in this environment conversely to other coastal environments where denitrification by
foraminifera affects significantly the N cycle (Pina-Ochoa et al., 2010; Glock, 2019; Choquel
etal., 2021).

Other alternative metabolisms pathways are suggested in previous studies allowing some
species to benefit from alternative O2 and nutrient sources. Haynesina germanica is known to
performed active kleptoplastidy, producing O by the functional sequester chloroplasts during
several days (Jauffrais et al., 2016). Thus, Haynesina germanica would benefit from seasonal
oxygenated and nutrient-rich micro-niches. NH4" assimilation by mixotrophic (Haynesina
germanica) and heterotrophic (Ammonia tepida) foraminiferal species was revealed (LeKieffre
et al., 2018a; Jauffrais et al., 2019; Chronopoulou et al., 2019). The intracellular NH4" pool in

benthic foraminifera was never quantified, however NH4" assimilation could be a favorable N
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source (as suggested for planktonic foraminifera; (LeKieffre et al., 2018b)) for cell growth and
development (Bird et al., 2020). Benthic foraminifera might compete with MPB for NH4*
availability in a fast N-turnover environment (Eyre et al., 2016). As NH.s*, DRP can be
assimilated by some species to build their cell membranes. Moreover, some foraminiferal
species can concentrate intracellular DRP pool up to three orders-of-magnitude higher than in
the ambient pore water in Peruvian oxygen minimum zone (Glock et al., 2020). This hypothesis
suggests that foraminifera may play a role in the global phosphorus cycle and need to be further

explored, particularly in intertidal environments.

5. Conclusion

The recycling of redox elements and nutrients in the Bourgneuf Bay mudflat appears to be
influencing by the high winter hydrodynamism fueling transient diagenesis over contrasted
months: in post-flooding and low water level periods. The 2D gel methods provide detailed
vertical and lateral distributions of solute elements at decimetric scale showing homogeneous
and heterogeneous zones. To capture the decametric heterogeneity complementary analyses
using 1D profiles on different cores were performed. In post-flooding period, Mn and Fe share
the same redox front due to recent sediment deposit/ resuspension. Conversely, in low water
level period, the stabilized sediment shows the decoupling of the Mn and Fe redox fronts. Fe
oxides are saturated with phosphorus at the two periods, inducing that phosphorus dynamics is
mainly linked to the increase of deep anaerobic OM mineralization as sulfato-reduction process
and less to the P release by the reductive dissolution of Fe oxides. The nitrogen turnover is high,
overall NOs™ and NH4* are limiting nutrients for benthic primary producers. Ammonium and
DRP are actively consumed at the sediment surface, excepted in post-flooding period where the
DRP is depleted. The Oz redox front is highly dynamic and influenced by tidal cycles. The
increase of O availability deeper in the sediment as in low water level period, allows more
favorable oxygenated micro-environments for benthic foraminifera. Furthermore, the
foraminifera responded strongly to these contrasted conditions. The CTG-labelling
foraminiferal micro-distributions indicate the state of sediment instability through unfavorable

versus favorable periods.
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Supplementary information

Annex 1 a: Calculated fluxes from PROFILE modeling at the air-sediment interface (umol m2 d?).

Fluxes at the air-sediment interface
(umol m-2 d-l)
April October
DOU in dark 337E 587E
DOU in light (Max. PA -02 -02
profile) -2.28E -7.63E
2D NH, 7 495" No estimate
IDNH, 16IE " 715E
2D DRP 551E 2.80E
1D DRP No estimate 2.12E-05
2D Mn, 7.53E " 8.62E
1D Mn, 16IE 733E "
2D Fe, 5.51E 8.12E
1D Fe, 1338 No estimate
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Annex 1 b: Calculated global production/ consumption zones from PROFILE modeling of the
1D and 2D profiles (nmol cm™ s1).

Global production/ consumption (nmol
3 -
cm s )
April October
ducti - -
0, in dark e lc_)n 02 -02
consumption 3.45E -4.08E
0, in light (Max. PA production 1.66E_01 4.72E_01
profile) consumption .1,10]5-01 -3.83E-01
production 3 01E_04 7 19E_04
.
2D NH : — — 3
4 consumption -4.09E -1.09E
production 1.220E S47E
+
1D NH A - : 03 . 03
consumption -1.21E -7.65E
production 9 37E_06 5 80E-05
2D DRP - ' 206 ' 05
consumption -9.67E -9.83E
production - 9 71E_05
1D DRP - 06 . 04
consumption -6.14E -1.43E
roduction -03 w
>D Mn p 1.28E 1.31E
d ) -04 -04
consumption -3.06E 361E
roduction o _03
1D Mn, p . 2.13E - 1.36E _
consumption -4.76E -4.34E
roduction o -03
2D Feal P T.63E BRI -03
consumption - -2.42E
roduction o _03
ID Fe, p . 1.94E - 3.50E _
consumption -3.33E -4.21E
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Annex 2: S/Na ratio (a) April and (b) October. The corresponding fluxes and production/
consumption zones are not exploitable but these profiles modelling allow to localize in sediment
depth the zones of production/consumption of sulphates.

(a) April 1D S/Na ratio (b) October 1D S/Na ratio
0 0.02 0.04 006 008 0 002  0.04 006  0.08
0

0
|
|
|
|
2 ; 2
|
i
~ 4 4
) 5
=, =
6 2.6
a g
8 8
10 10 |
|
b .

-4,0E-08 -2,0E-08 0.0E+00 2.0E-08 -4,0E-08 -2.0E-08 0.0E+00 2.0E-08
Prod/ conso (mmol cm™ s1) Prod/ conso (mmol cm™ s1)
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Annex 3: 1D profiles of alkalinity, Mng, Feq, NH4* and DRP at the 3 sampling stations A (blue

triangle), B (green square) and C (grey circle) in April and October 2019.
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Annex 4: Ascorbate extracted [P]asc versus [Fe]asc in April (white square) and in October (black
circle) at the station C (the Pasc at 4.75 cm deep was removed for October).
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Annex 5: Number of foraminiferal specimens counted with the Rose Bengal-staining method in
the 1% cm depth at the three stations A, B and C (> 150 pum). In bold the specimens counted at
the station C used to compare with CTG-labelling method in Table 2.

Staining Ammonia Haynesina | Elphidium | Elphidium Total (ind.
methods sp. T6 germanica | selseyense | oceanense 50 cms)
RB-A 55 57 5 1 124
April RB-B 22 27 24 1 75
RB-C 142 188 13 21 364
RB-A 241 408 0 660 1309
October RB-B 63 186 0 93 343
RB-C 107 87 0 433 627

Annex 6 a: Foraminiferal oxygen respiration rate measurements

The first centimeter of one core dedicated to foraminiferal oxygen respiration rate

measurements was sampled in April and October 2019. The cores were carefully transported at
in situ temperature in Angers university to be analyzed the next day. The dominant foraminifera
specimens were picked under in situ temperature and collected in a Petri dish, containing a thin
layer of sediment (32 um) to check their vitality. Only living, active specimens were picked
and cleaned several times using a brush with micro-filtered artificial seawater.

Oxygen respiration rates were measured, following the method developed by Geslin et al.
(2011) using a Clark type oxygen microsensors (50 um tip diameter, Unisense ®, Denmark)

(Revsbech, 1989) calibrated by a two-point calibration using air-saturated water at in situ
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temperature and sodium ascorbate solution (to strip O out of the system) as zero. Then, a pool
of 4 or 5 living foraminifera was transferred into a glass microtube (inner diameter 0.5 mm,
height 7.5 mm) that was fixed inside a 20 ml test tube mounted in a glass-cooling bath. A
motorized micromanipulator was used to measure O concentration profiles along a distance
gradient that ranged from 200 um of the foraminifera to 1200 um using 100 um steps. Each
oxygen profile is repeated 5 to 10 times (with 5 minute intervals) in order to confirm the stability
of the oxygen gradient. The last profile is selected to calculate the oxygen O2 flux. Negative
controls were done by measuring O rates from microtube with empty foraminifera shells and
blanks with empty microtube. Oxygen respiration rates were calculated with Fick’s first law
of diffusion, J = -D * dC/dx, where J is the flux, dC/dx is the concentration gradient obtained
by profiles and D is the free diffusion coefficient of oxygen at in situ temperature and salinity
(Ramsing and Gundersen, 1994). The O- respiration rates were calculated as the product of the
flux by the cross section area of the microtube (0.196 mm?). Then, the average O respiration
rate was divided by the number of foraminifera presented in the microtube to obtain the
respiration rate per individual.

For every species, the total foraminiferal volume was estimated by using the best resembling
geometric shape, a half sphere where the maximum (Dmax) and minimum (Dmin) diameters

Dmax+Dmin

3
> ) . The cytoplasmic

1 4
of each shell were measured (shell volume = SXZXTX (

volume (or biovolume) was estimated by assuming that the internal test volume corresponds to
75% of the total foraminiferal test volume (Hannah et al., 1994) and that the internal test volume
of the shell was entirely filled with cytoplasm. The measurements were performed using a
micrometer mounted on a Leica stereomicroscope (Leica MZ 12).

Annex 6 b: Foraminiferal O respiration rates.

species Biovolume (pm®) respiration rates pmol L™ Numbfer of Numper of
mean sd mean sd profiles specimens
Ammonia sp. T6 6,98 E*® [ 522 E *%® 1456 59 6 5
April 2019 Haynesina germanica 153E *% | 137 E*% 1463 38 11 5
Elphidium oceanense
Elphidium selseyense 652E*®[453E*® 670 18 10 5
Ammonia sp. T6 242E*%[1.73E*® 1246 46 7 5
October 201 Haynesina germanica 646 E*®|352E 1218 83 11 5
Elphidium oceanense 278E*®[1.85E*® 738 65 10 5
Elphidium selseyense
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Annex 7 a: Contribution of the dominant foraminifera species to the local diffusive oxygen
uptake

Total foraminiferal respiration was calculated as the product of the number of individuals of
the various taxa in the oxic sediment layer and their respective oxygen respiration rates,
extrapolated to the total fauna by multiplying with (100/cumulative percentage of the
considered species). In order to estimate the foraminiferal contribution to benthic ecosystem
respiration, the total foraminiferal oxygen respiration was compared with the diffusive oxygen
uptake (DOU) estimated from vertical oxygen profiles obtained in the dedicated core to
microprofiling. Diffusive oxygen uptake of the sediments was calculated from oxygen profiles
using PROFILE software (Berg et al., 1998). The two boundary conditions used for the
calculations correspond to the overlying water oxygen concentration and the zero flux at the
bottom of the oxic zone. The bulk sediment molecular diffusion coefficient (Ds) is estimated
according to DS = ¢2D0 (Ullman and Aller, 1982) where ¢ is the sediment porosity and DO is
the diffusion coefficient in water at in situ temperature (Li and Gregory, 1974). Sediment
oxygen profiles were determined using Clark-type electrodes (Revsbech, 1989) with tip

diameters of 100 um and measured in the dedicated core.

Annex 7 b: Contribution of foraminifera to O, consumption (%).

. Number of Individuals Contribution Individials Contribution
species 0, profiles counted 0.2 counted
0-2 ) 0-1cm | O-tem
Ammonia sp. T6 6 16 0,04 46 0,12
April Haynesina germanica 11 13 0,03 42 0,1
Elphidium selseyense 10 1 0,001 4 0,004
Ammonia sp. T6 7 55 01 178 0,32
October | Haynesina germanica 11 2 0,003 177 0,31
Elphidium oceanense 10 15 0,16 435 0,46
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1. General synthesis with summary diagram

The general aim of this PhD research was to better understand the benthic faunal and
geochemical interactions from micro-scale to kilometer-scale in two contrasted coastal areas.
This PhD thesis was divided into four chapters, each of them investigating different combined
high-resolution methods and multivariate analyses at different scales to reveal the interactions
between benthic faunal and geochemical compartments. The articulations between the topics

and the main conclusions of the four chapters are summarised in Figure 1.

Chapter 1 investigated the contribution of denitrifying foraminifera to benthic nitrogen
cycle at two oxygen and nitrate contrasting stations in the Gullmar Fjord. The combination of
high spatial resolution methods as CTG-labeled, N2O microsensors and NOs 2D-DET gels
allowed to estimate accurately the contribution of denitrifying foraminifera to the benthic N
cycle. This new ecological approach opened the possibility to estimate meiofaunal and
geochemical benthic processes occurring at millimetric scale to ecosystem scale. Chapter 2
presented an original and innovative approach to study the contribution of macrofaunal
bioirrigation to the benthic Mn cycle at two oxygen-contrasting stations in the Gullmar Fjord.
A 2D modelling approach was applied on the Mng 2D-DET gels, revealing the high contribution
of bioirrigationnal fluxes to Mn cycle in the hypoxic Mn oxides-rich station. The 2D gels were
combined with embedded sediment slabs labeled with CTG providing a complementary way to
identify Mn micro-environments in 2D. Chapter 3 explored the spatiotemporal dynamics of
Rose Bengal-stained foraminifera in the semi-enclosed Bourgneuf Bay mudflat. The using of
multivariate analysis performed on a large environmental dataset, revealed that foraminiferal
dynamics were mainly driven by the Loire river hydrodynamics. Moreover, this work suggested
a trophic model showing that temporal dynamics of foraminiferal species would correspond to
specific diatom food source preferences. The results of this in situ ecological work validate and
complement the previous published experimental and metabarcoding studies. Finally,
complementing the previous chapter, Chapter 4 investigated in more detail two contrasting
hydrological situations in post-flooding and low water level periods. The use of O, microsensors
and Mnq, Feq, NH4", DRP 2D-DET gel methods provided detailed information of redox species
and nutrients behaviour in transient diagenetic conditions fueled by winter flood. Then, the
micro-distribution of CTG-labeled foraminifera revealed the state of sediment instability
through unfavourable versus favourable periods. The CTG-labeled appeared necessary to

follow accurately the short-term foraminiferal dynamics.
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2. Chapter synthesis
2.1 PART 1: GULLMAR FJORD

2.1.1 Denitrification by benthic foraminifera and their contribution to N-loss from

a fjord environment

In Chapter 1, an innovative approach was used to estimate the contribution of
denitrifying benthic foraminifera to nitrogen (N) cycle in the seasonal hypoxic Gullmar Fjord.
Benthic nitrate (NO3") removal was calculated from submillimetre chemical gradients extracted
from 2D images of the pore-water NO3™ concentrations. These were acquired by combining the
2D-DET (two-dimensional-diffusive equilibrium in thin film) gel with chemical colorimetry
and hyperspectral imagery. The using of 2D high resolution methods provided a novel approach
for benthic geochemical interpretations. Initially, we expected to find many denitrifying
foraminifera as Globobulimina turgida in the hypoxic station as previously found by Risgaard-
Petersen et al. (2006) and few denitrifying species in the oxygenated station. Unexpectedly,
very few Globobulimina specimens were found at the two sampled stations. The species
Nonionella sp. T1, reported for the first time in this area by Polovodova Asteman and
Schonfeld, (2015), dominated in the oxic part of the fjord. Actually, this station contained
sediments with high pore-water NO3™ concentrations. Thus, NOs™ was available for respiration
by denitrifying species. Therefore, we investigated the nitrate respiration rate of the non-
indigenous species (NIS) Nonionella sp. T1 which was able to respire 38 + 8 pmol N indiv.™!
d*. Finally, the contribution of this species to nitrate loss through benthic denitrification
estimated from pore-water nitrate gradients was high, ranging from 50%-100%. Contrastingly,
at the hypoxic station, sediments had low pore-waters NOs". Consequently, few NOs™ were
available and denitrifying foraminifera were rare and their contribution to N cycle (benthic
denitrification) negligible (< 5 %). This first chapter, emphasized that denitrifying foraminifera
can be a major contributor to N mitigation in oxic coastal ecosystems and their contribution is
required to understand accurately biogeochemical cycles coupled to N. This chapter is
published in Biogeosciences (Choquel et al., 2021).
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2.1.2 Benthic manganese cycle in the Gullmar Fjord using 2D high spatial
resolution methods

In Chapter 2, we investigated the benthic manganese (Mn) cycle using an innovative
approach to quantify in 2D at high spatial resolution Mn distribution in pore waters and estimate
the sediment water interface (SWI) Mn fluxes with the contribution of bioirrigation in the
seasonal hypoxic Gullmar Fjord. For this purpose, we combined Mng 2D-DET gel method with
embedded sediment slabs and selective chemical extractions to visualise and quantify the
contrasted dissolved and solid phases Mn micro-distributions. Our results showed that
macrofaunal burrows create visual structures on the 2D gels and on the uXRF map. These
structures were generated by the Mn consumption inside the burrow due to flushing, as
previously found on the Feq 2D gels by Thibault de Chanvalon et al., (2015, 2017). Burrow
linings were detected on the Mng 2D gel for both stations, allowing to calculate separately the
diffusive and bioirrigational Mng fluxes with the Savitsky-Golay Filter method (Thibault de
Chanvalon et al., 2017). The oxic shallow station contained sediments with low dissolved and
solid phases Mn. For this station, bioirrigational flux contributed up to 49 % of the total SWI
Mng flux. No enrichment in Mn oxides could be observed on the embedded sediment.
Conversely, Mn enrichment in the dissolved and solid phases was present at the hypoxic deep
station. Pore-waters sediments contained 10 times higher Mng concentrations. As a
consequence, the bioirrigational Mng flux was high (7 times higher than diffusive flux). At this
hypoxic deep station, the bioirrigational flux contributed up to 87 % of the total SWI Mnq flux.
Severe hypoxia/anoxia can lead to a decrease in macrofaunal density and thus a decrease in the
bioirrigational Mng flux leading to a lower Mn release to the overlying water. However, in
response to low oxygen conditions, some macrofaunal species can compensate the lack of
oxygen by increasing their pumping activity that would lead to increase the bioirrigational
fluxes. Finally, this second chapter highlighted the high contribution of macrofaunal

bioirrigation in the Mn cycle.

2.1.3 Synthesis PART 1

Chapter 1 and Chapter 2 linked two interdependent compartments: the benthic faunal
compartment (represented by the denitrifying foraminifera and the macrofaunal activity
through burrow analyses) and the geochemical compartment. The aims were to visualize and

quantify the micro-environments in which the fauna evolved and the impact of fauna on the
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geochemical cycles. The elaborate geochemical sampling device deployed at the GF17-3 (oxic)
and GF17-1 (hypoxic) stations allowed to combine two dissolved chemical species; NO3’
(Chapter 1) and Mng (Chapter 2). In addition, the sampling device allowed the simultaneous
sampling of a sediment slab which was subsequently embedded for 2D high resolution Mn
solid-phase analyses. From the 2D gels, different approaches to model fluxes and
production/consumption were used. 1D profiles averaged from NO3z™ 2D gels were modelled
with PROFILE software to dissociate the pore-water NOs™ consumption and production zones.
This analysis was favoured due to the relative homogeneous lateral variability and the visible
absence of a burrow structure. This method combining a submillimetre resolution and a window
size at centimetric scale was appropriate for meiofaunal ecological questioning as benthic
foraminifera. Concerning the second chapter, the Mng 2D gel method was used and the
modelling approach differed. Indeed, the presence of macrofaunal burrow structures generated
strong lateral and vertical heterogeneities of Mng gradients. 1D profiles averaged from Mng 2D
gels and the “classic” PROFILE modelling seemed less appropriate to take into account these
structures. The Savitsky-Golay Filter procedure (from Thibault de Chanvalon et al., 2017)
allowed to differentiate in 2D the gradients, revealing the Mng production and consumption
zones around the burrow lining. Burrow modelling allowed to differentiate bioirrigational
fluxes and SWI diffusive fluxes, revealing the high contribution of macrofaunal activity to the
Mnq fluxes towards the water column. The embedded sediment was used to visualize burrows
enriched in Mn solid-phase. Despite sediment compaction, linked to the fluffy surface
sediments, the embedded sediment gave promising analytical perspectives. Thus, we detected
living benthic foraminifera CTG-labeled on the slabs, and pCT-scan imagery revealed a 3D
visualization of burrows and benthic foraminifera inside the sediment slabs. Finally, this first
part of the PhD thesis highlighted the complementary of geochemical 2D high-resolution
methods to accurately estimate the contribution of benthic fauna to biogeochemical cycles on a
larger scale. Furthermore, this work highlighted the importance of non-bacterial benthic fauna
in the N and Mn biogeochemical cycles.
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2.2 PART 2: BOURGNEUF BAY

2.2.1 Spatiotemporal dynamics of living benthic foraminifera revealed by

hydrodynamics and in situ trophic model in intertidal mudflat (Bourgneuf Bay, France)

In Chapter 3, we investigated with a multi-parameter approach (e.g. environmental and
biological) the spatiotemporal dynamics of the dominant foraminiferal species in the Bourgneuf
Bay mudflat (West Atlantic coast, France). Three stations spaced from 10 m apart (meso-scale
or decameter-scale) were sampled at “La Coupelasse” site. The sampling effort in this study
was high and benefited from a monthly then quarterly geochemical database from March 2016
to October 2019. Simultaneously a monthly benthic foraminiferal monitoring occurred in the
1% cm depth of the sediment, using Rose Bengal to stain living individuals and the adult size
population of the dominant species (> 150 pum). The monthly microphytobenthos biomass was
analysed from April 2017 to July 2019 at the three stations. The MPB assemblage was analysed
at one station. No significant foraminiferal spatial variability between stations was found. Four
typical intertidal living foraminiferal species dominated the fauna throughout the entire
monitoring: Ammonia sp. T6, Haynesina germanica, Elphidium oceanense and Elphidium
selseyense. Temporal dynamics were punctuated by high density events and periods of lower
densities. We applied a multivariate analysis (CCA) to try to understand foraminiferal temporal
dynamics depending on many environmental parameters: 1) hydrodynamics and meteorological
parameters (discharge, rainfall, temperature, tidal coefficient, porosity, salinity, granulometry),
2) OM remineralization activity (alkalinity, OPD, DOU), 3) pore-water nutrients (DRP, NH4",
NOs, NO2) and 4) proxy of the MPB biomass (NDVI). Ammonia sp. T6 and Haynesina
germanica were present all the year showing one or two density events per year in late winter
and in early autumn. The winter/early spring period was characterized by a combination of high
hydrodynamics and winter meteorological parameters (i.e. Loire river discharge, wind-storm
events, high rainfall, higher granulometry, lower porosity and occasional fine sand inputs). The
intensity of sedimentary disturbances may increase during these periods with consequences for
benthic fauna (foraminiferal density and MPB biomass). The sediment instability would
generate a dual response for Ammonia sp. T6 and Haynesina germanica: mortality versus
accelerating reproduction. Conversely, the density events observed in early autumn were
characterized by a lower hydrodynamics and summer conditions (i.e. low water level of the
Loire river, higher temperature, higher MPB biomass, porosity and alkalinity). This more
favourable period for benthic fauna favored reproductive events for Ammonia sp. T6,

Haynesina germanica and Elphidium oceanense. Foraminiferal high densities may lead to
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individual reproduction or development of numerous propagules. The present foraminiferal
analysis was limited to adult population (> 150 um), the exact time lag between the trigger for
reproduction event or propagule development and the density peaks remains to be clarified.
Elphidium oceanense and Elphidium selseyense were almost absent along the year with only
one density event in autumn and in spring, respectively. The contrasted responses between the
two dominant species and the two Elphidium species could be explained in the view of
“confined waters” conceptual model of the foraminiferal distribution from transitional
environments (Debenay and Guillou, 2002). Thus, Ammonia sp. T6 and Haynesina germanica
would be located within their preferential distribution zone in the bay, whereas the two
Elphidium species could be located at the limit of their preferential distribution zone.

Secondly, we hypothesized that foraminiferal species would select diatom species based
on their shape and size. The ecological in situ trophic model suggested in this chapter confirmed
and completed the previous results of published studies on prey (diatoms) — predator
(foraminifera) relationships. The foraminiferal temporal dynamics was also driven by their
diatom food source. Haynesina germanica showed a restrictive diet, feeding on few large
elongated epipelic diatom species. Ammonia sp. T6 showed a wider diatoms diet, feeding on
different sizes, elongated shapes and life-forms (epipelic and epipsammic). Elphidium
oceanense presented the most various diet, feeding on different sizes, simple and complex
shapes, and life-forms (epipelic, epipsammic and pelagic). No diatom species indicated clearly
the temporal variability of Elphidium selseyense. Maybe this species could feed on another
preferential food source such as soft microalgae (e.g. euglenas). This hypothesis can be
supported by future metabarcoding analyses. Besides, this trophic model would suggest that
foraminiferal species preferentially feed on their own diatom species, inducing no competition

for diatom food source.

2.2.2 Influence of the Loire river hydrodynamics on geochemical and benthic

foraminiferal compartments in intertidal mudflat (Bourgneuf Bay, France)

Chapter 4 is a complementary study of the previous Chapter 3. We further investigated
the benthic faunal and geochemical compartments at two hydrological and meteorological
contrasted situations: post-flooding (April 2019) and low water level (October 2019). We
combined the simultaneous deployment of Mng, Feq, NO3", NH4" and DRP 2D-DET gels. These

2D gels provided information on vertical and lateral variability of redox elements and nutrients
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at decimeter-scale (within a station). The use of “classic” 1D profiles from core slicing allowed
to capture the decameter-scale variability (between the three stations). The 2D images of the
different chemistries indicated strong vertical gradients and low lateral variability for both
months. The modelling of the fluxes at the sediment-air interface and the characterization of
the production/consumption zones were performed with PROFILE modelling (as in Chapter 1).
The macrofaunal bioturbation at “La Coupelasse” site seems to be low (very few burrows
observed). However, a small macrofaunal burrow lining was observed on the Feqs/ DRP 2D gel
in October. Another modelling could be applied as in Chapter 2. In addition, in this chapter the
distribution of foraminifera (CTG-labeled) was performed at high vertical resolution (micro

and centimetric scales).

The distribution of redox elements (Mn and Fe) and nutrients (NH4* and DRP) in the
Bourgneuf Bay mudflat seemed influenced by the high winter hydrodynamics fueling transient
diagenesis in the post-flooding period. The 2D gel methods provided detailed vertical and
lateral distributions of solute elements at millimetric scale. To capture decametric
heterogeneity, complementary analyses using 1D profiles on sediment cores were performed.
In post-flooding period, Mn and Fe shared the same redox front due to recent sediment deposit/
resuspension. Conversely, in low water level period, the stabilized sediment showed the
decoupling of the Mn and Fe redox fronts as conventionally descripted for early diagenesis
(Froelich et al., 1979). The behaviour of redox elements impacts the nutrient cycling. Fe oxides
were saturated with phosphorus at the two periods, which could induce that phosphorus found
at the sediment surface available for the benthic fauna was mainly linked to the increase of deep
anaerobic organic matter mineralization as sulfato-reduction process. The nitrogen turnover
was high. No NOsz was detected but low NO, was measured indicating
nitrification/denitrification activity. Overall, NO3" and NH4" were limiting nutrients for benthic
primary producers. Ammonium and DRP were actively consumed at the sediment surface,
excepted in post-flooding period where the DRP was depleted. This study clarified the

behaviour of redox species and nutrients over two contrasting time periods.

Intertidal sediments are continuously subjected to transient dynamics (tides, day/night
cycles, meteorological conditions...) making the O redox front highly variable. Profiling with
O2 microsensors during the emersion time reflected the MPB photosynthetic activity at
micrometer-scale. Increased O, availability deeper in the sediment such as during low water
level periods, could allow more favorable oxygenated micro-environments for benthic

foraminifera. Furthermore, foraminiferal species responded strongly to these contrasted
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periods. Foraminiferal micro-distributions (analyzed until 10 cm depth) appeared to indicate
the state of instability of the sediments resulting in unfavorable versus favorable periods. Micro-
distributions of CTG-labeled living foraminifera clearly showed low densities and bimodal
distributions during unfavorable periods versus higher densities at the sediment surface and
juvenile specimens identified during favorable periods. However, in this study, the difference
between the staining of live specimens with Rose Bengal and fluorescent specimens with
CellTracker Green was striking. Some clarification is still needed on this discrepancy found

between the two methods.

2.2.3 Synthesis PART 2

Chapter 3 and Chapter 4 provided complementarity approaches to understand the
complex functioning of the Bourgneuf Bay mudflat through interactions between
environmental parameters and benthic fauna. The intertidal mudflat is subject to hydrological,
meteorological and tidal influences. These forcing generate sediment instability and modulate
the geochemical and benthic faunal compartments. The sediment instability was followed by
the spatiotemporal dynamics of benthic fauna and associated environmental parameters
(physicochemical and biological). Thus, two contrasting hydrological and meteorological
periods alternated: the winter flood/post-flooding period opposed to the summer conditions/
low-water period. The winter period was driven by a combination of high hydrodynamics and
winter meteorological parameters (i.e. Loire river discharge, wind-storm events, high rainfall,
higher granulometry, lower porosity and occasional fine sand inputs) leading to sedimentary
instability (sediment deposit/ resuspension, sand deposits). The intertidal sediments were
continuously undergoing transient diagenesis. This period is characterized by a destructuring
of redox fronts, impacting nutrient turnover and oxygen availability for benthic fauna (Chapter
4). This period of sediment instability impacted the benthic microalgae/fauna showing low to
moderate NDV1 values (Chapter 3) and low density of benthic foraminifera (Chapter 3 and 4).
However, the species Ammonia sp. T6 and Haynesina germanica showed a dual response
indicating either a rapid reproductive event or high mortality (Chapter 3). During summer
conditions and low-water period, sediment properties were stabilized (Chapter 3 and 4). The
redox fronts showed a typical diagenetic profile with successive use of oxidants. The OM
anaerobic remineralization activity increased inducing higher DOU at the SWI (Chapter 3 and

4) and sulfato-reduction process in depth (Chapter 4). The beginning of spring/ early summer
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low-water period was characterized by the presence of Elphidium selseyense. MPB biomass
was relatively moderate (the impact of high temperatures and photoperiod intensity can limit
algal production). In late summer/ early fall, reproductive events were observed for Ammonia
sp. T6, Haynesina germanica and Elphidium oceanense. These reproductive events occurred
during a more favourable period (i.e. low water level of the Loire river, moderate temperature,
higher MPB biomass, sediment stability). Indeed, the MPB biomass was higher showing a more
important photosynthetic activity, fueled by the inputs of nutrients as NH4* (Chapter 3) and
DRP (Chapter 4). The foraminiferal temporal dynamics were also driven by diatom species
dynamics. Indeed, this thesis work highlighted an in situ trophic model suggesting that
foraminiferal species preferentially feed on preferential diatom species selected by their shape,

size and life-forms.

3. Perspectives

This PhD thesis work emphasized and completed studies concerning the benthic fauna and
geochemical interactions of two coastal areas. Some aspects of the PhD thesis were not

developed. This section presents the main perspectives to be carried out in future research.

3.1 Denitrifying foraminifera and other alternative metabolisms

This PhD thesis emphasized the crucial role of denitrifying foraminifera in the benthic
nitrogen cycle in the oxic part of the Gullmar Fjord. However, denitrifying foraminifera are still
underestimated due to the lack of denitrification rate measurements for several species
constituting the assemblages (e.g. Stainforthia fusiformis, Bolivina pseudopunctata;
Nonionellina labradorica). Moreover, the seasonal dynamics of denitrifying species such as
Nonionella sp. T1 and other species such as Globobulimina turgida is not known. However,
nitrate concentrations in the overlying water at the deep station (GF17-1) vary within a year
(Chapter 1). These changes in nitrate concentrations could induce variations in the density of
denitrifying foraminifera and consequently modify their contribution to the N cycle during a
year. Then, to better understand the micro-environments of Nonionella sp. T1 and other
denitrifying species, consideration should be given to measuring intracellular nitrate in
specimens from sediment layers identified as nitrate production and consumption zones. A

better understanding of these denitrifying foraminifera in coastal ecosystems with high pore-
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water NOz™ concentration could allow to determine their role in benthic N mitigation, such as

in areas subject to eutrophication.

Conversely to the Gullmar Fjord area, the Bourgneuf Bay mudflat presents very low
seasonal NOs™ availability in pore waters, probably due to a high nitrate consumption by
microphytobenthos and bacteria (Risgaard-Petersen et al., 2003). Foraminiferal species showed
reproduction events above the 1% cm depth in the oxic zone (Chapter 3 and 4). However, some
living specimens were found deeper (in suboxic and anoxic zones). Nitrate respiration by the
four dominant foraminiferal species would not be a preferential metabolic pathway. To confirm
that these species do not denitrify, it would be interesting to measure denitrification rate on

intertidal species as Elphidium oceanense, Elphidium selseyense and Haynesina germanica.

Besides denitrification, other alternative metabolisms can be suggested to explain the
presence of these deeper living specimens capable of surviving complete anoxia for weeks to
months. Dormancy was demonstrated in Ammonia tepida, resulting in a state of highly reduced
metabolism (LeKieffre et al., 2017). Moreover, some benthic foraminiferal species such as
Haynesina germanica are known to sequester chloroplasts from their food source and store
them in their cytoplasm. The sequestered chloroplasts remain active in Haynesina germanica
and may play a role in the assimilation of inorganic nitrogen, even in the absence of light. It has
also been hypothesized that chloroplast retention may play a major role in the survival of
foraminifera to cope with periods of starvation or in anoxic environments (Jauffrais et al.,
2016). Recent in situ observations tend to show seasonality in kleptoplasty performed by
Haynesina germanica. The ecological role of this particular metabolism is thought to be closely
related to changes in environmental conditions, including unfavorable hydrological and

meteorological conditions (Courtial et al., in preparation).

Recent studies showed NH." assimilation by mixotrophic (Haynesina germanica) and
heterotrophic (Ammonia tepida) foraminiferal species (LeKieffre et al., 2018b; Bird et al.,
2020). However, no quantification of the intracellular NH4* pool in benthic foraminifera was
demonstrated at this time. It would be possible to quantify the intracellular NH4* pool by
crushing living specimens and measuring NHs". It would be possible to calculate the
contribution of foraminiferal species to the consumption of pore water ammonium. Indeed,
ammonium assimilation could be a favourable source of N (as suggested for planktonic
foraminifera; (LeKieffre et al., 2018a) for cell growth and development (Bird et al., 2020). It
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could be that benthic foraminifera compete with microphytobenthos for NH4" in a fast N-
turnover environment as intertidal areas (Eyre et al., 2016).

Similarly, dissolved reactive phosphorus (DRP) may be assimilated by some foraminiferal
species to build their cell membranes. Foraminifera from the Peruvian oxygen minimum zone
showed up to three orders-of-magnitude higher intracellular DRP than concentrations in pore-
waters (Glock et al., 2020). This suggests that foraminifera may play role in phosphorus cycle
that needs to be further explored, particularly in intertidal environments where DRP is highly

dynamic (Chapter 4).

3.2 New challenges of technical developments

The FLEC “Fluorescently Labeled Embedded Core” method (Bernhard and Bowser, 1996;
Bernhard and Richardson, 2014) was recently adapted into FLEP “Fluorescently Labelled
Embedded Plate” method. This FLEP method was applied for the first time in Les Brillantes
mudflat (Loire estuary) to embed a sediment slab. Articles are in preparation by Jauffrais et al.
to present this method and the results of the sediment slab analyses (Jauffrais et al., in
preparation, in preparation b). The Mng 2D-DET gel method was also recently developed, the
manuscript is in preparation by Mouret et al. (Mouret et al., in preparation) Chapters 2 and 4

of this PhD thesis use these new methods.

The process to embed the sediment plates is very long (about 3 to 4 months to obtain the
plates from which analyses can be done) which limited the number of analyses that could be
carried out in this PhD thesis. This PhD thesis presents some of the results obtained from the
embedded sediment slabs. Indeed, the two embedded sediments slabs from the Gullmar Fjord
were used in Chapter 2 to visualize the Mn solid-phase micro-distribution, especially around
the burrows. The size of the sediment slab is quite large (6 x 9 cm) inducing a long data
acquisition time for microscale analyses such as uXRF, therefore the entire surface was not
analysed. Several micro-maps generated with uXRF focused on visible foraminifera specimens
(CTG-labeled) in the Gullmar Fjord slabs. Figure 1 is an example of Cassidulina laevigata
found in the GF17-3 slab, showing solid-phases maps for calcium (Ca), manganese (Mn),
phosphorus (P) and iron (Fe). This work remains to be done with the embedded slabs from the

Bourgneuf Bay.
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Figure 1: pXRF micro-maps of the foraminifera Cassidulina laevigata in the GF17-3 sediment
slab. Calcium (Ca, in green), Manganese (Mn, in orange), Phosphorus (P, in yellow) and Iron
(Fe, in blue). (Resolution 25 pm).

This previous work could help to select preferential zones for foraminiferal test analyses.
For example, Mn/Ca is used as a proxy to reconstruct the oxygenation conditions in which
foraminifera lived (Barras et al., 2018; Groeneveld and Filipsson, 2013; Dijk et al., 2019).
Indeed, the combination of 2D-DET gel images, WXRF micro-distribution maps and additional
laser ablation analyses on living foraminiferal tests (CTG-labeled) could provide a new
perspective to better understand foraminiferal micro-environments. Another example, it would
be possible to select foraminifera to be analysed that would be found in areas enriched in Mn
in the first millimeters below the interface or specimens found around burrows and see if the

same Mn concentrations would be found.

To go further in the characterization of solid phase chemical species, a project will be
submitted to request analysis time at the Lucia beamline at the Synchrotron Soleil This project
aims to co-locate Mn, Fe and P distribution at high spatial resolution and in 2D in some selected
zones (including foraminiferal tests) of the embedded sediment slabs and to identify with XAS
(X-ray absorption spectroscopy) the redox state of Fe, Mn and P and the mineral phases to

better interpret diagenetic redox transformations. Calcareous tests of some living foraminiferal
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specimens located in these selected zones can also be analyzed to document the geochemical
links between foraminiferal calcite and their microhabitat.

MicroCTscan analyses were realized to investigate burrow structures and foraminiferal
distribution. The analysis of embedded sediment slabs with pCTscan is challenging.
Acquisition of high resolution images required to study meiofauna (foraminiferal test) and
macrofauna (burrow structure) is time consuming and requires a large image processing
capacity necessitating suitable computer hardware (software and image storage capacity) and
imaging skills (engineers specialized in imaging). This technical development benefited from
the imaging skills of two engineers: Helene Roberge and Dr. Aurelie Pace (Angers university)
with the collaboration of Dr. Ronan Ledevin (Bordeaux university) and Dr. Helene Libouban
(Angers university). Figure 2 shows the embedded sediment slab from GF17-1 station in 3D,
emphasizing a macrofaunal burrow (vertical structure) and Figure 3 shows foraminiferal tests
into the sediment slab. This work is still under development. A project will be submitted to
request analysis time at the Anatomix beamline at the Synchrotron Soleil in order to improve

the identification of foraminiferal tests with a higher spatial resolution (< Sum).

Resolution5 um

Figure 2: Micro-CTscan images of embedded sediment slab from GF17-1 station allowing to
target a macrofaunal burrow structure in 3D (vertical structure). (Resolution 5 um).
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Figure 3: Micro-CTscan images of the embedded sediment slab of the GF17-1 station showing
foraminiferal tests within the sediment slab. The blue arrows indicate the foraminiferal tests
inside the embedded sediment. (Resolution 5 um).

3.3 To overcome the lack of knowledge on the foraminiferal reproduction events

This thesis was based only on the analysis of the adult foraminiferal population (mainly
> 150 um). Due to time constraints, the other size fractions of foraminiferal assemblages, in
particular the fractions < 125 pum, to study the dynamics of juveniles (< 63 pum) and propagules
(< 32 um) were not studied. The implementation of a sampling strategy to assess the time lag
between an event of foraminiferal reproduction and the event triggering this reproduction
(unfavourable or favourable conditions) is not obvious. A monthly study of the micro-
distribution of CTG-labeled species (down to 32 um fraction) should be carried out over several
months to identify more precisely if the adults reproduce or if there is an input of propagules
during the different periods linked to the hydrodynamics and meteorological context of the bay.
An analysis of the quality of organic matter (e.g. C/N ratio), enrichment factors for trace metal
elements (e.g. lead, zinc, copper) and hydrocarbons could also provide indications on the

contributions of the Loire river inputs, and the local OM production of the mudflat.

3.4 Monthly spatiotemporal monitoring of redox elements and nutrients in the

Bourgneuf Bay mudflat

This PhD thesis work highlighted periods of sediment instability (winter Loire flooding,
high rainfall, windstorms, high tidal coefficient) and more stable periods (low water level,
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summer conditions). The complete 3-year monitoring of 1D geochemical analyses was not
shown in detail. Only April and October 2019 in the chapter 4 were detailed to understand the
geochemical processes at two contrasted periods. However, the dynamics of redox and nutrient
processes is more complex and requires a complete view of the spatiotemporal evolution of the
1D profiles. This work is in progress by Metzger et al., (in preparation). The 1D profiles are
analyzed using a kriging method and spatial interpolation to easily follow the behaviour of

nutrients and other species or chemical elements in the mudflat.

Mesocosm experiments with sediments from the Bourgneuf Bay are in progress (PhD
thesis project of Corentin Guilhermic) to analysed density and micro-distribution of CTG-
labeled foraminifera (> 125 um) following a succession of fine (3-5 mm) and larger (3 cm)
sediment deposits. The first results of this two-month experiment seem promising on the
foraminiferal response (moving or not, survival or not, dormancy...) following to the deposition
of a layer of sediment (to simulate the conditions of post-flooding event as observed in the
Bourgneuf Bay). Then, there is also a geochemical part of the experiment which should allow

a better understanding of the chemical evolution of the sediments after a higher deposit event.
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Activités complémentaires

Activites complémentaires a mon travail de recherche réalisées au cours de cette these de

doctorat :

Campagnes d’échantillonnages :

e Decux campagnes d’échantillonnage dans le Gullmar Fjord (Suéde) (2 jours en
Novembre 2017 et 2 jours en Septembre 2018).
e Campagne d’échantillonnage mensuel (1 journée par mois pendant 2 ans) dans la vasiére

de la Baie de Bourgneuf au site d’étude « La Coupelasse ».

Travaux collaboratifs avec des laboratoires nationaux et internationaux :

e Deux mois a I’université de Lund (Suede) avec Pr. Helena Filipsson. Ces deux mois
m’ont permis de tamiser mes échantillons de sédiments. J’ai pu commencer le travail de
taxonomie des espéces de foraminiféres du Gullmar Fjord avec 1’aide de Dr. Laurie
Charrieau et Dr. émérite Karen Luise Knudsen.

e Une semaine a 'université d’Aarhus (Danemark) avec Dr. Nils Risgaard-Petersen
(Associate professor). Cette semaine m’a permis de faire les mesures de taux de
dénitrification de 1’espéce Nonionella sp. T1. J’ai pu également mesurer le taux de
respiration de plusieurs especes du Gullmar Fjord.

e Plusieurs jours (I’équivalent d’environ 2 mois) passés au LPG-Nantes & travailler avec
Pr. Patrick Launeau sur ’analyse des gels 2D.

e Plusieurs jours a I'IFSTTAR (Institut francais des sciences et technologies des
transports, de I'aménagement et des réseaux) de Nantes avec Dr. Liliane Jean-Soro pour
réaliser des cartes WXRF a partir des plaques de sédiment enrésiné.

e Travail collaboratif en distanciel (environ 1 mois) avec Dr. Emilie Houliez (post-
doctorante), avec qui j’ai pu discuter des analyses statistiques/multivariées de ma these.

e Travail collaboratif en distanciel (environ 2 mois) avec Dr. Aubin Thibault de
Chanvalon pour travailler sur la modélisation des gels 2D.

e Travail collaboratif (environ un mois) avec Franck Mercier de Polytech Angers, pour
I’impression en 3D des pieces constituant un splitter humide (Charrieau et al., 2018).
J’ai été chargée du bon déroulement des impressions de foraminiféres en 3D pour

I’exposition « Foraminiféres, I’océan a la loupe ».
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Activités complémentaires

Communications scientifiques nationales et internationales (congrés et séminaires) :

Présentation d’un poster au congrés international FORAMS 2018 a Edinburgh (Ecosse).
Présentation d’un poster au congrés international GOLDSCHMIDT 2019 a Barcelone
(Espagne).

Présentation orale en anglais au congres nationale RST 2018 (Réunion des Sciences de
la Terre) session « Micropaleontology » a Lille (France).

Séminaire a I’université de Rennes 1 (France) pour présenter mes travaux de recherche
sur le Gullmar Fjord en 2019.

Séminaire de présentation de mon projet de thése pendant les journées du LPG en 2018.
J’ai présenté I’avancement de chaque chapitre de ma thése aux membres du BIAF lors

de réunions de travail « brainstorming ».

Communications de vulgarisation scientifique :

Projet de sciences participative avec des éleves de premiere du Lycée Mounier.
Obtention d’un contrat DCACV « Mission de valorisation de la recherche scientifique
2017-2018 » de 32h (séminaire, visite du laboratoire, participation des éléves au
piquage des foraminiféres et présentation orale des éleves autour de leurs découvertes,
participation a Exposciences avec un groupe d’éléves).

Nuits des chercheurs 2018 « 1001 HISTOIRES », réalisation d’une bande dessinée
(illustrations et textes) a destination du grand public sur les foraminiféres.

Nuits des chercheurs 2019 « Vous aussi, entrez dans I’enquéte ! », réalisation d’un jeu
ludique autour de la bioindication avec Marie Fouet (doctorante BIAF).

Participation au concours Ma thése en 180 secondes. Finale locale angevine et demi-
finale régionale Bretagne-Loire édition 2019.

Participation au journées porte-ouvertes 2019 de 1’université pour présenter la licence
« parcours géosciences et environnement », les salles de TP, le laboratoire du BIAF.
Participation a 1’exposition « Foraminiféres, I’océan a la loupe » Nov. Déc 2021 au
Muséum des Sciences Naturelles d’ Angers. Participation a 1’écriture des textes et idées

des schémas associés pour la partie « connaissance de base sur les foraminiféres ».
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Activités complémentaires

Enseignements contrat DCACE (Activité Complémentaire d'Enseignement)

Deux contrats de DCACE pendant cette thése un premier de 64h (2018-2019) et un
deuxieme de 32h (2019-2020).

Licence 2 : Enseignement Biostratigraphie (paléo-écologie ; dessins de micro-fossiles
(diatomees, radiolaires, foraminiferes, ostracodes, ptéropodes).

Licence 1 : Histoire de la Terre et de la Vie (indices de biodiversité, visite du musée
d'histoire  naturelle, paléo-biodiversité des Faluns, dessins macro-fossiles
(archéocyathes, trilobites, graptolites, stromatolites, anthozoaires, éponges,

bryozoaires, brachiopodes, échinodermes, gastéropodes, bivalves, céphalopodes).

Encadrement de stagiaire

Encadrement de Zofia Stachowska, étudiante Polonaise en 2°™ année de licence de
Geéologie. J’ai co-encadré le stage de Zofia pendant deux mois en 2018, je 1’ai guidée
pour le lavage, piquage et taxonomie des foraminiféres en Baie de Bourgneuf et

I’écriture d’un premier mémoire de stage.

Implications administratives

Déléguée des doctorants au conseil de P"EDSML (Ecole doctorale Sciences de la mer et
du Littoral) pendant 3 ans (3 conseils par an).

Déléguée des doctorants au conseil du collége doctoral d’Angers pendant 3 ans (3
conseils par an).

Déléguée des contractuels au conseil de Laboratoire LPG-BIAF (Nantes-Angers)

pendant un an (2 conseils).

Formations transversales qui m’ont apportée le plus pendant cette thése :

289 heures de formations ont été réalisées pendant cette these (équivalent 132 Ects).

Doctoriale Bretagne Loire 2018 (valorisation des connaissances et compétences des
docteurs dans les secteurs non-académiques).

Anglais scientifique.

Gestion du trac dans la prise de parole.

Communication pédagogique (dans la formation DCACE).
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Vulgarisation scientifique “Foramstory”

Histoires de
Foraminiferes...

Azote

"\ Nitrate
Dénitri

Noni

fer Sl '
sulfure

Slide presented to the competition "my thesis in 180 seconds" (MT180s). One of the four
winners of the local Angevin competition. Participation in the regional semi-final at Le Mans.
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Texte presenté au concours MT180s

En ce moment, sans vous en rendre compte, vous respirez de 1’oxygene et expirez du dioxyde
de carbone. Mais ce n’est pas exceptionnel... puisque la majorité des étres vivants utilise ce
mode de respiration.

Pendant mes travaux de thése je m’intéresse a de minuscules organismes marins, capables de
vivre temporairement sans oxygeéne dans les sédiments, ce sable, qui tapisse le fond des mers
et des océans. Mais qui sont ces incroyables micro-organismes ? Ce sont des foraminiféres,
comme Nonionella, caricaturé ici par Noni. lls ressemblent & de petits coquillages mais ce ne
sont ni des bactéries ni des animaux.

L’objectif de 1a 1°"® partie de ma thése est de comprendre la vie de Noni et son environnement
chimique. Noni vit dans un Fjord en Suéde. Un fjord c’est une cuvette d’eau de mer entre des
montagnes. En hiver le tapis roulant des courants marins n’apporte pas suffisamment d’oxygéne
au fond de la cuvette ce qui crée un manque d’oxygéne appelé hypoxie. Et ¢a ¢’est une condition
extréme pour la vie ! Plusieurs solutions s’offrent alors pour les organismes ; soient ils meurent,
soient ils s’enfuient soient ils s’adaptent.

Récemment, des collégues internationaux ont découvert que certains foraminiferes en absence
d’oxygene, respirent des nitrates et expirent de 1’azote, comme Noni, ¢’est ce qu’on appelle la
dénitrification. Alors la vous vous dites nitrates = pollution, pollution oui mais pas que...il ne
faut pas oublier que les nitrates sont avant tout une molécule essentielle a la vie marine et a la
vie végétale, vous comprenez ? C’est simple pas de nitrates, pas de plancton, pas de plancton
pas de sandwich au thon !

Au fond des mers une fois que I’oxygéne a été consommé par des bactéries, d’autres molécules
se forment : tels que les nitrates mais aussi des métaux comme le manganeése et le fer puis les
sulfures. Vous vous imaginez un peu une campagne océanographique en Suede en hiver ? alors
déja il fait froid, il fait nuit et en plus ¢a sent ’ceuf pourri & cause des sulfures ! Bonjour
I’ambiance !

Dans le premier article que je suis en train d’€crire, j’ai réussi a quantifier la respiration de Noni
et a cartographier son environnement chimique en 2 dimensions. Ainsi j’ai pu montrer que Noni
avec ses milliers de fréres et sceurs peuvent consommer jusqu’a 100% des nitrates contenu dans
le sédiment du Fjord ! Noni pourrait étre ainsi considéré comme une espece bio-indicatrice d’un
milieu riche en nitrates et faible en oxygeéne. Super ! mais au fait a quoi ca sert de savoir ¢a
finalement ?

Vous devez savoir que de nos jours certaines zones de 1’océan s’appauvrissent en oxygene a
cause de nos activités humaines. Et bien comprendre la vie des foraminiferes denitrifiants, dont
Noni, permet de suivre sur le long terme 1’évolution de ces zones et donne un moyen de
comprendre et prédire les impacts sur le fonctionnement des écosystémes marins, mais la il me
faudra plus de 180s pour vous I’expliquer !
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Ecologie des foraminiferes benthiques, interactions biologiques et géochimiques : approche pluridisciplinaire a
différentes échelles

Mots clés : foraminiféres benthiques, dynamiques de populations, diatomées, micro-environnements sédimentaires,
2D-DET, denitrification, bioirrigation

Résumé : L'objectif général de cette thése est d'étudier les micro-environnements sédimentaires et le fonctionnement
des écosystéemes de deux zones c6tieres. Nous avons combiné différentes méthodes a haute résolution spatiale et des
analyses multivariées a différentes échelles spatio-temporelles pour révéler les interactions entre les compartiments de
la faune benthique et géochimiques. Tout d'abord, nous avons étudié deux stations présentant des conditions
contrastées en oxygene, nitrate et manganése dans le Gullmar Fjord (Suéde). Nous avons révélé la forte contribution
(50-100 %) des foraminiféres benthiques dénitrifiants au cycle de I'azote dans des micro-environnements oxygénes et
riches en nitrate. Le cycle de l'azote et du manganése sont étroitement liés aux conditions d'oxygénation de
I'écosysteme. Nos résultats ont mis en évidence la forte contribution (87 %) de la bioirrigation engendrée par la
macrofaune au cycle du Mn dans des conditions hypoxiques. Deuxiémement, nous nous sommes concentrés sur un
suivi mensuel de deux groupes de bioindicateurs écologiques : le microphytobenthos (MPB) et les foraminiféres dans
la vasiére en Baie de Bourgneuf (France). Nous avons montré que les événements de reproduction des foraminiféres
sont modulés par des conditions défavorables (hydrodynamisme plus fort en conditions hivernales) par rapport a des
conditions favorables (hydrodynamisme plus faible en conditions estivales). Nos résultats suggerent que les especes
de foraminiferes se nourrissent préférentiellement des espéces de diatomées en fonction de leur forme, de leur taille et
de leur mode de vie. Nous avons également comparé avec des méthodes a haute résolution spatiale les conditions
géochimiques de deux mois contrastés, ce qui a permis de clarifier le comportement des especes redox et des
nutriments. De plus, les micro-distributions des foraminiferes indiquent I'état d'instabilité versus stabilité des sédiments.
Enfin, cette recherche doctorale ouvre de nouvelles perspectives dans I'utilisation des hautes résolutions spatiales en
2D/3D pour résoudre des problemes d'écologie benthique complexes.

Ecology of benthic foraminifera, geochemical and biological interactions: multidisciplinary approach at different
scales

Keywords: benthic foraminifera, population dynamics, diatoms, sedimentary micro-environments, 2D-DET,
denitrification, bioirrigation

Summary: The overall aim of this PhD thesis was to investigate sedimentary micro-environments and ecosystem
functioning of two coastal areas. We combined different high spatial resolution methods and multivariate analyses at
different spatio-temporal scales to reveal interactions between benthic faunal and geochemical compartments. Firstly,
we investigated two stations with contrasted oxygen, nitrate and manganese conditions in the Gullmar Fjord (Sweden).
We revealed the high contribution (50-100 %) of denitrifying benthic foraminifera to the nitrogen cycle in oxygenated
and nitrate-rich micro—environments. Nitrogen and manganese cycles are closely related to oxygenation conditions of
the ecosystem. Our results highlighted the high contribution (87 %) of macrofaunal bioirrigation to Mn release to the
water column under hypoxic conditions. Secondly, we focused on a monthly monitoring of two ecological bioindicators
groups; microphytobenthos (MPB) and foraminifera in the Bourgneuf Bay mudflat (France). We showed that
foraminiferal reproduction events were modulated by unfavorable conditions (high hydrodynamic and winter conditions)
versus favorable conditions (low hydrodynamic and summer conditions). We also demonstrated that foraminiferal
species fed preferentially on diatom species based on their shape, size and life-forms. We further compared, with high
spatial resolution methods, geochemical conditions at two contrasted months, which allowed to clarify the behavior of
redox species and nutrients. Then, foraminiferal micro-distributions indicated the state of sediment instability versus
stability. Finally, this doctoral research opens new perspectives in the use of high spatial resolution in 2D/3D to solve
complex benthic ecology problems.



