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Résume

Résumé

Les concentrations en silice dissoute (DSi) et silice particulaire biogéne (BSi) ont été
mesurées pendant une année complete (en 2003) dans la zone tidale de la riviére Escaut et
dans ses tributaires aux limites tidales. Alors que la DSi est restée, dans les tributaires, a des
concentrations élevées toute au long de 1’année, et que la BSi s’est maintenue a des
concentrations faibles, la DSi a été enti¢rement consommée pendant I’été dans la riviére tidale
et les concentrations en BSi ont augmenté. En comparant ces concentrations avec celles de la
biomasse des diatomées et de la matiére en suspension, il a pu étre estimé que la majeure
partie de la BSi en été était associée aux diatomées vivantes. Des bilans de masse de la DSi et
de ces deux fractions de BSi ont été effectués sur différentes zones de la riviere tidale pendant
la période durant laquelle les diatomées se développent (période productive, Mai a Octobre).
Ceci a permis ’estimation de la croissance et de la mortalité des diatomées, ainsi que de la
sédimentation nette de la BSi durant cette période : la moitié de la DSi apportée par les
riviéres a été transformée en BSi dans la riviere tidale, et la rétention de la silice y a atteint un
tiers des apports fluviaux en silice “totale” (TSi = DSi + BSi). Les flux annuels de silice ont
aussi été calculés pour replacer a une échelle annuelle les résultats obtenus pendant la période
productive : les rétentions annuelles de DSi et la de TSi ne s éleverent respectivement qu’a 14
et 6 %.

L’échantillonnage de I’estuaire a été effectué sur I’ensemble du gradient de salinité au
cours de 11 campagnes réparties sur trois ans (de 2003 a 2005). Du fait du mélange des eaux
douces et marines, les concentrations en DSi diminuérent toujours de 1’amont vers 1’aval,
mais les profils étaient généralement convexes ou concaves. Ils ont été interprétés en les
comparant avec ceux obtenus a 1’aide de la modélisation du transport conservatif. Les flux a
I’embouchure ont aussi pu étre recalculés, ce qui a permis de quantifier la consommation ou
le relargage de DSi au sein de I’estuaire : un maximum de consommation a été observé au
printemps, mais 1’estuaire a été une source nette de DSi d’aoit a décembre. A 1’échelle
annuelle, 28 % des apports de DSi a I’estuaire ont été¢ consommés.

La comparaison des profils de BSi avec ceux de la biomasse des diatomées et ceux de
la matiére en suspension indiqua que la plupart de la BSi dans I’estuaire était détritique (c’est-
a-dire non associée aux diatomées vivantes). Ces résultats ont été confirmés par des

expériences d’incorporation de silice radioactive qui, bien que la méthodologie soit



complétement différente, apportérent des résultats comparables. La dynamique complexe de
la BSi a donc pu étre interprétée a 1’aide de celle déja bien étudiée de la matiere en suspension
dans I’estuaire de I’Escaut, et un bilan de masse de la BSi dans I’estuaire a pu étre établi a
partir d’un bilan pour la matiére en suspension obtenu de la littérature. En plus de la
production de diatomées, I’estuaire a regu presque autant de BSi de la riviere tidale que de la
zone cotiere. Ceci induisit que la rétention de TSi dans I’estuaire (59 %) a été plus importante
que celle de la DSi.

Au final, le systeme tidal de I’Escaut apparait comme un filtre important pour la
silice : les rétentions globales de DSi et TSi dans ce systéme s’élevérent respectivement a 39
et 61 %. La comparaison des dynamiques de la silice dans la riviére tidale et dans I’estuaire
mit en évidence I’importance du réle de I’estuaire. La consommation de DSi et la déposition
de BSi par unité de surface étaient certes plus intenses dans la riviére tidale mais, a I’échelle
de I’écosysteme, les effets y furent limités du fait de sa faible surface comparée a celle de
I’estuaire. L’une des observations les plus importantes de cette étude est celle de I’apport net
de BSi a I’estuaire depuis la zone cotiére, ce qui induisit une importante rétention estuarienne
de la silice. Les différences importantes entre les rétentions de DSi et de TSi mettent ainsi en
évidence la nécessité de prendre en compte la dynamique de la BSi dans I’étude de celle de la
silice. De plus, I’importance de la BSi détritique implique que la dynamique de la BSi ne peut
étre étudiée de part I’observation seule de celle des diatomées. Enfin, ’apport net de BSi vers
I’estuaire a 1I’embouchure, ainsi que 1’origine en grande partie marine des diatomées se
développant dans ’estuaire, soulignent 1’importance de prendre en compte I’importance des
échanges a I’embouchure pour le fonctionnement biogéochimique de la silice dans I’estuaire ;
I’estuaire ne doit pas étre vu comme un simple filtre a sens unique des espéces dissoutes et

particulaires provenant uniquement des riviéres en amont.
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1 - Introduction

1 Introduction

1.1 Natural forms of silicon

Silicon, which contributes to 27 % of the Earth’s crust, is the second most abundant
element on Earth after oxygen. In the natural environment, it is mainly found in the forms of
silicon dioxide (silica, i.e. bound to two atoms of oxygen) (Canfield et al. 2005); this includes:
- hundreds of different types of ubiquitous ordered silicate minerals (lithogenic silica) such

as quartz, feldspars and clays,

- the dissolved silicic acid (H4Si04 and its dissociated anions, called hereafter dissolved
silica, DSi), found in surface- and ground-water at concentrations ranging from
nanomolars to generally 1-2 millimolars (which corresponds to the concentration at
equilibrium with amorphous silica at pH below 9: DSi may polymerise at higher
concentrations),

- the particulate amorphous siliceous material, mostly biogenic (called hereafter biogenic
silica, BSi), such as skeletons of diatoms, radiolarians and silicoflagellates, sponge
spicules, as well as phytoliths of higher plants, but also possibly authigenic.

In the framework of the present study, we will focus on silica in the aquatic environment and,

in particular, in estuaries.

1.2 Diatoms and silica

DSi is a key nutrient for the aquatic ecosystem as it is an essential element for diatoms
(Bacillariophycae), ubiquitous unicellular phytosynthetic algae. The size of the diatoms
generally ranges between 5 and 200 pm, but there also exists cells of more than 1 mm
(Sabater 2009). Diatoms require DSi (mostly as H4SiO4) to build up their ornamented
frustules: rigid outer transparent perforated cell walls made of hydrated BSi, which may
account for 15-75 % of the mass of the cell (Conley and Kilham 1989; Martin-Jézéquel et al.
2000; Sabater 2009). The frustules present various shapes and ornaments which are species-
specific; there exists more than ten thousands known species but the total number may be
much higher (Martin-Jézéquel et al. 2000; Sabater 2009). It has been hypothesized that the

formation of such BSi cell walls may provide low-energy pathways for organic matter
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synthesis, protection against grazing or viral attacks and/or the possibility of sinking as a
survival strategy (Martin-Jézéquel et al. 2000; Raven and Waite 2004; Ragueneau et al.
2006a). Although BSi may be produced by other aquatic organisms (such as sponges or
radiolarians), about 90 % of the aquatic BSi production is attributed to diatoms (Canfield et
al. 2005 and reference therein).

Diatoms are an important constituent of the aquatic biota. They can be found in almost
all illuminated environments where water is at least occasionally present; this includes
freshwater, brackish, marine habitats, with diatoms being in the water column (planktonic), at
the bottom or on inter-tidal areas (benthic), attached to mud (epipelic), sand (episammic),
rocks (epilithic) or even to plants (epiphytic) (Sabater 2009). Diatoms may also attach to each
other to form chain or aggregates. Some benthic diatoms may be found in the water column
(tychoplanktonic), while some planktonic ones may have a benthic survival phase
(meroplanktonic) (Reynolds et al. 1994). As diatoms have low light requirements, they often
dominate the primary production in turbid aquatic environments such as lakes, rivers,
estuaries and coastal zones (Ragueneau et al. 2000) and account for respectively 35 % and 75
% of the primary production in the open ocean and in the world’s coastal areas (43 % in total
in the marine environment, Nelson et al. 1995). In addition, they may play a significant role in
the sequestration of the atmospheric CO, (Tréguer and Pondaven 2000). Due to their
relatively large size, they can support a short and efficient aquatic food chain (Turner et al.
1998; Ragueneau et al. 2006a). BSi is not assimilated by grazers but egested in the faecal
pellets (Tande and Slagstad 1985), which sink rapidly out of the surface waters due to the
density and the ballast effect of the BSi (Ragueneau et al. 2000; Ploug et al. 2008). As for fast
sinking diatom aggregates, these faecal pellets may contribute significantly to the export of
carbon from surface waters (Ragueneau et al. 2000).

The diatom frustule is composed of two distinct parts (thecae), which fit into each
other like a Petri dish. The outer theca is called the epitheca and the inner one the hypotheca.
In general, diatoms reproduce asexually by cellular division, at doubling rates ranging from
0.3 to 5 five times per day (Sabater 2009). Prior to the effective division, two new thecae are
synthesised inside the mother cell; they will be the hypothecae of the two daughter cells,
while the epithecae will be made of the thecae of the mother cell. As a result, the average cell
size of a diatom population gradually decreases with time. Nevertheless, once a too small size
is reached, diatoms can sexually reproduce to recover their initial dimension (Sabater et al.

2009). Although natural waters are generally under-saturated with respect to amorphous
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silica, the dissolution of the frustules is prevented by the presence of an outer organic coating.
But the frustules may nevertheless dissolve after the death of the diatoms and the bacteria-
mediated remineralisation of this organic coating (Bidle and Azam 1999; Roubeix et al.
2008).

The cellular silica content in diatoms varies from one species to another (Conley and
Kilham 1989; Rousseau et al. 2002). In particular, freshwater diatoms are on the average
almost one order of magnitude more silicified than marine ones (Conley and Kilham 1989).
This may be explained by the adaption of freshwater diatoms to generally higher DSi
concentrations in rivers than in the ocean (Claquin et al. 2006). Also, in contrast to the marine
environment where diatom cells should remain in the photic zone, higher BSi contents and
sinking rates may correspond to a survival strategy in rivers where resuspension is generally
possible. Sinking may prevent the diatom from being flushed too rapidly out of the system
(Reynolds et al. 1994) and, when for instance DSi becomes limiting, some species may switch
to dormant phases in the sediment and wait for better growth conditions (Claquin et al. 2006;
Sabater 2009).

The silica uptake and deposition mechanisms in diatoms are not yet fully understood
and they seem to be species-specific (Martin-Jézéquel et al. 2000). It has nevertheless been
shown that they are linked to the cell cycle (which may not be synchronised with the
day/night cycle, Ragueneau et al. 2000), taking place mostly during some arrest points of the
cell cycle: G, and M phases (Martin-Jézéquel et al. 2000; Claquin and Martin-Jézéquel 2005).
As a result, silicification can also vary within a single species: if the growth rates decrease (or
increase), more (or less) time is spent in the G, + M phase, and silicification increase (or
decrease) (Claquin et al. 2002). In contrast, when ambient DSi concentrations drop below
species-specific thresholds, diatoms may adapt by reducing their silica content albeit
decreasing growth rates. As a result, they may maintain high division rates even when their

DSi uptake rates are limited by the availability of DSi (Ragueneau et al. 2000).

1.3 The silica cycle and its importance for the marine ecosystem

The terrestrial source of DSi

Most of the DS is originally produced during weathering of silicate minerals on land,

which is a slow process at biological time-scales. In addition to the release of DSi, different

secondary minerals are formed depending on the ambient conditions, such as the presence of
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ions or the importance of the rainfall (Appelo and Postma 1996). For example, albite may be
weathered into montmorillonite, kaolinite or gibbsite (which can also transform into each
other) while kaolinite may also be the secondary mineral of the weathering of K-feldspar,
anorthite, pyroxene or biotite. As protons are generally consumed in the weathering process,
the latter acts as an important buffer mechanism against acidification of soil and groundwater
(Appelo and Postma 1996), which participates in the long-term regulation of the atmospheric
CO; (Conley 2002 and references therein). Dissolution rates are not only dependent on the
rainfall, temperature and pH (Appelo and Postma 1996), but they can also be enhanced by the
terrestrial plants and microbiota (Alexandre et al. 1997; Conley 2002). Nonetheless, reverse
weathering processes and the formation of authigenic clay material can also occur (Wollast

1974; Alexandre et al. 1997; Michalopoulos and Aller 2004).

The terrestrial silica cycle

Before reaching the aquatic ecosystem, DSi may participate in the terrestrial cycle:
higher plants can take up DSi through their roots to deposit it in their leaves, stems and/or
roots as BSi particles of a few to several tens of micrometers, called phytoliths (Conley 2002).
The lack of DSi may affect the development of the plants and their resistance to external
stresses. The BSi content in plant varies widely, from 0.1 % to more than 10 % dry weight (in
average 1-3 %; Conley 2002). Phytoliths are taxonomically species-specific and ubiquitous.
Although some phytoliths or a fraction of them can be easily dissolved in soils or in water
after the decay of the plants, a significant pool seems to be refractory, even to hot alkaline
solutions (Alexandre et al. 1997; Struyf et al. 2007a; Triplett et al. 2008). This pool is
preserved in soils, rendering paleo-environment reconstructions possible (Conley 2002).
Although the size of lithogenic silica pool exceeds by far that of the phytoliths in soils, which
is itself several orders of magnitude higher than that contained in aboveground biomass,
phytoliths undergo a significantly higher turnover than minerals. As a result, in most of the
ecosystems investigated so far (except for the coniferous forests), the major part of the DSi
exported to groundwater originated from phytolith dissolution rather than directly from

mineral weathering (Alexandre et al. 1997; Conley 2002; Derry et al. 2005).

Transport of silica in rivers and estuaries, and importance of the BSi fluxes
During its journey to the coastal zone, DSi participates in aquatic biogeochemical

cycles in rivers and estuaries (Conley et al. 1993), involving a number of biological, chemical
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and physical processes (Chou and Wollast 2006). Diatom blooms occurring in spring/summer
in rivers and estuaries result in significant decreases in DSi and concomitant increases in BSi
concentrations, which can account for 50-70 % of the total riverine silica load (Admiraal et al.
1990; Conley 1997). As particulate material, BSi can settle and accumulate in the sediments,
inducing retention of silica in the ecosystem. It can also be transported downstream as
suspended material (Admiraal et al. 1990) and/or, in contrast to lithogenic silica (Conley and
Kilham 1989; Ragueneau et al. 2006a), be dissolved at biological timescales (Roubeix et al.
2008; Loucaides et al. 2008). BSi dissolution is however not expected to occur at the same
rate along the salinity gradient: BSi dissolution rate increases with salinity (Loucaides et al.
2008) and the bacterial community can significantly enhance the remineralisation (Bidle and
Azam 1999; Roubeix et al. 2008). In addition, phytoliths can add a significant, if not major,
contribution to the BSi pool carried by rivers (Cary et al. 2005). They can originate from top
soil erosion (Cary et al. 2005) as well as directly from the vegetation of the river banks or
tidal marshes (Struyf et al. 2006). Marshes can retain significant amounts of silica in the
aboveground biomass and in sediments, and DSi and BSi exchange between the river channel
and the marshes can affect the estuarine silica cycle (Struyf et al. 2005, 2006). Thus, because
of the potentially important riverine and estuarine BSi concentrations, its specific
biogeochemical behaviour and its interaction with DSi, the study of BSi dynamics should not

be omitted when silica fluxes and mass-balances in rivers and estuaries are assessed.

Anthropogenic perturbations

Riverine DSi fluxes have also been altered by human activities during the last decades.
Land-use activities, such as deforestation, may affect the DSi inputs to rivers (Conley et al.
2008) and the use of silica in washing powders (Verbanck et al. 1994) and fertilizers (Datnoff
et al. 2001) may also constitute an additional DSi source to rivers. In contrast, eutrophication
results in enhanced silica retention in lakes, rivers and estuaries (Conley et al. 1993).
Decreased silica concentrations are also induced by river damming and river regulation,
which cause particle trapping and reduce contact between the water and the riparian vegetated

zone containing DSi-rich interstitial waters (Humborg et al. 2006).

The marine silica cycle
Diatoms are important constituent of the marine phytoplankton, contributing to 43 %

of the global oceanic primary production (Nelson et al. 1995). The marine silica cycle has
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thus received much attention since the 60s. Global silica mass-balances have been performed
already since the 70s (Wollast 1974; DeMaster 1981; Wollast and Mackenzie 1983) and they
agree remarkably well with the more recent oceanic budget proposed by Tréguer et al. (1995)
and Nelson et al. (1995). In the oceans, the diatom growth can often be limited by low DSi
concentrations (Tréguer et al. 1995; Nelson et al. 1995). The diatom production (200-400
Tmol yr''; Wollast 1974; Nelson et al. 1995) is mainly fuelled by BSi dissolution in the water
column; 12 % of the BSi produced in the ocean reaches the seafloor, and only 2.5 % gets
preserved (Tréguer et al. 1995). This preservation compensates the DSi inputs to the ocean,
which are mainly attributed to the riverine discharge of silica (5-7 Tmol yr'; Wollast 1974;
Tréguer et al. 1995). Compared to this source, the others including eolian inputs,
hydrothermal vents and submarine weathering were lower by at least one order of magnitude
(Wollast 1974; Tréguer et al. 1995).

Due to the proximity of the riverine DSi sources, the diatom production rates are
generally higher in the coastal zones compared to the ocean (Ragueneau et al. 2000). Due to
shallower depths, the coastal silica cycle in the water column may be influenced by benthic
processes. Submarine groundwater discharge and BSi dissolution, occurring principally in the
sediments or at the water-sediment interface, may constitute significant sources of DSi
(Ragueneau et al. 2006a). In contrast, the preservation of BSi may also be enhanced due to
reverse weathering processes enabled by the presence of lithogenic material (Michalopoulos
and Aller 2004). In addition, the coastal silica cycle can be affected (and even driven) by

benthic diatoms and/or suspension feeders (Ragueneau et al. 2005; Ragueneau et al. 2006a).

Eutrophication and importance of the riverine silica fluxes

Due to the specific need for silica by diatoms, the availability of DSi and its relative
abundance compared to the other nutrients can influence the composition of the
phytoplankton community. While the spring diatom bloom may terminate due to a complete
consumption of the DSi, the left-over nitrogen and phosphorous can allow the development of
flagellate or cyanobacteria blooms. Higher trophic levels and the whole ecological
functioning of the ecosystem may subsequently be altered (Officer and Ryther 1980; Conley
et al. 1993; Lancelot 1995; Turner et al. 1998).

Although this modification of the phytoplankton speciation has also been observed in
lakes, rivers and estuaries, this phenomenon affects particularly the coastal zones. The number

of ecosystems concerned as well as the frequency and the magnitude of these alterations have
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increased in the past decades as a result of anthropogenic pressure (Ragueneau et al. 2006b).
Nitrogen and phosphorus riverine loads indeed increased due to the use of fertilizers and
washing powders and due to the direct discharge of untreated wastewater in rivers (Billen et
al. 2005). In contrast, DSi concentrations may have remained unchanged, or have even been
reduced due to eutrophication or hydrological alterations (see above). In addition, the
recycling of nitrogen and phosphorus, which is biologically mediated, is faster than that of
silica whose regeneration involves the much slower dissolution process. Furthermore,
flagellate species, such as those responsible for the undesirable coastal blooms in summer,
may have the ability to acquire nitrogen and phosphorous in the organic form, while the
diatom growth may be hampered by phosphorous or nitrogen limitation (Ragueneau et al.
2006b and reference therein). Nevertheless, diatoms may survive at low ambient DSi
concentrations due to a growth sustained by BSi dissolution or due to their capacity to adapt
their Si content.

The knowledge of the DSi fluxes to eutrophicated coastal zones is thus of primary
importance to understand the biogeochemical and biological functioning of the ecosystem. In
the context of global climate change, riverine DSi sources and estuarine DSi retention deserve
to be more accurately estimated as well, due to their importance in the global oceanic silica
cycle and to the potentially important role played by diatoms in the fixation and export of

carbon dioxide to the deep-sea sediments.

1.4 Characteristics of estuaries

In the land to ocean continuum, estuaries are key ecosystems as they represent the
meeting point between the freshwater and marine waters; they are nevertheless specific
habitats that differ from the adjacent rivers and coastal zones (Elliot and McLusky 2002).
Estuaries are also highly valuable environments, from an ecological point of view due to the
wildlife they host, as well as for socio-economical concerns (Meire et al. 2005).

Estuaries are diverse ecosystems, which are characterised by continuous and coupled
geophysical, hydrodynamic, geochemical and biological gradients (McLusky 1993; Elliot and
McLusky 2002). The hydrodynamics are obviously influenced by the geomorphology, but the
water movement, mostly due to tidal oscillations in macrotidal systems, may also shape the
estuary by driving the sediment transport, deposition and redistribution (Fettweis et al. 1998;
Elliot and McLusky 2002; Chen et al. 2005). In turn, this physical forcing may affect the
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concentrations of the dissolved compounds, either directly by sorption/desorption processes
(e.g. trace metals), or via their link to the phytoplankton dynamics that are influenced by light
availability and water residence times (Arndt et al. 2007).

In contrast to rivers, an important feature in estuaries is that the net transport of
suspended particulate material may be strongly uncoupled to that of the water. In the lower
reaches, particles may be transported landwards (Van Maldegem et al. 1993) resulting in an
accumulation of suspended particulate material in the regions of low salinities (particularly in
macrotidal estuaries with long residence times, Uncles et al. 2002). The residence time of the
particles in estuaries may thus be much higher than that of the water. Also, the accumulated
material may eventually deposit and form mudflats and sandbars. As a result, estuaries may
also be characterised by the presence of substantial intertidal areas, providing habitats for an
important benthic fauna and flora (Elliot and McLusky 2002; Meire et al. 2005). Nonetheless,
possibly due to the high turbidity, the strong hydrodynamic forcing, the salinity gradient
and/or the low oxygen concentrations in the upstream reaches, the species diversity in
estuaries has been observed to be lower than in the adjacent areas, and in particular was found
to be at a minimum around salinity 5-8 (McLusky 1993; Muylaert et al. 1999; Elliot and
McLusky 2002). Conversely, species abundance and productivity in estuaries may remain
high: for instance, a high phytoplankton biomass may be sustained by a continuous nutrient
supply by rivers and lateral sources, and by higher water residence times than in the upstream
reaches (see below). As a result, nutrient concentrations (as well as those of trace metals and
dissolved gases) may undergo significant alterations along the salinity gradient, being
transformed, consumed or released (see above for DSi; Billen et al. 1991; Soetaert et al.
2006).

Despite these common characteristics, estuaries are protean and may display
contrasting dynamics. Several classifications have been established: they may be for instance
coastal plain, fjord, bar-built or tectonic estuaries, homogenous, partially mixed or weakly or
highly stratified, micro-, meso- or macrotidal, of funnel, mixed or prismatic shapes. There is
still much debate about the definition of estuaries, principally as they may as well be based on
geographical, chemical, hydrodynamic and biological considerations. The classical chemical
definition proposed by Pritchard (1967, quoted in McLusky 1993 and in Elliot and McLusky
2002) limits the estuary to the extent of the salinity gradient, although the upstream boundary
may drift with the tidal oscillations and with the variation of the freshwater discharge. Also,

in some estuaries, the tidal influence propagates further inland than salt intrusion, leading to
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the existence of tidal freshwater reaches, which should not be neglected as they generally host
important chemical and biological processes (McLusky 1993; Schuchardt et al. 1993; Elliot
and McLusky 2002; Muylaert et al. 2005). In particular, tidal freshwater reaches exhibit
specific features which can influence the phytoplankton dynamics (Schuchardt et al. 1993;
Lionard 2006) and thus the biogeochemical cycle of nutrients. They differ from the adjacent
rivers by longer water residence times and the presence of tides, which induces higher
turbulence and turbidity (Schuchardt et al. 1993; McLusky 1993). The resulting low light
conditions may limit phytoplankton growth but may also favour diatoms due to their lower
light requirements compared to other algae (Reynolds 1988; Cushing 1989; Lionard 2006). In
contrast to the downstream arecas where freshwater and seawater mix, there is no
phytoplankton mortality due to salinity stress in tidal freshwater reaches (Schuchardt et al.
1993; Muylaert et al. 2000). Thus, if the residence time is sufficiently long, a maximum in the
diatom production and the associated DSi consumption may occur in the tidal freshwater
reaches (Anderson 1986; Schuchardt and Schirmer 1991; De Séve 1993; Schuchardt et al.
1993; Muylaert et al. 2005; Arndt et al. 2007).

1.5 The Scheldt estuary and the Belgian coastal zone

In the present study, we focus on the Scheldt estuary which comprises an extensive
tidal freshwater area. The biogeochemistry of silica and the fluxes of this nutrient in the
continuum of the Scheldt are of primary importance as they can affect the ecosystem in the
adjacent coastal zone. Earlier works have shown that DSi drives the extent of the early spring
diatom bloom in this zone, while the excess of dissolved inorganic nitrogen stimulates a
subsequent massive development of flagellates (Phaeocystis sp.) which alters both the food
web and the environment (Lancelot 1995).

The highest (diatom-dominated) phytoplankton biomass and production of the Scheldt
estuary were observed in the tidal freshwater reaches, resulting in strong seasonal patterns in
DSi concentrations, possibly consumed down to limiting levels in summer (Muylaert et al.
2001; Struyf et al. 2004; Muylaert et al. 2005; Van Damme et al. 2005; Soetaert et al. 2006).
Low chlorophyll a concentrations were observed in the brackish reaches (Van Damme et al.
2005), but Soetaert (et al. 2006) estimated that a significant amount of DSi was nevertheless
consumed in this area. DSi dynamics in the Scheldt estuary have been studied in the late 60s

and early 70s (Wollast and De Broeu 1971; Beckers and Wollast 1976; Wollast 1978). The
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long-term evolution of DSi concentrations as well as the variation of DSi concentrations with
increasing discharge have recently been investigated (Muylaert et al. 2001; Struyf et al. 2004;
Soetaert et al. 2006).

Silica dynamics were also investigated by Arndt et al. (2007, 2009), Arndt and
Regnier (2007) and Arndt (2008) using model simulations of diatom dynamics calibrated with
DSi concentrations. These studies suggested that, BSi dissolution was of minor importance
but that the diatom dynamics along the Scheldt were driven by the physical forcing in the tidal
freshwater reaches, and in the brackish reaches by the import of diatoms from the coastal
bloom. The retention of DSi was also estimated for the tidal freshwater and brackish reaches
of the Scheldt. However, apart from the fate of BSi in sediments in the tidal river (Arndt and
Regnier 2007), these studies focused principally on DSi dynamics; in particular, BSi fluxes
and their contribution to the transport of silica along the Scheldt were not investigated.

Marshes along the Scheldt tidal system may act as DSi recyclers or sinks for estuarine
BSi, and may play a role in the estuarine silica cycle (Struyf et al. 2006; Struyf et al. 2007b).
In summer, the DSi released by marshes to the DSi-depleted estuarine waters may support the
estuarine diatom growth (Struyf et al. 2006), but modelling studies suggested that, on an
annual basis, recycling is of minor importance compared to riverine inputs of DSi (Arndt and
Regnier 2007). As this particular ecosystem may contain significant amounts of phytolith in
the aboveground biomass (Struyf et al. 2005), BSi as phytoliths may be delivered to the
estuarine waters by tidal exchange of this biogenic material between the river channel and
marshes.

BSi dynamics in the water column of the Scheldt have not been studied until now and
little is known about the present silica biogeochemical cycle in the Scheldt tidal system. Low
summer DSi concentrations and high diatom-dominated phytoplankton biomass in the tidal
freshwater reaches (Muylaert et al. 2000; Van Damme et al. 2005; Lionard 2006) suggest that
BSi can be a major constituent of the silica pool. In addition, a significant fraction of the BSi
in the water column may not be associated with living diatoms, due to diatom mortality,
resuspension of dead diatom frustules and the possible presence of phytoliths. The dynamics
of this latter fraction may differ from that of living diatoms; instead it may be linked to the
complex spatial and temporal variability of the SPM (Chen et al. 2005). The relative
importance of the BSi pool compared to the DSi pool on the one hand, and, on the other hand
the extent of the link between the dynamics of BSi and that of the living diatoms or that of

detrital material, have yet to be explored.

10



1 - Introduction

1.6 Objectives of the study and outline of the thesis

Framework

The present study was performed within the framework of the SISCO project (Silica
Retention in the Scheldt Continuum and Its Impact on Coastal Eutrophication) financed by
the Belgian Federal Science Policy Office. SISCO aimed at investigating the silica dynamics
in the water column as well as in the sediments in the Scheldt river-estuary-coastal zone
continuum, in relation to the phytoplankton dynamics and to the development of a fully-
transient coupled benthic-pelagic model. This project gathered expertises of the Laboratoire
d’Oceanographie Chimique et Géochimie des Eaux (Université Libre de Bruxellles),
Protistology and Aquatic Ecology of the Biology Department (Gent Universiteit) and the
Department of Earth Sciences (University of Utrecht).

Objectives

The principal objective of this thesis was to investigate pelagic DSi and BSi dynamics
and retention in the Scheldt tidal system. Particularly, we aimed at identifying and quantifying
the sources, sinks and process affecting the behaviour of silica in this ecosystem and, in turn,
at assessing the impact of this system on the transport of silica to the coastal zone.

The contributions of the BSi to the total silica pool and retention were assessed, and
the influence of the dynamics of the phytoplankton and of the detrital material on those of BSi
was investigated. The seasonality of the silica fluxes and their link to the physical and
biological functioning of the Scheldt tidal system were also explored. Also, mass-balances

were performed to estimate the retention of silica in this ecosystem.

Outline

The morphology, the hydrodynamics and the geochemical and biological functioning
of Scheldt tidal system are described in Chapter 2. The sampling strategy and the
methodologies for the chemical analyses (of DSi, BSi, phytoplankton biomass and speciation,
and other parameters), for the calculation of the fraction of the BSi associated with living
diatoms, and for the **Si incorporation experiments are also presented in this chapter.

The Scheldt tidal system forms a continuum but the transport of dissolved and

particulate material is expected to present different characteristics in the tidal freshwater

reaches and along the salinity gradient. The study of the silica dynamics was thus firstly
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conducted in the tidal freshwater reaches only, i.e. independently from that in the brackish
reaches. The results are presented in Chapter 3. DSi and BSi concentrations were measured
during one complete year at the tidal limits and at stations along the tidal freshwater reaches.
The fraction of the BSi associated with living diatoms was estimated by comparing BSi
concentrations with the diatom biomass and the concentration of suspended particulate
material. DSi and BSi fluxes were calculated, and a budget for the productive period was
established in order to quantify the DSi uptake by diatoms, the diatom mortality and the
retention of BSi in the different sections of the tidal freshwater reaches. Silica fluxes and
retention at an annual time-scale were also estimated. In addition, to provide further insights
about the link between silica and diatom dynamics, the Si/C ratios were measured in cultures
of two strains of diatoms isolated from the tidal freshwater reaches, and the dependence of the
specific uptake rate on the ambient DSi concentrations was investigated using >*Si. These
latter results are presented in one of the annexes to Chapter 3.

One characteristic of the transport of the suspended particulate material along the
salinity gradient is that it may be strongly uncoupled to that of the water, and even possibly
directed landwards (see above). Although the DSi and BSi dynamics may be linked by uptake
and dissolution processes, their assessments would require different methodologies and were
carried out in two separate studies. The DSi versus salinity profiles that were measured at
different seasons along the entire salinity gradient are shown in Chapter 4. Such estuarine
profiles may have been interpreted using the classical “Apparent Zero End-member” method,
but it has been shown that such procedure is irrelevant in the case of the Scheldt (Regnier et
al. 1998). Instead, seasonal pattern of the uptake and/or release of DSi within the estuary, as
well as the net annual amounts were investigated by comparing these measured results (or, for
the fluxes, with those recalculated using model outputs) with those obtained by model
simulations of the conservative transport.

The BSi dynamics in the brackish reaches of the Scheldt are presented in Chapter 5.
Similarly to Chapter 3, BSi concentrations were compared with the diatom biomass and the
suspended particulate matter concentrations to estimate the fraction of the BSi that was
associated with living diatoms. Also, **Si incorporation experiments were performed to assess
the physiological status of the diatoms. Due to the complex dynamics of the suspended
matter, a BSi mass-balance was not established directly but using a SPM budget taken from
the literature; this budget provided an estimate of the annual accumulation of BSi in these

reaches.
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Using the results obtained in the previous chapters, the overall impact of the Scheldt
tidal system on the annual transport of silica from its tributaries to the adjacent coastal zone
could finally be evaluated and presented in Chapter 6. Perspectives for further studies, such
as possible improvements of the mass-balance calculations were also proposed. Future studies
of the silica cycle in the Scheldt may provide as well the opportunity to investigate response

of the silica dynamics to the restoration of the ecological status in the Scheldt.

1.7 References

Admiraal W, Breugem P, Jacobs DMLHA, de Ruyter van Steveninck ED (1990) Fixation of dissolved
silicate and sedimentation of biogenic silicate in the lower river Rhine during diatom blooms.
Biogeochemistry 9:175-185

Alexandre A, Meunier J-D, Colin F, Koud J-M (1997) Plant impact on the biogeochemical cycle of
silicon and related weathering processes. Geochim Cosmochim Acta 61(3):677-682

Anderson GF (1986) Silica, diatoms and a freshwater productivity maximum in Atlantic coastal plain
estuaries, Chesapeake Bay. Estuar Coast Shelf Sci 22:183-197

Appelo CAJ, Postma D (eds) (1996) Geochemistry, groundwater and pollution. A.A.Balkema,
Rotterdam.

Arndt S, Regnier P (2007) A model for the benthic-pelagic coupling of silica in estuarine ecosystems:
sensitivity analysis and system scale simulation. Biogeosciences 4:331-352

Arndt S, Vanderborght J-P, Regnier P (2007) Diatom growth response to physical forcing in a
macrotidal estuary: Coupling hydrodynamics, sediment transport, and biogeochemistry. J
Geophys Res 112:C05045

Amdt S (2008) Physical controls on the biogeochemical structure and functioning of a land-ocean
transition system (Chapter 6). In: Arndt S. Biogeochemical transformations and fluxes in redox-
stratified environments: from the shallow coastal ocean to the deep subsurface. Ph. D. thesis.
Univ. of Utrecht, The Netherlands. pp 147-179.

Armndt S, Regnier P, Vanderborght J-P (2009) Seasonally-resolved nutrient export fluxes and filtering
capacitics in a macrotidal estuary. J Mar Syst (in press). DOI 10.1016/j.jmarsys.2009.02.008

Beckers O, Wollast R (1976) Comportement de la silice dissoute dans 'estuaire de I'Escaut. In: Nihoul
JCJ, Wollast R (eds) Projet Mer, Rapport Final. Volume 10: L'Estuaire de I'Escaut. Services du
Premier Ministre, programmation de la Politique Scientifique, Bruxelles. pp 153-170 (In French).

Bidle KD, Azam F (1999) Accelerated dissolution of diatom silica by marine bacterial assemblages.
Nature 397:508-512

Billen G, Lancelot C, Meybeck M (1991) N, P, and Si retention along the aquatic continuum from
land to ocean. In: Mantoura RFC, Martin J-M, Wollast R (eds) Ocean Margin Processes in Global
Change, Dahlem Workshop Report. Wiley-Interscience pp 19-44.

13



Silica in the Scheldt tidal system

Billen G, Garnier J, Rousseau V (2005) Nutrient fluxes and water quality in the drainage network of
the Scheldt basin over the last 50 years. Hydrobiologia 540(1-3):47-67

Canfield DE, Kristensen E, Thamdrup B (2005) The Silicon Cycle. In: Canfield DE, Kristensen E,
Thamdrup B (eds) Aquatic Geomicrobiology. Advances in Marine Biology 48. Academic Press,
Elsevier pp 441-463.

Cary L, Alexandre A, Meunier J-D, Boeglin J-L, Braun J-J (2005) Contribution of phytoliths to the
suspended load of biogenic silica in the Nyong basin rivers (Cameroon). Biogeochemistry 74:101-
104

Chen MS, Wartel S, Van Eck B, Van Maldegem D (2005) Suspended matter in the Scheldt estuary.
Hydrobiologia 540(1-3):79-104

Chou L, Wollast R (2006) Estuarine silicon dynamics. In: Ittekot V, Unger D, Humborg C, TacAn N
(eds) The silicon cycle. Human perturbations and impacts on aquatic systems. SCOPE 66. Island
Press, Washington, Covelo, London. pp 93-120.

Claquin P, Martin-Jézéquel V, Kromkamp JC, Veldhuis MJW, Kraay GW (2002) Uncoupling of
silicon compared with carbon and nitrogen metabolisms and the role of the cell cycle in
continuous cultures of Thalassiosira pseudonana (Bacillariophyceae) under light, nitrogen, and
phosphorus control. J Phycol 38:922-930

Claquin P, Martin-Jézéquel V (2005) Regulation of the Si and C uptake and of the soluble free-silicon
pool in a synchronised culture of Cylindrotheca fusiformis (Bacillariophyceae): effects on the
Si/C ratio. Mar Biol 146:877-886

Claquin P, Leynaert A, Sferratore A, Garnier J, Ragueneau O (2006) Physiological ecology of diatoms
along the river-sea continuum. In: Ittekot V, Unger D, Humborg C, TacAn N (eds) The silicon
cycle. Human perturbations and impacts on aquatic systems. SCOPE 66. Island Press,
Washington, Covelo, London. pp 121-137.

Conley DJ, Kilham SS (1989) Differences in silica content between marine and freshwater diatoms.
Limnol Oceanogr 34(1):205-213

Conley DJ, Schelske CL, Stoermer EF (1993) Modification of the biogeochemical cycle df silica with
eutrophication. Mar Ecol Prog Ser 101:179-192

Conley DJ (1997) Riverine contribution of biogenic silica to the oceanic silica budget. Limnol
Oceanogr 42(4):774-777

Conley DJ (2002) Terrestrial ecosystems and the global biogeochemical silica cycle. Global
Biogeochemical Cycles 16(4):68-1-68-7

Conley DJ, Likens GE, Buso DC, Saccone L, Bailey SW, Johnson CE (2008) Deforestation causes
increased dissolved silicate losses in the Hubbard Brook Experimental Forest. Glob Change Biol
14(11):2548-2554

Cushing DH (1989) A difference in structure between ecosystems in strongly stratified waters and in
those that are only weakly stratified. J Plankton Res 11(1):1-13

14



1 - Introduction

Datnoff LE, Snyder GH, Korndorfer GH (eds) (2001) Silicon in agriculture. Studies in Plant Science
8. Elsevier B.V.

De S¢ve MA (1993) Diatom bloom in the tidal freshwater zone of a turbid and shallow estuary, Rupert
Bay (James Bay, Canada). Hydrobiologia 269/270:225-233

DeMaster DJ (1981) The supply and accumulation of silica in the marine environment. Geochimica et
Cosmochimica Acta 45:1715-1732

Derry LA, Kurtz AC, Ziegler K, Chadwick OA (2005) Biological control of terrestrial silica cycling
and export fluxes to watersheds. Nature 433:728-731

Elliot M, McLusky DS (2002) The need for definitions in understanding estuaries. Estuar Coast Shelf
Sci 55:815-827

Fettweis M, Sas M, Monbaliu J (1998) Seasonal, neap-spring and tidal variation of cohesive sediment
concentration in the Scheldt estuary, Belgium. Estuar Coast Shelf Sci 47:21-36

Humborg C, Pastuszak M, Aigars J, Siegmund H, Morth C-M, Ittekot V (2006) Decreased silica land-
sea fluxes through damming in the Baltic Sea catchment - significance of particle trapping and
hydrological alterations. Biogeochemistry 77:265-281

Lancelot C (1995) The mucilage phenomenon in the continental coastal waters of the North Sea. Sci
Total Environ 165(1-3):83-102

Lionard M (2006) Spatio-temporal phytoplankton dynamics along the Scheldt-North Sea continuum
based on HPLC/CHEMTAX pigment analysis. Ph. D. thesis. Univ. of Ghent, Belgium.

Loucaides S, Van Cappellen P, Behrends T (2008) Dissolution of biogenic silica from land to ocean:
Role of salinity and pH. Limnol Oceanogr 53(4):1614-1621

Martin-Jézéquel V, Hildebrand M, Brzezinski MA (2000) Silicon metabolism in diatoms: implications
for growth. J Phycol 36:821-840

McLusky DS (1993) Marine and estuarine gradients - an overview. Neth J Aquat Ecol 27(2-4):489-
493

Meire P, Ysebaert T, Van Damme S, Van den Bergh E, Maris T, Struyf E (2005) The Scheldt estuary:
a description of a changing ecosystem. Hydrobiologia 540(1-3):1-11

Michalopoulos P, Aller RC (2004) Early diagenesis of biogenic silica in the Amazon delta: alteration,
authigenic clay formation, and storage. Geochim Cosmochim Acta 68(5):1061-1085

Muylaert K, Sabbe K (1999) Spring phytoplankton assemblages in and around the maximum turbidity
zone of the estuaries of the Elbe (Germany), the Schelde (Belgium/The Netherlands) and the
Gironde (France). Journal of Marine Systems 22(2-3):133-149

Muylaert K, Sabbe K, Vyverman W (2000) Spatial and temporal dynamics of phytoplankton
communities in a freshwater tidal estuary (Schelde, Belgium). Estuar Coast Shelf Sci 50(5):673-
687

Muylaert K, Van Wichelen J, Sabbe K, Vyverman W (2001) Effects of freshets on phytoplankton
dynamics in a freshwater tidal estuary (Schelde, Belgium). Arch Hydrobiol 150(2):269-288

15



Silica in the Scheldt tidal system

Muylaert K, Tackx M, Vyverman W (2005) Phytoplankton growth rates in the freshwater tidal reaches
of the Schelde estuary (Belgium) estimated using a simple light-limited primary production
model. Hydrobiologia 540(1-3):127-140

Nelson DM, Tréguer P, Brzezinski MA, Leynaert A, Quéguiner B (1995) Production and dissolution
of biogenic silica in the ocean: revised global estimates, comparison with regional data and
relationship to biogenic sedimentation. Glob Biogeochem Cycle 9(3):359-372

Officer CB, Ryther JH (1980) The possible importance of silicon in marine eutrophication. Mar Ecol
Prog Ser 3:83-91

Ploug H, Iversen MH, Koski M, Buitenhuis ET (2008) Production, oxygen respiration rates, and
sinking velocity of copepod fecal pellets: Direct measurements of ballasting by opal and calcite.
Limnol Oceanogr 53(2):469-476

Ragueneau O, Tréguer P, Leynaert A, Anderson RF, Brzezinski MA, DeMaster DJ, Dugdale RC,
Dymond J, Fischer G, Francois R, Heinze C, Maier-Reimer E, Martin-Jézéquel V, Nelson DM,
Quéguiner B (2000) A review of the Si cycle in the modern ocean: recent progress and missing
gaps in the application of biogenic opal as a paleoproductivity proxy. Glob Planet Change
26(4):317-365

Ragueneau O, Chauvaud L, Moriceau B, Leynaert A, Thouzeau G, Donval A, Le Loc'h F, Jean F
(2005) Biodeposition by an invasive suspension feeder impacts the biogeochemical cycle of Si in
a coastal ecosystem (Bay of Brest, France). Biogeochemistry 75:19-41

Ragueneau O, Conley DJ, Leynaert A, Ni Longphuirt S, Slomp CP (2006a) Role of diatoms in silicon
cycling and coastal marine food webs. In: Ittekot V, Unger D, Humborg C, TacAn N (eds) The
silicon cycle. Human perturbations and impacts on aquatic systems. SCOPE 66. Island Press,
Washington, Covelo, London. pp 163-195.

Ragueneau O, Conley DJ, Leynaert A, Ni Longphuirt S, Slomp CP (2006b) Responses of coastal
ecosystems to anthropogenic perturbations of silicon cycling. In: Ittekot V, Unger D, Humborg C,
TacAn N (eds) The silicon cycle. Human perturbations and impacts on aquatic systems. SCOPE
66. Island Press, Washington, Covelo, London. pp 197-213.

Raven JA, Waite AM (2004) The evolution of silicification in diatoms: inescapable sinking and
sinking as escape? New Phytol 162:45-61

Regnier P, Mouchet A, Wollast R, Ronday R (1998) A discussion of methods for estimating residual
fluxes in strong tidal estuaries. Cont Shelf Res 18:1543-1571

Reynolds CS (1988) Potamoplankton: paradigms, paradoxes and prognoses. In: Round FE (ed) Algae
and the aquatic environment. Biopress, Bristom. pp 285-311.

Reynolds CS, Descy J-P, Padisak J (1994) Are phytoplankton dynamics in rivers so different from
those in shallow lakes? Hydrobiologia 289:1-7

Roubeix V, Becquevort S, Lancelot C (2008) Influence of bacteria and salinity on diatom biogenic
silica dissolution in estuarine systems. Biogeochemistry 88(1):47-62

16



1 - Introduction

Rousseau V, Leynaert A, Daoud N, Lancelot C (2002) Diatom succesion, silification and silicic acid
availability in Belgian coastal waters (Southern North Sea). Marine Ecology Progress Series
236:61-73

Sabater S (2009) Diatoms. In: Likens GE (eds) Encyclopedia of Inland Waters. Volume 1. Elsevier,
Oxford. pp 149-156.

Schuchardt B, Schirmer M (1991) Phytoplankton maxima in the tidal freshwater reaches of two
coastal plain estuaries. Estuar Coast Shelf Sci 32:187-206

Schuchardt B, Haesloop U, Schirmer M (1993) The tidal freshwater reach of the Weser Estuary:
riverine or estuarine? Neth J Aquat Ecol 27(2-4):215-226

Soetaert K, Middelburg JJ, Heip C, Meire P, Van Damme S, Maris T (2006) Long-term change in
dissolved inorganic nutrients in the heterotrophic Scheldt estuary (Belgium, The Netherlands).
Limnol Oceanogr 51(1, part 2):409-423

Struyf E, Van Damme S, Meire P (2004) Possible effects of climate change on estuarine nutrient
fluxes: a case study in the highly nutrified Schelde estuary (Belgium, The Netherlands). Estuar
Coast Shelf Sci 60(4):649-661

Struyf E, Van Damme S, Gribsholt B, Middelburg JJ, Meire P (2005) Biogenic silica in tidal
freshwater marsh sediments and vegetation (Schelde estuary, Belgium). Mar Ecol Prog Ser
303:51-60

Struyf E, Dausse A, Van Damme S, Bal K, Gribsholt B, Boschker HTS, Middelburg JJ, Meire P

(2006) Tidal marshes and biogenic silica recycling at the land-sea interface. Limnol Oceanogr
51(2):836-846

Struyf E, Van Damme S, Gribsholt B, Bal K, Beauchard O, Middelburg JJ, Meire P (2007a)
Phragmites australis and silica cycling in tidal wetlands. Aquat Bot 87:134-140

Struyf E, Temmerman S, Meire P (2007b) Dynamics of biogenic Si in freshwater tidal marshes: Si
regeneration and retention in marsh sediments (Scheldt estuary). Biogeochemistry 82:41-53

Tande KS, Slagstad D (1985) Assimilation efficiency in herbivorous aquatic organisms - The potential
of the ratio method using '*C and biogenic silica as markers. Limnol Oceanogr 30(5):1093-1099

Tréguer P, Nelson DM, Van Bennekom AJ, DeMaster DJ, Leynaert A, Quéguiner B (1995) The silica
balance in the world ocean: a reestimate. Science 268:375-379

Tréguer P, Pondaven P (2000) Silica control of carbon dioxide. Nature 406:358-359

Triplett LD, Engstrom DR, Conley DJ, Schellhaass SM (2008) Silica fluxes and trapping in two
contrasting natural impoundments of the upper Mississippi River. Biogeochemistry 87:217-230

Turner RE, Qureshi N, Rabalais NN, Dortch Q, Justic' D, Shaw RF, Cope J (1998) Fluctuating
silicate:nitrate ratios and coastal plankton food webs. Proc Natl Acad Sci USA 95:13048-13051

Uncles RJ, Stephens JA, Smith RE (2002) The dependence of estuarine turbidity on tidal intrusion
length, tidal range and residence time. Continental Shelf Research 22(11-13):1835-1856

17



Silica in the Scheldt tidal system

Van Damme S, Struyf E, Maris T, Ysebaert T, Dehairs F, Tackx M, Heip C, Meire P (2005) Spatial
and temporal patterns of water quality along the estuarine salinity gradient of the Scheldt estuary
(Belgium and The Netherlands): results of an integrated monitoring approach. Hydrobiologia
540(1-3):29-45

Van Maldegem DC, Mulder HPJ, Langerak A (1993) A cohesive sediment balance for the Scheldt
Estuary. Neth J Aquat Ecol 27(2-4):247-256

Verbanck M, Vanderborght J-P, Wollast R (1994) Major ion content of urban wastewater: assessment
of per capita loading. Research Journal Water Pollution Control Federation 61(11/12):1722-1728

Wollast R, De Broeu F (1971) Study of the behavior of dissolved silica in the estuary of the Scheldt.
Geochim Cosmochim Acta 35:613-620

Wollast R (1974) The silica problem. In: Goldberg ED (ed) The Sea, Vol. 5. Wiley, New York. pp
359-392.

Wollast R (1978) Modelling of biological and chemical processes in the Scheldt estuary. In: Nihoul
JCJ (eds) Hydrodynamics of Estuaries and Fjords. Elsevier Oceanography Series, 23, Amsterdam,
Oxford, New-York. pp 63-77.

Wollast R, Mackenzie FT (1983) The global cycle of silica. In: Aston SR (ed) Silicon Geochemistry
and Biogeochemistry. Academic Press, London. pp 39-76.

18



2 — Study area, material and methods

2 Study area & material and methods

2.1 Study area: description of the Scheldt tidal system

The 355 km long Scheldt river and estuary takes its source in Northern France. It
flows through Belgium where it receives waters mainly from the Leie (confluence at Ghent),
the Dender and the Rupel, and discharges into the North Sea via the Netherlands (Fig. 2.1).
The catchment area amounts to approximately 21863 km?” and about 10 million people live in
the river basin (477 inhabitants km?, Meire et al. 2005) .The shallow, well-mixed and turbid
macrotidal estuary of the Scheldt has been extensively described (e.g. Chen et al. 2005a;
Meire et al. 2005; Van Damme et al. 2005; Soetaert et al. 2006).

Fig. 2.1: Catchment area and major tributaries of the Scheldt.
Source: Schelde Informatie Centrum (www.scheldenet.nl).
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Morphology

The Scheldt estuary will hereafter only comprise the Western Scheldt
(“Westerschelde” in Dutch, Fig. 2.1); the Eastern Scheldt (“Oosterschelde”) was a second
branch of the Scheldt estuary but it is not linked anymore to the Scheldt (except by canals).
The Western Scheldt refers in fact only to the Dutch part of the Scheldt estuary; the Belgian
part may be called Sea Scheldt (or “Zeeschelde” in Dutch). The latter comprises a tidal
freshwater part, which stretches from roughly the confluence with the Rupel (at Rupelmonde,
km 94, i.e. 94 km from the mouth of the estuary at Vlissingen) to Ghent (km 157). The tidal
wave is blocked by sluices at Ghent and at the mouth of the river Dender. The tidal freshwater
system (called hereafter the “tidal river”) also includes the river Rupel and the downstream
parts of its four tributaries where the tidal influence decreases naturally (Fig. 2.1). The tidal
river consists of a single ebb/flood shallow channel (Table 2.1) bordered by mudflats and
marshes, but however almost completely canalised upstream of Dendermonde (Meire et al.
2005). Downstream, the section between Rupelmonde and Vlissingen (called hereafter the
“estuary”) is characterised by a gradual increase in salinity up to about 30 (Van Damme et al.
2005; Soetaert et al. 2006); the salinity pattern varies with the tidal oscillations and also
seasonally with the freshwater discharge (Baeyens et al. 1998; Van Damme et al. 2005). The

Table 2.1: Characterization of the Scheldt tidal river. Average depths and widths were calculated from
the volumes and water surface areas of the considered sections. Lengths, volumes and water surface
areas were estimated from WLHO (1966). No separate bathymetric data were available for the Grote
and Kleine Nete. Residence times (with standard deviations) correspond to the period 1996-2005.
They were computed as the quotient of the volume of the considered section by the average water
discharge.

Average Residence time (d)

River depth  length  width :
sopn ) (km) fim) Summer  Winter

Scheldt

from Ghent to Dendermonde 6.2 38 68 4.0 1.7 1.3 09
from Dendermonde to Temse 4.5 25 190 74 +28 2.3 +15
Jfrom Temse to Rupel mouth 4.8 6 394 3.8 x14 1.2 08
Jfrom Rupel mouth to Hemiksem 6.9 3 363 1.2 03 0.5 02
Rupel (entire) 4.2 11 180 23 05 1.1 =04
Nete (entire) 2.8 16 49 1.9 =06 0.8 =03
Zenne (last 10 km) 1.6 (10) 32 0.6 0.1 0.4 =0.1
Dijle (last 8 km) 25 ®) 35 0.4 0.1 0.2 0.1
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Belgian part of the estuary still consists of a single well-defined ebb/flood channel, but the
morphology of the funnel shaped Dutch part is a complex network of ebb/flood channels
delimiting large sandflats and bordered by extensive intertidal mudflats and marshes (Fig. 2.2;
Van Maldegem et al. 1993). The intertidal zone accounts for 28 % of the total surface in the

tidal river and the Belgian part of the estuary, and for 35 % in the Dutch part of the estuary
(Meire et al. 2005).
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~ "1 Diepteinmtov. NAP

| BovenN.AP. +4m
+4tot +3m
+3tt+2m
+2t0t +1m
+1totN.AP.
N.A.P.tot -1m,
-1tot-2m
-2tot-3m
-3tot-5m
-5tot-7.5m
-7.5t0t-10m
-10tot-15m
-15tot-20m
-20tot-25m
-25t0t-35m
-35tot-45m
Dieper dan -45 m

Vliaanderen

Fig. 2.2: Bathymetry of the Scheldt estuary (around 1996, depth in meters below NAP).
Source: A. Schouwenaar, Ministerie van Verkeer en Waterstaat, Directoraat-Generaal Rijkswaterstaat,
Rijksinstituut voor Kust en Zee, RIKZ Middelburg.

Hydrology

The Scheldt is a rain-fed river: the freshwater water discharge exhibits strong seasonal
and inter-annual variations related to the precipitation pattern (Soetaert et al. 2006). The long-
term annual average amounts to 104 m® s after the confluence with the Rupel, and maximum
and minimum annual discharges of respectively 207 m® s™ and 43 m® s™' have been recorded
(Meire et al. 2005). The average winter discharge (180 m’ s with peak values of 600 m’s")

is also higher than the summer one (60 m’ >

, with values as low as 20 m® s™') (Baeyens et al.
1998). Annually, 56 % of the freshwater discharge in the tidal river originates from the Rupel
(Baeyens et al. 1998). But, before it enters the Scheldt estuary, the water from the river
Scheldt may be partially or even completely deviated towards the Ghent — Terneuzen canal to
sustain industrial and navigation needs. The contribution of the Rupel to the total freshwater

input can therefore increase from about 46 % in winter to more than 70 % during dry
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summers. The increase in freshwater residence time during the summer period is thus more
pronounced in the Scheldt between Ghent, Dendermonde and Temse than in the Rupel and in
the Nete (Table 2.1). For the estuary, residence times of 50 days in winter and 70 days in
summer have been estimated by Soetaert and Herman (1995) using model simulations.

The Scheldt is a macrotidal estuary. At the mouth of the estuary, the mean tidal range
is 3.8 m, but due to the funnel shape of the estuary, it increases up to about 5 m in the zone
between Antwerp and the confluence with the Rupel (Baeyens et al. 1998; Meire et al. 2005;
Arndt et al. 2007). Further upstream, the tide is progressively attenuated and at Ghent, the
average range is 2 m (Baeyens et al. 1998; Arndt et al. 2007). At the mouth of the estuary, the
amount of water exchanged during a tide cycle is three orders of magnitude higher than the
amount of freshwater discharged (Arndt et al. 2007) and the Scheldt estuary can be considered
as vertically well-mixed (Baeyens et al. 1998). Nevertheless a small stratification may be
observed in the Belgian part of the estuary during high freshwater discharge events (Baeyens
et al. 1998; Soetaert et al. 2006).

Suspended particulate matter

The suspended particulate material (SPM) contains about 10-20 % of organic matter
(Chen et al. 2005a) mainly of anthropogenic origin, but with significant contributions of the
organic matter from soil and vegetation and from phytoplankton (Abril et al. 2002; Van
Damme et al. 2005). The inorganic fraction is generally composed of silty clays; the
contribution of the sandy grain-size fraction remains generally low but can possibly increase
in the turbidity maximum area (Chen et al. 2005a, 2005b). The SPM from the Scheldt has
thus the tendency to form flocs (Chen et al. 2005a, 2005b). Both the mud and sand fractions
are composed predominantly of quartz, but also of feldspars, clay minerals (illite, kaolinite,
montmorillonite), carbonates and iron hydroxides (Wollast and De Broeu 1971; Wartel 1977;
Bouezmarni and Wollast 2005). Except for the muddy deposits on the banks, the grain-size
distribution is generally coarser in bottom sediments of the channel, with generally sandy
deposits in the tidal river and in the Dutch part of the estuary, and coarse sediments or even
hard bottom in the Belgian part of the estuary upstream Antwerp (Wartel 1977). Downstream
Antwerp however, the bottom sediments are composed of sand, sandy mud and mud in the
channel, and even purely muddy sediments are encountered in the access channels to harbours

(Wartel 1977; Wartel et al. 1999).
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The distribution of the SPM is strongly related to the water energy pattern, which is
principally driven by two components: the energy originating from tides and that from the
riverine, freshwater discharge (Fig. 2.3; Chen et al. 2005a; Arndt et al. 2007). As a result, two
local SPM maxima of several hundreds of milligrams per litre can be observed: one in the
upper part of the tidal river induced by the riverine energy, and a more important one,
between Antwerp and the confluence with the Rupel, corresponding to the maximum of the
tidal energy (Fig. 2.3; Chen et al. 2005a; Arndt et al. 2007). As the latter one is located at the
freshwater-brackish water interface, it has also been attributed to flocculation processes and to
the convergence of bottom currents directed landwards in the estuary and seawards in the tidal
river (Fig. 2.4; Baeyens et al. 1998; Chen et al. 2005a). This turbidity maximum is
characterised by alternating settling and resuspension processes during the tidal cycle, leading
high short-term variations in the SPM concentrations (Chen et al. 2005a). The SPM transport
is also strongly influenced by the local morphology (Chen et al. 2005a).

Energy Distributions in the Scheldt Estuary
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Fig. 2.3: The water energy distribution along the Scheldt tidal system. The figure is redrawn from
Chen at al. (2005a). Wave energy ranges from 2.5 to 107 J/m” at the river mouth to zero near 50 km; it
has been multiplied by a factor 5 to allow its representation on the graph.
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Fig. 2.4: Influence of flocculation processes and of the residual surface and bottom currents on the
accumulation of mud between Antwerp and the confluence with the Rupel. The figure is redrawn from
Wollast (1988).

While the net transport of SPM is in the same direction of that of the water in the tidal
river, the estuarine SPM consists of a gradual mixture of SPM of freshwater source and that
of marine origin (Verlaan et al. 1998). There is indeed a net import of SPM from the coastal
zone at the mouth of the estuary (Van Maldegem et al. 1993), implying that an intense
dredging activity is required in the estuary to ensure the shipping access to harbours of

Antwerp (Chen et al. 2005a; Meire et al. 2005).

Nutrients and oxygen

After decades of heavy pollution history, the Scheldt estuary is still strongly affected
by human activities, and nitrogen and phosphorous are never limiting factors for
phytoplankton growth (Van Damme et al. 2005; Soetaert et al. 2006; Van der Zee et al. 2007).

In 2003, maximum dissolved inorganic nitrogen and phosphorous concentrations reached
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1300 pmol L™ and 50 pmol L™ respectively (Van der Zee et al. 2007). In contrast, silica can
be depleted in summer in case of low water discharge (Muylaert et al. 2001).

Most of the anthropogenic pressure to the Scheldt is concentrated on the tidal river
(Meire et al. 2005). Due to the high amount of organic matter and ammonium in communal
and industrial wastes (particularly in the wastewater from Brussels, which was only partially
treated at the time of this study), the oxygen level is severely under-saturated in most of the
tidal river and the Belgian part of the estuary (Van Damme et al. 2005). However, the oxygen
content rises quickly in the Dutch part of the estuary, leading to oxygen saturation or even

super-saturation in spring due to the phytoplankton production.

Phytoplankton

The phytoplankton speciation in the Scheldt is representative of that generally
observed in temperate estuaries of the Northern hemisphere (Muylaert and Sabbe 1999 and
references therein).

Tidal river

The phytoplankton community in the tidal river is dominated by diatoms throughout
the year (Muylaert et al. 2000; Lionard 2006; Lionard et al. 2008a). Two blooms have been
identified: one in spring, originating from the upper Scheldt river and dominated by
Stephanodiscus hanszchii; another one in summer, which develops in situ near Dendermonde
and is dominated by Cyclotella scaldensis, a genus closely related to C. meneghiniana
(Muylaert et al. 2000). The summer bloom in the tidal river can lead to a high biomass:
chlorophyll a concentrations of several hundreds of micrograms per litre are frequently
observed in summer (Van Damme et al. 2005; Lionard et al. 2008b).

Estuary

In the estuary, highest chlorophyll a levels are generally observed in spring but they
never reach the high values measured in the tidal river in summer (Van Damme et al. 2005).
Also, chlorophyll a concentrations display a local minimum between Antwerp and the
Belgian/Dutch boundary (Van Damme et al. 2005).

Diatoms were reported as being the dominant species along the estuary, but green
algae and euglenid species (such as Scenedesmus sp., Nannochloris sp. and Euglena sp.)
could nevertheless be important constituents of the phytoplankton community, especially in
the zone corresponding to the maximum of turbidity (Rijstenbil et al. 1993; Muylaert and
Sabbe 1999; Lemaire et al. 2002; Boschker et al. 2005; Brochard et al. 2005; Dijkman and
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Kromkamp 2006a, 2006b). Phaeocystis may also be encountered in the Scheldt estuary. These
species bloom in the adjacent coastal zone in April and May (Lancelot 1995); as for diatoms
(Arndt 2008; Muylaert et al. 2009), they may be transported into the Scheldt estuary as far as
salinity 10 (Brochard et al. 2005; Dijkman and Kromkamp 2006a). Phaeocystis can contribute
to about half of the phytoplankton biomass in the lower part of the estuary but this should
nevertheless only concern the months of April and May, as almost no Phaeocystis cells are
generally observed outside this two-month period in the Belgian coastal zone (Rousseau et al.
2002; Brochard et al. 2005; Muylaert et al. 2006).

In the most freshwater part of the estuary, the diatom community was clearly
dominated by Cyclotella meneghiniana and/or Actinocyclus normanii, which were very likely
originating from the tidal river. In the rest of the estuary, the diatom community was
composed of marine species of different sizes, such as Thalassiosira sp., Asterionella sp.,
Ditylum brightwellii, Odontella sp., Raphoneis amphiceros, Coscinodiscus sp., Rhizosolenia
sp., Skeletonema costatum, Chaetoceros sp. and Thalassionema nitzschioides (Rijstenbil et al.
1993; Muylaert and Sabbe 1999; Koeman et al. 2004; Boschker et al. 2005; Brochard et al.
2005, 2006; Dijkman and Kromkamp 2006b; Muylaert et al. 2009). Some of these species
were probably originating from the coastal zone (such as Rhizosolenia sp., S. costatum and
Chaetoceros sp.) as they are typical components of the diatom comm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>