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Résumé

Résumé

Les concentrations en silice dissoute (DSi) et silice particulaire biogène (BSi) ont été 

mesurées pendant une année complète (en 2003) dans la zone tidale de la rivière Escaut et 

dans ses tributaires aux limites tidales. Alors que la DSi est restée, dans les tributaires, à des 

concentrations élevées toute au long de l’année, et que la BSi s’est maintenue à des 

concentrations faibles, la DSi a été entièrement consommée pendant l’été dans la rivière tidale 

et les concentrations en BSi ont augmenté. En comparant ces concentrations avec celles de la 

biomasse des diatomées et de la matière en suspension, il a pu être 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 rivière tidale pendant 

la période durant laquelle les diatomées se développent (période productive, Mai à Octobre). 

Ceci a permis l’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 

rivières a été transformée en BSi dans la rivière 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 à une échelle annuelle les résultats obtenus pendant la période 

productive : les rétentions annuelles de DSi et la de TSi ne s élevèrent respectivement qu’à 14 

et 6 %.

L’échantillonnage de l’estuaire a été effectué sur l’ensemble du gradient de salinité au 

cours de 11 campagnes réparties sur trois ans (de 2003 à 2005). Du fait du mélange des eaux 

douces et marines, les concentrations en DSi diminuèrent toujours de l’amont vers l’aval, 

mais les profils étaient généralement convexes ou concaves. Ils ont été interprétés en les 

comparant avec ceux obtenus à l’aide de la modélisation du transport conservatif. Les flux à 

l’embouchure ont aussi pu être recalculés, ce qui a permis de quantifier la consommation ou 

le relargage de DSi au sein de l’estuaire : un maximum de consommation a été observé au 

printemps, mais l’estuaire a été une source nette de DSi d’août à décembre. A l’échelle 

annuelle, 28 % des apports de DSi à l’estuaire ont été consommés.

La comparaison des profils de BSi avec ceux de la biomasse des diatomées et ceux de 

la matière en suspension indiqua que la plupart de la BSi dans l’estuaire était détritique (c’est- 

à-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 



complètement différente, apportèrent des résultats comparables. La dynamique complexe de 

la BSi a donc pu être interprétée à l’aide de celle déjà bien étudiée de la matière en suspension 

dans l’estuaire de l’Escaut, et un bilan de masse de la BSi dans l’estuaire a pu être établi à 

partir d’un bilan pour la matière en suspension obtenu de la littérature. En plus de la 

production de diatomées, l’estuaire a reçu presque autant de BSi de la rivière tidale que de la 

zone côtière. Ceci induisit que la rétention de TSi dans l’estuaire (59 %) a été plus importante 

que celle de la DSi.

Au final, le système tidal de l’Escaut apparaît comme un filtre important pour la 

silice : les rétentions globales de DSi et TSi dans ce système s’élevèrent respectivement à 39 

et 61 %. La comparaison des dynamiques de la silice dans la rivière tidale et dans l’estuaire 

mit en évidence l’importance du rôle de l’estuaire. La consommation de DSi et la déposition 

de BSi par unité de surface étaient certes plus intenses dans la rivière tidale mais, à l’échelle 

de l’écosystème, les effets y furent limités du fait de sa faible surface comparée à celle de 

l’estuaire. L’une des observations les plus importantes de cette étude est celle de l’apport net 

de BSi à l’estuaire depuis la zone côtière, 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 l’étude de celle de la 

silice. De plus, l’importance de la BSi détritique implique que la dynamique de la BSi ne peut 

être étudiée de part l’observation seule de celle des diatomées. Enfin, l’apport net de BSi vers 

l’estuaire à l’embouchure, ainsi que l’origine en grande partie marine des diatomées se 

développant dans l’estuaire, soulignent l’importance de prendre en compte l’importance des 

échanges à l’embouchure pour le fonctionnement biogéochimique de la silice dans l’estuaire ; 

l’estuaire ne doit pas être vu comme un simple filtre à sens unique des espèces dissoutes et 

particulaires provenant uniquement des rivières 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 (H4SiO4 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 um, 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 CO2 (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: G2 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 G2 + 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 DSi 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 

CO2 (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’1; 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 yr1; 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 

8



1 - Introduction

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 areas 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 Sève 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.
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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’Océanographie 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 32Si 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 32Si. 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, 32Si 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.
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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 km2 and about 10 million people live in 

the river basin (477 inhabitants km2, 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.

River 
section

Average Residence time (d)

depth
(m)

length 
(km)

width 
(m)

Summer Winter

Scheldt

from Ghent to Dendermonde 3.2 38 68 4.0 ±1.7 1.3 ±0.9
from Dendermonde to Temse 4.5 25 190 7.4 ±2.8 2.3 ±1.5
from Temse to Rupel mouth 4.8 6 394 3.8 ±1.4 1.2 ±0.8
from Rupel mouth to Hemiksem 6.9 3 363 1.2 ±0.3 0.5 ±0.2

Rupel (entire) 4.2 11 180 2.3 ±0.5 1.1 ±0.4

Nete (entire) 2.8 16 49 1.9 ±0.6 0.8 ±0.3
Zenne (last 10 km) 1.6 (10) 32 0.6 ±0.1 0.4 ±0.1
Dijle (last 8 km) 2.5 (8) 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).

Bodem: rond 1996

Diepte in m t.o.v. NAP

Boven N.A.P. +4 m 
+4 tot +3 m 
+3 tot +2 m 
+2 tot +1 m 
+1 tot N.A.P. 
N.A.P. tot -1 m. 
- 1 tot -2 m
- 2 tot -3 m 
• 3 tot -5 m
- 5 tot -7.5 m 
- 7.5 tot -10 m 
- 10 tot -15 m 
- 15 tot -20 m 
- 20 tot -25 m 
- 25 tot -35 m 
- 35 tot -45 m 
Dieper den -45 m

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 m3 s'1 after the confluence with the Rupel, and maximum 

and minimum annual discharges of respectively 207 m3 s’1 and 43 m3 s'1 have been recorded 

(Meire et al. 2005). The average winter discharge (180 m3 s'1 with peak values of 600 m3 s'1) 

is also higher than the summer one (60 m3 s-1, with values as low as 20 m3 s'1) (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).

Distance to the River Mouth (km)

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/m2 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 umol L1 and 50 umol L1 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 communities of this area 

(Rousseau et al. 2002; Muylaert et al. 2006; Muylaert et al. 2009), but some others were 

specific to the estuary (such as Odontella sp. and R. amphiceros) as they were not 

encountered at the highest salinities (Dijkman and Kromkamp 2006b; Muylaert et al. 2009).

Inter-tidal areas and shallow waters account for a large fraction of the surface area of 

the Scheldt estuary: they represent respectively 19 % and 10 % of the total surface area of the 

Dutch part of the Scheldt estuary (Meire et al. 2005). The microphytobenthos, mainly 

composed of benthic diatoms (de Jong and de Jonge 1995; Lucas et al. 2001), contributes to 

17 % of the total gross primary production in the Scheldt (de Jong and de Jonge 1995; Gazeau 

et al. 2005) and it can be resuspended by tidal oscillations (Lucas et al. 2001) and wind- 

induced waves (de Jonge and van Beusekom 1995). So, even if most of the diatoms observed 

by Muylaert and Sabbe (1999) in May 1993 from salinity 0.5 to 20 were planktonic species, 

benthic and tycoplanktonic species (such as Odontella sp., R. amphiceros, Thalassiosira 

proschkinae, Navicula sp. and Nitzschia sp.) were frequently observed in surface water 

samples (Muylaert and Sabbe 1999; Boschker et al. 2002; Koeman et al. 2004; Brochard et al. 

2005, 2006; Dijkman and Kromkamp 2006a).
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Zooplankton

In the tidal river, the zooplankton community is dominated by rotifers (Tackx et al. 

2004), which are not expected to exert a strong pressure on the diatom community responsible 

for the summer bloom (Muylaert et al. 2005). This is also supported by the fact that diatoms 

can reach a high biomass in summer (Muylaert et al. 2000; Lionard et al. 2008b). In the Dutch 

part of the estuary however, better oxygen conditions and longer water residence times allow 

the domination of the zooplankton community by endemic or neritic calanoid copepods 

(Soetaert and Van Rijswijk 1993). Even, the increase of the oxygen concentrations in the 

Belgian part of the estuary during the last decade resulted in an upstream shift in the presence 

of the calanoid copepod Eurytemora affinis (Appeltans et al. 2003).

2.2 Sampling

The Scheldt tidal river and its tributaries were sampled once a week from February 

2003 to February 2004, except in winter (once a month). The sampling was performed from a 

bridge or a landing stage. The upper Scheldt river and the five main tributaries (the Dender, 

Zenne, Dijle, Kleine and Grote Nete) were sampled at the tidal limits and the tidal river was 

sampled at three stations: Dendermonde (km 124), Temse (km 101) and Hemiksem (km 91) 

(Fig. 2.5). Hemiksem was considered as the downstream limit of the tidal river, as the salinity 

at this station was on average 1 and never exceed 2.9.

The Scheldt estuary and the coastal zone were sampled during 11 campaigns on board 

of the RV Belgica from 2003 to 2005 (2003: 17-21 March, 30 June - 3 July; 2004: 3 February, 

13-19 May, 19-20 July, 6-10 September, 29 November - 2 December; 2005: 11-14 April, 2-3 

May, 11-15 July, 11-14 October). Surface water samples were taken using Niskin bottles. In 

the estuary, the sampling was performed along the navigation channel over the entire salinity 

gradient (from Rupelmonde, km 94, to Vlissingen, km 0, Fig. 2.5). From 10 to 20 water 

samples were taken per campaign; some sampling stations were fixed and the other ones were 

chosen depending on the salinity. The coastal zone was sampled at 5 fixed locations (Fig. 

2.6).

The sampling was performed irrespective to the tide phase in both the tidal river and 

the estuary. Our study period (2003-2005) could be considered as representative for years 
with low water discharges, especially for the period between May and October (Table 2.2).
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Fig. 2.5: Map of the sampling in the Scheldt tidal river and estuary. City and river names are in regular 
and italic fonts, respectively. The Durme is nowadays a dead arm with negligible discharge. The 
sampling stations in the tidal river (in bold) are indicated by green dots for the tidal limits (Ghent, 
Dender, Zenne, Dijle, Grote Nete, Kleine Nete) and by red dots for stations along the tidal river. In the 
estuary, the sampling was performed along the navigation channel, which is indicated in blue. Blue 
dots indicate fixed sampling stations. The dashed line follows the border between Belgium and the 
Netherlands.

Fig. 2.6: Map of the sampling locations in the Belgian coastal zone. Sampling stations are indicated by 
dots. The dash line in the North Sea represents the Belgian Exclusive Economic Zone.
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Table 2.2: Average freshwater discharge (in m3 s'1). The standard deviation of the annual or seasonal 
average discharges during 1980-2005 is also indicated (± SD).

1980-2005 2003 2004 2005

Full year 124 ± 31 113 95 94
May-October 80 ± 21 67 64 68

Jan.-Apr. and Nov.-Dec. 167 ± 46 159 126 120

2.3 Chemical analyses

SPM, DSi and BSi

Sampling and SPM

Water samples (from 20 to 150 mL) were vacuum filtered on a pre-weighed 

polycarbonate filter (Whatman Nuclepore, 0 47 mm, 0.4 um pore size). The SPM collected 

on the filter was rinsed with Milli-Q water and dried overnight at 50°C. The filter was 

weighed again for the SPM determination by weight difference and the filter was kept for BSi 

analysis. The filtrate was acidified (with 200 uL of 2 mol L1 HCl per 50 mL of sample) and 

kept in the dark at 4°C until DSi analysis.

DSi analyses

Samples from the tidal river were measured colorimetrically for DSi on a Skalar Auto­

analyser following a method adapted from Koroleff (1983).

In the estuary, samples were measured manually following the colorimetric method of 

Koroleff (1983). The salinity effect was taken into account by performing calibrations in 

artificial solutions of different salinities (the solution of salinity 35 was obtained with 32 g L'1 

of NaCl and 14 g L1 of MgSO4). Slopes at intermediate salinities were retrieved by linear 

interpolation. When needed, samples were diluted with Milli-Q water and the induced shift in 

salinity was taken into account.

The slopes displayed important variations from one measurement to another, 

especially at the lower salinities (Fig. 2.7). It was verified by replicate analyses on samples 

that, as expected, this variability did not have any incidence on the measurement of the DSi 

concentration. The causes of the variability of the standard slopes were not investigated, but 

observations suggested that the freshness of the molybdate solution could play a role (the 

ascorbic acid solution was renewed each time) (Koroleff, 1983), as well as, possibly, the 

ambient temperature.
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Fig. 2.7: Slopes of the DSi analysis calibrations performed during the measurement of the DSi versus 
salinity profiles in the estuary.

BSi analyses

BSi was determined by a wet-alkaline method. Because high amounts of lithogenic 

silica are present in the SPM of the tidal river (Bouezmarni and Wollast 2005), the aluminium 

released during the digestions was used to correct for the concomitant dissolution of Si from 

lithogenic material following the methods from Kamatani and Oku (2000) and Ragueneau et 

al. (2005), which were combined and modified. The digestion was performed on a single 

SPM filter and, compared to Ragueneau et al. (2005), four digestion steps were performed 

(instead of two) to improve the correction (Fig. 2.8). Furthermore, the SPM was not rinsed 

between the steps to reduce the time necessary for the digestion.

The filter with the SPM was placed at the bottom of a 15 mL polypropylene 

centrifugation tube and covered with 10 mL (VD) of 0.2 mol L1 NaOH (Fig. 3). The tube was 

incubated in a shaking water bath at 95°C for one hour (step 1), and centrifuged at 5000 rpm, 

5°C during 10 minutes. A 5 mL (V4) aliquot of the supernatant was taken and acidified with 

1.25 mL of 1 mol L'1 HC1. This digestion step was then repeated three times (steps 2 to 4): 5 

mL of 0.2 mol L’1 NaOH was added to the remaining solution in the centrifugation tube, and 

the tube was placed again in the shaking water bath but for 30 minutes.

The four aliquots of the supernatant solutions were analysed for DSi and Al 

concentrations (Six and Aln, with n = 1 to 4), either by ICP-OES (Inductively Coupled Plasma 

- Optic Emission Spectroscopy) or by colorimetry: using a Skalar Auto-analyser for DSi (as 

described previously) and manually for dissolved A1 following Dougan and Wilson (1974).
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There were no significant differences between the results obtained by the two methods for 

DSi analyses.

NaOH 0.2 M
10 mL (Vp)

polycarbonate 
filter with SPM

shaking water bath, 95°C 
step n = 1 : 60 min 
steps w = 2 to 4 : 30 min

CENTRIFUGATION
5000 rpm, 10 min, 5°C

NaOH 0.2 M

5 mL (V) HCI 1M
1.25 mL

kept in the dark 
at 4°C for DSi 
and Al analyses
—>Sin and Aln
concentrations

polypropylene 
centrifugation tube

for steps n = 2 to 4

Fig. 2.8: Scheme of the BSi digestion protocol.

Following Kamatani and Oku (2000) and Ragueneau et al. (2005), we assumed that: 1) 

all the BSi is dissolved during the first digestion step, 2) all the A1 measured originates from 

the digestion of lithogenic material and 3) this lithogenic material dissolves with a constant 

Si/Al ratio (designated here k). Under these assumptions, the DSi and A1 concentrations 

measured in the aliquots follow the equation:

Si, = Cn n n
BSi ,7----------- Ik• Al 

V-d .
(Eq. 2.1)

with:

(Eq. 2.2) 

where BSi is the amount of BSi on the filter, Vo and VA the volumes of 0.2 mol L1 NaOH 

additions (respectively 10 and 5 mL, Fig. 3) and d the dilution factor of 1.25 due to the 

addition of HCl in the aliquots of the supernatant solutions. BSi (as well as k, not shown) is 

then calculated by a least-squares multiple regression on Six:

(4 Y4 Y Y 4 \X 41,2 X e. Si, - X e, • 41, • X Si, • Al,
BSi = Vo -d- =1------El------------ EI ----------El ---------- 2 (Eq. 2.3)

Ze S 41,2 - Se Al
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Among the 455 correlation coefficients (r2) obtained from the multiple regressions 

performed for each BSi measurement presented in this study, most values were higher than 

0.999 (Fig. 2.9). In addition, the method was tested on pure lithogenic and biogenic silica 

suspensions, and known mixtures of the two (Carbonnel 2003). This supports the three 

assumptions indicated above and validates the use of Eq. 2.1.

Fig. 2.9: Cumulative number of correlation coefficients (r2) expressed as a percentage of the total 
number (455) of BSi analyses presented in this study.

Ragueneau et al. (2005) considered that BSi can be correctly measured using their 

method only if the amount of BSi on the filter does not exceed 10 umol. Nonetheless, with 

our method, quantities up to 20-25 umol (in the tidal river in summer) were successively 

measured, as shown by high correlation coefficients (r2 higher than 0.9995). This may be due 

to the fact that the duration of our first digestion (60 min) was longer than that set by 

Ragueneau et al. (2005) (40 min).

As in the method proposed by Kamatani and Oku (2000), an estimation of BSi could 

have also been provided by the y-axis intercept which would have been obtained when 

plotting the total amounts of DSi released after each digestion step against those of Al. As this 

methodology and Eq. 2.3 were based on the same assumptions (see above), they provided 

similar results (not shown). The advantage of Eq. 2.3 is that the DSi and A1 concentrations of 

each digestion step are processed independently from those of the other steps: Eq. 2.3 permits 

the direct calculation of BSi even if a digestion step needs to be discarded (for instance due to 
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incomplete dissolution of the BSi during step 1, or to doubtful DSi or A1 concentrations at 

steps 1 to 4).

In the following, BSi concentrations are expressed in umol L1 but the BSi content of 

SPM is expressed as the mass content of hydrated silica SiO2.mH2O, with m <2 (Martin- 

Jézéquel et al. 2000); we assumed m = 1/3, a value close to the measurement of Kamatani and 

Oku (2000).

Particulate organic carbon and contribution of diatoms to the chlorophyll a concentrations

Sampling

SPM was collected on a precombusted (4h, 500°C) GF/F filter (0 47 mm, 0.7 um pore 

size) for the determination of particulate organic carbon (POC), and on a GF/F filter (0 25 

mm, 0.7 um porosity) for the measurement of chlorophyll a and marker pigments. Both filters 

were kept frozen at -20°C until analysis.

POC

POC was measured using a Fisons NA-1500 elemental analyser after carbonate 

removal from the filters by overnight exposure to strong acid fumes. The measurements of the 

POC concentrations at Hemiksem and in the estuary were performed by N. Roevros 

(LOCGE-ULB).

Pigments and diatom chlorophyll a concentrations

Pigments concentrations were measured by HPLC (High Pressure Liquid 

Chromatography) following Wright and Jeffrey (1997). The CHEMTAX software (Mackey et 

al. 1996) was used to calculate the contribution of different algal groups to the total 

chlorophyll a using ratios of marker pigments (specific for algal groups) to chlorophyll a 

(Lionard 2006, 2008a). The chlorophyll a concentrations ascribed to diatoms (DiatChla) were 

estimated using fucoxanthin, diatoxanthin and diadinoxanthin as marker pigments for 

diatoms. The contribution of the diatoms to the phytoplankton biomass was assessed as the 

ratio between DiatChla and chlorophyll a concentrations. The measurements of the pigment 

concentrations and the CHEMTAX calculations were performed by M. Lionard (UG).

CHEMTAX matrixes

The CHEMTAX matrix that was used in the tidal river was identical to that of Lionard 

et al. (2008a); the initial and final matrixes are reported in Lionard (2006). Comparisons with 
microscopic observations revealed that this method can indeed provide a good estimate of the 

33



Silica in the Scheldt tidal system

phytoplankton speciation and of the phytoplankton and diatom biomasses in the Scheldt tidal 

river (Lionard et al. 2008a).

In the coastal zone and in the most seaward part of the estuary, the contribution of 

Phaeocystis to total chlorophyll a could not be disentangled from that of the diatoms. Indeed, 

Phaeocystis contain fucoxanthin, diatoxanthin and diadinoxanthin, which are the marker 

pigments used for diatoms (Llewellyn and Gibb 2000). Usually, Phaeocystis can be 

distinguished by their specific marker pigment 19‘-hexanoyloxyfucoxanthin (Llewellyn and 

Gibb 2000), but the strains of the Belgian coastal zone do not contain this pigment (Antajan et 

al. 2004). Muylaert et al. (2006) successfully used the chlorophyll C3 as a specific marker 

pigment for Phaeocystis but the elution method we employed could not allow the separation 

of this pigment, and thus nor the accurate measurement of its concentration. As a result, the 

contribution of the Phaeocystis to the total chlorophyll a in our samples was lumped with that 

of the diatoms. The CHEMTAX matrix was adapted from that of Muylaert et al. (2006) and 

Lionard et al. (2008a): it includes neoxanthin and violaxanthin as marker pigments for 

chlorophytes (Lionard et al. 2008a), and diatoms and Phaeocystis constitute a single group 

with fucoxanthin, diatoxanthin and diadinoxanthin ratios corresponding to the average ones of 

those for diatoms and Phaeocystis used by Muylaert et al. (2006). The initial and final 

CHEMTAX matrixes applied on our pigment data at salinities higher than 24 are reported in 

Table 2.3 (“Salinity 24-35”).

The estuarine phytoplankton is of freshwater origin in the upper part of the estuary 

(salinities lower than 10) but predominantly composed of marine species in the rest of the 

estuary (see above). So the estuarine pigment dataset was divided in two groups, one 

corresponding to salinities 0-13 and another one to salinities 7-24 (these groups also included 

the pigment datasets obtained for pre-filtered water samples for 32Si incorporation, see 

below), on which independent CHEMTAX analyses were performed using slightly different 

matrixes for both groups (Table 2.3). The pigment data at salinities 7-13 and 24-30 were 

included in two groups, but the corresponding phytoplankton compositions calculated using 

the two matrixes led to similar results. Still, the transitions of the contribution of the different 

algal groups to the total chlorophyll a between salinities 7-13 and 24-30 were ensured by 

linear interpolation versus the salinity. The initial and final CHEMTAX matrixes are also 

reported in Table 2.3.
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p

Peridin Fucoxanthin Neoxanthin Violaxanthin
Diadinoxanthin 
Diatoxanthin

Alloxanthin Lutein Zeaxanthin Chlorophyll b

Salinity 0-13

chlorophytes 0 0 0.018 / 0.024 0.024/0.034 0 0 0.232 / 0.313 0.025 / 0.034 0.096 / 0.130

cryptophytes 0 0 0 0 0 0.275 / 0.408 0 0 0

cyanobacteria 0 0 0 0 0 0 0 0.202 / 0.200 0

diatoms 0 0.378/0.508 0 0 0.043 / 0.057 0 0 0 0

dinophytes 0.366/0.513 0 0 0 0.152 / 0.161 0 0 0 0

euglenophytes 0 0 0 0 0.137 / 0.151 0 0 0 0.277 / 0.277

Salinity 7-30

chlorophytes 0 0 0.018 / 0.021 0.024 / 0.028 0 0 0.058 / 0.081 0.034 / 0.040 0.240 / 0.157

cryptophytes 0 0 0 0 0 0.275 / 0.280 0 0 0

cyanobacteria 0 0 0 0 0 0 0 0.232 / 0.230 0

diatoms (+ Phaeocystis) 0 0.383/0.380 0 0 0.028 / 0.028 0 0 0 0

dinophytes 0.366/0.432 0 0 0 0.152 / 0.177 0 0 0 0

euglenophytes 0 0 0 0 0.137 / 0.137 0 0 0 0.277 / 0.277

Salinity 24-35

chlorophytes 0 0 0.018 / 0.025 0.024 / 0.033 0 0 0.058 / 0.079 0.034 / 0.046 0.240 / 0.328

cryptophytes 0 0 0 0 0 0.275 / 0.284 0 0 0

cyanobacteria 0 0 0 0 0 0 0 0.232 / 0.230 0

diatoms + Phaeocystis 0 0.383 / 0.511 0 0 0.028 / 0.038 0 0 0 0

dinophytes 0.366/0.505 0 0 0 0.152 / 0.169 0 0 0 0

euglenophytes 0 0 0 0 0.137 / 0.184 0 0 0 0.277 / 0.371
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2.4 Distinction between fractions of BSi associated or not with living 

diatoms

BSi may not only be associated with living diatom (BSiiiv) as a significant fraction 

may consist of detrital biogenic silica (BSiäet) such as frustules of dead diatoms or phytoliths. 

It was assumed that the dynamics of BSiiiv and BSidct followed respectively those of DiatChla 

and of the fraction of the SPM which is not linked to BSi nor to living diatoms (SPMnbid), 

estimated as:

SPMaba - SPM — BSi • MBSío2 - DiatChla • PpOccHa • POMPOC (Eq. 2.4)

with:

- DiatChla and SPM expressed in mg L1, and BSi in mmol L’1,

- the molar mass of BSi (as hydrated SiO2): MBSIO2 = 66 g mol'1,

- the chlorophyll a to POC mass ratio in the (diatom-dominated) phytoplankton of the 

Scheldt tidal river: ßpoc/chi« = 30 (Muylaert et al. 2001),

- the conversion factor from POC to organic matter: POM/POC = 2.5. This value corresponds 

to the ratio of the molar masses of CH2O and C, and was also observed in an eutrophic 

estuary by Suzumura et al. (2004).

The distinction between BSiiiv and BSidct was made by performing a multiple 

regression between BSi and the two explicative variables DiatChla and SPMnBld: the partial 

coefficients associated with DiatChla and SPMnBld (respectively ki and k2) were fitted to 

obtain the best correlation between measured BSi concentrations and those estimated by the 

multiple regression (BSi) calculated as:

BSi = k] • DiatChla + k2 SPMmid (Eq. 2.5) 

BSiiiv was estimated as the product of k1 (called hereafter BSiiiv/DiatChla) and DiatChla, and 

BSidct was calculated as the difference between BSi and BSiliv. The multiple regressions (as 

well as correlations and statistical Student’s t-tests) were performed following Dagnelie 

(1973, 2006) but without any independent constant terms, as the latter would not have been 

significantly different from zero (at 95 % confidence) if they were appended. In the tidal river, 

the multiple regression was kept linear, but in the estuary, the residuals displayed a significant 

pattern (see Chapter 5), indicating that a better regression could be obtained by a non-linear 

multiple regression; the procedure and the non-linear multiple regression model are described 

in Chapter 5.
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2.5 32Si incorporation experiments

In 2005, kinetic experiments of 32Si incorporation were performed at 8 selected 

stations in the estuary (mainly the fixed ones) and at #330 in the coastal zone. 32Si 

incorporation experiments were also performed on diatom cultures: the incubation procedure 

is described in Annex 3B, but the radioactivity counting and the calculations were 

nevertheless performed as described below.

Methodology for 32Si incorporation experiments (Scheldt water samples)

Water from the same Niskin bottle as that used for the determination of the other 

parameters was pre-filtered on a 400 pm mesh to remove the zooplankton, and kept in the 

dark for 1-3 hours. Chlorophyll a and DiatChla concentrations in the pre-filtered water were 

also measured as described above.

In April and May 2005, the water was dispatched in polycarbonate 50 mL bottles. To 

evaluate the abiotic sorption of DSi on particles, one bottle was added with 300 uL of 10 % 

azide to inhibit the phytoplankton growth. The samples were spiked with 50 uL of the 32Si 

source (101.9 nCi mL'1, 23570 Bq pg1), corresponding to a (neglected) increase of the 

ambient DSi concentration by 5.7 nmol L1. Five or seven aliquots of 1 or 2 mL were taken in 

each bottle and kept frozen for the measurement of the initial 32Si activity.

In July 2005, the water was spiked with the radiotracer and 1 mL aliquots were taken 

before it was dispatched in 50 mL incubation bottles. One bottle also contained azide. At 

station #330, the ambient DSi concentration was low (1.2 umol L1, Chapter 4) and the 

variation of the DSi uptake rate with ambient DSi concentration was also investigated by 

adding cold DSi in 6 extra spiked Scheldt water samples so that final DSi concentrations 

ranged from 1.7 to 13.1 umol L'1. The samples were incubated for about 24 hours together 

with those for the time-course experiment.

The sample bottles were incubated under a continuous light of an intensity of about 

120-150 uEm2 s'1, from 2 hours to 24-30 hours for the time-course experiments, and for 24 

hours for the DSi addition experiment. The bottles containing azide were placed in the dark at 

the same temperature for 24 hours. The incubators could not be circulated with the water from 

the Scheldt because of the high SPM content, which would have attenuated the light and 
accumulated in the incubators. Instead, they were filled up with the tap water on board the 
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ship and only little amounts of water could be kept flowing. Nevertheless, the temperature in 

the incubators did not differ by more than a few degrees compared to the in-situ temperature.

At the end of the incubation period, the samples were filtered on a Whatman 

Nuclepore, 0.4 pm pore size, 0 47 mm polycarbonate filter, which was rinsed with filtered 

water from the station. The filter was folded and placed at the bottom of a scintillation vial 

and was kept frozen until the counting of the radioactivity following the procedure described 

below.

Counting of the radioactivity

Choice of a method

32Si is a weak ßemitter with a half-life of 134 years, but its daughter product 32P is a 

strong ß emitter with a half-life of 14.3 days (Leynaert et al. 1996; Brzezinski and Phillips 

1997). The radioactivity of the 32Si can be assessed by scintillation liquid counting with a high 

efficiency (about 90 %) but the interference of the activity of the 32P has to be taken into 

account, requiring quench curves and complex calibrations using 32P and 32Si (Brzezinski and 

Phillips 1997). However, due to the different half-lives of 32Si and 32P, the number of 

disintegrations of 32P per second equilibrates to that of 32Si after about 4 months while the 

radioactivity of the 32Si is practically unchanged (Leynaert et al. 1996; Brzezinski and Phillips 

1997). In addition, the radioactivity of 32P is strong enough to generate Cerenkov radiations, 

in contrast to that of 32Si (Tréguer et al. 1991; Leynaert et al. 1996). Thus the radioactivity of 

32Si can be simply and directly measured in water by Cerenkov counting when the samples 

have reached the secular equilibrium, i.e. at least four months after the end of the 

incorporation experiment (Tréguer et al. 1991; Leynaert et al. 1996). Although the efficiency 

of the Cerenkov counting is about 50 % (Tréguer et al. 1991; Brzezinksi and Pillips 1997), 

this method was preferred due to its simplicity: the low efficiency is compensated by the fact 

this method did not require any correction for interferences, calibrations or quench curves, 

which could be a source of imprecision. In addition, the sample could be recovered for further 

analyses as, for instance, liquid scintillation counting if necessary.

Methodology

Five millilitres of 2.5 mol L’1 HF were added to vials containing the folded filters. 

Care was taken to ensure that the filters were completely covered by the solution. The 

standards were added with diluted HF so that the volume of the final solution was 5 mL and 

the HF concentration 2.5 mol L-1: 4 mL of 3.13 mol L1 HF to the 1 mL standards, and 3 mL 
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of 4.17 mol L"1 HF to the 2 mL standards. After at least 2 hours, the radioactivity of the 

samples was counted three times during 30 min in the range of 2-18.6 keV. This corresponds 

to that of tritium but without the 0-2 keV range: observations suggested that the 0-2 keV 

range may contain high levels of noise. The measurement of the radioactivity was provided in 

counts per minutes (cpm, which is the number of disintegrations per minutes multiplied by the 

efficiency). The triplicate values were generally all taken into account and averaged, as the 

standard variation was generally less than 5 %. Blanks were also processed and the 

radioactivity value (about 10 cpm) was subtracted from that of the samples.

Additional tests

The same final volume of solution on filters and in standards was required, as the 

volume affects the radioactivity assessed by Cerenkov counting: in test filter samples of about 

400-450 cpm, the counts increased linearly from 2 mL to 10 mL of added water, at a rate of 

about 10 cpm per mL. It was chosen to add 5 mL as this was the minimal volume necessary to 

cover entirely the filter and as a higher volume would have hampered the possibility of a later 

recount using scintillation liquid.

The use of standards was supported by the fact that the radioactivity assessed by 

Cerenkov counting varied perfectly linearly with the amount of 32Si in 5 mL solutions, with 

an intercept being the blank radioactivity value (r2 = 1.0000, n = 22, from 10 to 6000 cpm). 

This linearity was still observed when a blank filter, similar to that used for filtering the 

incubated water, was added to the vials (r2 = 1.0000, n = 17, from 10 to 6000 cpm), but the 

counts were lower by 5 %. This factor was taken into account in the calculations (Sfilter, see 

further).

The addition of 2.5 mol L-1 HF instead of pure water was recommended by Brzezinski 

and Phillips et al. (1997) to dissolve the BSi and to prevent 32P from adsorbing to the walls of 

the vials. Although the same final concentration was ensured in vials for standard or for 

filters, the necessity and the effects of such an addition were not investigated. Brzezinski and 

Phillips (1997) also recommended waiting for 2 hours after the HF addition, but the 

radioactivity in a test sample was monitored from 0.5 to 15 hours after the HF addition and it 

did not display significant variations.
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Calculation of the DSi uptake

The concentration of BSi formed during the incubation was estimated from the 

radioactivity measured on the filter and in standards, and from the ambient initial DSi 

concentration, assuming that there was no silica fractionation by diatoms:

1
CPM filler —

Si = DSi --------------- filter (Eq. 2.6)incorp init \ 1 /
CPM incubCP stand 'v

v stand

with:

- Siincorp, the concentration of silica incorporated during the incubation,

- DSiinit, the ambient DSi concentration at the start of the incubation,

- ^filter, the correction factor (here 0.95) for the decrease of the counting efficiency due to the 

presence of the filter,

- CPMfilter and CPMstand, respectively the radioactivity on the filter and in the standards (in 

cpm),

- Vincub and Vstand, respectively the volumes of incubated water (here about 50 or 250 mL) 

and of the standard (here 1 or 2 mL).

Siincorp values in samples containing azide (Siincorp-azide) were always very small 

compared to that in azide-free samples, but the incorporated concentrations were nevertheless 

corrected for the abiotic sorption that was assumed to vary linearly with the duration of the 

incubation of the sample:

'sampl (Eq. 2.7)

with tsampi and tazide, respectively the duration of the incubation of the azide-free sample and of 

that with azide, and BSincw, the concentration of incorporated silica during the incubation.

2.6 DSi and silica retentions

The percentages of DSi and total silica (DSi+BSi) retentions in the different sections 

of the Scheldt tidal system were calculated on the basis of DSi and BSi fluxes. As the 

procedures for the estimation of the fluxes in the tidal river and of the DSi and BSi fluxes in 

the estuary were different, they are not reported here but detailed in Chapters 3, 4 and 5. 
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Nevertheless the same definitions were used for DSi and silica retentions along the entire 

Scheldt tidal system.

DSi retention was defined as the ratio between the amount of DSi consumed within a 

considered ecosystem and the amount of DSi inputs at its upstream boundary for the same 

period:
F upstream F downstream

DSi retention (%) = • DSi - - - - - - - - DSi - - - - - - x 100 (Eq. 2.8a)Cupstream
F DSi 

where F yaream and Fawnsimeam are respectively the DSi fluxes at the upstream and downstream 

boundaries of the considered ecosystem (with positive signs when directed seawards).

Similarly, silica retention was defined as the ratio between the flux of BSi deposited 

within the ecosystem and the flux of DSi and BSi inputs at its upstream boundary for the 

same period:
F upstream F upstream )  /p downstream , F downstream ) 

DSi • BSi /T DS¡• BSi ) 100 / 
silica retention (70) =  ? -  x 100 (Eq. 2.8b)p upstream , D upstream I 

(- DS¡ +PBSi/

where F upstream and F downstream are respectively the BSi fluxes at the upstream and downstream 

boundaries of the considered ecosystem (with positive signs when directed seawards).

Unless specified otherwise, these correspond always to net DSi and net silica 

retentions.
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3 Dynamics of DSi and BSi in the tidal river

In this study, we present high resolution DSi and BSi temporal profiles during one full 

annual cycle along the tidal freshwater reaches of the Scheldt and its tributaries. BSi 

concentrations are compared with those of chlorophyll a and SPM to estimate the fraction of 

BSi associated with living diatoms. A budget is performed for DSi and the different BSi 

fractions (associated or not with living diatoms) for the period from May to October 2003 and 

annual fluxes to the brackish reaches of the Scheldt estuary are estimated. The possible 

contribution of phytoliths to the estuarine BSi pool as well as the influence of the silica 

cycling in marshes on the estimated silica fluxes are discussed.

3.1 DSi, BSi and DiatChla concentration profiles

At the tidal limits of the Scheldt and its tributaries

In general, diatoms accounted for less than half of the phytoplankton biomass in the 

six rivers (Table 3.1) and the DiatChla concentrations were below 50 pg L’1 (Fig. 3.1a-f). DSi 

concentrations remained high throughout the year with mean annual concentrations ranging 

from 154 umol L'1 in the Kleine Nete to 288 umol L’1 in the Dijle (see Annex 3A for a 

discussion about the DSi profiles in the tributaries). BSi concentrations were lower with mean 

annual concentrations varying from 2.9 umol L1 in the Dijle to 18.2 umol L1 in the upper 

Scheldt river. Both the DiatChla and the BSi concentrations were higher in the river Scheldt 

(at Ghent) and in the Dender (Fig. 3.1a-b) than in the tributaries of the Rupel (Fig. 3.1c-f). 

Few BSi data were available for the Zenne, as mostly negative values were retrieved from Eq. 

2.3 (data not shown, see discussion). At the end of March and the beginning of April in the 

upper Scheldt river, higher DiatChla concentrations indicated a spring diatom bloom (Fig. 

3.1a). However only a small increase in BSi concentrations could be observed. Other smaller 

concomitant increases in BSi and DiatChla patterns were observed in spring in all rivers and 

in summer in the upper Scheldt, the Dender and the Dijle (Fig. 3.1a-f). DSi concentrations 

also decreased during both seasons in the upper Scheldt and the Dender.
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Fig. 3.1: DSi (left axis), BSi and DiatChlrz (right axis) concentrations at the nine sampling stations 
from February 2003 to March 2004. Note the different scales for the BSi and DiatChla concentrations 
for the tidal limits at Ghent, Dender, Zenne, Dijle, Grote and Kleine Nete (a. to f.).
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Table 3.1: Average contributions of the diatoms to the phytoplankton biomass at the nine sampling 
stations (in percentages, ± standard deviations). Contributions over 50 % are indicated in bold.

Station
Spring 

(Mar - May)

Summer 
(Jun - Sep)

Fall - Winter 
(Oct - Feb)

Ghent 60 ±9 40 ± 11 39 ±12
Dender 30 ± 17 23 ±19 30 ±22

Zenne 29 ±9 16 ±4 20 ±15
Dijle 36 ±11 24 ±11 23 ±12

Grote Nete 33 ±10 17 ±10 32 ±18
Kleine Nete 26 ±12 15 ±8 17 ±7

Dendermonde 78 ±10 85±8 71±14
Temse 72 ± 13 69 ±7 60 ±9

Hemiksem 46 ±9 56 ± 11 31 ± 15

Along the tidal river

Diatoms accounted for more than 60 to 70% of the phytoplankton biomass throughout 

the year 2003 at Dendermonde and Temse (Table 3.1). Although the fraction of the 

phytoplankton biomass attributed to diatoms was significantly lower at Hemiksem (Table 

3.1), diatoms were still the dominant phytoplankton species (Lionard 2006).

A spring bloom could be observed at Dendermonde at the end of March and the 

beginning of April (Fig. 3.1g) but was not noticeable at Temse and Hemiksem (Fig. 3.1h-i). 

Until the end of May, DSi concentrations remained high ranging from 150 umol L1 to 250 

umol L'1 at the three stations and BSi stayed low at around 36 umol L', 20 umol L1 and 13 

umol L1 respectively at Dendermonde, Temse and Hemiksem.

In summer, DiatChla and BSi concentrations increased concomitantly while DSi 

decreased (Fig. 3.1g-i), indicating the development of a summer diatom bloom (June to 

September) in the tidal river. At Dendermonde (Fig. 3.1g), DSi was consumed by diatoms 

down to 2 umol L1 and was entirely transformed into BSi from the beginning of July to the 

end of September. The BSi concentrations fluctuated at around 200 umol L“1 and correlated 

well with the DiatChla concentrations (except on 11 and 25 August 2003 when DiatChla 

declined while BSi remained high). Increases in DSi observed at the beginning of July and 

September occurred a few days after sharp increases in the freshwater discharge, but the 

discharge peaks at the end of July induced only a small DSi increase at the beginning of 

August (Figs. 3.2 and 3.1g). The discharge peaks at the beginning and at the end of July led to 

an increase in both BSi and DiatChla concentrations. However, the high discharge peak at the 
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end of August resulted in an increase in BSi concentration (364 umol L'1) but a decrease in 

DiatChla concentration (92 ug L'1) on 8 Sept. 2003. At Temse and at Hemiksem (Fig. 3.1h-i), 

DSi was also consumed down to 5 umol L1 in summer. However, the uptake started later and 

lasted for a shorter period at Hemiksem compared to Dendermonde and Temse. From June to 

August, BSi and DiatChla concentrations increased and correlated well at Temse and 

Hemiksem, but never reached the high levels observed at Dendermonde.

At Dendermonde 
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Fig. 3.2: Daily average of the residual freshwater discharge at Hemiksem (from February 2003 to 
March 2004) and at Dendermonde (from June to October 2003).

While the weather was summer-like in September 2003, the irradiance and the 

temperature dropped suddenly in October and the rainfall increased (IRMB 2003-2004). In 

October at Dendermonde, the DSi concentration increased rapidly following the discharge 

peak (Figs. 3.2 and 3.1g). DSi was no longer consumed and remained high at about 200 umol 

L1, while BSi and DiatChla started to decrease. In parallel to what was observed at 

Dendermonde, DiatChla concentrations at Temse were still high in September but declined 

from October onwards. At Hemiksem, DiatChla started to decline already in September. 

However, DSi concentrations reached winter levels only at the end of October at Temse and 

Hemiksem. Background levels of DiatChla lower than 10 ug L1 were recorded only in 

February and March 2004 at Dendermonde, whereas such low concentrations were already 

reached in November at Temse and Hemiksem (Fig. 3.1g-i). At these two locations, BSi did 

not decrease in parallel with DiatChla, high BSi concentrations being even recorded on 13
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and 27 October 2003 at Temse when the SPM concentration reached its highest values of 

respectively 249 mg L1 and 409 mg L'1. At Hemiksem, BSi remained high in September, but 

declined from October onwards (Fig. 3.1i).

3.2 Fraction of the BSi associated with living diatoms

To determine to which extent BSi was associated with living diatoms and to estimate 

the BSi content in living diatoms, correlations between BSi and DiatChla were performed on 

datasets characterizing the productive period (May to October) at Dendermonde, Temse and 

Hemiksem. Concentrations profiles (Fig. 3.1a and g) indeed suggested a different BSi to 

DiatChla ratio in the spring diatom community. However, the correlations were weak (r2 = 

0.22, 0.14 and 0.40 at Dendermonde, Temse and Hemiksem respectively, n = 25) due to the 

interfering presence of BSidet- As SPMnbid was not correlated to DiatChla at any of the three 

estuarine stations (r2 < 0.01), multiple regressions between BSi and the two explicative 

variables DiatChla and SPMnbid (see the Material and methods section) were thus performed 

to distinguish BSiiiv from BSidet. SPMnbid may have been further divided in organic and 

inorganic fractions to investigate the origin of BSidet using POC and DiatChla data and the ß 

ratios defined above, but the correlation between organic and inorganic fractions (0.54 < r2 < 

0.88, 23 <n < 25) ruled out the possibility to use both of them in the same multiple 

regression.

The BSiliv/DiatChla ratio at Dendermonde, Temse and Hemiksem was respectively 

0.58 ± 0.23 mol g1 (± 95 % confidence interval), 0.68 ± 0.15 mol g1 and 0.71 ± 0.15 mol g1. 

Although BSiliv/DiatChla seemed to increase from Dendermonde to Hemiksem, it was not 

significantly different from one station to another (/-test for equality: 0.56 <p < 0.76). The 

average B Siliv/DiatChla ratio of 0.67 ± 0.11 mol g 1 estimated when lumping together the data 

from May to October at the three stations was not significantly different from those found at 

each station either (t-test for equality: 0.34 <p < 0.99). There was a good correlation between 

the BSi measured and that estimated by the regression (r2 = 0.71, n = 75). Even, if the high- 

BSi data from 8 Sept. 2003 at Dendermonde (Fig. 3.1g) was excluded from the regressions, 

BSiliv/DiatChla increased to 0.66 ± 0.16 mol g'1 at Dendermonde (t-test for equality with 

BSiliv/DiatChla at Temse and Hemiksem: p = 0.90 and 0.75 respectively). A better correlation 

between the measured and estimated BSi was then obtained when data from the three stations 

were lumped together (r2 = 0.83, n = 74) but the BSiliv/DiatChla ratio did not change 

51



Silica in the Scheldt tidal system

significantly (0.68 ± 0.07 mol g'1, t-test for equality with BSi¡¡ /DiatChla at Dendermonde: p = 

0.73).

BSiiiv concentrations at the three estuarine stations during the productive period were 

therefore determined using a single BSi1¡/DiatChla ratio of 0.67 mol g'1. The BSijv fraction 

showed a high variability when calculated on a weekly basis, but was higher at Dendermonde 

and Temse than at Hemiksem as a general pattern (except in August) (Fig. 3.3). About 75 % 

of the measured BSi at Dendermonde and Temse from May to July could be attributed to 

living diatoms, while only 50 % at Hemiksem. From August onwards, the BSiiiv fraction 

decreased at Dendermonde and Temse (but not lower than 50 % at Dendermonde), while it 

reached its maximum in August at Hemiksem and decreased later to a value as low as 16 % in 

October.

A similar multiple regression applied on lumped data from mid-March to end-May at 

Ghent and from mid-March to end-April at Dendermonde yielded a BSi¡¡/DiatChla ratio of 

0.20 ± 0.06 mol g-1 for the spring diatom community (r2 = 0.88, n = 15). At Ghent, most of the 

BSi was associated with living diatoms, whereas most of the BSi was present as BSidet in the 

tidal river (Fig. 3.3).

Fig. 3.3: BSi associated with living diatoms (BSiiv) as a fraction of the total BSi concentration (error 
bars: ± standard deviation, four measurements per month in general). The BSi¡/DiatChla ratios used 
for “Spring” and for the period from May to November 2003 were respectively 0.20 mol g-1 and 
0.67 mol g1 (see text for details).
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3.3 Silica fluxes and mass-balance

Methodology for discharge data, silica fluxes and mass-balances calculations

Two zones, delimited by the sampling stations, were defined for the budget 

calculations (Fig. 3.4). The two zones have approximately the same volume (about 3x107 m3 

at mid tide) and water surface area (about 7x106 m2) but differ in total length (Table 2.1 in

Fig. 3.4: Map of the Scheldt estuary. The sampling stations (in bold) are indicated by black dots. As 
for Fig. 2.5 in Chapter 2, city and river names are in regular and italic fonts, respectively. The areas 
(Zones la and lb, and Zone 2) considered for silica budget calculations are delimited by grey lines.

Daily discharge data for the upper Scheldt river and the five main tributaries as well as 

an estimation of the overall lateral inputs for Zone 1 and Zone 2 were provided by the Flemish 

Administration (Afdeling Maritieme Toegang). The lateral inputs (non-monitored lateral 

sources of water discharging directly into the tidal river, such as run-off or small lateral 

streams) accounted for less than 10 % of the annual discharge in 2003; they were redistributed 

among the tributaries of the zone, according to their contribution to the total riverine water 

input. Discharges at Dendermonde, Temse and Hemiksem were calculated as the sum of the 

discharges of the upstream tributaries. However, as Dendermonde is situated roughly half­

way between Ghent and Temse, half of the contribution of the lateral inputs in Zone 1 was 

transferred from Zone la to Zone lb in the water (and the silica) mass-balance (Fig. 3.4).

Silica fluxes (kmol d1) were calculated at a weekly resolution: daily discharge data 

were weekly averaged and multiplied by the weekly measured silica concentration. If no 

sampling was carried out during a week, the concentration was estimated by linear 

interpolation between the two closest measurements. In the tributaries of the Rupel, BSi was 
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not measured every week, but weekly BSi fluxes were calculated with BSi concentrations 

derived from the weekly DiatChla concentrations and the slopes and intercepts of the linear 

regressions performed between measured BSi and corresponding DiatChla concentrations in 

each river. The intercepts of the linear regressions were assumed to provide estimations for 

the detrital BSi fractions. For the Zenne, as the dataset did not allow such linear regression, 

the slope and the intercept used were the averages of those found for the Dijle, Grote and 

Kleine Nete.

Silica budget during the productive period

Mass-balances were performed for DSi, BSiiiv and BSidet in Zones la, lb and 2 during 

the productive period (May to October 2003, 184 days, Fig. 3.5). In each zone, the loss of DSi 

was ascribed to DSi uptake by diatom and thus to a production of BSiiiv The mass-balance 

between this production and the fluxes of BSiilv was assumed to provide an estimate of the 

diatom mortality. The mass-balance between diatom mortality and fluxes of BSidet was 

considered as representative of the BSi deposition (or resuspension) in each zone.

The Scheldt tidal river received 260 Mmol of silica (DSi + BSi) during the productive 

period in 2003, predominantly in the dissolved form: total BSi inputs to the tidal river 

accounted for only 3 % of this amount, mostly originating from the upper Scheldt river (Fig. 

3.5). The contribution of the Rupel tributaries to the total DSi input was 63 %.

In Zone la, there was a DSi uptake (40 Mmol) corresponding to nearly half of the DSi 

input flux (Fig. 3.5). Most of it remained in the BSiiiv pool and only one fourth was 

transferred to the BSidet pool. No settling but rather a resuspension of a small amount of BSi 

occurred in this zone. In Zone lb, the opposite was observed: there was little DSi uptake but 

most of the BSi produced in Zone la settled in Zone lb (37 Mmol). Our data did not allow us 

to distinguish between BSi deposited as BSiilv or BSidet. Indeed, settling of living diatoms 

could not be excluded. This is indicated by the dotted line between the “diatom mortality” and 

the “BSi deposition” arrows in Fig. 3.5. Despite the settling of BSi in Zone lb, the proportion 

between BSiilv and BSidet was similar at Dendermonde and at Temse. Overall, during the 

productive period in Zone 1, there was a BSi loss corresponding to 71 % of the DSi uptake 

and a retention of 33 % of the total amount of silica inputs to the zone.
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Fig. 3.5: Silica mass-balance (in Mmol) for the Scheldt tidal river over one productive period (May to 
October 2003, 184 days). Arrow thickness is proportional to the flux intensity. Horizontal arrows 
indicate DSi or BSi fluxes at each station. Lateral inputs for Zone la and 2 are not explicitly 
represented but redistributed among the tributaries (see text). For Zone lb, the contribution of the 
lateral inputs is indicated in parentheses. Vertical arrows indicate productions or losses calculated as 
the difference, for each species, between the inputs and outputs in each zone. BSiiiv fluxes at Ghent 
and in the Dender were derived from BSiiiv concentrations estimated by multiple linear regressions 
(see text). One should bear in mind that no discrimination was possible between BSi deposited as 
BSiiiv or as BSidet, as indicated by the broken dashed line between “diatom mortality” and “BSi 
deposition” (see text).

Zone 2 received an important amount of DSi (206 Mmol at Temse) but ten times less 

BSi despite the important BSi production in Zone 1. Although the water surface area is 

similar in both zones (about 7x106 m2, Table 2.1 in Chapter 2), the DSi uptake, diatom 

mortality and BSi deposition in Zone 2 were all higher than in Zone 1. DSi uptake in Zone 2 
amounted to 74 Mmol. Most of it was transferred to the BSidet pool or deposited in this zone; 

the amount of BSi deposited amounted to 61 % of the BSi produced (estimated from DSi 
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uptake). Despite a higher amount of BSi deposited, the retention of sihea in Zone 2 (20 %) 

was lower than in Zone 1 (33 %) due to higher DSi inputs in Zone 2. At the outlet of the tidal 

river, BSi accounted for 28 % of the total silica pool (DSi + BSi).

Overall in the entire tidal river, 120 Mmol of DSi were consumed, from which 65 % 

were deposited as BSi, leading to a 30 % retention of the total amount of silica that entered 

the tidal Scheldt river during the productive period. If compared to silica inputs, the relative 

DSi uptake and silica retention were higher in Zone 1 than in Zone 2. However the opposite 

was observed when considering absolute amounts of both DSi uptake and BSi loss. For the 

latter, about 60 % of the overall deposition occurred in Zone 2.

Temporal evolution of the DSi uptake

In both zones, DSi uptake started in May and lasted until October/November (Fig. 

3.6). In May and beginning of June, DSi uptake increased identically in both zones reaching 

500 kmol d'1 in mid-June. At that point, DSi uptake started to decrease in Zone la while it 

continued to increase in Zone 2 reaching a value of about 800 kmol d’1 at the end of June. DSi 

uptake decreased in both zones from July until the end of the productive period, more or less 

at the same rate, but it always stayed higher in Zone 2 than in Zone la by about 250 kmol d’1.

Zone la 2
DSi uptake — ■ — 

DSi input fluxes to the zone —  -

Fig. 3.6: Three-week moving average of weekly DSi uptake fluxes (in kmol d1) in Zone la and Zone 
2 from March to November 2003. Uptake fluxes are indicated by positive values to allow the 
comparison with the DSi input fluxes to the zone (dotted and dashed lines). The latter correspond to 
the potential maximum for DSi uptake in the zone. The three-week moving averages were performed 
to smooth the possible aliasing induced by the water residence time out from the curves.
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If DSi is completely consumed, DSi uptake equals DSi input fluxes. Thus, the DSi 

input flux can be seen as a potential maximum for DSi uptake. This potential maximum was 

higher in Zone 2 than in Zone 1 and the observed DSi uptake was complete from mid July 

until the end of September in Zone la, but only at the end of July and beginning of August in 

Zone 2.

Annual fluxes discharged to the brackish estuary

During our one-year study period (7 Feb. 2003 - 6 Feb. 2004), the amount of water 

discharged during the productive period (6 months) was two times smaller than that 

discharged during the rest of the year. DSi concentrations in the tributaries did not exhibit 

important temporal variations (Fig. 3.1a-f), but fluxes of riverine DSi delivered to the tidal 

river showed a minimum in summer because of the lower discharge (Fig. 3.7). At the outlet of 

the tidal river near Hemiksem, the annual variations in the DSi flux were further enhanced by 

the effect of diatom uptake superimposed to that of the decreasing river discharge. 

Conversely, seasonal variations in discharge flattened the BSi fluxes pattern, which ranged 

from 100 kmol d1 in spring/autumn/winter to 400 kmol d’1 in summer. The annual DSi uptake 

and silica retention corresponded to 14 % and 6 % of total inputs, respectively. This is 3 to 5 

times smaller than the estimates characterizing the productive period (Table 3.2).
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Fig. 3.7: Weekly DSi or BSi fluxes at Hemiksem from February 2003 to February 2004. DSi input in 
the tidal river is also indicated.
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Table 3.2: DSi and BSi fluxes (in Mmol) from the tributaries and at Hemiksem, for the productive 
period and at an annual timescale. DSi uptake (%) consumed and total silica (DSi + BSi) retention for 
both periods are also given.

Productive period (1 May 2003 - 30 Oct. 2003, 184 days)

Tributaries Hemiksem , .consumed retention

DSi 252 132 48 %
30 %

BSi 8.4 51

Annual fluxes (7 Feb. 2003 - 6 Feb. 2004)

DSi 713 612 14 %
6 %

BSi 21 80

3.4 Discussion

Distinction between BSinv and BSidet

In order to better investigate the dynamics of BSi, a multiple linear regression was 

performed with the explicative variables DiatChla and SPMnbid (defined in Eq. 2.4) to 

distinguish between BSi associated or not with living diatoms. As the two explicative 

variables were very poorly correlated (r2 = 0.02, n = 75), the discrimination could be regarded 

as robust. Admittedly, it could not be excluded that empty frustules followed the distribution 

of living diatoms, yielding an overestimation of the BSiliv/DiatChla ratio. However, 

BSiliv/DiatChla was identical at Dendermonde, Temse and Hemiksem (see Results section), 

despite the facts that large amounts of BSi settled between Dendermonde and Temse (Fig. 

3.5) and mortality increased at Hemiksem (Fig. 3.3).

The use of the linear multiple regression model implied that BSinv was calculated 

using an average, constant BSiliv/DiatChla ratio. However, silica and/or chlorophyll a 

contents in diatoms are known to exhibit important variations depending on nutrient 

availability, temperature and light conditions (Geider 1987; Ragueneau et al. 2000; Martin- 

Jézéquel et al. 2000; Hildebrand 2002). Due to the variations in DSi concentrations (Fig. 3.1g- 

i), light and temperature during the productive period, diatom cells in the Scheldt may thus 

not have had a constant content of silica and of chlorophyll a. But in our study, the 

BSiliv/DiatChla ratio was not intended to be estimated at the cellular scale (which would not 

have been possible from our dataset), but at the system and seasonal scales, where the 
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variations of the measured BSi concentrations were expected to depend more on the presence 

of detrital BSi than on the variation of the chlorophyll a and BSi contents of the diatoms. The 

multiple regression model, although very simple, reproduced indeed well the variations in BSi 

concentrations even if the data from the three estuarine stations were lumped together: the 

correlation between estimated and measured BSi was good (r2 = 0.71 if n = 75, or r2 = 0.83 if 

n = 74, see Results section) and the 95 % confidence interval associated with the 

BSiliv/DiatChla ratio was rather narrow (± 16 % ifn = 75, or ± 11 % if n = 74).

The PpOC/Chla and POM/POC conversion factors were used to subtract the SPM 

concentration from the contribution of diatom biomass which was already represented in the 

multiple regression by the other explicative variable, DiatChla (Eqs. 2.4 and 2.5 in Chapter 

2). Due to the important fraction of non-phytoplankton organic matter in the SPM of the 

Scheldt tidal river (Hellings et al. 1999), these two factors could not be estimated from our 

dataset and average constant ratios were taken from the literature. In particular, PPOC/Chla may 

display important variations (Geider et al. 1987). However, although a variation in these ratios 

can affect the estimation of the BSiilv/DiatChla ratio (k1 in Eq. 2.5), their influence was not 

expected to be important. Using Eq. 2.4, Eq. 2.5 can indeed be rewritten as:

BSi = (k, -k, ß) - DiatChla + k2 (SPM-BSi- MBSi02) (Eq.3.1) 

with ß = PPOC/Chla - POM/POC

In this study, ß was equal to 75. The use of another ß value would indeed induce a different 

ki, but k2 and the correlation between the measured BSi concentrations and those estimated by 

the regression would not be altered. Furthermore, as k2 was 0.48 mmol g'1 when n = 75 (k2 = 

0.42 when n = 74, cf. above), the relative variation would be 19 times smaller for ki than for 

ß.
In addition, using BpOC/Chla, our BSiliv/DiatChla ratio would correspond to a Si/C molar 

ratio in living diatoms of 0.27 (± 0.04), which would fall in the range observed in Cyclotella 

meneghiniana cultures (0.38, Sicko-Goad et al. 1984; 0.12-0.30 for several cultures of two 

Cyclotella sp. strains isolated from the Scheldt, Annex 3B).

Phytolith contribution to the BSi pool

BSi is not produced by diatoms only. Higher plants can also take up DSi and form BSi 

particles called phytoliths (Conley 2002), which can contribute significantly to the BSi pool in 

rivers (Cary et al. 2005). The Scheldt tidal river is connected to 4.5 km2 of marshes, where 
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vegetation and sediments represent large reservoirs of BSi as phytoliths (Struyf et al. 2005). 

At each tide, significant amounts of DSi and BSi are exchanged between the river main 

channel and these adjacent marshes (Struyf et al. 2006). Phytoliths may therefore be present 

in water samples taken in the main river. Most of the measured BSi was attributed to living 

diatoms (Fig. 3.3) and phytoliths would be included in the BSidet pool, as higher plants do not 

contain the pigments that were used as markers for diatoms (Lionard et al. 2008a). 

Unfortunately, no microscopic investigation was performed to partition BSidet (diatom 

frustules versus phytoliths), but several indications suggest that the contribution of phytoliths 

is not significant.

Among the vegetation bordering the tidal river, reeds have by far the highest silica 

content (Struyf et al. 2005): 7 % of Si per dry weight in dead shoots, but, due to the fact that 

phytoliths dissolve faster than plant tissues, the maximum silica content found in reed litter is 

4 % (Struyf et al. 2005; Struyf et al. 2007a). Considering a marsh surface area of 4.5 km2 

(Struyf et al. 2005) occupied at 55 % by reeds (Soetaert et al. 2004), it would produce 

annually detritus amounting to 134 Mmol of carbon (Soetaert et al. 2004). With a 4 % Si 

content per dry weight, this would correspond to 6.1 Mmol of BSi as phytoliths. Given a 100 

% annual turnover of the aboveground vegetation (Soetaert et al. 2004), this is in agreement 

with the maximum estimate of BSi stock in aboveground biomass (Struyf et al. 2005). This 

amount is small compared to the BSi fluxes during the productive period (Fig. 3.5) and cannot 

account for the increase of BSidet (26 Mmol for the entire tidal river, Fig. 3.5). Furthermore, 

for all tidal cycles investigated by Struyf et al. (2006), the net transport of BSi was always 

from the river channel to the marsh, and there were six times more diatom frustules than 

phytoliths in marsh sediments (Struyf et al. 2005). Marshes thus appear to be, at first sight, 

rather a sink for estuarine BSi than a source of phytoliths to the main channel.

Reed detritus are nevertheless common in the SPM of the tidal Scheldt river (Lionard 

et al. 2008a) and phytoliths could be brought by soil erosion. Phytoliths distribution in soils is 

closely related to that of soil organic matter (Alexandre et al. 1997; Blecker et al. 2006) and 

organic matter decomposes faster than the phytoliths in immerged reed detritus (Struyf et al. 

2007a). The organic matter from soil and vegetation was thus considered as an indicator of 

the possible presence of phytoliths. Abril et al. (2002) estimated this organic matter fraction to 

amount to 23 % of the non-phytoplankton POC in the tributaries; in the tidal river, a similar 

content was supposed for the POC not corresponding to living diatoms (POCnid, estimated by 

difference using POC and DiatChla data and PpOC/Chla = 30). However, the amount of 
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phytoliths estimated from such a POC fraction would only contribute to about 14 ± 10 % of 

the BSidet or 5 ± 3 % of the total BSi pool during the productive period, even with a Si content 

of 4 % per dry weight as found in reed litter (Fig. 3.8). This content is indeed in the high 

range of the average values generally observed (1-3 %; Conley 2002; Blecker et al. 2006). It 

is however acknowledged that phytoliths may become an important, if not the major, 

constituent of the BSi pool in the winter season due to lower diatom production but higher 

litter fall and precipitations (which enhance the soil erosion).

Fig. 3.8: Average monthly contributions of BSidet and phytoliths to the BSi pool at the three estuarine 
stations from April to November 2003. The contribution of phytoliths was calculated assuming a Si 
content of 4 % dry weight and a POC from vegetation and soil corresponding to 23 % of POCnld (see 
text).

Accuracy and precision of the DSi and BSi fluxes and mass-balance calculation

A source of imprecision in our mass-balance calculation may arise from the fact that 

integrated seasonal fluxes were estimated from discrete weekly DSi and BSi measurements. 

Selecting a method for evaluating annual riverine fluxes from such concentration datasets is a 

controversial subject (Kronvang and Bruhn 1996; Moatar and Meybeck 2005, 2007). 

Kronvang and Bruhn (1996) and Moatar and Meybeck (2005) tested several methods with 

different sampling strategies on high frequency datasets. They found that inaccuracy and 

imprecision could respectively reach 20 and 100 %. Unfortunately, no high frequency dataset 

was available in the Scheldt to test the accuracy of our integration method. Nevertheless, the 

values reported in Fig. 3.5 differ by less than 2 % compared to the fluxes estimated when the 

61



Silica in the Scheldt tidal system

often recommended “linear integration” method (Kronvang and Bruhn 1996; Moatar and 

Meybeck 2005) was applied to our data. Additionally, following Moatar et al. (2006) and 

Moatar and Meybeck (2007), all DSi and BSi fluxes provided by this latter method would be 

accurate (less than 0.3 % deviation) but with a precision of about 10 to 20 % (flux weighted 

average: 12 and 8 % for DSi and BSi respectively) (Note 3.1). As both methods led to similar 

results, it could thus be assumed that the values for DSi and BSi fluxes shown in Fig. 3.5 were 

calculated with similar precisions. However, a lower precision can be expected for BSi due to 

analytical errors (10 %, Ragueneau et al. 2005), and above all to the complex SPM dynamics 

at the tidal scale (Chen et al. 2005a), which cannot be resolved by weekly sampling. Note that 

the partition between BSiiiv and BSidct, which was discussed in a previous section, influences 

the precision of the “diatom mortality” fluxes only, but not the “BSi deposition” fluxes. As a 

result, with such an overall precision, the BSi resuspension in Zone la and the DSi uptake in 

Zone lb do not appear to be significant as they could result from the imprecision in the 

determination of the fluxes.

Despite low BSi concentrations and low BSi contents in the SPM (annual averages 

ranging from 1.3 to 3.2 %), the method used for BSi determination was considered as 

applicable in the case of the Dijle and the Grote and Kleine Nete. BSi and DiatChla 

concentrations in these rivers displayed indeed concomitant variations (Fig. 3.1d-f) although 

correlation coefficients were low (0.11 < r2 < 0.56, 13 < n < 15). On the contrary, Eq. 2.3 gave 

negative correlation for the Zenne (data not shown) probably due to the presence of 

particulate material brought by the (at that time still) untreated wastewater from the city of 

Brussels. The Zenne however contributes to less than 10 % of the total water discharge. Also, 

BSi concentrations in the tributaries of the Rupel were not measured weekly, but weekly 

fluxes were calculated from linear regressions with DiatChla despite weak correlations. Thus 

a higher level of uncertainty can be expected for the BSi input flux to the Rupel. However, the 

importance of this flux is limited when compared to the other fluxes in Fig. 3.5.

Note 3.1: The monographs provided by Moatar et al. (2006) were valid for annual fluxes (Moatar and 
Meybeck 2007), so it was assumed that they could also be used for a six-month period. The M2 
indicator for DSi and BSi at each station could not be directly determined from our dataset but it was 
estimated as the product of the Vw2 and the C*/C50 indicators. This estimation was observed to be 
valid in the data presented by Moatar and Meybeck (2007) as long as C*/C50 remained lower than 2. 
This was the case in our dataset for DSi and BSi at all stations as C*/C50 averaged to 1.1 (± 0.3 SD). 
The data and the definition of the different indicators can be found in Moatar and Meybeck (2007).
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Another source of imprecision in the budget shown in Fig. 3.5 is linked to the 

estimation of DSi and BSi concentrations in lateral inputs, which were assumed identical to 

those found in the adjacent rivers. Lateral inputs were negligible for BSi but significant for 

DSi (Fig. 3.5). This is in line with the observation that 80 % of the lateral DSi input fluxes are 

through precipitation and run-off in the brackish estuary (Soetaert et al. 2006) and that a 

similar origin may be assumed for the tidal river. The rest of the lateral input fluxes comes 

from industrial and domestic wastes, in which the DSi concentration is twice higher than that 

measured in the tributaries (Soetaert et al. 2006). Therefore, with lateral inputs contributing 

10 % of the total freshwater discharge and assuming that DSi concentrations in runoff waters 

are similar to those measured in the tributaries, taking into account the higher DSi 

concentrations in wastes would lead to an extra DSi input which would amount to only 1 % of 

the total DSi inputs to the tidal river. However, one could consider that the origin of the lateral 

inputs to the tributaries was similar to those of the tidal river, so that DSi concentrations 

measured in the tributaries already reflect the contribution of industrial and domestic wastes.

With respect to the nature of the soils in the Scheldt basin, groundwater inputs are not 

expected to play a significant role either (Jacobs et al. 2008). Delstanche (2004) gathered 206 

values of DSi concentrations in groundwater and first order streams in the Belgian watershed 

of the Scheldt. Although the values ranged from 10 umol L’1 to 920 umol L1, 80 % of the 

measurements were between 100 and 400 umol L1, with an average value of 270 umol L', 

similar to the level observed in the main tributaries of the Scheldt.

Importance of BSi dissolution and DSi recycling

The mass-balance estimations shown in Fig. 3.5 give only an overall picture of the 

processes occurring between the sampling stations. An internal cycle of silica comprising 

dissolution, uptake and settling cannot be excluded and would lead to a higher gross DSi 

uptake and BSi settling. Dissolution could potentially take place in the sediments but also in 

the water column as it contains a significant amount of BSidet (Figs. 3.3 and 3.5).

Roubeix et al. (2008) measured a BSi specific dissolution rate of 0.084 d'1 in cultures 

of C. meneghiniana and bacteria originating both from the Scheldt tidal river. However, BSi 

dissolution rates can be lowered by the incorporation of aluminium in the BSi matrix (Van 

Cappelen et al. 2002). Roubeix et al. (2008) did not investigate aluminium, but concentrations 
of 1-2 umol L’1 were measured in February 2003 in the tidal river (V. Carbonnel, unpub. 

results). At aluminium concentrations higher than 200 nmol L1, diatoms may build frustules 
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with an Al/Si atomic ratio of 0.01 (Van Beusekom 1991, cited in Van Cappellen et al. 2002). 

Such a ratio would result in a BSi dissolution rate as low as 0.001 d'1, about 70 times lower 

than the rate observed for frustules of diatoms grown in aluminium-poor medium when 

normalised to specific surface area (Van Cappellen et al. 2002). Even higher Al/Si ratios may 

be reached by A1 incorporation in the BSi matrix after diatom death (Van Cappellen et al. 

2002). As a result, the specific dissolution rate can be expected to be, at least, as low as 

0.0012 dl in the Scheldt tidal river. Less than 1-2 % of the BSi would then be dissolved 

considering the average residence times of water presented in Table 2.1 (in Chapter 2).

Struyf et al. (2006) found that marshes act as silica recyclers and that the flux of DSi 

exported from the 4.5 km2 of marshes bordering the Scheldt tidal river may exceed the flux 

entering the river system when DSi concentration and freshwater discharge are low. Indeed, 

the average DSi flux at Dendermonde was as low as 6 kmol d1 at the end July and beginning 

of August 2003 (this study). However, this recycling is of minor importance compared to the 

riverine DSi inputs during the productive period (Fig. 3.5): by extrapolation, recycling would 

amount to 8 ± 3 Mmol of DSi according to the rates measured by Struyf et al. (2006) during 

the productive period in 2002 and 2003 in a marsh located close to the mouth of the Durme 

(Fig. 3.4). Using model simulations, Arndt and Regnier (2007) estimated that, during the 

productive period in 2003, the highest recycling rates occurred indeed in Zone lb. They found 

that riverine inputs and silica recycling could be of the same order of magnitude, but only in 

mid-August 2003. Taking spatial heterogeneity into account, they however estimated that 

only 2 Mmol of DSi would be recycled between Ghent and the mouth of the Rupel between 

June and November. As a result, less than 1 % of the overall diatom production over the 

productive period could be sustained by recycled DSi (Arndt and Regnier 2007). Considering 

that this amount was calculated with a BSi dissolution rate 25 times higher than what would 

be expected for BSi containing 1 % aluminium, it can be concluded that BSi dissolution is not 

expected to play a significant role in the silica dynamics within the tidal river during the 

selected study period.

DSi uptake in Zones 1 and 2 and influence of the freshwater discharge

The high DSi uptake in Zone 2 (Fig. 3.5) revealed an important diatom growth, 

although this was not expected because of short water residence times in the Rupel and its 

tributaries (Table 2.1 in Chapter 2) and of possible light limitation near and downstream of 

the confluence with the Rupel. Indeed, the section of the Scheldt comprised between Temse 
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and Hemiksem contributes to roughly half of the water surface area and of the volume of 

Zone 2 (Fig. 3.4; Table 2.1). But near the mouth of the Rupel, the presence of a water energy 

maximum results in high SPM concentrations and a longer residence time of riverborne 

material (Chen et al. 2005a), and water column deepens downstream of the confluence (Table 

2.1; Muylaert et al. 2005). However, diatom growth might have occurred between Temse and 

the mouth of the Rupel, where the water depth is still shallow and where the diatom-rich but 

DSi-depleted Scheldt water receives DSi from the Rupel due to tidal mixing. A diatom bloom 

might have additionally occurred in the shallow Nete (Table 2.1) because of exceptionally 

low water discharges during summer 2003 (< 30 m3 s'1). A local maximum in diatom 

production in the lower part of the Nete was indeed predicted by the model simulation of 

Arndt et al. (2007) during summer 2003 (S. Arndt, pers. comm.). In August 1995, when 

discharge in the Scheldt tidal river was similar to that in 2003, the diatom biomass in the Nete 

was also among the highest of the tidal river (Muylaert et al. 1997).

The comparison of the DSi consumption in Zone 1 and 2 illustrated the influence of 

the discharge on the diatom production: a higher discharge in Zone 2 than in Zone 1 resulted 

in higher DSi inputs and also a higher diatom production in Zone 2 (Fig. 3.5). This can be 

explained by the fact that DSi was entirely consumed from June to September in Zone la 

(except however for periods following the discharge peaks, Fig. 3.1g), whereas this was the 

case only at the end July and beginning of August in Zone 2 (Fig. 3.li). In both zones, DSi 

concentrations could drop below 5 umol L'1. Such low levels could limit the diatom 

production, as they were in the range of the half-saturation constants for the growth of strains 

of Cyclotella sp. isolated from the Scheldt (Annex 3B). During these periods, DSi uptake 

corresponded thus to the DSi inputs to the zones and, in particular, a minimum of DSi uptake 

in Zone la in August was induced by a low water discharge (Fig. 3.6). The higher DSi inputs 

in Zone 2 as compared with Zone la resulted in a shorter period of potential DSi limitation in 

Zone 2. Also, during the periods of potential DSi limitation, the DSi uptake rate in Zone 2 

was limited at a higher rate than in Zone la (Figs. 3.5 and 3.6). A low water discharge can 

thus induce a low rate of diatom production due to DSi limitation. In contrast, it has already 

been shown that a high discharge may hamper diatom growth by flushing the diatoms out of 

the zone (Muylaert et al. 2001, 2005; Arndt et al. 2007). If all factors influencing diatom 

growth other than silica availability and discharge are kept constant, an optimal discharge can 
be found at which the highest diatom production is reached, as shown by model simulations 
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carried out on Zone 1 during summer 2003 by Arndt et al. (2007). This phenomenon was also 

observed on an inter-annual timescale by Peterson et al. (1985) in the San Francisco estuary.

The summer of 2003 was exceptionally dry, warm and sunny (IRMB 2003-2004) and 

during this period the Scheldt discharge was the lowest for the decade 1996-2005 (56 m3 s’1, 

average 1996-2005: 77 m3 s'1). DSi uptake and silica retention reached high values: 48 % and 

30 % respectively during the productive period (Table 3.2). This is comparable to the DSi 

retention estimated by Garnier et al. (2002) for the Seine tidal river during the summer of a 

dry year (47 % in 1993). Summer diatom production and silica uptake are however expected 

to vary from one year to another: the percentage of DSi consumed should indeed decrease 

with increasing discharge and decreasing water residence times, as observed by Garnier et al. 

(2002) in the Seine at an inter-annual timescale. For the period 1996-2000, Struyf et al. (2004) 

also observed increasing summer DSi concentrations with increasing discharge in the Scheldt 

at Dendermonde, whereas winter DSi concentrations stayed constant at about 230 umol L'1. 

At highest summer discharges, the DSi concentrations could even reach winter DSi 

concentrations. Accordingly, Van Damme et al. (2005) reported that almost no DSi was 

consumed in the tidal river during the wet and mostly overcast summer 2000. Lionard et al. 

(2008b) found a negative correlation between the summer phytoplankton biomass and the 

summer discharge for the period 1996-2004. The summer DSi concentrations also decreased 

with increasing summer phytoplankton biomass, except however for the years 1996 and 1999 

(Lionard et al. 2008b). This highlights the fact that parameters other than discharge may play 

a role in regulating inter-annual variations of the summer DSi concentrations.

At a seasonal timescale and for the entire tidal river, a decreasing trend could be 

observed between DSi uptake and discharge, but the relationship did not appear strongly 

linear and above all highlighted the fact that DSi uptake dropped from 100 % to 30 % from 

August to October even though the three-week moving average discharge stayed between 40 

and 60 m3 s-1 (Fig. 3.9). This suggests that discharge was not the only controlling parameter 

for DSi uptake in the tidal river at this timescale. As in many estuarine systems, light 

availability is a major factor influencing phytoplankton productivity in the Scheldt (Muylaert 

et al. 2005; Arndt et al. 2007). The seasonal variation of light during the productive period in 

2003 was uncorrelated to discharge (three-week moving average data: r2 = 0.06, n = 26) and 

the drop in DSi uptake from August to October could actually be attributed to the decrease of 

the incident light (IRMB 2003-2004). When the multiple regression was performed between 

DSi uptake and the explicative variables discharge and light, the correlation coefficient (r2 = 
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0.80, n = 26) was significantly improved compared to the regression shown in Fig. 3.9 and the 

residuals of the regression did not exhibit any significant pattern.

12 = 0.56
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Fig. 3.9: DSi uptake (%) in the entire tidal river in 2003, estimated from DSi fluxes in the tributaries 
and at Hemiksem, versus discharge (m3 s"1). All values are three-week moving average.

Parameters other than discharge, light and DSi availability might have influenced 

diatom growth and thus DSi uptake. Limitation by nutrients other than DSi could be ruled out 

in the tidal river as dissolved nitrogen and phosphorus were in high concentrations during the 

study period (Van der Zee et al. 2007). The diatom productivity should not have been 

controlled by the zooplankton community, which is dominated by rotifers in the Scheldt tidal 

river (Muylaert et al. 2005 and reference therein). The phytoplankton biomass can have 

however a strong influence on phytoplankton productivity (Muylaert et al. 2005). The three 

weeks moving average of the biomass at Dendermonde, Temse and Hemiksem correlated well 

with the percentage of DSi consumed (r2 = 0.81, n = 26). But, biomass also depends on light 

and discharge in the Scheldt tidal river (multiple linear regression: r2 = 0.74, n = 26) and its 

effects should therefore already be implicitly included when the influence of light is taken 

into account.

Spatial distribution of the BSi deposition: influence of the SPM dynamics

The absence of correlation between DiatChla and SPMnbid (r2 = 0.02, n = 75) tends to 

prove that living diatoms do not follow the SPM dynamics. However, the multiple regression 

between BSi and the two aforementioned independent variables provided a stronger 

correlation (r2 = 0.71, n = 75) than that between BSi and DiatChla only (r2 = 0.51, n = 75). It 

indicates that BSi and SPM dynamics are nevertheless linked to some extent. As a 

consequence, BSi concentrations in the estuary may exhibit vertical gradients, tidal 
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deposition/resuspension cycles and tidal variations as it is the case for estuarine SPM, even if 

this SPM heterogeneity is less pronounced upstream of the confluence with the Rupel than 

downstream, in the zone of maximum of turbidity (Chen et al. 2005a). These processes could 

not be considered in our study due to the sampling frequency and to the fact that only surface 

water samples were taken.

The longitudinal distribution of the BSi deposition over Zone 2 could not be assessed 

due to the absence of an intermediate sampling station. In Zone 1, DSi uptake and BSi 

deposition occurred in different sub-zones (Fig. 3.5). Arndt and Regnier (2007) indeed 

predicted that BSi deposition should occur in Zone lb throughout the productive period, 

which is in agreement with our budget. These authors also found that a smaller amount of BSi 

would be deposited in Zone la, but only in August when diatom production was shifted 

upstream of Dendermonde due to silica limitation. Furthermore, Arndt et al. (2007) predicted 

that the maximum diatom production should be located in Zone lb in June because of lower 

SPM concentrations. In contrast, our findings rather suggest that the diatoms bloomed at 

Dendermonde or further upstream (Zone la) during the whole productive period and were 

subsequently transported downstream. DiatChla was always higher at Dendermonde than at 

Temse. Except maybe during the first week of July because of a discharge peak, DSi was 

already completely consumed in June at Dendermonde (Fig. 3.1g-h). In October, the DSi 

uptake nevertheless occurred in Zone lb (Fig. 3.1g-h).

Deposition in Zone la cannot however be excluded. SPM dynamics are driven by a 

complex hydrodynamic energy pattern determined by the convergence of the decreasing 

energies of riverine and marine origins, and by the channel morphology (Chen et al. 2005a; 

Arndt et al. 2007). Although there is a net downstream transport of SPM in the upstream part 

of the tidal river, a high fluvial hydrodynamic energy induces a turbidity maximum in Zone 

la, and a local energy minimum is observed in Zone lb (Chen et al. 2005a; Arndt et al. 2007). 

Despite a high temporal variability, the average measured SPM concentrations was indeed 

significantly higher at Dendermonde (97 ± 61 mg L'1, mean ± SD) than at Temse (69 ± 71 mg 

L-1, t-test for equality: p = 0.08) or in the rivers Scheldt (32 ± 9 mg L'1, p = 3x10*8) and 

Dender (15 ± 8 mg L1, p = 10-11). The presence of a turbidity maximum at or upstream of 

Dendermonde indicates an increased residence time leading to the retention or accumulation 

of suspended particles in this area. A consequence of the BSi accumulation in Zone la is that 

both the BSi flux at Dendermonde and the deposition in Zone lb may have been lower than 
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what we estimated (Fig. 3.5). Nevertheless, this would have altered only the spatial repartition 

of the deposition of BSi within Zone 1, but not the estimation of its overall amount.

The retention of particles in the water column at or upstream of Dendermonde could 

also explain the high BSi and DiatChla concentrations in October - November (Fig. 3.1g) 

while DSi uptake had stopped (Fig. 3.6). Additionally, the highest BSi concentration observed 

at Dendermonde (364 umol L1, 8 Sept. 2003, Fig. 3.1g) might have been due to the presence 

of diatom frustules previously accumulated in the water column (or settled) upstream of 

Dendermonde, and flushed downwards (or resuspended) due to a sudden discharge increase 

(Fig. 3.2). An increase in diatom production or a high phytolith content could indeed be ruled 

out in view of the ratios between BSi, DiatChla and POCnid.

The important deposition estimated for Zone lb is supported by the presence of the 

hydrodynamic energy minimum, which induces lower particle concentrations (Chen et al. 

2005a, Arndt et al. 2007). Additionally, deposition in Zone lb may have been enhanced by 

the deepening and widening of the channel and by the increase of the residual current (Table 

2.1 in Chapter 2). A decoupling between BSi and the rest of the SPM could however be 

observed at this stage as the average BSi content during the productive period was 

significantly higher at Dendermonde (10.5 ± 7.0 %, mean ± SD) than at Temse (6.0 ± 2.8 %) 

(t-test for equality: p = 0.004). This suggests a preferential settling of BSi compared to non- 

BSi SPM in Zone lb. This may be due to the fact that the SPM in the Scheldt tidal river is 

composed of more than half of clay material (< 4 um; Chen et al. 2005b), which are finer than 

diatom frustules and thus expected to remain in suspension for a longer time (cultures of C. 

meneghiniana isolated from the Scheldt exhibited cell sizes ranging from 10 to 25 um, V. 

Roubeix, pers. comm.). In addition, the presence of organic material around diatoms would 

enhance their aggregation into flocs and increase their sinking rate (Chen et al. 2005b).

Most of the BSi deposition should occur in shallow areas, such as tidal mudflats, tidal 

marshes and shallow parts of the river section, because of lower currents than in the main 

stream channel (Arndt and Regnier 2007). Struyf et al. (2006, 2007b) measured summer BSi 

deposition rates in two marshes along the Scheldt tidal river. All together, individual 

measurements varied within two orders of magnitude. The high variability could be explained 

by the fact that SPM deposition in marshes varies exponentially with the maximum tidal 

height, the marsh elevation and the distance to the creek or to the marsh edge (Temmerman et 

al. 2003). If the rates for the two marshes were averaged and extrapolated to a 4.5 km2 marsh 

surface area (Struyf et al. 2005), they would give an overall BSi deposition of 1.3 ± 1.1 and 
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15. 0 ± 14.6 Mmol for the entire tidal river during the productive period. This would suggest 

that most of the 77 Mmol of BSi deposition would have taken place in other areas such as 

shallow parts of the stream channel, mudflats or at the marsh edges. Mudflats represent about 

39 % of the length of the tidal river banks, whereas marshes account for 32 % (Meire et al. 

2005). However, BSi deposited on mudflats or at marsh edges might be re-suspended in 

winter by higher water currents and re-deposited further inland in marshes. Together with 

higher winter SPM deposition (Temmerman et al. 2003), winter BSi deposition rates in 

marshes are indeed higher than the summer ones (Struyf et al 2007b).

Silica fluxes at the annual timescale

In 2003, almost 80 % of the annual amount of DSi was delivered to the brackish 

estuary outside the productive period (November - April, Table 3.2). Despite high BSi 

concentrations in the tidal river (Fig. 3.1), almost 90 % of the silica discharged annually to the 

brackish estuary was in the form of DSi (Table 3.2). Diatom production occurred when silica 

input fluxes to the estuary were at their lowest values (Fig. 3.7). As a result, annual silica 

retention and DSi uptake were less than foreseen when only concentrations were examined 

(Fig. 3.li) or when only the productive period was investigated (Fig. 3.5, Table 3.2).

Outside the productive period, sampling was performed at a monthly frequency. 

Following Moatar et al. (2006) and Moatar and Meybeck (2007), this would lead to an 

imprecision of about 30 % on all annual DSi and BSi fluxes. Such an imprecision would 

preclude the comparison of the net annual amounts of DSi consumed and BSi produced over 

the entire tidal river with the net seasonal values (Table 3.2). Nevertheless, DSi displayed a 

conservative behaviour outside the productive period, whereas some more BSi was produced 

(Fig. 3.7, Table 3.2). Most of this production was attributed to late diatom activity in 

November and/or resuspension during the very high discharge event around mid-January 

(Figs. 3.2, 3.1g-i and 3.7). The spring bloom had no significant effect on the silica cycle in the 

tidal river. A mass-balance constructed for the period from mid-March to end-April suggested 

that DSi was not significantly affected along the estuary, with only 2 Mmol of BSi produced 

in Zone la and settled in Zone lb: the spring bloom is imported from the upper Scheldt river 

and cannot develop in the tidal river (Muylaert et al. 2000, 2005). In our data, high DiatChla 

concentrations were measured in spring at Ghent and Dendermonde, but not further 

downstream (Fig. 3.1a, g-i).
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The brackish estuary received an almost constant BSi flux compared to the DSi flux 

which could vary over more than two orders of magnitude (Fig. 3.7). This seasonal 

asymmetry in the DSi fluxes may be of significant importance for the silica cycle in the 

brackish estuary. However, considering the residence time of the water in the brackish estuary 

(70 days in summer, Soetaert and Herman 1995), the summer DSi uptake in the tidal river 

would not have affected the mouth of the estuary and the coastal zone before August of the 

same year. By late summer, blooms of diatoms and Phaeocystis sp. had terminated, DSi was 

no longer depleted and its concentration started to increase again in the coastal zone near the 

mouth of the estuary (Van der Zee and Chou 2005; Muylaert et al. 2006). As a result, the 

summer removal of DSi in the Scheldt tidal river is not expected to have had an important 

effect on the supply of DSi to the coastal zone during coastal phytoplankton blooms. Instead, 

the extent of the supply of DSi by the Scheldt to the coastal zone in spring seems to be 

principally supported by the winter riverine DSi flux, which is actually driven by the winter 

freshwater discharge because of constant winter riverine DSi concentrations.
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3A ANNEX: DSi profiles in the tributaries

3A.1 Influence of freshwater discharge

DSi concentrations in the tributaries are plotted together with the freshwater discharge 

in Fig. 3A.1. There was a clear relationship between the sharp increases in the freshwater 

discharge and the drops in DSi concentrations in the Dijle, even if our sampling resolution 

was low compared to the duration of these peaks (Fig. 3A.ld).

Zone 1:
400

a. Ghent (upper Scheldt river)

300 - - 150

200 - - 100

100 - - 50

FMAMJ JASONDJFM

200

6 
E
o 
A 
+

Fig. 3A.1: DSi concentrations and freshwater discharge (as measured at the sampling stations, i.e. 
without the added contribution of the lateral inputs, see Chapter 3) from February 2003 to March 
2004. Note the different y-axis scale for freshwater discharge at Ghent.
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These decreases in DSi concentration in the Dijle may be explained by dilution with 

run-off water not in contact with DSi-rich groundwater, as observed during winter 2002-2003 

in the tidal river (see Chapter 4). No such clear correspondence could be highlighted however 

in any of the other tributaries (Fig. 3A.1). Nevertheless, DSi concentrations always tended to 

display low values from December 2003 to February-March 2004 while the freshwater 

discharge reached highest levels.

3A.2 Comparison between tributaries

The average DSi concentrations varied from one station to another: the highest one, 

measured in the Dijle, was almost twice higher than the lowest one, measured in the Kleine 

Nete (Chapter 3). These differences could be due to several different factors.

Biological consumption

In the upper Scheldt river and in the Dender, DSi concentrations were altered in spring 

and summer by diatom uptake, but the low DiatChla and BSi concentrations in the tributaries 

of the Rupel suggested that no such consumption occurred in these rivers. In the Grote and 

Kleine Nete however, the fact that DSi concentrations decreased in summer suggested that 

there could have been some upstream biological removal of the DSi, possibly by benthic 

diatoms, macrophytes or some aquatic vegetation.

Lithology

The type of soils has an influence on the chemical composition of groundwater and 

thus of the riverine water (Appelo and Postma 1996). The Scheldt watershed is principally 

composed of tertiary sands, but the watersheds of the Grote and Kleine Nete may be 

distinguished from those of the Zenne, the Dender and the upper Scheldt river by the presence 

of a naturally ferric soil (A. Taillez, ULB, pers. comm.). However, as the watershed of the 

Dijle presents an intermediate situation, this can not explain by itself the range of the 

observed DSi concentrations. In addition, Delstanche (2004) did not observe any influence of 

different type of soils on DSi concentrations in groundwater and in first order streams of the 

Scheldt watershed.

Land-use activities

As DSi in soils may principally originate from phytolith dissolution (Alexandre et al. 

1997; Conley 2002; Derry et al. 2005) and as plants can affect mineral weathering (Kelly et 
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al. 1998), land-use activities can be expected to have an influence on DSi concentrations in 

adjacent rivers (Conley et al. 2008). In the Scheldt basin, the most forested watersheds are 

those of the Dijle and of the Nete, and the watersheds with the largest surface area devoted to 

agriculture are those of the upper Scheldt river and of the Dender (A Taillez, pers. comm.). 

However, the impact of the agriculture on the water geochemistry differs strongly from one 

watershed to another: as for the impact of industrial activities, it is high in the Nete and in the 

Scheldt, but low in the Dender (Rapport Scaldit 2004). However, one should note that the 

influence of land-use activities on DSi concentrations is not straightforward. For instance, 

plants can have contrasting effects on mineral weathering (Kelly et al. 1998) and the variation 

of the released DSi concentration may depend on the amount of detritus left on the soil 

(Conley et al. 2008). As a result, riverine DSi concentrations may not be affected, or at least 

may not be correlated with land-use (Jordan et al. 1997; Correll et al. 2000; Holmes 2008).

Urbanisation

Urbanisation may also affect the riverine DSi concentrations: compared to tap water, 

the wastewater may be enriched in DSi due to the use of washing powders (Verbanck et al. 

1994). DSi concentrations of 480 umol U1 have been measured in the sewage of Brussels 

(Verbanck et al. 1994), which is almost twice higher than that in the tap water. The impact of 

the urbanisation is high in the Dijle, Scheldt and Zenne, but low in the Dender and the Nete 

(Rapport Scaldit 2004). Nevertheless, although the watershed of the Zenne hosts a population 

density about 3 times higher than that in the other basins (A. Taillez, pers, comm.), the DSi 

concentrations in the Zenne do not exhibit especially high values (Fig. 3A.lc).

Overall, only the impact of the urbanisation seemed to be, in fact only partially, 

coherent with the differences in the DSi concentrations. Other factors may have also 

superimposed, rendering their distinctions difficult. Information on other dissolved elements 

may help however to track the origin of the DSi and to understand the causes of the 

differences in DSi concentrations observed in these tributaries.
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3B ANNEX: Culture experiments

3B.1 Cultures

Two strains of the diatom Cyclotella meneghiniana isolated from the Scheldt tidal 

river in 2003 (by V. Chepurnov, Ghent University) were cultured in the laboratory to 

determine the Si/C contents and to perform experiments of kinetic incorporation of 32Si at 

various DSi concentrations. The two strains were maintained in frequently renewed batch 

cultures in 50 mL incubation bottles of DSi-rich WC medium (DSi concentration of 100 umol 

L1, Guillard and Lorenzen 1972), incubated under a light intensity of less than 100 PE m'2 s'1 

at 13°C with a light/dark cycle of 14h/10h. For the measurements of the Si/C content and for 

the kinetic experiment, some of these cultures were transferred and incubated in larger 

volumes (1-2 litres) of WC medium. However, the light intensity to which these larger 

volumes were exposed is unfortunately unknown (presumably 100-150 uE m-2 s'1 for most of 

them).

3B.2 Si/C contents

Measurements of the Si/C contents in cultures of the two C. meneghiniana strains 

were performed repeatedly. In April and December 2004, Si/C was measured in three batch 

cultures of each strain, but in April 2005, Si/C was measured only in one batch culture of 

strain #1. The cultures were filtered on Whatman Nuclepore, 0.4 pm pore size, 0 47 mm 

polycarbonate filters for BSi and on Whatman GF/F, 0.7 pm pore size, 0 25 mm 

precombusted glass-fibre filters (400°C, 4h) for POC. Unlike the samples from the water of 

the Scheldt (Chapter 2), the analyses of the BSi content on the culture filters did not require 

correction for lithogenic silica: the BSi analyses were performed with only two 1-3 hours 

digestion steps (instead of 4 digestion steps), and without any A1 correction. The second 

digestion was performed only to verify that all the BSi was dissolved during the first 

digestion: as expected, the DSi concentrations in the aliquots of the second digestion 

corresponded to half of the DSi concentrations in the aliquots of the first digestion (less than 

1-2 % deviation after correction by the DSi concentrations measured in the aliquots during 

digestions of blank filters).
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The measured Si/C molar ratios ranged from 0.12 to 0.30 (Table 3B.1) and supported 

our estimation for the Si/C ratio associated with living diatoms in the tidal river (0.27, 

Chapter 3). Our Si/C ratios were low compared to the average one typically observed in 

freshwater diatoms (0.78 ± 0.43, Conley and Kilham 1989), but within this dataset, C. 

meneghiniana was among the least silicified (0.38, Sicko-Goad et al. 1984). Furthermore, 

Roubeix and Lancelot (2008) observed Si/C molar ratios as low as 0.08 in cultures of C. 

meneghiniana isolated from the Scheldt. These measurements were however performed on 

cultures of small C. meneghiniana cells, which sexually reproduced shortly after (V. Roubeix, 

pers, com.), and cultures of regenerated cells and of intermediate sizes exhibited Si/C molar 

ratios of about 0.4 and 0.2 respectively (V. Roubeix, pers. com.). The range of our ratios 

appears then to be in close agreement with that of other studies. Even, the same variability 

was observed within our successive measurements: although there was little deviation within 

the triplicates of the batch cultures of each strain (low standard deviations), the ratios differed 

significantly from one strain to another and from one date to another (Table 3B.1).

Table 3B.1: Si/C molar ratios measured in cultures of the C. meneghiniana strains.

April 2004 Dec. 2004 July 2005

strain #1 0.298 ± 0.051 0.187 ± 0.005 0.150

strain #2 0.118 ± 0.003 0.129 ± 0.008 -

In addition to the fact that the silica content is different from one diatom species to 

another (in particular freshwater species tend to be more silicified that marine ones, Conley 

and Kilham 1989), up to 4-fold variations in Si/C ratio within a diatom species can be 

observed (Martin-Jézéquel et al. 2000). They may be due to several factors.

As observed by V. Roubeix (see above, pers.com.), Si/C ratios can decrease with size­

reduction (Durbin 1977). This may explain the decrease with time of the Si/C ratios in 

cultures of strain #1 (Table 3B.1), but Si/C ratios in cultures of strain #2 increased between 

April and December 2004. This hypothesis could not be experimentally investigated as the 

size was not measured in our cultures.

Another explanation is that, if DSi is not limiting, silicification in diatoms increase 

with decreasing growth rates: Si is incorporated during some phases of the cell cycle (mainly 

the G2+M phase) and when the growth rate decreases, more time is spent in these phases and
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more Si is incorporated (Martin-Jézéquel et al. 2000; Claquin et al. 2002). Lower growth 

rates, and thus lower silica content can be induced by unfavourable temperature or light 

limitation and, although this is unlikely to have occurred in our culture medium, also by 

nitrogen, phosphorus or micronutrient limitation (Martin-Jézéquel et al. 2000; Ragueneau et 

al. 2000). As a result, Si/C ratios decrease with increasing light availability (Brzezinski 1985; 

Claquin et al. 2002). In contrast, the cellular Si content decreases in case of silica limitation 

(Ragueneau et al. 2000; Martin-Jézéquel et al. 2000). This should not have been the case in 

our cultures but DSi concentrations could reach potentially limiting levels in the tidal river 

(Chapter 3).

The fact that silica is mainly incorporated during the G2+M phase induces that cellular 

Si content can vary by a factor of 2 within the cell cycle (Claquin and Martin-Jézéquel 2005), 

but this effect should not be observed in asynchronous cultures (Martin-Jézéquel et al. 2000). 

However, the cellular C content varies during the light/dark cycle, which may not be 

synchronised with the cell cycle (Ragueneau et al. 2000), and diurnal variations by a factor of 

2 of the Si/C ratio can be observed (Brzezinski 1985; Claquin and Martin-Jézéquel 2005).

The Si deposition and the cellular Si content may also be affected by other parameters 

such as salinity, pH, the concentration of some metals and pCO2 (Ragueneau et al. 2000; 

Claquin and Martin-Jézéquel 2005), but these should not have varied from one measurement 

to another. In addition, one should note that C. meneghiniana is a diatom species that gather 

morphologically identical but genetically different taxa, which may exhibit different Si 

metabolism characteristics (Muylaert et al. in prep). However, both strains were isolated from 

the Scheldt and thus it is improbable that they would be different taxa. Finally, although this 

should only concern the natural environment, diatoms tend to build thicker frustules in 

response to grazing pressure (Pondaven et al. 2007).

It could thus be assumed that the variation in the Si/C ratios in our cultures may 

mainly be due to size-reduction and to different growth rates induced by diverse light 

conditions (and maybe also due to different sampling times). This variability renders the 

direct comparison between in situ and culture Si/C ratios difficult. In particular, the growth of 

diatoms is light limited in the Scheldt as, following the water movement, they spend a 

significant time in the dark below the thin photic zone (Desmit et al. 2005). Although several 

other factors may also come into play, this may contribute to the fact that the in situ Si/C ratio 
(0.27, Chapter 3) was in the high range of those measured in the cultures.
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3B.3 Kinetic incorporation of 32Si at various DSi concentrations

Kinetic incorporation at various DSi concentrations require diatom cultures 1) at non­

saturated growth, 2) at reasonably high cell concentrations and 3) in a DSi-depleted medium 

(below 1 umol L’1 since the half-saturation constant for silica for diatoms is typically of a few 

micromolars, Martin-Jézéquel et al 2000). So when the diatoms in the DSi-rich WC medium 

attained visually sufficiently high concentrations on 04 March 2005, a few millilitres of the 

two suspensions were poured each in two litres of sterilised WC medium containing initially 

about 20 umolL’1 of DSi.

After 3-5 weeks, DSi concentrations dropped to 0.4 umol L1 (Fig. 3B.1) and the two 

litres were distributed in 250 mL incubation bottles: 130 mL were poured in each of the 12 

bottles, together with 100 mL of DSi-free WC medium. The remaining of the culture 

solutions were also diluted with DSi-free WC medium and filtered for the determination of 

BSi concentrations with the same procedure as used for samples in the Scheldt. Similar to the 

BSi analyses for the measurement of the Si/C content in cultures, only two 1-3 hours 

digestion steps were performed: all the BSi was dissolved in the first leach as the DSi 

concentrations in the second leach deviated by less than 1 % to half of that of the first leach.

Unlabelled 2.5 mmol L-1 DSi was added to 9 of the 12 bottles so that the final DSi 

concentrations ranged approximately from 0.5 to 22 umol L \ and 1.5 mL of 10 % azide was 

added to one of the 3 bottles with no unlabelled DSi addition to evaluate the abiotic 

adsorption of silica onto particles. All bottles were also immediately spiked with 250 uL of 

the 32Si source (101.9 nCi mL1, 23570 Bq ug-1), which resulted in a (neglected) increase of 

the ambient DSi concentration by 5.7 nmol L1. Three standards of 1 mL were taken from 

each bottle. The solution of one of the two bottles with no unlabelled DSi or azide addition 

was instantly filtered to check for rapid DSi adsorption, and the other bottles were incubated 

for about 24 hours under a continuous light of an intensity of 120-150 uE m2 s’1.

At the end of incubation period, the samples were filtered on a Whatman Nuclepore, 

0.4 pm pore size, 0 47 mm polycarbonate filter, which was rinsed with Milli-Q water. The 

filter was folded and placed at the bottom of a scintillation vial and kept frozen until the 

counting of the radioactivity following the procedures described in Chapter 2. The 

concentration of BSi formed (BSinew) was estimated as described in Chapter 2.
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Fig. 3B.1 : Evolution of the DSi concentration in the batch culture of the C. meneghiniana strain #2 
before the 32Si kinetic experiment. The data points (filled symbols) were fitted by an equation 
representing DSi consumption by exponentially growing diatoms. Its best-fit provided DSÍ4/3 and 
BSÍ4/3, the concentrations of respectively DSi and BSi (associated to growing diatoms) on the 
04/03/2005. The open symbol indicates a measured DSi concentration which was not taken into 
account in the regression, as its low value may have resulted in DSi limitation of the diatom growth. 
Due to presumably a faster growth and/or a larger inoculum of the batch culture, DSi concentrations in 
strain #1 were more rapidly consumed and too few DSi measurements were performed (not shown) to 
allow a similar estimation of the growth rate of strain #1.

The specific uptake rate (V) was then calculated using the initial BSi concentration 

(BSi0):

1 ( BSi + BSi,)
V = - • ln -----new ----- - (Eq. 3B.1)1 l BSi, J ‘ 

with t the time duration between the 32Si spike and the filtration.

When the specific uptake rates were plotted versus the ambient DSi concentrations 

(average of the initial and final DSi concentrations, the latter being estimated from the amount 

of incorporated 32Si, Fig. 3B.2), they revealed, as expected, a Michaelis-Menten pattern 

(Martin-Jézéquel et al. 2000):

V DSiV _max 

+ DSi
(Eq. 3B.2)
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with Vmax the theoretical specific uptake rate when the DSi concentration is infinite and Ks the 

half-saturation constant. Both were determined by least-square regression using PRISM 5.01, 

which provided also 95 % confidence intervals (Fig. 3B.2).

The Ks values differed from one strain to another but they were in the range of those 

generally observed (Kristiansen et al. 2000; Martin-Jézéquel et al. 2000; Ragueneau et al. 

2000; Sarthou et al. 2005; Claquin et al. 2006). Higher values may have been nevertheless 

expected: freshwater diatoms should have higher Ks values than for marine ones, as 

freshwater diatoms generally benefit from higher ambient DSi concentrations (Conley and 

Kilham 1989; Claquin et al. 2006). Additionally, as diatoms can maintain maximum cellular 

division rates while DSi uptake is limited by low DSi concentrations, Ks is generally higher 

than the half-saturation constant for growth (K1) (Martin-Jézéquel et al. 2000). However, 

Muylaert et al. (in prep) measured higher Ku (4 and 13 umol L'1) for two strains of C. 

meneghiniana isolated from the Scheldt.

Cyclotella meneghiniana - strain #1 Cyclotella meneghiniana - strain #2
0.010- 0.010-

DSi concentration (umol L-1)

Fig. 3A.2: Specific uptake rates versus DSi concentrations (average of the initial and final DSi 
concentrations, the latter being estimated from the amount of incorporated 32Si) for the two C. 
meneghiniana strains isolated from the Scheldt tidal river. The data points are fitted by a “Michaelis- 
Menten” relationship (solid curve). The dash curves represent the 95 % confidence interval of this 
regression. The specific uptake rate of strain #2 measured at the DSi concentration of 12 umol L1 was 
not taken into account in the regression (open symbol).
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Our Vmax values were almost one order of magnitude lower than those generally 

observed in diatom cultures (Kristiansen et al. 2000; Martin-Jézéquel et al. 2000). Muylaert et 

al. (in prep) also observed maximum growth rates (/max) about one order of magnitude higher 

(0.074 and 0.031 h’1) for two strains isolated from the Scheldt. In addition, despite the fact 

that the same incubators were used, our Vmax values were also significantly lower than the 

specific uptake rates measured at non-limiting DSi concentrations at the confluence with the 

Rupel (most upstream station, Chapter 5).

The low Vmax may be explained by an overestimation of BSio in Eq. 3B.1. BSio was set 

as the BSi concentration measured at the start of the experiment, but the culture could have 

also contained some frustules of dead diatoms. Fig. 3B.3 displays the Vmax and Ks that would 

have been obtained with different BSio values in Eq. 3B.1. A small percentage of dead 

diatoms would not lead to a significantly different Ks but Vmax would indeed increase. 

However, Vmax higher than 0.01 or 0.02 h'1 are unlikely as this would have implied that most 

of the diatoms were dead at the onset of the experiment.

BSio (umol L'1)

Fig. 3B.3: Half-saturation constants (Ks, grey, left axis) and specific maximum uptake rates (Vmax, 
black, right axis) for the two strains calculated with varying BSio values in Eq. 3B.1. The dots indicate 
the values for Ks and Vmax shown in Fig. 3B.2, i.e. with BSio corresponding to the BSi concentration at 
the start of the experiment.

For the two Scheldt strains, Muylaert et al. (in prep) obtained the lowest Ku and max 

for the culture of cells of the smallest size. Also, Leynaert et al. (2004) observed a decrease in 

Ks and Vmax with decreasing cell size. So it is tempting to hypothesize that, as for the Si/C 

ratios, the low values for both Ks and Vmax were due to a size-reduction effect. However, in 

the experiment for Leynaert et al. (2004), the decrease of the cell size was driven by limiting 
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iron concentrations and such a relationship between the kinetic parameters and cell size may 

not apply to size-reduction induced by successive divisions. Although the affinity with 

nutrients may generally increase (corresponding to a decrease of Ks) with decreasing cell size 

(Hein et al. 1995; Leynaert et al. 2004), growth rates as well as specific uptake rates generally 

increase with decreasing cell size (Nielsen and Sand-Jensen 1990; Hein et al. 1995; Raven 

and Kübler 2002).

Parallel measurements of the specific uptake rates performed on the same strains 

supported additionally our Vmax values. During the monitoring of the DSi concentration in the 

culture before the start of the kinetic “Michaelis-Menten” experiment, strain #2 exhibited a 

specific uptake rate of 0.006 h"1 despite different culture conditions (different light exposure 

and temperature, light/dark cycle versus continuous light) (Fig. 3B.1). Also, using a similar 

method with 32Si in the same incubators as for the “Michaelis-Menten” experiments (but with 

replete DSi concentrations), specific Si uptake rates of 0.005-0.006 h1 were measured for 

strain #1 a few days after the “Michaelis-Menten” experiment, while rates of 0.013 and 0.022 

h’1 were determined respectively for strain #1 and strain #2 in mid-July 2004. This suggests 

that, although the low Vmax may not be related to size-reduction, they may nevertheless be due 

to the ageing of the cultures.
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4 Dissolved silica concentrations and fluxes in 
the estuary: comparisons with the results of a 
conservative transport model

In this study, DSi longitudinal profiles over the entire salinity gradient in the Scheldt 

estuary are presented for eleven campaigns conducted at different seasons from 2003 to 2005. 

The applicability of the “Apparent Zero End-member” method commonly used for 

interpreting estuarine DSi versus salinity profiles and for estimating DSi consumption or 

release in the estuary is discussed. DSi profiles that would have been observed under purely 

conservative behaviour are simulated using a ID transient model. The DSi dynamics in the 

estuary are investigated by comparing measured and modelled DSi profiles. Fluxes at the 

mouth of the estuary are also calculated for the eleven campaigns, and an annual DSi 

consumption in the estuary is estimated for a typical year.

4.1 Measured DSi concentrations along the Scheldt estuary

The DSi concentrations measured along the Scheldt estuary during the 11 campaigns 

are presented against salinity in Fig. 4.1, in accordance to the classical representation of 

concentration profiles in estuaries: salinity is a conservative tracer of the tidal oscillations and 

of the complex longitudinal mixing, which depends on the freshwater discharge, the shape of 

the estuary and the tidal prism.

Fig. 4.1 (next page): Measured DSi concentrations plotted versus salinity during the 11 sampling 
campaigns in the Scheldt estuary. The panels are ordered from top to bottom (seasons), then from left 
to right (years). The concentrations in the adjacent coastal zone are also indicated. The curves are the 
best fit by a 5th order polynomial. If the measurement at the mouth of the estuary was not performed at 
high tide, an additional data point corresponding to high tide (derived from the Waterstaat dataset, see 
further Fig. 4.3c and d) was included in the regression in order to obtain a complete description of the 
DSi versus salinity profile in the estuary by the polynomial.
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Temporal variations at end-members and in the coastal zone

At the freshwater end-member, DSi concentrations were around 200-250 umol L’1 

from late autumn to early spring, but decreased to below 50 umol L1 from late spring to early 

autumn. This is in agreement with observations made in the tidal river in 2003 (Chapter 3) 

and also with results for dry years reported in earlier studies (e.g. Struyf et al. 2004; Van 

Damme et al. 2005).

At the seawater end-member, DSi concentrations also varied from a few to about 50 

micromoles per litre, in accordance with the range reported by Struyf et al. (2004) at 

Vlissingen. Lowest concentrations were observed in late spring and summer, but DSi 

concentrations increased already from early autumn onwards, following the same trend as in 

the coastal zone (Van der Zee and Chou, 2005).

DSi concentrations in the coastal zone also decreased with salinity and were in general 

in continuation of those in the estuary from late autumn to early spring. In July 2004 and 2005 

and in October 2005 however, DSi concentrations at the lowest salinities in the coastal zone 

reached values higher than those observed in the most seaward part of the estuary. This 

pattern suggests the existence of another source of DSi in the coastal zone in addition to the 

DSi supplied by the Scheldt. Lacroix et al. (2004) stipulated from a model simulation that the 

salinity decrease in the Belgian coastal zone, compared to offshore waters, is primarily due to 

the mixing with the freshwater discharged by the Rhine/Meuse system. However, when 

comparing freshwater nutrient concentrations of the Scheldt and the Rhine with those 

measured in the coastal zone, Van der Zee and Chou (2005) concluded that the freshwater 

fraction in the Belgian coastal water was predominantly originating from the Scheldt. The 

efficient BSi dissolution in the sandy coastal sediments of the deposited diatom frustules after 

the diatom spring bloom in the Belgian coastal zone (Ehrenhauss et al. 2004) may also be an 

explanation for the local increase of DSi concentrations in summer and autumn while DSi 

concentrations in the most marine part of the Scheldt estuary are still low. Another possible, 

overlooked source of DSi to the coastal zone may be the submarine groundwater discharge 

(Ragueneau et al. 2006): this source of water is expected to contain high DSi concentrations 

similar to those measured in groundwater in land (100-400 umol L1; Delstanche et al. 2003; 

Chapter 3).
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DSi concentrations within the estuary

In the estuary, measured DSi concentrations always decreased from the freshwater 

end-member to the seawater end-member, except for one sample (July 2003, Fig. 4.1). The 

decreasing pattern may be at least partly explained by the mixing between high-DSi 

freshwater and low-DSi seawater but concave and convex DSi versus salinity profiles suggest 

more complex dynamics, hampering their direct interpretation. Processes affecting DSi 

concentrations, such as diatom uptake or BSi dissolution (in the water column or in the 

sediments), may indeed superimpose with the mixing between freshwater and seawater, 

whose DSi concentrations additionally vary with time.

4.2 Methods for interpreting DSi versus salinity profiles and for estimating 

residual DSi fluxes at the mouth of the estuary

The DSi flux at the mouth of the estuary is also required for the estimation of the 

retention of DSi in the estuary. But the procedure used at the freshwater end-member (direct 

multiplication of the DSi concentration by the freshwater discharge) is not applicable at the 

seawater end-member because of the variation of the DSi concentration during a tidal cycle 

and of the presence of dispersive processes induced by the DSi gradient. The “Apparent Zero 

End-member” (AZE) method has been widely used in estuaries both to track DSi uptake or 

release and to estimate the residual DSi flux at the mouth of the estuary (Regnier et al. 1998 

and references therein). But it has been demonstrated that this approach leads to large errors 

in estuaries with long water residence times, such as the Scheldt (Regnier et al. 1998) where 

the residence time of the water varies between one and three months (Soetaert and Herman 

1995).

The “Apparent Zero End-member” method

The AZE method is only valid when the system can be assumed at steady-state 

(Regnier et al. 1998). The basis of the AZE method is that a straight line will be obtained 

when plotting DSi concentration versus salinity if DSi exhibit a conservative behaviour in the 

estuary. A production of DSi in the estuary (dissolution or benthic fluxes for instance) will 

thus be indicated by DSi versus salinity plots situated above the straight line drawn between 

the two end-member points and a consumption of DSi (diatom uptake or possibly sorption) 

will result in plots below the line (Fig. 4.2). When the system is at steady-state, the DSi fluxes
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at the freshwater end-member and at the mouth of the estuary are identical if DSi behaves 

conservatively. In the case of a steady-state but no conservative transport of DSi, the DSi flux 

at the mouth and the amount of DSi consumed or released in the entire estuary can be 

calculated by multiplying the freshwater discharge respectively by DSio and ADSi0 (DSio 

being the projection of the tangent of the most seaward part of the DSi versus salinity curve 

and ADSio the difference between DSio and the measured DSi concentration at the freshwater 

end-member, Fig. 4.2). DSio corresponds to the DSi concentration at the freshwater end­

member which would have led to the observed concentration gradient at the seawater end­

member in the hypothesis of conservative mixing. ADSio thus represents the DSi 

concentration increase at the freshwater end-member which is equivalent, when multiplied by 

the freshwater discharge, to all the DSi produced or consumed along the entire estuary. The 

same methodology could be applied at any point in the estuary.

Conservative mixing of DSi with:

freshwater 
end-member

seawater 
end-member

Salinity

Fig. 4.2 : Theoretical estuarine DSi versus salinity curves and schematic representation of the AZE 
method (blue curves). The red curves represent the conceptual case when DSi regularly increases (or 
drops) after a period of constant concentration at the freshwater end-member.

If DSi concentrations and salinities remain constant at both end-members, linear DSi 

versus salinity plots can also be observed, even if the system is not at steady-state because of, 

for instance, freshwater discharge varying with a characteristic time smaller than the residence 

time of the water in the estuary. In this case, departure from the straight line between end­

member concentrations in the DSi versus salinity plots will still indicate DSi consumption or 

release (Regnier et al. 1998). However, the AZE methodology for estimating residual fluxes 
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at the mouth of the estuary will lead to erroneous results as, in case of varying freshwater 

discharge, fluxes at the freshwater end-member and at the mouth of the estuary are no longer 

equal due to transient hydrodynamic solute transport (Regnier et al. 1998).

Inapplicability of the AZE method in the case of the Scheldt

In the Scheldt, both DSi and discharge generally vary at the freshwater end-member at 

a time-scale smaller than the residence time of the water in the estuary, and the system cannot 

be considered at steady-state, ruling out the application of the AZE method. The DSi fluxes at 

the mouth of the estuary will differ from those at the freshwater end-member even if the DSi 

is transported conservatively. The obtained DSi versus salinity curves of the conservative 

mixing will also deviate from a straight line as shown on Fig. 4.2. As DSi concentrations at 

the freshwater end-member decreases in spring-summer but increases again in autumn-winter, 

a conservative mixing curve is thus expected to be convex in spring-summer and concave in 

autumn-winter. Such a conservative pattern would have been erroneously interpreted with the 

AZE method as DSi release in spring-summer and diatom uptake in autumn-winter.

Furthermore, concomitant variations in freshwater discharge induce even more 

complex patterns. The changes in DSi concentrations at the freshwater end-member are 

propagated over a longer distance in the estuary during high discharge periods than during 

low ones, and the longitudinal salinity profile is affected at the same time. Finally, seasonal 

variations at the seawater end-member come on top: DSi concentrations also vary due to DSi 

uptake by diatoms in the coastal zone (Van der Zee and Chou, 2005) and the salinity varies 

with the freshwater discharge (Prandle et al. 1997). As a result, the mixing pattern in the 

Scheldt estuary cannot be assumed at steady-state at any time but undergoes strong and 

complex transient features which can only be assessed with the help of a hydrodynamic 

time-resolved transport model (Regnier et al. 1998).

Use of a transport model simulating conservative transport

The DSi consumption and/or production were investigated by comparing the measured 

DSi versus salinity profiles with those that would have been obtained if DSi behaved 

conservatively between the two end-members. But, to the contrary to the AZE method in 

which the conservative profiles are assumed to be a straight line, they were estimated here 

using the ID CONTRASTE model, which is a hydrodynamic transport model that fully 

describes tidal and transient phenomena (the time-step is set to 150 seconds). This model has 
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been extensively described in Regnier et al. (1997), Regnier et al. (1998) and Vanderborght et 

al. (2002). Although the hydrodynamics are resolved for the entire Scheldt tidal system, the 

transport of solutes is only described for the estuary (i.e. from the confluence with the Rupel 

to Vlissingen). It includes algorithms describing dispersive and advective mixing processes. 

Implementation of reactive equations is also possible, but this functionality was not used in 

this study as the goal was to simulate conservative transport. In addition, the model provides 

advective and dispersive fluxes between each adjacent cells, their sum being the instantaneous 

total DSi flux. The actual DSi fluxes at the mouth of the estuary (i.e. taking into account the 

non-conservative behaviour, hereafter designated as “calculated fluxes”) could be obtained 

using the measured DSi versus salinity profiles, the modelled salinity distribution and the 

water fluxes at the mouth of the estuary. The comparison of these fluxes with the modelled 

conservative DSi fluxes provided an estimation of the net DSi uptake or release within the 

estuary (see further).

Model boundary conditions

For our purposes, the CONTRASTE model requires daily freshwater discharge, water 

elevation at the mouth of the estuary and daily salinity and DSi concentrations at both end­

members (Regnier et al. 1998). The discharge data were provided by the Flemish 

Administration “Afdeling Maritieme Toegang” and the water elevation was calculated from 

the sum of 24 tidal harmonics (Regnier et al. 1998). The salinity and DSi concentrations at the 

boundaries were retrieved from several datasets (see legend of Fig. 4.3). Salinity at the 

freshwater end-member was set to 0.5.

The stretch of the Scheldt estuary described in the model extends from Vlissingen (km 

0) up to Rupelmonde (confluence with Rupel, km 90). It is discretized by 45, 2 km long cells. 

One “ghost” cell is juxtaposed at each boundary to allow realistic variations of the 

concentrations at current reversal, but both were kept as small as possible (2 and 4 km long at 

the upstream and downstream boundaries, respectively). The simulation was started in 2002 

with actual salinity and DSi concentrations so that model outputs during our study period 

(2003-2005) were independent of the initial conditions.

There was a generally good agreement between the different datasets (Fig. 4.3). 

Values were averaged when several DSi concentrations were available for the same day, or 

calculated by interpolation if no measurement was performed this day. At the mouth 

(Vlissingen), both the salinity and the DSi concentration strongly vary with the tidal state and 
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interpolation was performed only on values recorded at high tide (Fig. 4.3c and d). The 

temporal pattern of these concentrations will be discussed further.

Model calibration

The dispersion coefficient (K, in m2 s’1, Regnier et al. 1997, 1998) was recalibrated 

using our own salinity data as measured at known locations and times. A very good 

agreement could be obtained (Fig. 4.4) when K was empirically set to increase linearly from 

100 to 500 m2 s’1 with increasing distance to the mouth. K is a “macro” dispersive coefficient 

introduced to reproduce the mixing between freshwater and seawater at the scale of the 

discretization. It does not have a truly physical meaning as it is not only specific to the 

geometry of the system, but also to the time-step and to the discretization: its value would for 

instance vary with the cell length. A discussion or a justification of the chosen values will 

thus not be attempted.

Fig. 4.3 (next page):
Boundary conditions set in the model simulations (ticks on the x-axis represent months):
a. Freshwater discharge after the confluence with the Rupel.
b. DSi concentrations measured in the lower reaches of the tidal river or at the freshwater end-member 
in the estuary (i.e. data measured between the confluence with the Rupel and Antwerp). Five different 
datasets were used.
The legend “this study (estuary)” corresponds to the measured concentrations during our 11 sampling 
campaigns on the Scheldt estuary, and “this study (tidal riv.)” refers to the measurements performed at 
Hemiksem within the study of silica in the tidal river (Chapter 3).
“OMES” measurements were performed at three different locations at the vicinity of the confluence in 
the framework of the OMES project (“Onderzoek naar de Milieu-Effecten van het Sigmaplan” 
coordinated by Prof. Patrick Meire); DSi concentrations were either measured by Departement 
Biologie - Onderzoeksgroep Ecosysteembeheer (Universiteit Antwerpen, “UA”) or the Laboratoire 
d’Océanographie Chimique et Géochimie des Eaux (Université Libre de Bruxelles, “ULB”).
As for “Ste Anna” values, the sampling was performed at Antwerp by L.S. Schiettecatte (Unité 
d’Océanographie Chimique, Université de Liège). The concentrations were measured by the LOCGE 
(ULB) but only samples for which the salinity was below 2 were taken into account.
The line describes the daily interpolation between measured concentrations, which were occasionally 
averaged if several measurements were performed during a same day.
c. DSi concentrations measured at high tide at the mouth of the estuary (DSi and salinity data from 
Waterstaat database, available online at www.waterbase.nl). Data measured at the mouth of the 
estuary measured during our sampling campaigns on the Scheldt estuary are also shown. The line 
represents the interpolation between measurements performed at high tide.
d. Salinity of the samples for which the DSi concentration is shown on panel c. The line represents the 
interpolation between measurements performed at high tide.
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Measured salinities

Fig. 4.4: Measured salinities during all our sampling campaigns plotted versus salinities from the 
model results at the same locations (linearly interpolated) and times. The grey line represents the 1:1 
correlation.

Procedure for estimating the “calculated” DSi fluxes (i.e. taking into account the non­

conservative behaviour)

In the model, instantaneous advective and dispersive fluxes at km 2 (boundary 

between cell 1 and cell 2) are respectively calculated as: 

advflux^ = DSind xwatflux nd (Eq. 4.1)

, , med Kx (DS¿nod - DS¿mod)x section, , A , 
dispflux = 1-2  2  ! —L  1-2 (Eq. 4.2)

Ax

with:

- DSi^, DSi^od and DSi™^, the instantaneous modelled DSi concentrations in, 

respectively, cell 1, cell 2 and at the boundary between cells 1 and 2,

- watflux, the modelled water flux at the boundary between cells 1 and 2,

- K1-2, the dispersion coefficient at the boundary between cells 1 and 2 (calibrated with 

salinity data, here 100 m2 s'1, see above),

- section, the modelled instantaneous cross-section at the boundary between cells 1 and 

2,
- Ax, the cell length (here 2 km).

100



4 - DSi in the estuary

Assuming that the shape of the measured DSi versus salinity profiles (Fig. 4.1) did not 

vary within the sampling period of each campaign (i.e. period comprised between the first and 

the last samples) at the mouth of the estuary, the instantaneous “calculated” DSi 

concentrations in cell 1, cell 2 and at the boundary between cells 1 and 2 (respectively 

DSi™lc , DSiakc and DSi,) were deduced from the respective modelled salinities and using 

the 5th order polynomials fits (Fig. 4.1). Instantaneous “calculated” advective and dispersive 

fluxes were obtained replacing modelled DSi concentrations by the “calculated” ones in Eq. 

4.1 and 4.2:

advfluxcat = DSiCB x watflux^ (Eq. 4.3)

Jwari Kiir los - Dsrm*).ecnen.T (E1UI
The calculated total DSi flux was obtained as the sum of advflux and dispflux. To 

remove the effects of tidal oscillations, modelled and calculated DSi fluxes were processed 

using a low-pass ideal filter with a cut-off frequency of 0.5 d*1: the time-series were Fourier 

transformed, the frequencies higher than 0.5 d-1 were set to zero and the series were inverse- 

Fourier transformed. The cut-off frequency was chosen to remove the main tidal oscillation 

characterized by the M2 harmonic (0.52 d’1). The spring-neap oscillations were consequently 

not suppressed. In order to avoid transitional oscillations at the start and at the end in the 

filtered time-series, instantaneous calculated DSi fluxes were calculated for the entire 

simulation period, but only the filtered fluxes during the sampling periods were considered. 

Filtered modelled and calculated fluxes were averaged over the sampling periods and the 

difference provided an estimate of the net DSi uptake or release in the estuary. These 

estimates should not be seen as instantaneous consumption or release rates; they rather 

provide an estimate of the integrated DSi uptake or release that underwent a parcel of water 

while transported and mixed with adjacent parcels along the estuary.

4.3 Seasonal evolution of the end-member DSi concentrations

At first inspection, DSi concentrations at both end-members were high when discharge 

was high and inversely (Fig. 4.3a-c), while the opposite was observed for the salinity at the 

mouth of the estuary (Fig. 4.3a and d). The summer drop in DSi concentrations at the 

freshwater end-member was ascribed to diatom consumption in the tidal river (Chapter 3). 
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This is a seasonal event which can occur only in summer when diatom growth rates are high 

and discharge is low (Muylaert et al. 2005). Freshwater discharge is considered as a 

regulating factor of diatom growth in the tidal river, as it determines the residence time of the 

water and thus the time allowed for diatoms to grow. Discharge and DSi consumption were 

indeed correlated, but other factors (such as e.g. light) may also play a significant role 

(Chapter 3).

Interestingly, drops in freshwater DSi concentrations could also be observed during 

the winter 2002-2003 and to a lesser extent, during the winter 2003-2004 (Fig. 4.3a and b). 

Thanks to an overall high sampling frequency, the fact that they occurred concomitantly with 

discharge peaks was well revealed during the winter 2002-2003 (Fig. 4.5). The Scheldt 

estuary being a rain-fed estuary, its discharge is directly linked to precipitation (Billen et al. 

2005; Soetaert et al. 2006). The decrease in DSi concentration may be induced by dilution 

with runoff water which has not been in contact with DSi-rich groundwater because of soil 

saturation. The comparison between DSi and discharge suggests that the DSi concentration 

decreased regularly during the course of discharge peak but also after discharge returned to 

lower values (Fig. 4.5). DSi reached thus a minimum a few days after the end of the flow 

peak, and increased thereafter to concentrations of about 250 umol L'1 within a few days. This 

pattern suggests a complex interaction between water and soil, involving the residence time of 

the water in the drainage basins. Furthermore, the last discharge peaks, although relatively 

small (Fig. 4.5), induced important DSi drops. This might be due to the fact that soil 

saturation was reached faster after a succession of rain episodes.

Fig. 4.5: Detail of the DSi concentrations and freshwater discharge in the freshwater end-member 
from November 2002 to March 2003. Data and symbols for discharge and DSi concentrations are 
defined in Fig. 4.3a and b.
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Variations in DSi concentration at the mouth of the estuary are partially induced by the 

freshwater discharge as it influences the mixing ratio between DSi-rich freshwater and DSi- 

poor seawater. This ratio is indicated by the salinity variation at the mouth (measured at high 

tide, Fig. 4.3d) as the salinity in the North Sea undergoes little seasonal changes (34.26 ± 

0.74, Prandle et al. 1997). Considering this mean salinity value for marine waters, the 

proportion of freshwater at the mouth ranged from about 5 % in summer and early autumn, to 

up to 30 % in February-March. However, the variations in DSi concentrations at the mouth of 

the estuary (Fig. 4.3c) could not be attributed solely to the mixing between freshwater and 

seawater. DSi consumption in the tidal river, in the estuary and in the coastal zone also plays 

an important role. This is highlighted by the difference between the DSi concentrations 

measured at the mouth of the estuary and those obtained if seawater and freshwater with DSi 

concentrations of respectively 2.5 umol L'1 (Prandle et al. 1997) and 233 umol L'1 (average 

DSi concentration at the tidal limits, Chapter 3) were mixed in ratios similar to the ones 

estimated from the salinity data (dashed line in Fig. 4.3c). The difference was minimal in 

winter and maximal in May-June. However, this calculation did not allow discrimating the 

fractions of the DSi consumed in the tidal river, in the estuary and in the coastal zone.

4.4 Comparison between the measured and the simulated profiles

Conservative DSi profiles

As the model provided DSi concentrations and salinity data every 150 seconds for 

each of the 45 cells, more than 28 million couples of DSi-salinity data were produced for the 

period 2003-2005. The sampling campaigns were generally performed over one to several 

days, but except for the most upstream part of the estuary in March 2003, July 2003 and May 

2004, there were little variations in the instantaneous modelled DSi versus salinity profiles 

during the sampling periods. Individual measured DSi concentrations could be also directly 

compared with the modelled DSi concentrations at dates and salinities corresponding to the 

measurement (crosses in Fig. 4.6). For a better precision, an interpolation with respect to 

salinity was additionally performed between the two closest modelled DSi-salinity couples.

DSi profiles obtained by simulation of conservative transport only were generally 

strongly convex in spring and summer, but concave in winter (Fig. 4.6), highlighting the 

importance of transient phenomena and confirming the irrelevancy of the AZE method in the 

case of the Scheldt. Conservative DSi versus salinity profiles only approached a straight line 
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in end winter and early spring (campaigns of February 2004 and March 2003, Fig. 4.6). At 

this time, DSi consumption in the tidal river had not yet started and the DSi profile in the 

estuary could have re-equilibrated after 3 months of (nearly) constant DSi concentrations at 

the freshwater end-member (Fig. 4.3b).

The difference between the modelled and the measured DSi profiles indicated DSi 

uptake or release. The seasonal behaviour was found to be similar in 2003, 2004 and 2005, 

and four periods could be observed as illustrated by the four groups of graphs on Fig. 4.6.

Spring

DSi profiles along the salinity gradient indicated that DSi consumption in the estuary 

started in spring while DSi concentrations at the freshwater end-member were still high 

(April-May, Fig. 4.6). This implied that DSi consumption occurred earlier in the estuary than 

in the tidal river, and that the estuarine consumption could not be ascribed to the advection 

into the estuary of a diatom bloom of a freshwater origin but to a bloom of local (or marine) 

origin. This is in accordance with microscopic observations: the speciation of the diatom 

community at the freshwater end-member differs from that observed at salinities higher than 

5-10 (Chapter 2). Nevertheless, whereas the largest difference between the measured and 

simulated profiles was observed at salinities 20-30 in May 2004 and 2005, it was around 

salinities 10-15 in April 2005 (Fig. 4.6). Together with the fact that phytoplankton analysis 

revealed the presence of a typical estuarine phytoplankton community (Chapter 2), this would 

suggest that the early spring diatom development was not only from marine origin. In May 

however, as indicated by low DSi concentrations at the marine sampling stations (Fig. 4.1), 

the high DSi consumption at the most seaward part of the estuary might be due to the import 

by tidal mixing of marine diatoms following the spring bloom in the coastal zone: these were 

able to further develop in the estuary due to the availability of nutrients, which were already 

depleted in the coastal zone (Arndt 2008).

Fig. 4.6 (next page): Comparison of the measured and modelled DSi concentrations plotted versus 
salinity. The measured DSi concentrations plotted versus salinity are represented by open grey circles. 
Instantaneous modelled DSi concentrations at salinities (occasionally linearly interpolated) and times 
identical to the measurements are indicated by crosses. The envelopes of all instantaneous DSi versus 
salinity profiles obtained within the indicated sampling period are delimitated by solid lines. The grey 
borders gather campaigns corresponding to the same season (see text). The indicated sampling periods 
correspond to the first and the last sampling performed in the estuary (i.e. not in the coastal zone). 
Note that scales in summer and early autumn differ from those from late autumn to spring.
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Early summer

Early summer (July) was characterised by a consumption (not reaching depletion) of 

the DSi before it entered the brackish reaches (Fig. 4.6). With conservative mixing only, 

higher concentrations would be expected around salinities 5-10 than at the freshwater 

end-member due to transient phenomena (July 2003). Significant DSi consumption also 

occurred in the saline estuary, without reducing the DSi concentrations to limiting levels 

except maybe in the most seaward part of the estuary. Van Damme et al. (2005) also observed 

concentrations episodically below 5 umol L'1 during previous years, but only at the mouth of 

the estuary. Compared to May, more DSi was consumed in the upstream part of the estuary 

during the early summer (Fig. 4.6). This may be ascribed to the presence of large amounts of 

living diatoms originating from the diatom bloom in the tidal river (Chapters 3 and 5). 

However, only little DSi uptake may be expected at salinities higher than 5-10 in July 2004 

and 2005 due to low concentrations of diatoms (Chapter 5). In addition to DSi uptake in the 

most upstream part of the estuary, the distance between measured and modelled DSi profiles 

may be due to the fact that DSi concentrations in mid July may have not yet re-equilibrated to 

conservative profiles after the spring and early summer DSi uptake, as a consequence of the 

enhanced residence time of the water in summer.

Late summer - early autumn

In late summer and early autumn, DSi was still consumed in the tidal river as shown 

by the low DSi concentrations at the freshwater end-member, but the comparison of the 

simulated and measured profiles indicated a net DSi release within the estuary (Fig. 4.6). Due 

to the dependence of the BSi dissolution rate with salinity (Yamada and d’Elia 1984; Roubeix 

et al. 2008; Loucaides et al. 2008), significant BSi dissolution is not expected in the tidal river 

(Chapter 3), but may occur in the saline estuary. Anderson (1986) also observed BSi 

dissolution from April to October in the Chesapeake Bay estuaries, but only in the saline 

estuary, immediately downstream of the diatom bloom. Dissolution is expected to occur 

predominantly after the diatom bloom: BSi dissolution is enhanced when temperature 

increases, and decreases when the material gets older (Van Cappellen et al. 2002; Gallinari et 

al. 2002). In particular, reverse weathering processes such as incorporation of aluminium or 

rapid formation of authigenic clay material on BSi surface can significantly lower or even 

hamper the BSi dissolution (Dixit et al. 2001; Van Cappellen et al. 2002; Michalopoulos and 

Aller 2004). Moreover, the apparent BSi solubility may be as low as 200 umol L’1 in the 
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presence of large amounts of lithogenic material (Dixit et al. 2001; Gallinari et al. 2002) but 

lower DSi concentrations after diatom uptake may enhance the dissolution. Some dissolution 

may have thus also occurred already in spring and early summer but, at that time, the overall 

process was a net DSi consumption.

Winter

In late autumn (November) and winter (February), DSi uptake was expected to be 

insignificant in the estuary as no diatoms were observed in the water column during these two 

campaigns (Chapter 5). The measured DSi profile differed generally by less than 10 % from 

the simulated one. Nevertheless, the differences between measured and simulated 

concentrations could amount to 15 % in February and November 2004 around salinities 6-7 

(Fig. 4.6). They may result in important differences in terms of fluxes due to high DSi 

concentrations and freshwater discharge. In addition to a hypothetical bias in the model 

simulations, several explanations for these differences could be put forward, such as e.g. DSi 

sorption, inadequate description of the boundary conditions or imprecision of the DSi 

measurement (Annex 4A).

The difference between the measured and modelled profiles in March was also small. 

But in contrast, diatoms were already present in the estuary at concentrations equivalent to 

that measured in April 2005 (Chapter 5). The smaller difference between modelled and 

measured profiles in March compared to that in April (Fig. 4.6) may suggest that the DSi 

consumption in March was just starting, while the effects of one month of DSi consumption 

may have accumulated in April due to the residence time of the water in the estuary. Rather 

than illustrating the winter conservative behaviour, the situation during the March campaign 

may thus represent the transition to spring DSi uptake.

4.5 DSi fluxes at the mouth of the estuary and DSi consumption in the 

estuary

Conservative DSi fluxes at the mouth of the estuary mirrored the fluxes at the 

freshwater end-member, yet shifted in time due to the residence time of the water (Fig. 4.7). 

In addition, dispersive processes along the estuary tend to level off the sharp peaks in DSi 

fluxes observed at the freshwater end-member. Conservative DSi fluxes at the mouth of the 

estuary may also occasionally be directed landwards in August-October, notably in August 
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2004 when DSi increased faster at the seawater end-member than in the most seaward part of 

the estuary.

Fig. 4.7: Filtered conservative DSi fluxes at the freshwater end-member and at the mouth of the 
estuary for the period 2003-2005. Fluxes directed seawards are indicated here by positive values. 
Ticks on the x-axis represent months.

From three to four sampling campaigns were only performed per year, thus neither a 

reliable observation of the seasonal evolution of the DSi consumption, nor an annual budget 

could be performed for the years 2003, 2004 and 2005 separately. However, except for the 

first two months of 2003 (but no sampling campaign was performed during this period), 

conservative DSi fluxes at the mouth of the estuary displayed comparable patterns for 2003, 

2004 and 2005 (Fig. 4.7) due to similar freshwater discharge and DSi concentrations at the 

end-members (Fig. 4.3). In addition, DSi versus salinity profiles suggested that the seasonal 

DSi behaviour was identical from one year to another (see above). The fluxes from all 11 

campaigns were thus lumped into one single year, which would be typical for dry years such 

as 2004 and 2005 (and 2003 if the two first months are excluded, Fig. 4.8). This approach is 

supported by the regular annual patterns displayed by the modelled and calculated fluxes, as 

well as by their differences (Fig. 4.8).

Seasonal evolution of the DSi uptake in the estuary

The difference between modelled and calculated fluxes was negative from early spring 

to early summer indicating DSi uptake, and positive from late summer to late autumn 

indicating DSi release (Fig. 4.8). These findings were in accordance with the conclusions 
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drawn from the DSi profiles along the estuary (Fig. 4.6). As for DSi versus salinity profiles, a 

significant negative difference was observed in February although no DSi consumption was 

expected at this period of the year. Also, DSi was net released in November (which is in 

accordance with the very low diatom concentrations, Chapter 5), although DSi profiles 

exhibited a negative difference from salinity 0 to about 20.

Fluxes calculations highlighted the fact that the net DSi uptake rate was maximum in 

May (corresponding to most negative values: -1940 kmol d’1) and that it quickly decreased in 

July (Fig. 4.8). This is in agreement with the low diatom concentrations observed from mid 

July onwards (Chapter 5). Furthermore, the net DSi release of about 400 kmol d'1 in 

September and November 2004 was attributed to BSi dissolution only, as practically no 

diatoms were observed in the estuary (Chapter 5).

Annual conservative DSi fluxes 
(from all filtered modelled fluxes): 
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Fig. 4.8: Average modelled (solid black circles) and calculated (open circles) DSi fluxes at the mouth 
of the estuary during all sampling campaigns represented along a common one-year axis. The 
difference between the modelled and calculated DSi fluxes (solid red circles) is also indicated. Fluxes 
directed seawards are represented here by positive values. The (daily averaged) filtered conservative 
DSi fluxes at the mouth of the estuary (km 2) for 2003, 2004 and 2005 (respectively light blue, purple 
and orange curves) are also indicated.
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Comparison with the tidal river

The timing of the DSi uptake in the estuary differed notably from that of the tidal river 

(Chapter 3). The DSi uptake in the estuary started and reached its maximum rate about a 

month before that in the tidal river, presumably because of 1) longer residence times in the 

estuary than in the tidal river, 2) lower SPM concentrations inducing a better light availability 

especially at salinities higher than 15-20 where the bloom developed and/or 3) import of 

diatoms from the coastal zone in spring. In the tidal river, DSi input fluxes limited the DSi 

consumption in summer, but in the estuary, as DSi consumption occurred earlier, when DSi 

input fluxes were higher, higher DSi consumption rates could be reached: the maximum DSi 

uptake was about twice higher in the estuary than in the tidal river. However, when expressed 

with respect to the surface area or the volume, the rate in the tidal river was one order of 

magnitude higher in the tidal river than in the estuary (Table 4.1).

Table 4.1: Water surface area and volume of the tidal river (Chapter 2) and of the estuary (given by 
the CONTRASTE model). The maximum DSi consumption rates for each section are indicated (as 
negative values) and normalised with respect to water surface area and volume.

tidal river estuary

water surface area (km2) 14.1 265

volume (km3) 0.060 2.5

maximum net DSi uptake:

kmol d'1 -1000 -1940

mmol m2 d’1 -70.9 -7.32

mmol m3 d’1 -16.6 -0.76

Despite the important amount of living diatoms carried from the tidal river to the 

estuary in summer (Chapter 5), DSi uptake in the estuary dropped from July onwards, 

although DSi was not entirely consumed and thus not limiting the diatom growth (Fig. 4.1). 

This decrease was presumably ascribed to zooplankton control of the phytoplankton biomass 

(Chapter 5). In contrast, no such control was observed in the tidal river, but this may be due to 

the different composition of the zooplankton community: it is dominated by calanoid 

copepods in the estuary but by rotifers in the tidal river (Soetaert and Van Rijswijk 1993; 

Tackx et al. 2004) and, unlike calanoid copepods, rotifers are not expected to exert a strong 
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grazing pressure on the phytoplankton (Muylaert et al. 2005). As a result, there was a net DSi 

consumption until November in the tidal river (DSi mass-balance in winter in the tidal river 

could not be performed due to a too low sampling frequency, Chapter 3), but in the estuary 

the drop in the DSi uptake by diatoms resulted in a net DSi released in late summer and 

autumn in the estuary.

Unlike the DSi uptake occurring in summer in the tidal river, the spring DSi 

consumption in the estuary is expected to have had a significant effect on the DSi availability 

in the coastal zone as it occurred during the coastal phytoplankton bloom. Due to the 

residence time of the water in the estuary, high winter riverine DSi fluxes are also of major 

importance as they reach the coastal zone just before and/or at the onset of the coastal diatom 

bloom in April. As winter riverine DSi concentrations are nearly constant, the variation of 

these fluxes is actually driven by the discharge pattern. However, the extent of the 

Phaeocystis bloom in the coastal zone is more influenced by the Si/N ratio than by the amount 

of available DSi (Lancelot 1995). Model simulations showed that the ratio between DSi and 

dissolved nitrogen fluxes at the mouth of the estuary in early spring is fairly constant and thus 

independent of the discharge (Arndt 2008).

Annual DSi fluxes and uptake

Annual conservative DSi fluxes were estimated from the filtered modelled DSi fluxes 

at the freshwater end-member and at the mouth of the estuary (Table 4.2). They were higher 

in 2003 than in 2004 and 2005 mainly due to the high discharge during winter 2002-2003 

(Fig. 4.3a). The annual conservative DSi fluxes at the mouth of the estuary may also differ 

significantly from those at the freshwater end-member due to the accumulation of DSi in the 

system induced by the residence time of the water.

The “calculated” annual flux could only be determined on the basis of the 11 

calculated fluxes lumped into one single typical year (Table 4.2). It was estimated as the area 

between the x-axis and the broken line defined by the 11 consecutive flux data points (open 

circles, Fig. 4.8). For the periods before February and after November, the segments were 

respectively drawn as if additional November and February data points were placed on 

preceding and following years. This provided an annual calculated flux of 505 Mmol yr1. The 

same procedure applied to the 11 conservative fluxes at the mouth of the estuary led to an 

annual flux of 705 Mmol yr1 (solid black circles, Fig 4.8), which was close to the average 

annual flux for the period 2003-2005 when the whole dataset of filtered modelled fluxes was 
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taken into account (693 Mmol yr'1, Table 4.2). By difference, the net annual DSi uptake 

amounted 200 Mmol yr1, corresponding to an annual DSi retention of 28 %.

As for the maximum net DSi uptake (Table 4.1), the net annual amount of DSi 

consumed (as well as DSi retention) in the estuary is two times higher than that in the tidal 

river, but more than one order of magnitude lower when the net DSi consumption is 

normalised with respect to volume or water surface area (Table 4.3). Such differences may be 

attributed to the shallower waters in the tidal river and to the zooplankton control on the 

phytoplankton in the estuary (Chapter 5).

Table 4.2: Annual DSi fluxes at the freshwater end-member and at the mouth of the estuary. Annual 
modelled fluxes in 2003, 2004 and 2005 at the freshwater end-member (km 88) and at mouth of the 
estuary (km 2) were calculated using the whole dataset of filtered instantaneous modelled fluxes. The 
annual modelled and calculated fluxes at the mouth of the estuary obtained by reporting the fluxes 
from the 11 campaigns in one single “typical” year (see text) are also indicated. The difference 
between the modelled and the calculated annual fluxes provides an estimation of the annual net DSi 
consumption.

Annual fluxes (Mmol yr’1):

freshwater 
end-member

mouth of the 
estuary

from filtered modelled fluxes:

2003 773 900

2004 578 546

2005 631 634

average 661 693

from all 11 campaigns lumped in one typical year:

modelled annual flux 705

calculated annual flux 505

difference: -200
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tidal river estuary

Table 4.3: Net annual DSi uptake (as negative values) and DSi retention in the tidal river (Chapter 3) 
and in the estuary. The net annual DSi uptakes are also indicated normalised with respect to volumes 
and surface water areas of the tidal river and of the estuary as indicated in Table 4.1.

net annual DSi uptake:

Mmol yr1 -102 -200
1 -2 -1molm yr -7.20 -0.76

1 -3 -1mmol m yr -1687 -79

DSi retention (%) 14 28

Comparison with other studies in the Scheldt estuary

Only few studies about DSi dynamics in the Scheldt estuary have been yet performed. 

Soetaert et al. (2006) assessed DSi retentions of 22 and 20 % for the periods 1995-2000 and 

2000-2002, respectively, and this is in agreement with our estimate (28 %) considering that 

our study period corresponded to dry years. Using model simulations, Arndt et al. (2009) 

found however a much smaller net amount of DSi consumed in the estuary for the year 2003, 

36 Mmol yr1, corresponding to 4-5 % of the DSi inputs. However, these authors did not 

implement the import of diatoms from the coastal zone and the grazing pressure. As a result, 

they did not simulate the spring diatom bloom but estimated that DSi uptake occurred in 

summer, during which input DSi fluxes were low. The coastal zone was included in the model 

domain in other model simulations based on data from 1995 (Arndt 2008). This led to the 

simulation of an intense diatom spring bloom in the lower part of the estuary, resulting in a 

maximum DSi uptake in March at about 4500 kmol d1. Both the timing and the extent of this 

spring DSi uptake peak differed from our observations, but the DSi uptake in May June 

(1000-2000 kmol d'1) and its decrease from July onwards were nevertheless in relatively good 

agreement with our observations. In addition, Arndt (2008) also estimated that BSi dissolution 

amounted 500 kmol d’1 from May to December, which supports our hypothesis that the net 

DSi release of about 400 kmol d'1 we observed in September and November 2004 could be 

ascribe to BSi dissolution only. Arndt (2008) estimated nevertheless that DSi was net 

consumed in summer due to significant summer and autumn diatom growth. In addition to the 
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fact that different years were studied, one explanation may be that zooplankton control on 

phytoplankton dynamics was not implemented for the estuarine domain.

Our results may also be compared with the primary production data from the Scheldt 

estuary, which has been extensively studied (e.g. Soetaert et al. 1994; Kromkamp and Peene 

1995, 2005; Gazeau et al. 2005). Although uptake and accumulation of Si and C in diatoms 

cells are uncoupled and affected by different processes (Martin-Jézéquel et al. 2000; 

Hildebrand 2002; Claquin and Martin-Jézéquel 2005), it was assumed that, at the scale of the 

ecosystem, the gross DSi consumption can approach the net diatom primary production with a 

Si/C ratio corresponding to that in the stock of living diatoms. The gross DSi consumption 

would amount to 286 Mmol yr’1 supposing that BSi dissolution occurred from mid May (i.e. 

following the spring bloom, see above) until mid December (214 days) at the rate of 400 kmol 

d1. Considering a water surface area of 265 km2 (Table 4.1) and a Si/C molar ratio of 0.33 for 

estuarine living diatoms (Chapter 5), this DSi consumption would correspond to a carbon 

production of 39 g m’2 yr’1. Most studies listed above reported estimates for gross primary 

production presumably because of the difficulty to assess the net primary production in the 

Scheldt (Kromkamp and Peene 1995) but Soetaert et al. (1994) calculated a net primary 

production of 41 g m2 yr’1 using model simulations. Although Soetaert et al. (1994) did not 

take into account the benthic phytoplankton while their contribution is implicitly included in 

our estimate, this estimate compares well with ours considering that diatoms account in 

general for 80-100 % of the phytoplankton biomass. Finally, as measurements of the annual 

gross primary production performed during different years provided similar results 

(Kromkamp and Peene 2005; Gazeau et al. 2005), the link between primary production and 

DSi consumption suggests that, in contrast to the tidal river, the annual DSi consumption in 

the estuary is not expected to vary significantly from one year to another. Nevertheless, due to 

higher DSi inputs during wet years, the percentage of DSi annually retained in the estuary 

should accordingly be lower than what is suggested by our “dry year” estimate.
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4A ANNEX: Winter DSi profiles

4A.1 Possible explanations for the differences between modelled and 

measured DSi profiles in winter

Measured DSi versus salinity profiles were significantly lower than the conservative 

modelled ones in winter (February and November 2004, Fig. 4.6 in Chapter 4) although 

practically no diatoms were observed in the estuary (Chapter 5). Several possible explanations 

can be put forward.

DSi uptake by benthic diatoms

Benthic activity may be responsible for a significant fraction of the annual amount of 

DSi uptake as the contribution of benthic diatoms was estimated to 17 % of the annual gross 

primary production in the Scheldt (De Jong and de Jonge 1995; Gazeau 2005). But the 

benthic chlorophyll a was low from November to February (De Jong and de Jonge 1995). It is 

thus difficult to attribute the difference between measured and simulated profiles in February 

and November 2004 to DSi uptake by benthic diatoms.

Abiotic removal

The maximum difference between both DSi profiles was reached in the zone of 

maximum turbidity (Chapter 5). This suggests that the difference could be due to DSi removal 

by sorption. Abiotic removal in the range of 10-30 % has already been observed in low 

salinity areas of estuaries when ambient DSi and SPM concentrations were high (Chou and 

Wollast 2006).

February 2004: Overlooked DSi drops at the freshwater end-member

Another explanation could be that, similarly to what observed during winter 2002­

2003 (Fig. 4.5 in Chapter 4), the discharge peak that occurred in 12-21/01/2004 may have 

resulted in a drop in DSi concentrations in the freshwater end-member, which would have 

been overlooked due to under-sampling. Three scenarios for drops in DSi concentrations were 

built from the DSi profile shown in Fig. 4.5, and tested with the model (Fig. 4A.1). The first 

alternative scenario was the most realistic in terms of the extent and the duration of the drop,
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Fig. 4A.1:
a-c: Alternative scenarios of boundary conditions for the DSi concentrations at the freshwater end­
member (in red, left scale). Data and symbols for the discrete and the daily interpolated DSi 
measurements (in black, left scale) and the freshwater discharge (in blue, right scale) are the same as 
in Fig. 4.3a and b in Chapter 4.
d-f: Modelled DSi concentrations obtained using alternative boundary conditions for DSi at the 
freshwater end-member: the plain red curves delimitate the envelopes of all the instantaneous DSi 
versus salinity profiles obtained within the sampling period for February 2004. The black line and the 
grey circles correspond to the data shown in Fig. 4.6 (Chapter 4) for February 2004 with identical 
symbols.
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as well as of the delay between the discharge peak and the minimum DSi concentration (Fig. 

4A.la), but it could not explain the difference between the measured and the modelled DSi 

versus salinity profiles (Fig. 4A.ld). The modelled DSi profile better matched to the measured 

one when the minimum DSi concentration in the freshwater end-member was set a few days 

later than in scenario 1, but both profiles still significantly differed at salinity 6.3 (scenario 

n°2, Fig. 4A.lb and e). This low DSi measurement could only be retrieved by an extended 

freshwater DSi drop down to 170 umol L1 (scenario n°3, Fig. 4A.lc and f), which did not 

seem realistic for such a discharge peak when compared to the responses of the DSi 

concentrations to the discharge peaks in winter 2002-2003 (Fig. 4.5).

February 2004: mishandling of the sample

The discrepancy between the measured and the modelled DSi versus salinity profiles 

in February 2004 was mostly due to only one sample. An error in the DSi analysis was ruled 

out by replicate analyses. Nevertheless, due to the salinity effect in the DSi measurements, the 

expected precision is in the order of 5 %, which is significant compared to the difference 

between the measured and modelled DSi profiles. Also, the samples were kept at low 

temperature and an accidental freezing could not be ruled out. However, the effect of freezing 

has been tested on samples with high initial DSi concentrations (217 umol L’): DSi 

concentrations measured following Koroleff (1983) decreased by a factor ranging from 3 to 

10 (not shown). As no such drop was observed in the DSi profile in the estuary, this suggests 

that the samples had not been accidentally frozen.

February 2004: lateral input

A salinity of 8.3 was also simulated for this sample while the measured salinity was 

6.3. In contrast, other modelled salinities at the locations and times of the samplings did not 

differ significantly from the measured ones during this campaigns (deviation of less than 0.5 

at low salinities, or corresponding to less than 10 % at salinities higher than 10). But the 

dilution by a lateral freshwater source (with a DSi concentration of roughly 100 umol L1 so 

that the mix with the modelled concentration modelled at salinity 8.3 would result in that 

measured at salinity 6.3) was unexpected: 1) the sampling was performed in the middle of the 

channel so such a mixing would have required a lateral source with a significant discharge 

and 2) there was no such lateral freshwater source near this station (located just downstream 

the marsh of Saeftinge). The sampling being performed at low tide, the difference of salinity 
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may thus be attributed to the complex water circulation in ebb/flood channels, which could 

not be assessed in a ID model. Nevertheless, this could not explain why the conservative DSi 

profile did not match with the measured one.

November 2004: variations in DSi concentrations at the freshwater end-member

In November 2004, the difference between modelled and measured profiles at low 

salinities was as well unexpected but it was observed for several data points (Fig. 4.6 in 

Chapter 6). Similarly, no DSi concentrations were available for the lower tidal freshwater 

reaches between the 12/10/2004 and the 16/11/2004 but DSi concentrations increased from 50 

to 200 umol L1 between these two dates (Fig. 4.3b in Chapter 4, and Fig. 4A.2a and b). It was

Alternative scenario n°4

Alternative scenario n°5

Fig. 4A.2:
a-b: Alternative scenarios of boundary conditions for the DSi concentrations at the freshwater end­
member (in red, left scale). Data and symbols for the discrete and the daily interpolated DSi 
measurements (in black, left scale) and the freshwater discharge (in blue, right scale) are the same as 
in Fig. 4.3a and b in Chapter 4.
c-d: Modelled DSi concentrations obtained using alternative boundary conditions for DSi at the 
freshwater end-member: the plain red curves delimitate the envelopes of all the instantaneous DSi 
versus salinity profiles obtained within the sampling period for November 2004. The black line and 
the grey circles correspond to the data shown in Fig. 4.6 (Chapter 4) for November 2004 with identical 
symbols.
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initially assumed a linear increase with time, but as the discharge remained low during the 

whole month of October, DSi consumption might have lasted longer. However, this could not 

be an explanation for higher modelled DSi concentrations than those measured in the first half 

of the estuary (scenario n°4, Fig. 4A.2a and c). Lower DSi concentrations in the freshwater 

end-member in October would in fact result in lower simulated DSi concentrations in the 

lower part of the estuary. Similar modelled and measured DSi versus salinity profiles would 

only be obtained if DSi concentration at the freshwater end-member dropped in late 

November (scenario n°5, Fig 4A.2b and d). However, such a drop is questionable as DSi 

concentrations are expected to have quickly reached the winter concentration of 230-250 

umol L1 with the discharge peak on the 19/11/2004. Contrasting with the large winter 

discharge peaks which can cause drops in DSi concentrations (Fig. 4.5), smaller discharge 

peaks during the productive period tend to result in an increase in DSi concentrations due to 

the partial or even total flushing of the diatoms in the tidal river (Chapter 3).

This highlights the need for high frequency datasets in the end-members to properly 

describe and interpret the DSi dynamics in the saline estuary. Arndt et al. (2007) also 

observed that diatoms respond quickly to short-term variations in physical conditions in the 

tidal freshwater reaches of the Scheldt estuary. These authors thus recommended that models 

of such ecosystems should be defined at adequate small time and geographical scales, and that 

sampling strategies should be planned accordingly.
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5 Behaviour of the biogenic silica in the 
estuary: influence of phytoplankton and SPM 
dynamics

In this study, BSi as well as SPM and chlorophyll a longitudinal profiles over the 

entire salinity gradient in the Scheldt estuary are presented for eleven campaigns conducted at 

different seasons from 2003 to 2005. BSi concentrations are compared with those of 

chlorophyll a and SPM to estimate whether BSi was predominantly associated or not with 

living diatoms. The physiological status of the diatoms and the BSi concentration associated 

with growing diatoms are also investigated using 32Si incorporations. In the light of these 

results, BSi dynamics are related and interpreted with those of the SPM and of the 

phytoplankton in the Scheldt estuary. A BSi mass-balance in the estuary is finally established 

comparing the BSi content in the SPM with an existing SPM budget in the Scheldt estuary.

5.1 Distribution of the particulate materials along the salinity gradient

SPM and BSi

The SPM concentrations in our samples exhibited high temporal and spatial variations 

(Fig. 5.1). The highest SPM concentrations, which exceeded 200 mg L’1, were observed in the 

zone of salinity 0-10. The average concentrations in this zone ranged from 25 to 145 mg L-1 

but no simple seasonal pattern was highlighted. Except in February 2004, lower average 

concentrations were encountered elsewhere in the estuary (zone of salinity 10-30) where the 

average SPM concentrations ranged from 10 to 60 mg L1. Additionally, SPM concentrations 

in the zone of salinity 10-30 were highest in winter and early spring and lowest in late 

summer. At the marine stations closest to the coast and/or to the mouth of the estuary, there 

was generally a local maximum in SPM concentrations.

The longitudinal profiles of BSi concentrations followed those of SPM concentrations 

and displayed identical high temporal and spatial variations (Fig. 5.1). Namely, BSi 

concentrations averaged over the salinity gradient in the zone of salinity 0-10 did not exhibit 

any seasonal pattern. They ranged from about 12 to 81 umol L'1 and concentrations exceeding
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Salinity (estuary, psu) / Station (coastal zone)

Fig. 5.1 : SPM and BSi concentrations, as well as BSi contents in the SPM along the estuarine salinity 

gradient and in the coastal zone (CZ). In the coastal zone, the ticks represent, from left to right, the 

stations #710, #780, #130, #230 and #330. SPM concentrations exceeding the y-axes scales are 

indicated in the graphs as numbers in brackets (in grey as for the lines). Panels are ordered according 

to seasons (from top to bottom), then to years (from left to right).
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100 umol L'1 were recorded in July 2005 and September 2004 at the most freshwater 

sampling station (near the confluence with the Rupel). Except in February 2004, BSi 

concentrations were also lower in the zone of salinity 10-30 than in the zone of salinity 0-10. 

Average BSi concentrations in the zone of salinity 10-30 ranged from 7 to 27 pmol L'1 and 

were highest in spring and lowest in late summer. A local maximum in BSi concentrations 

was also regularly observed at the marine stations closest to the coast and/or to the mouth of 

the estuary.

Temporal and longitudinal patterns were better revealed when BSi was expressed as a 

fraction of the SPM (Fig. 5.1). The BSi content in the SPM (expressed as hydrated SiO2, see 

Chapter 2) averaged over the salinity gradient ranged from 2.9 to 5.4 % (average 4.1 %). 

Highest values (8-10 %) were found in the most freshwater part (below salinity 5) in summer 

(except July 2003), early autumn and to a smaller extent in May. The zone of salinity 5-10 

appeared to host a local minimum in all seasons, but, in winter and early spring, BSi contents 

in the zone of salinity 0-5 were identical to those in the zone of salinity 5-10. Elsewhere in the 

estuary, the BSi content rarely dropped below 2.5 %. In the zone of salinity 10-30, the BSi 

content progressively increased to reach contents ranging from 4 to 6 % near the mouth of the 

estuary. In May 2004 however, a maximum with contents reaching 10 % was observed in the 

zone of salinity 20-30. Except for May 2004, the BSi content was always higher at coastal 

stations than in the estuary.

Total chlorophyll a (Chla) and chlorophyll a associated with diatoms (DiatChla)

The highest Chla and DiatChla concentrations were always found in the less saline 

part of the estuary and those concentrations were highest in summer (Chla and DiatChla 

concentration reaching respectively 70 and 50 pg L1 in mid July and September) (Fig. 5.2). 

With increasing salinity, both Chla and DiatChla dropped to below 5 pg L1 around salinity 5­

10 (except in July 2003). Further downstream, Chla and DiatChla stayed at low levels, except 

in May 2004, May 2005 and (beginning of) July 2003. During these three campaigns, Chla 

and DiatChla increased at salinities higher than 15, reaching maximum concentrations of 15 

pg L1. The distribution of Chla concentrations was in agreement with that reported since the 

nineties (Kromkamp and Peene 2005; Van Damme et al. 2005; Soetaert et al. 2006). Some 

studies also reported spring blooms at salinities higher than 15 (Boschker et al. 2005; Van 

Damme et al. 2005).
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Fig. 5.2: Chla and DiatChla concentrations, and contributions of DiatChla to Chla along the estuarine 

salinity gradient and in the coastal zone (CZ). In the coastal zone, the ticks represent, from left to right, 

the stations #710, #780, #130, #230 and #330. Panels are ordered according to seasons (from top to 

bottom), then to years (from left to right).

128



5 — BSi in the estuary

Apart in September and November 2004 when the contribution of the diatoms to the 

total Chla was negligible downstream salinity 5, diatoms were the dominant species in the 

estuary and represented between 50 and 90 % of the phytoplankton biomass (Fig. 5.2). The 

contribution of the diatoms to the Chla concentration was highest at the mouth of the estuary 

and, to a lesser extent, at the most upstream stations, and minimum contributions were 

observed in the zone of salinity 5-15. Also, in all spring campaigns and in July 2005, diatoms 

accounted occasionally for less than half of the phytoplankton biomass in the zone of salinity 

0-15, and they were not the dominant species only in May 2004 and April 2005 in the zone of 

salinity 5-10.

As the method could not discriminate between diatoms and Phaeocystis, both 

contributions to the total Chla are lumped into DiatChla (Chapter 2). Phaeocystis may 

contribute significantly to the phytoplankton biomass in April and May at salinities higher 

than 15 (Chapter 2). Brochard et al. (2005, 2006) observed Phaeocystis colonies on 3 May 

2004, 2 May 2005 and 2 June 2005 at Vlissingen, but Phaeocystis were only found as 

individual cells from spring to early autumn at Hansweert (km 36, salinity 15-25). 

Chlorophytes were the most important species after the diatoms. They often dominated or co­

dominated in the zone of salinity 5-15 (data not shown). Other phytoplankton species were 

also observed but they dominated the phytoplankton biomass only occasionally, principally 

when the diatom biomass was low: dinophytes dominated at salinities higher than 10 in 

September 2004, euglenophytes at salinities higher than 15-20 in November 2004 and July 

2005, cryptophytes around salinity 5 in April 2005 but the cyanobacteria biomass was always 

minor (data not shown). The phytoplankton speciation was overall very well in accordance 

with previous studies (cf. Introduction).

Except for March 2003, Chla and DiatChla concentrations in the coastal zone were in 

general not significantly different from those found in the downstream part of the estuary, but 

always lower than those in the upstream part (Fig. 5.2). In March 2003, they were about three 

to five times higher than those observed in the most saline part of the estuary, but the opposite 

was observed in May 2004. Slightly lower marine concentrations were observed July 2004, 

but higher ones were measured in November 2004 and April 2005 at the two marine stations 

closest to the coast (#130 and #230).

Phaeocystis blooms can reach a high biomass in the coastal zone, exceeding by far 

that of the diatoms (Lancelot 1995; Rousseau et al. 2002; Tungaraza et al. 2003). Such event 

would lead to high Chla concentrations (Van der Zee and Chou 2005; Muylaert et al. 2006), 
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which were not observed in our samples. But even if we could thus assume that we did not 

sample during the peak of the Phaeocystis bloom, Phaeocystis can still represent about half of 

the phytoplankton biomass in April and/or May before the bloom peak (Lancelot 1995; 

Rousseau et al. 2002; Tungaraza et al. 2003). In April and May, the phytoplankton 

community was thus dominated by diatoms and/or Phaeocystis (Fig. 5.2). The rest of the year, 

Phaeocystis are expected to be in negligible amounts (Lancelot 1995; Rousseau et al. 2002; 

Tungaraza et al. 2003; Muylaert et al. 2006) and DiatChla represented thus only the 

contribution of diatoms to the total Chla: diatoms dominated the phytoplankton community 

and represented more than 50 % of the biomass during all campaigns in the coastal zone, 

except in September and November 2004 (dominated by dinophytes) and in July 2005 at #710 

and #230 (dominated by euglenophytes and eventually co-dominated by chlorophytes). These 

campaigns corresponded to those during which diatoms were not the dominant species in the 

downstream part of the estuary. This may be however an artefact of the CHEMTAX analysis 

when pigment levels are low, as microscopic investigations revealed that the diatoms and/or 

the Phaeocystis dominated the phytoplankton community all year round (Muylaert et al. 

2006).

POC

Particulate organic carbon (POC) concentrations displayed high temporal variability 

but no clear seasonal variations were found (Fig. 5.3). Highest concentrations (up to 9 mg L1) 

were always observed in the zone of salinity 0-10 while POC concentrations stayed below 2 

mg L’1 elsewhere in the estuary. As a general rule, POC concentrations decreased with 

increasing salinity, down to concentrations around 1 mg L or lower at the mouth of the 

estuary. In the coastal zone, POC concentrations never exceeded 2 mg L'1 and were in general 

lower than 1 mg L\

POC was poorly correlated with Chla in the estuary (r2 = 0.23, n = 137) or in the 

coastal zone (r2 = 0.04, n = 46). In agreement with the observations of Abril et al. (2002), 

phytoplankton could represent the major fraction of the organic matter in late spring and in 

summer 2003 and 2004 (using a ßpoc/chia of 30, as described in Chapter 2), but the contrary 

was observed in spring or summer 2005. The rest of the year, phytoplankton accounted in 

general for less than 20 % of the organic matter.

The POC dynamics were actually better correlated with those of SPM (r2 = 0.85, n = 

137 in the estuary and r2 = 0.69, n = 47 in the coastal zone). With a conversion factor from
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Fig. 5.3: POC concentrations and contributions of the phytoplankton to the organic matter (OM) and 

of the organic matter to the SPM along the estuarine salinity gradient and in the coastal zone (CZ). In 

the coastal zone, ticks represent, from left to right, the stations #710, #780, #130, #230 and #330. 

Panels are ordered according to seasons (from top to bottom), then to years (from left to right).
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POC to organic matter of 2.5 g g'1 (ratio of the molar masses of CH2O and C, as observed in 

an eutrophic estuary by Suzumura et al. 2004), the organic matter content in the SPM 

generally followed a regular decrease from about 10 to 20 % in the freshwater end-member to 

about 5 to 10 % at the mouth of the estuary. This in accordance with the findings from Abril 

et al. (2002) considering that the POC content in the SPM of the Scheldt estuary decreased 

since the nineties (Chen et al. 2005). In our data however, POC contents in the SPM did not 

significantly vary from one campaign to another even if episodic higher organic matter 

contents were found in July 2003 and 2005 at the sampling station in front of Terneuzen.

5.2 Distinction between fractions of BSi associated or not with living 

diatoms

Choice of a multiple regression model

As already done in the Scheldt tidal river (Chapter 3), the BSi associated with living 

diatoms and that constituted of detrital particles (respectively BSiiiv and BSidet) were 

discriminated performing multiple regression analysis, using DiatChla and the SPM not 

corresponding to BSi or to the living diatom biomass (SPMnbid) as explicative variables (see 

Chapter 2). Multicolinearity was avoided as SPMnbid and DiatChla were not correlated in the 

estuary (r2 = 0.04, n = 148, DiatChla were assumed to be 0 in February 2004) or in the coastal 

zone (r2 = 0.02, n = 47). As in the tidal river, SPMnbid could have been further divided in 

organic and inorganic fractions (using POC and DiatChla data and the ß ratios defined in 

Chapter 2), but both fractions could not be used in the same regression as they were correlated 

in the estuary (r2 = 0.83, n = 137, no POC data available for February 2004) and in the coastal 

zone (r2 = 0.58, n = 47). In the following, the two data points corresponding to BSi 

concentrations exceeding 100 umol L’1 (the most upstream stations in September 2004 and 

July 2005, Fig. 5.1) were discarded as outliers (see further).

Regression #1:

Firstly, linear multiple regressions were performed following Eq. 2.5 (Chapter 2). As 

different diatom communities (with potentially different Si contents) were observed along the 

salinity gradient in the Scheldt estuary and in the coastal zone, data were lumped in three 

overlapping groups according to the salinity ranges used for the CHEMTAX analysis (see 

Chapter 2): salinities 0-13 (n = 73), 7-30 (n = 100) and 24-35 (n = 76). The BSiiiy/DiatChla 

ratio for the three groups were respectively 1.09 ± 0.22 umol ug (± 95 % confidence 
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interval), 1.19 ± 0.36 umol ug and 0.51 ± 0.24 umol ug1. The first two ones were 

significantly different from the last one (t-test for equality: p = 0.005 and 0.002 respectively), 

but not between each other (t-test for equality: p = 0.667). The two first groups could 

therefore be lumped and, in a second step, linear multiple regressions were applied on only 

two distinct datasets: an estuarine one (n = 146) and a purely marine one (n = 47).

Regression #2:

For the marine stations, the regression was kept linear and the correlation coefficient 

between BSi measured and estimated by the regression was r2 = 0.830 (n = 47). The partial 

coefficients k\ (BSiv/DiatChla) and k2 were respectively 0.52 ± 0.29 umol ug and 0.66 ± 

0.07 umol mg"1. Using the conversion factors, these coefficients would correspond 

respectively to a Si/C molar ratio in living diatoms of 0.21 ± 0.12 and to a BSidet content in 

the residual SPM (i.e. not due to BSiiiv or to the living diatom biomass) of 4.17 ± 0.44 % (BSi 

as hydrated SiO2, see Chapter 2).

For the estuarine dataset, the linear multiple regression (r2 = 0.832, n = 146) led to a 

BSiliv/DiatChla of 1.08 ± 0.16 umol pg1 (corresponding to a Si/C molar ratio of 0.43 ± 0.06) 

and to a BSidet/SPMnbld of 0.366 ± 0.024 umol mg1. The residuals did not seem to exhibit any 

trend when plotted against DiatChla but appeared to be linked to SPMnbid: the plot of BSidet 

(BSi minus BSiijv) against SPMnbid exhibited a “power” relation with an exponent

SPMnbid (mg L1)

Fig. 5.4: BSidet versus SPMnbid after regression #2 in the estuary. 
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significantly lower than one (Fig. 5.4). This apparent non-linearity between BSidet and 

SPMnbid may originate from a varying BSi content in the SPM along the estuary: the upstream 

part of the estuary tends indeed to have higher SPM concentrations but lower BSi contents 

than the seaward part. This may be due to the fact that the SPM in the estuary is composed of 

material originating from the tidal river and from the coastal zone, which gradually mix along 

the salinity gradient (Verlaan et al. 1998).

Regression #3:

In order to test the previous hypothesis, the BSidct/SPMnbid ratio (partial coefficient k2 

in Eq. 2.5 in Chapter 2) was allowed to vary linearly along the salinity gradient according to: 

k2 - a2 - S + b2 (Eq. 5.1)

with S the salinity, and a2 and b2 the partial coefficients to be fitted. The BSi¡/DiatChla ratio 

was identical to what was found in regression #2 (1.08 ± 0.16 umol ug, t-test for equality: p 

= 0.98) and a2 and b2 were respectively 0.0046 ± 0.0035 umol mg ' and 0.331 ± 0.035 umol 

mg1, indicating that the variation of the BSidct/SPMnbid ratio along the salinity gradient was 

significant. However, the correlation coefficient (r2 = 0.820, n = 146) was slightly lower than 

in the previous regression and, more importantly, residuals plotted against SPMnbid displayed 

still a concave relationship, similar to that observed after regression #2.

Regression #4:

The “power” relationship presented above is derived from an empirical observation 

only, and no physical explanation for this relationship was attempted. Nevertheless, as the 

highest SPM concentrations could be associated with resuspension events, this would imply 

that, compared to BSidet, SPMnbid would be preferentially resuspended. As a fourth step, a 

non-linear multiple regression was finally applied on the estuarine dataset:

BSi = k, ■ DiatChla + k| ■ (SPMnbU)c (Eq. 5.2) 

with the coefficients k1, k, and c to be fitted using a step-by-step procedure. Firstly, a linear 

multiple regression was performed with DiatChla and (SPMnbld)c with the value of c given by 

the non-linear regression shown in Fig. 5.4. A second estimate of BSinv was thus obtained as 

well as a second c coefficient and the procedure was repeated. The value of c converged and 

varied by less than 2x105 % after the sixth iteration (Fig. 5.5). At that stage, the correlation 

between the BSi concentrations measured and estimated by the regression was improved (r2 = 

0.867, n = 146), c was equal to 0.674 ± 0.052 (± 95 % confidence interval) and was still 

significantly different than 1. BSi¡/DiatChla and k4 were respectively 0.84 ± 0.12 umol ug 
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and 1.66 ± 0.08 umol mg-0.674 L-0.326 (± 95 % confidence interval). This corresponded to a 

Si/C molar ratio in living diatoms of 0.334 ± 0.049 and, for the range of our SPM dataset, the 

BSidet content in the residual SPM (see above) ranged from about 2 % to 7 % (decreasing with 

increasing residual SPM concentrations).

After the non-linear multiple regression (#4)

SPMnbid (mg L-1)

Fig. 5.5: BSidet versus SPMnbid after regression #4 in the estuary.

BSi estimated using the multiple regression and BSinv and BSidet fractions

The variations in the measured BSi concentrations were very well captured by the 

multiple regression model in both the estuarine and marine areas, except for the sampling 

points at the freshwater end-member in September 2004 and July 2005 (Fig. 5.6). The reason 

why these two outliers were the only data points that did not fit to this regression scheme is 

unknown. The BSi concentrations recalculated using Eq. 5.2 with the coefficient as 

determined above or using the linear multiple regression for the tidal river with k1 and k2 of 

respectively 0.67 umol ug and 0.48 umol mg’1 (Chapter 3) provided similar concentrations, 

about 40-50 % lower than that measured.

In the coastal zone, only the recalculated BSi concentrations at the station #780 in 
May 2004 deviated significantly from that measured. Except for this sample, the differences 

between both profiles were not particularly higher in April and May than during the other
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Fig. 5.6: Measured BSi concentrations (grey lines) and those estimated by the multiple regression 

models (open circles) along the estuarine salinity gradient and in the coastal zone (CZ). For the latter, 

ticks represent, from left to right, stations #710, #780, #130, #230 and #330. Panels are ordered 

according to seasons (from top to bottom), then to years (from left to right). The multiple regression 

was applied assuming that DiatChla concentrations in the estuary were null in February 2004. 
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campaigns. This may indicate that, even if Phaeocystis may have contributed significantly to 

DiatChla concentrations, their presence did not have a strong effect on the description of the 

BSi concentrations by the linear multiple regression model.

BSiliv/DiatChla in the estuary was significantly different from that in the coastal zone 

(/-test for equality: p = 0.063) but not from that in the tidal river (Chapter 3, t-test for equality: 

p = 0.511). However, in contrast to what was observed in the tidal river, BSi in the estuary 

and in the coastal zone was in general under the form of BSidet (Fig. 5.7). Lowest BSiiiv 

contributions were generally found in the zone of salinity 5-15, due to lowest DiatChla 

concentations (Fig. 5.2). Despite inter-annual variations, BSiliv contributions in the freshwater 

part of the estuary were negligible in winter, increased to 20-30 % in spring and reached the 

highest values in July-October (from about 20 to 70 %). In the lower estuary, BSiiiv 

contributions of more than 50 % (and locally reaching 100 %) could be observed in May and 

July but were low from end summer to early spring. In the coastal zone, BSitiv contributions 

always increased with distance from the coastline and contributions were only higher than 30 

% in March 2003 (only at stations #230 and #330) and in May 2005.

Phytolith contribution
The Scheldt estuary is linked to 24 km2 of marshes (Meire et al. 2005), in which reeds 

can be an important, if not major constituent of the vegetation (Soetaert et al. 2004). Reeds 

produce high amounts of BSi as phytoliths (Struyf et al. 2005) which may potentially end up 

in the water of the Scheldt after the plant decay. Indeed, all the reed aboveground biomass is 

entirely deposited as litter on an annual timescale (Soetaert et al. 2004). However, these

Fig. 5.7 (next pagae): BSidet (black lines) and maximum amounts of BSi from phytoliths (grey lines) 

expressed as the percentage of the measured BSi concentrations along the estuarine salinity gradient 

and in the coastal zone (CZ). In the coastal zone, ticks represent, from left to right, stations #710, 

#780, #130, #230 and #330. Panels are ordered according to seasons (from top to bottom), then to 

years (from left to right).

To calculate the phytolith contributions in February 2004, POC concentrations were estimated using 

the linear decrease with salinity of the non-diatom POC content in SPMnbid when the phytoplankton 

contribution to POC was minimal, i.e. in March 2003, November 2004, April 2005 and October 2005 

(y = -0.0835 x + 5.26, r2 = 0.439, n = 55).
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marshes do not appear to act as a source but rather as depositional sites for the SPM of the 

Scheldt (Van Maldegem et al. 1993; Temmerman et al. 2003). Thus, although a BSi exchange 

is possible between the marsh and the channel at each tidal cycle, BSi is expected to be 

always net imported to the marsh, as observed for marshes along the tidal river (Chapter 3).

Nevertheless, the estuarine waters carry large quantities of terrestrial material (Abril et 

al. 2002) and important amounts of phytoliths can be brought by soil erosion to the rivers 

(Cary et al. 2005). As in the tidal river (Chapter 3), the presence of phytoliths was assumed to 

be associated with the presence of POC from soil and vegetation, which constitute about 23 % 

of the non-phytoplankton POC (Abril et al. 2002). Accordingly, the phytoliths distribution in 

the Scheldt estuary was derived using, as a maximum estimate, the same Si/C molar ratio of 

0.05 as in the tidal river (Chapter 3; Struyf et al. 2005).

Highest maximum phytolith contributions to the BSi were predicted at the most 

freshwater stations in March 2003 and February 2004 (31 %, Fig. 5.7) due to low BSi 

contents (1 %, Fig. 5.1). Apart from these samples, the phytolith contribution was never 

higher than 20 % and generally below 10 %. Its decrease along the salinity gradient was 

attributed to the decrease of the POC content in the SPM (Fig. 5.3), which may be explained 

by the consumption of the most labile fraction of the POC in the estuary (Abril et al. 2002). 

As a result, the fraction of POC from vegetation and soil, which can be considered as 

refractory (Abril et al. 2002; Struyf et al. 2007), may have increased. But still, the major part 

of the BSidet in the Scheldt could not be possibly attributed to phytoliths, and it could be 

assumed that phytoliths actually represented only a minor fraction of the BSi in the Scheldt 

estuary.

5.3 32Si incorporation experiments

Kinetic experiments of 32Si incorporation were performed at 8 selected stations in the 

estuary and at station #330 in the coastal zone in April, May and July 2005 (see Chapter 2).

Model  for time-course silica uptake

Because 32Si has been made available only recently, a limited number of incorporation 

experiments have been performed until now. In addition, uptake rates have generally been 

estimated from single measurements of 32Si incorporation after 24 hours of incubation. 

Brzezinski and Phillips (1997) and Rousseau et al. (2002) nevertheless performed time-course 
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experiments with natural and artificial light/dark cycles and observed that the incorporation as 

a function of time was roughly linear. In our time-course experiments performed under 

constant light, the kinetics of silica incorporation displayed a significant exponential pattern 

(Fig. 5.8), in accordance with the model of Brzezinski and Phillips (1997):

BSiw = BSio • (ev ' - 1) (Eq.5.3a)

with BSinew the amount of silica incorporated during the incubation time (umol L1, see 

Chapter 2), BSio the biogenic silica at the start of the incubation (umol L1), t the duration of 

the incubation (h) and V the specific silica uptake rate (h’1). This relation is equivalent to the 

relationship commonly used to estimate specific uptake rates:

V = L I BS + BS,) (Eq. 5.3b)
t \ BSi0 )

y = BSi0 (eV: - 1)

Time (h)

Fig. 5.8: Example of silica uptake during a time-course 32Si incorporation experiment performed at the 

mouth of the estuary (salinity 29.6) in July 2005. BSinew is calculated following Eq. 2.6 and 2.7 

(Chapter 2), and the data are fitted with the exponential incorporation model (Eq. 5.3a) using PRISM 

5.01. The dash lines represent the 95 % confidence interval of the regression.

BSio and V (and their 95 % confidence intervals) were estimated by fitting Eq. 5.3a to 

our data using PRISM 5.01. The validity of the exponential uptake model was confirmed by 

the fact that correlation coefficients r2 were higher than 0.98 in all experiments and higher 

than 0.99 in two third of the experiments, except however for the experiment at salinity 4.8 in 
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April 2005 which was discarded (Antwerp, km 81, r2 exponential model of 0.88 in Fig. 5.9). 

Most of these correlation coefficients were higher than those that would have been obtained 

by linear regressions (Fig. 5.9). In addition, the linear regressions would have led to negative 

y-axis intercepts in all experiments (except at salinity 4.8 in April 2005, discarded). The 95 % 

confidence intervals for V and for BSio determined using the exponential model could be 

however very broad (see further).

0.88 0.9 0.92 0.94 0.96 0.98 1

r2, exponential model

Fig. 5.9: Comparison between the correlation coefficients r2 obtained by linear or exponential fitting 

of the BSinew versus time profiles.

DSi addition experiment

For the DSi addition experiment performed at station #330 in July 2005, the specific 

uptake rates were calculated using Eq. 5.3b, with BSio as calculated for this station during the 

time-course experiment (0.084 umol L1). The data were well fitted by a Michaelis-Menten 

relationship (Martin-Jézéquel et al. 2000):

V DSi__max 

- + DSi

with DSi the average of the initial and final DSi concentrations (the latter being estimated 

from the amount of incorporated 32Si), Vmax the theoretical specific uptake rate at infinite DSi 

concentration and K, the half-saturation constant. Vmax and K, were determined by least­
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square regression using PRISM 5.01, which provided also 95 % confidence intervals (Fig. 

5.10). The correlation coefficient was equal to 0.889, and Vmax and Ks were respectively equal 

to 0.0533 ± 0.0046 h’1 and 0.54 ± 0.28 umol L-1. Vmax was in the range of the specific uptake 

rates measured during the other campaigns or at other stations with non-limiting DSi 

concentrations (see further). Ks was in the range of what has typically been measured in 

natural environments (from 0.5 to 5 umol L1, e.g. Nelson and Brzezinski 1990; Nelson and 

Dortch 1996; Brzezinski et al. 1997; Kristiansen et al. 2000; Leynaert et al. 2001; Ragueneau 

et al. 2002a), although in the lower range. This might have been due to the adaptation of the 

diatom community may to the low DSi concentrations that prevailed since April-May 

(Chapter 4; Rousseau et al. 2002; Van der Zee and Chou 2005). The specific uptake rate at 

station #330 in July 2005 was thus only slightly, potentially limited.

0.06-1

0.004------ i-------- I-------- I-------- I------- I------- I---------- I 
0------ 2-4-------6-------8------ 10-----12----- 14

DSi concentration (umol L1)
Fig. 5.10: Specific uptake rates versus the average of the initial and final DSi concentrations at the 

marine station #330 in July 2005. The data are fitted with a Michaelis-Menten relationship using 

PRISM 5.01. The dashed lines represent the 95 % confidence interval of the regression.

BSi associated with growing diatoms

BSio and V were estimated in water pre-filtrated on a 400 um mesh to prevent the 

presence of zooplankton in the incubation experiments. One may argue that such a pre­

filtration could also retain SPM aggregates and the associated diatoms, such as the large ones 

frequently observed in the waters of the Scheldt (Rhizosolenia sp., Odontella sp. or Ditylum 

brightwellii) or those forming chains (Skeletonema costatum or Chaetoceros sp.). However, 

the pre-filtration did not induce lower DiatChla concentrations, nor did it alter the 

DiatChla/Chla ratio, except at the marine station (and in the lower part of the estuary in July 
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2005) where the pre-filtration preferentially retained diatoms during the three campaigns (Fig. 

5.1 la). The differences observed in April 2005 between salinities 10 and 15 were attributed to 

the poor analytical precision at low Chla and DiatChla concentrations. Assuming that the 

composition of the diatom community was not significantly modified by the pre-filtration, the 

specific uptake rates measured in the pre-filtered water were expected to be identical to that in 

the non pre-filtered one. Similarly, BSi¡¡/DiatChla ratios previously estimated should also 

apply to the pre-filtered water and, with the measured DiatChla concentrations in the pre­

filtered samples, BSiiv concentrations in the pre-filtered water could be determined. When 

comparing these concentrations with those of BSio, some deviations were admittedly 

observed. But considering the large confidence intervals in the determination of BSio and 

above all the fact that the two methods were completely different, the similarities between 

BSio and BSiiiv patterns were striking, especially when they were both compared to the total 

amount of BSi (Fig. 5.1lb). This supported the above estimations of the BSitiv concentrations 

in the estuary.

Specific silica uptake rates

The specific silica uptake rates varied between 0.02 and 0.1 h1 (Fig. 5.11c). Highest 

uptake rates tended to occur around salinities 5-15, with a decreasing trend towards the sea in 

May 2005 while a local maximum was observed at the mouth of the estuary in April and July 

2005. However, these patterns have to be taken with care considering the broad 95 % 

confidence intervals. The low specific uptake rate in the coastal zone in May could be due to

Fig. 5.11 (next page):

a. DiatChla concentrations and DiatChla contributions to Chla in pre-filtered and non pre-filtered 

samples at selected stations in the estuary and at the marine station #330.

b. BSio concentrations (in pre-filtered samples) estimated from the best-fit of Eq. 5.3a with error bars 

indicating the 95 % confidence intervals. BSiiiv concentrations in the pre-filtered water (estimated from 

DiatChla concentrations in the pre-filtered water and the BSi¡¡DiatChla ratios in the non pre-filtered 

water), as well as total BSi concentrations in the non pre-flitered water are also indicated. The stations 

are the same as those in panel a. Note the same data are represented in the upper and lower graphs of 

panel c, but with different scales.
c. Specific uptake rates and 95 % confidence intervals obtained by the best-fit of Eq. 5.3a. The stations 

are the same as those in panel a.
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DSi limitation: the DSi concentrations were 0.2 umol L1 (Chapter 4) while the DSi addition 

experiment yielded a half-saturation constant of 0.54 ± 0.28 umol L-1 (Fig. 5.10). 

Surprisingly, the lowest specific silica uptake rate (0.008 h'1) was measured in July 2005 in 

the most upstream station (Fig. 5.11c) while the DiatChla was at its highest level (Fig. 5.2), 

but the associated 95 % confidence interval was large: values up to 0.05 h’1 would also be 

included in this interval. When BSio was forced to be equal to BSiiiv in Eq. 5.3a (41.0 umol L’ 

!), a good fit was still obtained (r2 = 0.979, n = 6) and V amounted to 0.022 ± 0.002 h"1, which 

is still low but in the range of the other measurements.

Our specific uptake rates are in the range of those measured in diatom cultures 

(Conway and Harrison 1977; Martin-Jézéquel et al. 2000; Claquin and Martin-Jézéquel 2005). 

In the natural environment, although Ragueneau et al. (2002a) measured rates up to 0.15 h’1 

(in non-limiting DSi conditions during a DSi addition experiment) in a coastal diatom bloom 

dominated by the fast growing Chaeotoceros sp., specific uptake rates generally remained 

lower than 0.05 h1, including in productive zones such as estuarine plumes, coastal or 

upwelling zones, and that even at non-limiting DSi concentrations (e.g. Nelson and 

Brzezinski 1990; Nelson and Dortch 1996; Brzezinski et al. 1997; Kristiansen et al. 2000; 

Leynaert et al. 2001; Ragueneau et al. 2002b). In those studies however, the specific uptake 

rates were calculated using ambient BSi concentrations and only one measurement of 32Si (or 

30Si) incorporation per water sample (no time-course experiments). The presence of detrital 

BSi would thus result in an underestimation of the specific uptake rates (Nelson and 

Brzezinski 1990; Leynaert et al. 2001). In our experiment, such bias was avoided by the time­

course methodology: BSio was obtained fitting Eq. 5.3a. Further comparison between our 

rates and those published could not be attempted as all rates were measured under different 

light conditions (artificial or natural, different intensities and light/dark cycles).

In contrast, using the same light conditions (continuous exposure at 120-150 umol 

quanta m2 s1) for all incorporation experiments allowed us to compare uptake rates obtained 

at different times and/or places. The rates reflected the ability of the diatoms to grow under 

this fixed irradiance and thus provided a comparative estimate of the physiological status of 

the diatoms. However, they did not represent the in situ uptake rates prevailing in the Scheldt. 

The latter would actually be impossible to measure under a single, constant irradiance, due to 

the strong vertical light gradient and the vertical mixing in the Scheldt, which imply that 
diatoms are be exposed to strongly varying light conditions at a short time-scale. In addition, 

silica and carbon uptake by diatoms are uncoupled and diatoms may uptake silica in the dark: 
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diatoms may constitute internal pools of dissolved silica, so that silica uptake does not depend 

directly on the light availability but primarily on the cell cycle (Claquin and Martin-Jézéquel 

2005).

In the Scheldt, despite important variations in the DiatChla concentrations along the 

salinity gradient in April, May and July 2005, the specific uptake rate did not differ 

significantly from one campaign to another, suggesting that diatoms were in similar 

physiological status in April, May and July 2005. Dijkman and Kromkamp (2006) observed 

that diatoms were all in good physiological condition along the entire salinity gradient in May 

2005, hypothesizing that unhealthy cells were quickly removed from the water column. In our 

data, a healthy state could also be assumed for salinities higher than 15 in May 2005 as 

diatoms were blooming, so that diatoms that grew during the incubations in April and July 

2005 were also considered to be in good health even if they were in low concentrations. This 

was also supported by the facts that diatom growth was in the exponential phase during the 

incubations (Fig. 5.8). In addition, the measured specific uptake rates were among the highest 

ones observed in cultures or in the natural environment. The good physiological status is not 

surprising for April 2005, as this date could correspond to the beginning of the spring diatom 

growth (Chapter 4). However, the DiatChla concentrations were also lower in July 2005 than 

in May 2005. This could have been interpreted as diatom senescence, but the fact that the 

uptake rates did not change from May to July 2005 supports the contrary. The grazing 

pressure may be a clue to this paradox (see further).

5.4 SPM and phytoplankton dynamics: implications for BSi behaviour

Phytoplankton mortality in the zone of turbidity maximum

As shown by the high BSiiiv fraction, the supply to the estuary of the high living 

diatom biomass blooming in the tidal river in summer contributed significantly to the highest 

BSi concentrations, which were observed in the upstream stations in summer and early 

autumn (Figs. 5.1, 5.2 and 5.7). However, the high diatom concentrations quickly dropped in 

the upper estuary (Fig. 5.2). It has been suggested that the phytoplankton mortality in the zone 

of salinity 0-10 was due to osmotic stress (Muylaert et al. 2000). Lionard et al. (2005) 

observed a decline in growth rates when the phytoplankton from the Scheldt tidal river was 

incubated in brackish estuarine water, but these authors also observed that osmotic stress 

could not be the only explanation. When isolated from the Scheldt tidal river and grown in
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batch at various salinities, Cyclotella meneghiniana (the diatom species blooming in summer 

in the tidal river, Muylaert et al. 2000) even showed a good tolerance to salinity with a growth 

optimum at salinity about 18 (Roubeix and Lancelot 2008). Nevertheless, these species 

rapidly declined in the Scheldt estuary from salinity 5 onwards, to be replaced by marine or 

brackish species (Rijstenbil et al. 1993, Muylaert et al. 2000).

The phytoplankton decline in the zone of salinity 0-10 could also be due to light 

limitation (Soetaert et al. 1994, Lionard et al. 2005). Compared to the tidal river, the mean 

water depth is deeper in the upstream part of the brackish estuary and the turbidity increases 

(Lionard et al. 2005, Chen et al. 2005). Due to the hydrodynamic processes leading to the 

formation of a turbidity maximum, particles are retained in this zone (Chen et al. 2005) and 

the residence time of the phytoplankton in this light-poor area is therefore expected to be 

much higher than in other regions of the estuary.

Impact of grazing on phytoplankton dynamics

Ecosystem model simulations suggested that grazing by the copepod-dominated 

zooplankton community might control the phytoplankton biomass in the Scheldt estuary 

(Soetaert and Van Rijswijk 1993; Soetaert et al. 1994).

In addition to osmotic stress and light limitation, grazing may also contribute to the 

large drop of the phytoplankton biomass in the upper part of the estuary during summer and 

autumn. In the early nineties, rotifers were the dominating zooplankton species within the 

turbidity maximum (Soetaert and Van Rijswijk 1993; Tackx et al. 2004). Rotifers are still the 

dominating zooplankton community in the tidal river (Tackx et al. 2005), where they 

obviously cannot control the phytoplankton community, as shown by the high biomass 

reached by the phytoplankton (Muylaert et al. 2000; Lionard 2006). However, the oxygen 

content has increased since the nineties in the uppermost part of the brackish estuary due to 

enhancement of the water quality (Kromkamp and Peene 2005; Soetaert et al. 2006). As a 

consequence, the calanoid copepod Eurytemora afflnis, which dominates the copepod 

community in terms of biomass in the Scheldt estuary (Soetaert and Van Rijswijk 1993), is 

now observed near Antwerp at salinities 0-5 (Appeltans et al. 2003). This copepod reaches its 

maximum abundance in early spring and it is followed by the copepod Arcatia tonsa in 

summer and early autumn (Soetaert and Van Rijswijk 1993).

Downstream of salinity 15, the copepod biomass remains low in spring but a high 

biomass of copepods originating from the coastal zone is observed in summer and autumn 
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(Soetaert and Van Rijswijk 1993). These dynamics could explain why, while phytoplankton 

developed in May in the lower part of the estuary, its biomass decreased in summer and early 

autumn despite nutrients availability and comparable light climates at least in May and July 

(Chla: Fig. 5.2; light climate: IRMB 2003-2005; dissolved silicate: Fig. 4.1 in Chapter 4; 

nitrogen and phosphorus: Van der Zee and Chou 2007). This is also supported by the fact that 

the diatom community in July 2005 did not appear to be senescent: the physiological status of 

the diatoms in July 2005 was similar to that in May 2005 (see above), and Dijkman and 

Kromkamp (2006) observed that diatoms were in a good state in May 2005.

BSi dynamics in the zone of turbidity maximum: parallelism with those of SPM

Even when the BSitiv fraction was not important, highest BSi concentrations were 

generally observed in the zone of salinity 0-10, associated to a turbidity maximum in the 

upper part of the estuary. However, this turbidity maximum was clearly seen only in half of 

our campaigns (March and July 2003, September and November 2004, and April and July 

2005, Fig. 5.1) due to the complex spatial and temporal variations in the SPM concentrations: 

longitudinal as well as lateral gradients, short-term, periodic (ebb-flood or spring-neap cycles) 

as well as aperiodic (high discharge events) (Fettweis et al. 1998; Chen et al. 2005).

In the turbidity maximum, SPM (and thus BSi) concentrations are driven by settling 

and resuspension processes: SPM settles at slack water but is resuspended during ebb and/or 

flood (Fettweis et al. 1998, Chen et al. 2005). As a general rule, SPM increases with current 

velocity once a threshold (critical erosion velocity) of 0.56 m s'1 is exceeded, but phenomena 

such as scour-lag and settling-lag induce hysteresis patterns (Chen et al. 2005). The extent of 

the SPM resuspension during flood and ebb and of the hysteresis patterns also depends on the 

local morphology of the bed and on the amount of bottom material available for resuspension 

(Chen et al. 2005). This intense exchange of material between the water column and the 

sediments could explain why the BSi was mostly as BSidet and the BSi content in the SPM 

was always below 4 % at salinities 5-10, while just upstream of this zone, in the less saline 

stations, BSi was mostly as BSiiiv and much higher contents were observed (e.g. July 2004, 

Figs. 5.1 and 5.7). Vertical gradients in SPM concentrations are also present (Chen et al. 

2005), but the vertical variability in BSi concentrations could not be verified as only surface 

samples were taken.

Variability in SPM concentrations can also be observed at longer time-scales: SPM 

concentrations are generally higher during spring tides than during neap tides (by a factor 1.3- 
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1.7) and the seasonal variation of the freshwater discharge induces higher SPM concentrations 

in winter than in summer and a shift of the position of the turbidity maximum (comprised 

between km 110 during dry periods and km 50 during peak freshwater discharges) (Fettweis 

et al. 1998). Such variability associated with hydrodynamic forcing is also expected for BSi 

but advection of high amounts of BSi from the tidal river will add a supplementary 

contribution in the zone of salinity 0-10. In our data, no simple seasonal variation in BSi 

concentrations could be observed in this zone as they were presumably masked by the 

important short-term (tidal) variations.

SPM dynamics downstream the turbidity maximum

Downstream of the turbidity maximum, SPM concentrations did not display any 

significant variability within a tidal cycle (Chen et al. 2005) and seasonal variations could be 

observed: highest average SPM concentrations were found in winter and spring (Fig. 5.1). 

The same seasonal pattern was observed for BSi (Fig. 5.1). This variation was mainly due to 

that of BSidet associated with SPM as, except for May 2004 in the most seaward part of the 

estuary, the contribution of BSiiiv was small (Fig. 5.7).

In this area, corresponding to the Dutch part of the Scheldt estuary (salinities higher 

than 10), tidal flats and shallow waters represent a large fraction of the total surface area of 

the Scheldt (respectively 19 and 10 %, Meire et al. 2005) and resuspension of SPM from tidal 

flats may occur due to wind-induced waves, leading to significant increases in SPM 

concentrations above the tidal flats and in the channel (de Jonge and van Beusekom 1995). De 

Jonge and van Beusekom (1995) also reported that the microphytobenthos was resuspended 

together with the SPM with increasing wind speed. However, the link between the SPM 

concentrations and the wind speed was not observed at our seasonal timescale: in particular, 

the weather appeared to be windier during the campaigns in July than during those in May 

(not shown), while SPM concentrations were lower in July than in May. Nevertheless, in 

addition to the grazing pressure, the settling of the phytoplankton with the SPM might have 

contributed to the low biomass observed in July, as the Chla content of the SPM in July was 

not significantly lower than that in May (Figs. 5.1 and 5.2).

An important feature of the SPM dynamics in the lower part of the Scheldt is that this 

section of the estuary hosts a net upstream transport of particulate material (Chen et al. 2005). 

Van Maldegem et al. (1993) also observed a net import of mud from the coastal zone into the 

estuary. The SPM along the salinity gradient is thus a mix between SPM from riverine and 
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marine origins: at the confluence with the Rupel, the SPM is only of riverine origin, this 

fraction progressively decreases with increasing salinity down to the mouth of the estuary 

where the SPM is almost entirely of marine origin (Verlaan et al. 1998). The local turbidity 

maximum situated in the coastal zone (Van Alphen 1990; Fettweis and Van den Eynde 2003; 

Chen et al. 2005) may be the source of this SPM of marine origin. As a result, SPM from both 

the tidal river and the coastal zone accumulates in the Scheldt, and deposits preferentially in 

low currents area such as marshes, tidal flats and harbours and their access channels (Van 

Maldegem et al. 1993; Verlaan et al. 1997; Salden et al. 1998; Wartel et al. 2007). The link 

between SPM and BSi suggests that BSi also follows such behaviour. Those complex 

dynamics imply that the methods for estimating fluxes as applied in the tidal river or for 

dissolved species such as DSi in the estuary are not applicable for particulate material in the 

estuary, but the link between BSi and the well-studied SPM will now be used to derive a BSi 

mass-balance from an existing SPM budget in the Scheldt estuary.

5.5 Mud and BSi mass-balances in the Scheldt estuary

Mud is the fraction of the SPM with a granulometric size smaller than 63 um. It 

contributes for about 90 % of the SPM (Verlaan et al. 1998; Chen et al. 2005), so that its 

dynamics were assumed to be a good estimation of those of the SPM. Mud dynamics have 

been extensively studied in the Scheldt estuary, as it carries the major part of adsorbed 

contaminants (heavy metals for instance) (Verlaan et al. 1998). Mud dynamics were also 

investigated because regular dredging of the accumulated mud is needed to ensure the access 

to the harbour of Antwerp (Verlaan et al. 1997; Wartel et al. 2007). The dredging activity also 

allowed the removal of old contaminated sediments from the estuary as, from 1990 onwards, 

no dredged material was dumped anymore in the channel, but deposited on land or in deep 

water areas in harbours (Verlaan et al. 1997). Several mud budgets have been established for 

the Scheldt estuary since the early nineties, in particular by Van Eck (1991), Van Maldegem 

et al. (1993), Vereeke (1994), Verlaan et al. (1997) and Salden et al. (1998). Others 

estimations were also performed but their results were mostly reported and/or incorporated in 

these studies (for instance studies by W.B.M. ten Brinke and J. Claessens were incorporated 

in Vereeke 1994). Wartel et al. (2007) also proposed more recently a mud balance for the 

Belgian part of the estuary.

150



5 - BSi in the estuary

These mud budgets differ from each other in terms of their methodology and the 

extent of the area studied, but unfortunately also in terms of results, such as for instance the 

amount of mud deposited or transported in the different parts of the estuary (Annex 5A). 

Although based on data from the early nineties, the budget from Vereeke (1994), which is an 

update of that of Van Maldegem et al. (1993) with newer data, was assumed to provide the 

best representation of the current mud balance in the estuary (Annex 5A).

Mud mass-balance proposed by Vereeke (1994)

The last two cited authors divided the entire brackish estuary into 14 compartments, of 

which the first 5 ones corresponded to the Belgian part of the estuary (Fig. 5.12; Van 

Maldegem et al. 1993; Vereeke 1994). For each compartment, mud mass-balances were 

performed, based on the deposition/erosion in the main channel and sandbars (estimated from 

comparisons of bottom maps), and the deposition in marshes and mudflats (from existing 

sedimentation rates). Lateral inflows and/or exports, amount of dredged and/or dumped 

material, measured SPM concentrations and riverine mud content in the sediments were also 

taken into account. The marine mud inflow at the mouth of the estuary, the least constrained 

parameter, was set as the closing term.

In the Belgian part of the estuary, mud was only withdrawn through lateral export (to 

the harbour of Antwerp) and by dredging of the mud accumulated in the access channels to 

the locks but, in the Dutch part of the estuary, mud dynamics were driven by the balance 

between natural erosion and deposition (Fig. 5.12). Mud deposition occurred principally in 

mudflats (compartments 7-8 and 14) and in the marsh of Saeftinge (compartments 7-8) but 

also in the channel (compartment 11); the important mud deposition in mudflats of 

compartment 14 and the erosion in the main channel and mudflats in compartment 13 induce 

a large local decrease of the mud transport between the compartments 13 and 14 (Fig. 5.12). 

Little mud was deposited or eroded in sandbars, in accordance with the fact that sediments in 

sandbars are mainly sandy (Van Maldegem et al. 1993).

As described in Van Alphen (1990), Van Eck et al. (1991), Van Maldegem et al. 

(1993) and earlier studies reported in Van Maldegem (1993), mass balance calculations 

indicate a significant net landwards transport of marine mud at the mouth of the estuary, with 

nearly as much marine as riverine mud net-imported to the estuary (Fig. 5.12). This can be 

explained by the residual bottom currents that are directed landwards in the marine part of the 

estuary (e.g. Baeyens et al. 1998). Both fractions settle within the Scheldt estuary. The
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Belgium Netherlands
Compartments:

1 2 3 45 6 7 8 9 10 11 12 13 14

Distance from mouth (km)

Fig. 5.12: The 14-compartment mud budget established by Vereeke (1994) for the Scheldt estuary: 

upper graph: mud sources and sinks in the 14 compartments. Positive values indicate sources of mud 

to the water column.

lower graph: riverine, marine and total mud fluxes at the compartment boundaries. Positive values 

indicate fluxes directed seawards.
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riverine mud entirely settles in compartments 3-8 and very little riverine mud is exported to 

the North Sea, which is in accordance with Verlaan (1998) who observed that the marine mud 

fraction accounted for more than 80 % in the water downstream km 50 in the mid nineties. All 

the marine mud also settles within the estuary, one third of it in the Belgian part of the 

estuary. Therefore, no significant amounts of marine mud go further than the limit of the salt 

intrusion, as observed by Verlaan et al. (1998) and Verlaan (1998). Overall, 627 kton of mud 

are deposited yearly in the Scheldt estuary. Assuming that the transport of BSi follows that of 

the mud, it appears that BSi is net imported from the coastal zone at the mouth of the estuary 

and that the estuary acts as a net sink for BSi of both riverine and marine origin. A 

quantification of these processes will be established in the following sections.

BSi as a constituent of the mud fraction

In the freshwater part of the estuary, the diatom community is dominated by small­

sized diatom species (size of a few tens of micrometres), so that the BSi produced by these 

species is a part of the mud fraction. Downstream of the turbidity maximum area, the diatom 

community is also composed of small diatoms (such as Skeletonema sp. and Thalassiosira 

sp.) but also of larger ones (such as Ditylum brightwellii, Rhisosolenia sp., Odontella sp. or 

Coscinodiscus sp. whose sizes are in the order of 100 um) (Rijstenbil et al. 1993; Muylaert 

and Sabbe 1999; Boschker et al. 2005; Brochard et al. 2005). Nevertheless, most of the BSi in 

the Scheldt estuary was described as detrital material and, although this was not verified 

microscopically, a large part of this BSi from large frustules was assumed to be broken pieces. 

Finally, although they are not expected to contribute significantly to the BSi pool, the sizes of 

phytoliths range from one to several tens of micrometers (Alexandre et al. 1997). BSi was 

thus assumed to be mostly included in the mud fraction of the SPM along the entire salinity 

gradient.

Annual average BSi content

In order to convert mud budget results from Vereeke (1994) into a BSi budget using 

the BSi contents measured during our campaigns, an annual average BSi content was needed 

for each compartment boundary.

Average BSi content at each compartment boundary for each campaign:

For this purpose, BSi profiles in the estuary were now plotted against the distance 

from the mouth of the estuary, not against salinity (Fig. 5.12). As sampling was performed 
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irrespective the tide phase, the average position of the sampled water parcels during the 

sampling periods were estimated from model simulations of the salinity using the 

CONTRASTE model (Chapter 4). For each campaign, all measured BSi contents were 

assigned to their closest compartment boundary, and averaged. If no BSi content was 

measured close to a boundary, the average BSi content at this boundary was calculated by 

linear interpolation between the next upstream and downstream boundaries. The BSi contents 

assigned to the upstream boundary of compartment 1 (km 94) corresponded to those measured 

at the most upstream stations, and if no measurement of the BSi content was performed 

downstream km 5, the BSi content assigned was that of the most seaward measurement.

Weighted annual average:

The BSi contents of each campaign were lumped into four distinct periods: late 

autumn - winter (November to February, 4 months), early spring (March April, 2 months), 

late spring (May June, 2 months) and summer - early autumn (July to October, 4 months). 

The annual average BSi content was finally calculated as the weighted average taking into 

account the number of months for each period, as well as a coefficient reflecting the seasonal 

variation of the mud influx from the freshwater and of the mud concentrations in the estuary: 

mud concentrations are two times higher in winter than in summer (Van Maldegem et al. 

1993; Fettweis et al. 1998), and the higher winter discharge induces higher riverine mud 

fluxes. However, as the riverine mud fluxes decrease along the Belgian part of the estuary and 

become negligible downstream km 50 (Fig. 5.12), the discharge coefficient (corresponding to 

the mean discharge during the period) was only applied fully at the upstream boundary of the 

compartment 1, with a linearly decreasing pattern towards the mouth until km 50, and no 

discharge correction was applied downstream km 50. The same weighting procedure, applied 

on minimum and maximum contents measured during each of the four periods, provided 

respectively minimum and maximum annual average BSi contents (Fig. 5.13).

Longitudinal profile of the annual average BSi content:

The average, weighted BSi content displayed a local maxima at 3.3 % in the less 

saline part of the estuary and another one at 3.8 % around km 20 (Fig. 5.13). In between, there 

was a clear minimum at km 72 with a BSi content of 2.6 %. The BSiiiv content was several 

times lower than that of BSidet and, in average, BSiiiv did not exceed 20 % of the total BSi 

content in the estuary: it was highest in the upstream part of the estuary, dropped to less than 

4 % between km 50 and km 70 and reached 11-14 % in the last 40 km before the mouth. Even 

so, most of the variations in the total BSi content along the estuary could be attributed to the 
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BSiiiv content and the BSidet content increased almost regularly from the freshwater end­

member to the seawater end-member (Fig. 5.13), which is in agreement with the fact that the 

SPM in the Scheldt is composed of a gradual mix of material originating form the freshwater 

and seawater end-members (Verlaan et al. 1998).

Distance from mouth (km)

Fig. 5.13: Annual average BSi contents at the compartment boundaries. Minimum and maximum 

annual BSi contents (see text) are also indicated, as well as annual average BSiiiv and BSidet contents.

BSi fluxes along the estuary

The mud fluxes from Vereeke (1994) (Fig. 5.12) were multiplied by the weighted 

average BSi contents (Fig. 5.13) to estimate BSi fluxes at each compartment boundary along 

the estuary (Fig. 5.14). Rigorously, this methodology should apply only to BSidet, the fraction 

of BSi that, to the contrary to BSÍhv, followed the SPM dynamics, but the total BSi content 

was nevertheless used as fluxes of living diatoms were unknown and as the contribution of 

BSiiiv to the total BSi was small in terms of concentrations. As the BSi content did not 

strongly vary along the estuary, BSi fluxes mirrored the mud fluxes (Fig. 5.12 and 5.14). 

There was about as much BSi imported from the coastal zone (165 Mmol yr1) as that brought 

by the tidal river (184 Mmol yr'1).
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Fig. 5.14: annual BSi fluxes along the Scheldt estuary. Positive values indicate fluxes directed 

seawards. Minimum and maximum annual BSi fluxes estimated from minimum and maximum BSi 

contents (Fig. 5.13) are also indicated

The amount of marine BSi imported to the estuary at the mouth was determined as the 

closing term of the mud balance and there exists no other estimation to which it could be 

compared. Yet a net import of BSi is in accordance with the fact that BSi content is in general 

higher in the coastal zone than in the lower part of the estuary (Fig. 5.1): the BSi content 

should be higher at incoming tides than during outgoing ones, so if the tide oscillations result 

in net mud import to the estuary, this should also be the case for BSi. At the freshwater end­

member, the BSi flux was twice higher than that directly estimated for the year 2003 (80 

Mmol yr, see Table 3.2 in Chapter 3), but this could be explained by two factors: in addition 

to the flux weighted average BSi content (2.65 %) being lower in 2003 than that shown in 

Fig. 5.13, the annual flux of riverine SPM at Hemiksem amounted to 199 kton yr'1 (calculated 

from 7 Feb. 2003 to 6 Feb. 2004 using the same procedure as for BSi in Chapter 3). This latter 

amount is significantly lower than in the average situation described in the mud budget from 

Vereeke (1994). The amount of mud discharged to the brackish estuary displays indeed large 

inter-annual variations: between 1992 and 2002, it varied within a factor 4.5 (Wartel et al. 

2007). During this period, it averaged to 348 kton yr1, which is in accordance with the value 

used by Vereeke (1994) (Fig. 5.12). Also, the annual riverine mud fluxes correlated well with 

the annual discharge, leading to a discharge weighted average mud concentration in the 
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freshwater input of 81.4 ± 8.4 mg L'1 (± 95 % confidence interval, r2 = 0.75, n = 11, negligible 

intercept at a 95 % confidence level, data from Wartel et al. 2007). The freshwater discharge 

averaged 100 m3 s’1 during our study period (2003-2005) and with such an average mud 

concentration, the riverine mud and BSi inflows would respectively amount to 258 ± 26 kton 

yr’1 and 123 ± 13 Mmol yr 1.

As for mud, most of the BSi settling is expected to occur, not in the main channel but 

in the accesses to locks (compartments 3-5, km 57-78) and in mudflats and marshes (notably 

in the marsh of Saeftinge, km 45-55, located just downstream the Belgian/Dutch border). 

Also, the local large decrease in the mud flux at km 11 involving settling and resuspension of 

mud in the main channel in compartments 13 and 14 (see above) could also be seen in the BSi 

flux pattern (Fig. 5.14). Settling and resuspension of BSi each compartment could not be 

directly estimated from the BSi fluxes as BSi is also produced within the estuary with a net 

yearly amount of 200 Mmol yr'1 (including losses due to dissolution, Chapter 4). Mud can be 

affected by important resuspension/deposition processes, but no sedimentary source of BSi 

was considered as, ultimately, this resuspended BSi must have been from either riverine, 

marine or autochthonous origin. As a result, considering that during our study period, an 

average of 165 Mmol yr1 of BSi were imported from the coastal zone and 123 Mmol yr1 

from the tidal river and that they settled within the estuary together with BSi of autochthonous 

origin, 488 Mmol yr1 of BSi were deposited in the estuary. With a mud deposition of 536 

kton yr 1, the BSi content in the deposited material would amount 5.3 %. This content being 

higher than what was observed along the estuary (Fig. 5.13), it would indicate preferential 

settling of BSi compared to the rest of the SPM, as observed between Dendermonde and 

Temse (Chapter 3). The amount of BSi deposited is one order of magnitude higher in the 

estuary than in the tidal river, but when expressed with respect to the surface area (Table 4.1 

in Chapter 4), the deposition rates are close: 3.0 mol m'2 yr'1 and 1.8 mol m2 yr'1 respectively 

in the tidal river and in the estuary. However, these figures do not take into account the fact 

that the deposition is highly spatially heterogeneous in both the tidal river and the estuary.

5.6 References

Abril G, Nogueira M, Etcheber H, Cabeçadas G, Lemaire E, Brogueira MJ (2002) Behaviour of 
organic carbon in nine contrasting European estuaries. Estuar Coast Shelf Sci 54:241-262

157



Silica in the Scheldt tidal system

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

Appeltans W, Hannouti A, Van Damme S, Soetaert K, Vanthomme D, Tackx M (2003) Zooplankton 
in the Schelde estuary (Belgium/The Netherlands). The distribution of Eurytemora affinis: effect 
of oxygen? J Plankton Res 25(11):1441-1445

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

Baeyens W, Van Eck B, Lambert C, Wollast R, Goeyens L (1998) General description of the Scheldt 
estuary. Hydrobiologia 366:1-14

Boschker HTS, Kromkamp JC, Middelburg JJ (2005) Biomarker and carbon isotopic constraints on 
bacterial and algal community structure and functioning in a turbid, tidal estuary. Limnol 
Oceanogr 50(l):70-80

Brochard CJE, Koeman RPT, de Keijzer-de Haan AL, Verweij GL, Fockens K, Esselink P (2005) 
Biomonitoring van fytoplankton in de Nederlandse zoute wateren 2004, kite-diagrammen. 
Koeman en bijkerk bv, ecologisch onderzoek en advies, Haren, The Netherlands. (In Dutch)

Brochard CJE, Koeman RPT, de Keijzer-de Haan AL, Verweij GL, van Wezel R, Fockens K, Esselink 
P (2006) Biomonitoring van fytoplankton in de Nederlandse zoute wateren 2005, kite­
diagrammen. Koeman en bijkerk bv, ecologisch onderzoek en advies, Haren, The Netherlands. (In 
Dutch)

Brzezinski MA, Phillips DR (1997) Evaluation of 32Si as a tracer for measuring silica production rates 
in marine waters. Limnol Oceanogr 42(5):856-865

Brzezinski MA, Phillips DR, Chavez FP, Friederich GE, Dugdale RC (1997) Silica production in the 
Monterey, California, upwelling; system. Limnology and Oceanography 42(8):1694-1705

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 74:1Ql- 
104

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

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

Conway HL, Harrison PJ (1977) Marine diatoms grown in chemostats under silicate or ammonium 
limitation. IV. Transient response of Chaetoceros debilis, Skeletonema costatum, and 
Thalassiosira gravida to a single addition of the limiting nutrient. Mar Biol 43:33-43

De Jonge VN, van Beusekom JEE (1995) Wind- and tide-induced resuspension of sediment and 
microphytobenthos from tidal flats in the Ems estuary. Limnol Oceanogr 40(4):766-778

158



5 - BSi in the estuary

Dijkman NA, Kromkamp JC (2006) Photosynthetic characteristics of the phytoplankton in the Scheldt 
estuary: community and single-cell fluorescence measurements. Eur J Phycol 41(4):425-434

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

Fettweis M, Van den Eynde D (2003) The mud deposits and the high turbidity in the Belgian-Dutch 
coastal zone, southern bight of the North Sea. Cont Shelf Res 23:669-691

IRMB (Institut Royal Météorologique de Belgique) (2003-2005) Bulletins mensuels, Observations 
climatologiques, parties I et II. Institut Royal Météorologique de Belgique, Bruxelles. (In 
French/Dutch)

Kristiansen S, Farbrot T, Naustvoll L-J (2000) Production of biogenic silica by spring diatoms. Limnol 
Oceanogr 45(2):472-478

Kromkamp JC, Peene J (1995) Possibility of net phytoplankton primary production in the turbid 
Schelde Estuary (SW Netherlands). Mar Ecol Prog Ser 121:249-259

Kromkamp JC, Peene J (2005) Changes in phytoplankton biomass and primary production between 
1991 and 2001in the Westerschelde estuary (Belgium/The Netherlands). Hydrobiologia 540(1- 
3):117-126

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

Leynaert A, Treguer P, Lancelot C, Rodier M (2001) Silicon limitation of biogenic silica production in 
the Equatorial Pacific. Deep Sea Research Part I: Oceanographic Research Papers 48(3):639-660

Lionard M, Muylaert K, Van Gansbeke D, Vyverman W (2005) Influence of changes in salinity and 
light intensity on growth of phytoplankton communities from the Schelde river and estuary 
(Belgium/The Netherlands). Hydrobiologia 540(1-3):105-115

Lionard M, Muylaert K, Hanouti A, Maris T, Tackx M, Vyverman W (2008) Inter-annual variability 
in phytoplankton summer blooms in the freshwater tidal reaches of the Schelde estuary 
(Belgium). Estuar Coast Shelf Sci 79(4):694-700

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

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(l-3):l-l1

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

159



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(l-3):127-140

Muylaert K, Gonzales R, Franck M, Lionard M, van der Zee C, Cattrijsse A, Sabbe K, Chou L, 
Vyverman W (2006) Spatial variation in phytoplankton dynamics in the Belgian coastal zone of 
the North Sea studied by microscopy, HPLC-CHEMTAX and underway fluorescence recordings. 
J Sea Res 55:253-265

Nelson DM, Brzezinski MA (1990) Kinetics of silicic acid uptake by natural diatom assemblages in 
two Gulf Stream warm-core rings. Mar Ecol Prog Ser 62:283-292

Nelson DM, Dortch Q (1996) Silicic acid depletion and silicon limitation in the plume of the 
Mississippi River: evidence from kinetic studies in spring and summer. Mar Ecol Prog Ser 
136:163-178

Ragueneau 0, Chauvaud L, Leynaert A, Thouzeau G, Paulet YM, Bonnet S, Lorrain A, Grall J, 
Corvaisier R, Le Hir M, Jean F, Clavier J (2002a) Direct evidence of a biologically active coastal 
silicate pump: ecological implications. Limnol Oceanogr 47(6):1849-1854

Ragueneau 0, Lancelot C, Egorov V, Vervlimmeren J, Cociasu A, Deliat G, Krastev A, Daoud N, 
Rousseau V, Popovitchev V (2002b) Biogeochemical transformations of inorganic nutrients in the 
mixing zone between the Danube River and the north-western Black Sea. Estuar Coast Shelf Sci 
54(3):321-336

Rijstenbil JW, Bakker C, Jackson RH, Merks AGA, de Visscher PRM (1993) Spatial and temporal 
variation in community composition and photosynthetic characteristics of phytoplankton in the 
upper Westerschelde estuary (Belgium, SW Netherlands). Hydrobiologia 269/270:263-273

Roubeix V, Lancelot C (2008) Effect of salinity on growth, cell size and silicification of an euryhaline 
freshwater diatom: Cyclotella meneghiniana Kütz. Transit Water Bull 1:31-38

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

Salden RM, van Eck GTM, Holland ABM, Lefèvre FOB, Van Maldegem DC, de Ridder J, Spronk 
GC, Schouwenaar A, Verlaan PAJ (1998) Het effect van slibverwijdering in de Beneden 
Zeeschelde op de waterkwaliteiten slibhuishouding in de Westerschelde. Evaluatie van een 
bepaling uit de WVO-vergunning onderhoudsbaggerspecie. Rapport RIKZ-98.015. Ministerie van 
Verkeer en Waterstaat, Directoraat-Generaal Rijkswaterstaat, Rijksinstituut voor Kust en 
Zee/RIKZ, The Netherlands. (In Dutch)

Soetaert K, Van Rijswijk P (1993) Spatial and temporal patterns of the zooplankton in the 
Westerschelde estuary. Mar Ecol Prog Ser 97:47-59

Soetaert K, Herman PMJ, Kromkamp JC (1994) Living in the twilight : estimating net phytoplankton 
growth in the Westerschelde estuary (The Netherlands) by means of an ecosystem model 
(MOSES). J Plankton Res 16:1277-1301

160



5 — BSi in the estuary

Soetaert K, Hoffmann M, Meire P, Starink M, van Oevelen D, Van Regenmortel S, Cox T (2004) 
Modeling growth and carbon allocation in two reed beds (Phragmites australis) in the Scheldt 
estuary. Aquat Bot 79:211-234

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, 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

Suzumura M, Kokubun H, Arata N (2004) Distribution and characteristics of suspended particulate 
matter in a heavily eutrophic estuary, Tokyo Bay, Japan. Mar Pollut Bull 49:496-503

Tackx M, De Pauw N, Van Mieghem R, Azémar F, Hannouti A, Van Damme S, Fiers F, Daro N, 
Meire P (2004) Zooplankton in the Schelde estuary, Belgium and The Netherlands, spatial and 
temporal patterns. J Plankton Res 26(2):133-141

Tackx M, Azémar F, Boulêtreau S, De Pauw N, Bakker K, Sautour B, Gasparini S, Soetaert K, Van 
Damme S, Meire P (2005) Zooplankton in the Schelde estuary, Belgium and The Netherlands: 
long-term trends in spring populations. Hydrobiologia 540:275-278

Temmerman S, Govers G, Wartel S, Meire P (2003) Spatial and temporal factors controlling short­
term sedimentation in a salt and freshwater tidal marsh, Scheldt estuary, Belgium, SW 
Netherlands. Earth Surf Process Landforms 28:739-755

Tungaraza C, Rousseau V, Brion N, Lancelot C, Gichuki J, Baeyens W, Goeyens L (2003) 
Contrasting nitrogen uptake by diatom and PAaeocy^/A-dominated phytoplankton assemblages in 
the North Sea. Journal of Experimental Marine Biology and Ecology 292(1):19-41

Van Alphen JSLJ (1990) A mud balance for Belgian-Dutch coastal waters between 1969 and 1986. 
Netherlands Journal of Sea Research 25(l/2):19-30

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(l-3):29-45

Van der Zee C, Chou L (2005) Seasonal cycling of phosphorus in the Southern Bight of the North Sea. 
Biogeosciences 2:27-42

Van der Zee C, Roevros N, Chou L (2007) Phosphorus speciation, transformation and retention in the 
Scheldt estuary (Belgium/The Netherlands) from the freshwater tidal limits to the North Sea. Mar 
Chem 106(l-2):76-91

Van Eck GTM (1991) De ontwikkeling van een waterkwaliteitsmodel voor het Schelde-estuarium (In 
Dutch). Water 61:215-218

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

161



Silica in the Scheldt tidal system

Vereeke SJP (1994) Geactualiseerde slibbalans Schelde-estuarium (2e concept). Ministerie van 
Verkeer en Waterstaat, Directoraat-Generaal Rijkswaterstaat, Directie Zeeland, Middelburg, The 
Netherlands. (In Dutch)

Verlaan PAJ, Maartense VJ, Meijerink SV, Donze M (1997) Slibtransport in de Schelde over de 
Belgisch-Nederlandse grens (In Dutch). H2O 30(8):255-260

Verlaan PAJ, Donze M, Kuik P (1998) Marine vs fluvial suspended matter in the Scheldt estuary. 
Estuar Coast Shelf Sei 46:873-883

Verlaan PAJ (1998) Mixing of marine and fluvial particles in the Scheldt estuary. Ph.D. thesis. 
Technische Universiteit Delft, The Netherlands.

Wartel S, Chen M, van Eck GTM, Van Maldegem D (2007) Influence of harbour construction on mud 
accumulation in the Scheldt estuary. Aquatic Ecosystem Health & Management 10(l):107-l15

162



5A — Mud budgets

5A ANNEX: Mud budgets

5A.1 Literature review and selection of a mud mass-balance for the Scheldt 

estuary

Mud budgets for the entire estuary were built in the early nineties (Van Eck 1991; Van 

Maldegem et al. 1993; Vereeke 1994). They were actually based on the same box-model 

methodology (mud balances on 14 compartments, see text for details), but with different input 

and output data. Since the late nineties, mud budgets were restricted to the area upstream of 

the Belgian/Dutch border, as the goal of these studies was the estimation of the mud 

accumulation in this area and/or the amount of riverine mud supplied to the Dutch part of the 

estuary (Verlaan et al. 1997; Salden et al. 1998; Wartel et al. 2007). These budgets were 

established by a single mass-balance between different sources and sinks for mud recognized 

for this area, as detailed in Table 5A-1.

Impact of the access to locks on the mud dynamics

All mud budgets performed on data from the 90’s and after (Verlaan et al. 1997; 

Salden et al. 1998; Wartel et al. 2007) agree on the fact that, due to their low water energy, the 

access channels to locks act as efficient mud traps, at the cost of the mud deposition in the 

main channel and of the mud export to the Dutch part of the estuary. Their bottom sediments 

are as a result almost entirely composed of mud, while those of the main channel are for the 

major part coarser deposits (Wartel et al. 1999). Thus, their construction in the mid-eighties 

(Verlaan et al. 1997) have drastically changed the mud dynamics in the upper part of the 

estuary. Intense dredging was required in the access channel to the locks to ensure shipping 

access. Most of the dredging activity was performed in the access channel to the Kallo lock, 

but only little export of mud is expected through this lock due its low shutting frequency 

(Verlaan et al. 1997; Salden et al. 1998). In contrast, most of the export to harbours is 

expected to be through the Zandvliet/Berendrecht lock, while the mud accumulated in the 

access channel was just dredged back to the estuary.
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Table 5A-1: Sources and sinks of mud to the Belgian part of the Scheldt estuary (in kton yr1). The 
numbers in bold and italics indicate data that the authors obtained using mass-balance calculations. 
The grey columns correspond to mass-balances established for periods after the mid-eighties (see 
text).
* Average of the individual budgets for the years 1992, 1993 and 1994. In Verlaan et al. (1997), the 
export to harbours is missing for the year 1994 and only the budgets for the years 1992 and 1993 are 
closed. Here, the year 1994 is also taken into account after closing the budget following the same 
methodology as in Verlaan et al. (1997) with the export to the harbours taken from Salden et al. 
(1998).

Van Eck 1991
Van Maldegem 

et al. 1993
Veereke 1994 Verlaan et al. 1997 Salden et al.

1998
Wartel et al. 2007

date of data 1975-1985 1975-1985 1975-1985 + 
early nineties 1964-1986 1992-1994 * 1992-1995 1964-1986 1986-1999

riverine mud from the tidal 
river and lateral inputs 432 410 390 375 220 220 400 230

export to harbours

-83

-120 -150 -150 -333 -221 - -

dredging/dumping 60

-240

-50

-447 -300 -42

-91

export to access channels - - -20

accumulation/resuspension 
in/from bottom sediments of 

the channel and marshes
-42 -9 -100 569 321 -52 -32

export riverine mud at the 
Belgian/Dutch border -365 -386 -121 -175 -110 -100

-306 -87
marine mud inflow at the 

Belgian/Dutch border 16 78 130 100 100 80

Selected mud budget for the Dutch part of the estuary

Similarly to the budgets established for the years 1964-1986 by Verlaan et al. (1997) 

and Wartel et al. (2007), the mass-balances proposed by Van Eek et al. (1991) and Van 

Maldegem et al. (1993) were considered as not applicable to our study period (2003-2005) as 

they were derived from data collected before the mid-eighties, i.e. before the construction of 

the access to the locks. They indeed led to higher export of riverine mud to the Dutch part of 

the estuary than the other studies (Table 5A-1). The study from Vereeke (1994) is an update 

of the one of Van Maldegem et al. (1993) with more recent data and considerations. Although 

it is partly based on data for the period 1975-1985 (riverine mud input flux for instance), it 

also incorporates the amount of material dredged mostly from the access channel to the lock 

of Kallo (data from 1992). Other updates concern, among others, the lateral inputs and outputs 

and the riverine to marine mud ratios. The study from Vereeke (1994) was therefore seen as 
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the most reliable mud budget available for the Dutch part of the estuary, but the choice was 

more complicated for the Belgian part of the estuary as later budgets providing different 

results were also available.

Selected mud budget for the Belgian part of the estuary

Budgets from Verlaan et al. (1997) and Salden et al. (1998)

The budgets of Verlaan et al. (1997) and Salden et al. (1998) were based on the same 

dataset although Salden et al. (1998) included the year 1995. The methodology differed only 

slightly and the results presented similarities (Table 5A-1). The marine mud input flux at the 

Belgian/Dutch border was fixed in Verlaan et al. (1997) but deduced from the mass-balance 

and riverine/marine mud ratios in Salden et al. (1998). Salden et al. (1998) additionally took 

into account the mud contents in dredged materials and estimated their marine mud fractions. 

As the depth has to be maintained for shipping access to the locks, Verlaan et al. (1997) and 

Salden et al. (1998) estimated that the amounts of sediment dredged in the access channels to 

locks and behind locks provided by the Belgian authorities reflected the gross mud 

accumulation and export through the locks. They respectively averaged about 300 and 

221 kton yr1 during 1992-1995 (Salden et al. 1998). The mud flux at the border was fixed as 

half of the mud input flux from the tidal river and the bottom mud accumulation/resuspension 

was estimated by closing the budget. The unbalance between the riverine mud input flux (220 

kton yr'1) and the dredging and the export to ports (521 kton yr1) was thus compensated by a 

net bottom erosion (321 kton yr'1) in the main channel and an import of marine mud from 

downstream (80 kton yr1). This resulted in a net annual mud flux of 20 kton yr of mud to the 

downstream part of the estuary at the Belgian/Dutch border (Salden et al. 1998). Verlaan et al. 

(1997) also calculated a net bottom mud erosion and similar net fluxes ranging from 0 to 25 

kton yr'1 in 1992-1994 and averaging 10 kton yr 1.

Budget from Wartel et al. (2007)

The results from Wartel et al. (2007) differed significantly from those of Verlaan et al. 

(1997) and Salden et al. (1998) (Table 5A-1). The methodology and the data used were also 

different. The mud accumulation was directly determined using bottom maps of 1986 and 

1999 and it is the mud transport at the Belgian/Dutch border which was determined by closing 

the budget. Wartel et al. (2007) observed little net mud accumulation in the access channels to 
the Kallo and Zandvliet/Berendrecht locks (8 and 13 kton yr'1 respectively), but also a small 

net mud accumulation in bottom sediments of the channel (20 kton yr1, to which should be 
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added a deposition in marshes of 12 kton yr-1). This observation ruled out the use of the 

budgets of Verlaan et al. (1997) and Salden et al. (1998) for a general representation of the 

mud balance in this part of the estuary. However, the high net mud outflow through the 

Belgian/Dutch border (87 kton yr'1) that Wartel et al. (2007) estimated may appear also 

doubtful as the authors did not take into account the export of mud through the locks and used 

a low annual withdrawal of mud by dredging in their budget (91 kton yr'1): they reported that 

1187 kton of mud were dredged between 1992 and 1999 from the access channel to the Kallo 

lock while Salden et al. (1998) reported 1206 kton yr'1 for the period 1992-1995 only. 

Between 1990 and 2003, from 2 to 5 Mm3 were withdrawn every year (Meire et al. 2005), 

corresponding in average to 367 kton yr'1 of dry material (Meire et al. 2005), or 330 kton yr 

with a mud content of 90 % (Salden et al. 1998; Wartel et al. 1999). This latter annual average 

amount is very close to what used Salden et al. (1998).

Budget from Vereeke (1994)

Vereeke (1994) presented a somewhat intermediate situation. This author observed a 

net deposition (9 kton yr'1, actually in marshes) which would not go against the observations 

of Wartel et al. (2007). Dredging and export to harbours were also taken into account, 

although their amounts were lower than in Verlaan et al. (1997) and Salden et al. (1998). 

Vereeke (1994) set the dredging to what was actually done in 1992, a year during which less 

material was dredged compared to the average situation.

Concerning the export to harbours, Vereeke (1994) recognized that he chose his 

estimate (150 kton yr'1) on the low side of the available estimation range (from 150 to 350 

kton yr'1), which are however not known with precision (Verlaan et al. 1997; Salden et al. 

1998). Verlaan et al. (1997) and Salden et al. (1998) used amounts provided by the Belgian 

authorities, but dredging in harbours was not performed regularly and varied strongly from 

one year to another (Salden et al. 1998). Salden et al. (1998) used also an amount lower than 

that estimated in a study they reported (from 300 to 500 kton yr'1 according to Winterwerp 

1997, cited in Salden et al. 1998).

Variability in the riverine mud input

The budget from Vereeke (1994) also differed from the three most recent ones by the 

fact that the riverine mud input flux to the estuary was identical to those in the budgets 

established with data collected before the nineties, i.e. higher by almost a factor 2 than in the 

budgets from Verlaan et al. (1997), Salden et al. (1998) and Wartel et al. (2007) (Table 5A-1). 

Verlaan et al. (1997) and Salden et al. (1998) attributed the decrease of the riverine mud input 
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flux to the mud extraction and to the reduction of domestic and industrial waste discharge in 

the tidal river and its drainage basin. However, the riverine mud input flux is also strongly 

related to the freshwater discharge and displays high inter-annual variations (Verlaan et al. 

1997; Wartel et al. 2007). It generally varied between 200 and 500 kton yr'1 but could be as 

high as 800 kton yr1 in 1974 or as low as 100 kton yr1 in 1996 and 1997 (Verlaan et al. 1997; 

Wartel et al. 2007). As observed by Verlaan et al. (1997) and Salden et al. (1998), the riverine 

mud input flux exhibited low values during the early nineties together with low freshwater 

discharges, but it increased again after 1998 (Wartel et al. 2007). Overall, the riverine mud 

input flux for 1992-2002 averaged 348 kton yr’1 (Wartel et al. 2007), an amount 

corresponding to the estimate of Vereeke (1994).

Selected mud budget

As it was the case for the Dutch part of the estuary, the budget proposed by Vereeke 

(1994) also seemed to be the most reliable representation of an average situation of the mud 

budget in the Belgian part of the estuary, even if it was not the most recent. In addition, the 

mud dynamics in the entire estuary were described by a single study, thus preventing potential 

discrepanties due to the juxtaposition of two independent studies for the two parts of the 

estuary.
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O Summary and general discussion

The major results obtained in this study are summarised and the DSi and silica 

retention in the Scheldt are compared with those observed in other estuaries. The overall 

functioning of the silica dynamics in the Scheldt tidal system is further examined to highlight 

its main features, such as the importance of the BSi dynamics and of the influence of the 

coastal zone. Possible ways of refining our silica budgets are proposed and discussed. Finally, 

based on the results of this study and on the past long-term evolution of DSi concentrations in 

the Scheldt tidal system, the potential response of the silica dynamics to the improvement of 

the water quality and to the restoration of intertidal areas currently taking place in the tidal 

river is examined.

6.1 Silica dynamics in the Scheldt tidal system

Main results

DSi and BSi in the tidal river (Chapter 3)

Temporal evolution of dissolved and biogenic silica concentrations along the Scheldt 

tidal river and in its tributaries was investigated during one year in 2003. In the tributaries, 

DSi concentrations remained high and BSi concentrations were low throughout the year. In 

the tidal river during summer, DSi was completely consumed and BSi concentrations 

increased. Overall, most of the BSi was associated with living diatoms during the productive 

period in the tidal river. Nevertheless, the detrital BSi was a significant fraction of the total 

BSi pool, of which less than 10 % could be attributed to phytoliths. The tidal river was 

divided into two zones for budgeting purposes. The highest productivity was observed in the 

zone that received the highest water discharge, as higher riverine DSi input fluxes induced 

presumably a less restrictive DSi limitation, but the discharge pattern could not explain all by 

itself the variations in DSi consumption. Silica uptake and retention in the tidal river were 

important at the seasonal time-scale: from May to September, 48 % of the riverine DSi was 

consumed and 65 % of the produced BSi was deposited, leading to a silica (DSi + BSi) 

retention in the tidal river of 30 %. However, when annual fluxes were considered, DSi 
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uptake in the tidal river amounted to 14 % of the DSi inputs and only 6 % of the riverine silica 

(DSi + BSi) was retained in the tidal river.

DSi in the estuary (Chapter 4)

DSi concentrations have been measured along the entire salinity gradient of the 

Scheldt estuary during different seasons between 2003 and 2005. Concentrations always 

decreased from the freshwater to the seawater end-members and thus the estuarine DSi 

concentrations followed the same seasonal pattern as in the tidal river: high concentrations in 

winter and low ones in summer and early autumn. However, the DSi versus salinity profiles 

displayed concave or convex patterns, which were not solely induced by the mixing between 

freshwater and seawater, but also by the superimposed effects of diatom DSi uptake or DSi 

release by BSi dissolution. As the commonly used “Apparent Zero End-member” method for 

interpreting DSi profiles and estimating DSi fluxes at the mouth of the estuary is irrelevant in 

the case of the Scheldt, measured DSi profiles were compared to conservative ones which 

were obtained using fully-transient model simulations. DSi fluxes at the mouth of the estuary 

could also be calculated and the net DSi consumption or release could be quantified. The DSi 

consumption was maximum in May with a rate of 7.3 mmol m2 d'1, but it dropped quickly in 

July and a net release of DSi was observed from late summer onwards. The drop in the net 

DSi consumption was attributed to grazing control of the diatom growth. The net annual DSi 

consumption amounted to 0.76 mol m2 yr1, leading to a retention of 28 % of the total DSi 

input. These maximum and annual estimates, as well as the DSi retention in the estuary were 

two times higher than in the tidal river, but when normalised with respect to water surface 

area the DSi uptake rates were one order of magnitude lower in the estuary than in the tidal 

river.

BSi in the estuary (Chapter 5)

BSi, DiatChla and SPM concentrations have been measured over the entire salinity 

gradient in the estuary during different seasons between 2003 and 2005. Multiple regressions 

between these concentrations indicated that, in contrast to the tidal river, the major part of the 

BSi (85 % in average) did not follow the dynamics of the living diatoms but rather that of the 

SPM. However, similar to that observed in the tidal river, phytoliths could only account for a 

small fraction of the detrital BSi. Time-course 32Si incorporation experiments were also 

performed in April, May and July 2005. In addition to specific DSi uptake rates, these 

experiments provided estimations of the concentrations of BSi corresponding to growing 

diatoms. Even if the methodologies were completely different, these estimates compared well 
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to that of the BSi associated with living diatoms obtained using multiple regressions. 

Additionally, similar specific uptake rates were measured during the three campaigns, 

suggesting that diatoms were in a similar health status even if chlorophyll a concentrations 

dropped from May to July. This supports the hypothesis that the decrease in the 

phytoplankton biomass in July can be ascribed to grazing pressure. The longitudinal and 

temporal variations in the BSi profiles were interpreted based on the correlation between the 

BSi dynamics and those of the SPM and, to a lesser extent, DiatChla. Highest BSi 

concentrations were observed in the most freshwater part of the estuary, not only due to the 

advection of large amounts of diatoms from the tidal river, but also (and mainly) due to the 

presence of the turbidity maximum. This implies that, similar to SPM, BSi concentrations 

exhibited also a high temporal variability. In the zone of salinity 10-30, BSi was expected to 

be predominantly of marine origin. An annual BSi mass-balance was deduced from an 

existing SPM budget in the estuary: in addition to the autochthonous production of BSi, about 

the same amount of BSi was imported from the coastal zone to the estuary as that carried by 

the tidal river. The estuary appeared thus as a net sink for important amounts of BSi of 

different origins.

Comparisons with other estuarine ecosystems

DSi retention

Gross DSi consumption rates, which correspond to gross diatom (or BSi) productivity, 

were estimated from net DSi consumption rates assuming BSi dissolution to be insignificant 

in the tidal river (Chapter 3) and to amount to 400 kmol d1 from mid May to mid December 

(214 days) in the estuary (Chapter 4) (Table 6.1). Although the annual productivity in the tidal 

river and in the estuary differed by almost one order of magnitude, rates assessed in both 

systems were in the range of those measured worldwide. The few direct measurements of 

annual gross productivities displayed a high variability ranging from 0.2 to 8.3 mol m2 yr1 

(global estimate: 0.6-0.8 mol m2 yr'1, Ragueneau et al. 2000). Gross annual productivities in 

estuaries estimated by mass-balances are scarce but the values assessed for the Scheldt tidal 

system are also in the range of those estimated for other estuarine systems, such as for 

example the Great Ouse estuary (0.6-0.8 mol m-2 yr1, Rendell et al. 1997, assuming a water 

surface area of 2.2 km2, Nedwell and Trimmer 1996) or the Chesapeake Bay estuary (2.7 mol 

m2 yr1, D’Elia et al. 1983). Productivities of the same order of magnitude were also 

estimated in other semi-enclosed systems: e.g. 0.91 mol m2 yr in the Bay of Brest 
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(Ragueneau et al. 2005), 2.2 and 5 mol m’2 yr'1 in impoundments of the upper Mississippi 

River (Triplett et al. 2008), 3.8 mol m 2 yr 1 in the Jiaozhou Bay (Liu et al. 2008).

Table 6.1: Net and gross DSi annual consumption (indicated with a negative sign as for Tables 4.2 
and 4.3 in Chapter 4) in the tidal river, in the estuary and in the entire Scheldt tidal system (see text for 
estimation of the gross DSi consumption). Surface areas correspond to those indicated in Table 4.1 
(Chapter 4).

, tidal river + tidal river estuary° estuary

annual DSi consumption (mol m2 yr ’)
net -0.76 -1.08 

-7.20
gross -1.08 -1.39

One should nonetheless bear in mind that these retentions and rates reflect only a 

fraction of the functioning of the silica biogeochemical cycle, which can largely differ from 

one estuary to another. Firstly, the DSi retention estimates are largely influenced by the DSi 

inputs normalised with respect to water surface area. For instance, DSi displayed a 

conservative behaviour in one third of the estuaries listed in Roubeix (2007), such as in the 

Great Ouse estuary: despite a productivity around 0.6-0.8 mol m'2 yr'1 (Nedwell and Trimmer 

1996; Rendell et al. 1997), the DSi inputs normalized with respect to the water surface area 

(72 mol m2 yr’1) do not leave room for a significant DSi retention (less than 1 %). 

Nonetheless, as DSi is completely consumed in spring before entering the Great Ouse estuary 

(Rendell et al. 1997), the overall retention in the entire continuum may reach a higher 

percentage. Also, BSi dissolution has been shown to be a major process in many estuaries (or 

in semi-enclosed bays). Due to the increase of its rate with salinity (Roubeix et al. 2008; 

Loucaides et al. 2008), BSi dissolution is predominantly observed at salinities higher than 10 

and in coastal bays (Anderson 1986). It may constitute a DSi source which largely exceeds 

the riverine DSi inputs and thus sustains the major part of the diatom productivity (D’Elia et 

al. 1983; Yamada and D’Elia 1984; Ragueneau et al. 2005; Liu et al. 2008). As a result, the 

DSi retention depends then on the burial rate and can reach high values: e.g. 65 % in the 

Chesapeake Bay estuary (D’Elia et al. 1983) or 48 % in the Bay of Brest (where the BSi 

dissolution is in fact enhanced by benthic suspension feeders, Ragueneau et al. 2005). Even, 
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in the Jiaozhou Bay, a net import of DSi is from the adjacent Yellow Sea is also observed, so 

that the DSi retained in the bay exceeds several times that delivered by the rivers (Liu et al. 

2008).

The functioning of the silica cycle in the Scheldt lies between the two extreme cases 

described above. In the Scheldt, the BSi dissolution of 400 kmol dl observed from mid May 

to mid December would lead to an annual flux of 0.32 mol m2 yr1. This rate is several times 

smaller than the gross BSi production, which is thus mainly sustained by the riverine DSi 

inputs. This dissolution rate is also almost one order of magnitude lower than those in other 

estuaries reported by Yamada and D’Elia (1984). It may be attributed to the high amount of 

lithogenic material in the Scheldt estuary (Wartel 1977; Bouezmarni and Wollast 2005) which 

can lower the BSi dissolution efficiency (Dixit et al. 2001).

The DSi retention that we estimated for the Scheldt tidal system is nevertheless higher 

than the average estuarine retention of 20 % estimated by DeMaster (1981) as well as the 

value of 25 % for temperate rivers used by Tréguer et al. (1995) in his global silica budget. 

Also, our retention is among the highest range of the 19 worldwide estuarine DSi retentions 

reported by Roubeix (2007): 90 % exhibited a retention lower than 30 % and the average 

retention was 15 %. Compared to other estuaries, the Scheldt tidal system can thus be 

considered as an efficient filter for DSi. This may be due to the fact that the Scheldt is 

composed of two systems where DSi is consumed during different periods: overall, DSi is 

consumed from early spring until early autumn. Also, in the case of the Scheldt, the fact that 

only a small fraction of the BSi produced is expected to dissolve leads to an increased DSi 

retention.

BSi mass-balance

Even if BSi has been recognized as an important constituent of the riverine silica pool 

available at biological time-scales in downstream reaches (Conley 1997), there exists hardly 

any study reporting BSi mass-balances in estuaries. In particular, BSi mass-balances can be 

hampered by the lack of knowledge concerning BSi fluxes at the mouth of the estuary (e.g. 

Pastuszak et al. 2008). Also, as in the Scheldt tidal river in winter (Chapter 3), the large 

difference between DSi and BSi fluxes impedes the estimation of the in situ BSi production 

by DSi mass-balance calculations (Triplett et al. 2008). In the Scheldt, a key feature of the 

BSi budget is the net import of BSi at the mouth of the estuary. A net import of BSi from the 
coastal zone was as well observed by DeMaster (1981) in the Long Island Sound and Liu et 

al. (2008) in Jiaozhou Bay. The accumulation of coastal diatoms in the Kinsale estuary was 
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also described by Muylaert and Raine (1999). However, not all estuaries act as a sink for 

fluvial, marine and autochthonous BSi in the same extent as the Scheldt. This may only apply 

to macrotidal estuaries with long water residence times, which are able to accumulate 

sediments; in estuaries with short water residence times, flushing of the sediments may occur 

during freshets (Uncles et al. 2002). In addition, there exists an equilibrium between bed 

morphology, sediment supply and critical shear stress (Friedrichs 1995), so the intensive 

dredging activity in the Scheldt (Meire et al. 2005) may result in maintained high SPM 

deposition rates.

Comparison of the silica dynamics in the tidal river and that in the estuary

Silica exhibited contrasting behaviours in the tidal river and in the estuary, at the 

seasonal as well as at the annual timescale. The effects of the two aquatic systems on the 

transport of silica to the coastal zone were also different. Although the DSi was entirely 

consumed in summer in the tidal river, the transport of silica was not affected in a way that 

would have been critical for the coastal zone, both at the seasonal and annual timescales 

(Chapter 3). As BSi dynamics were linked to those of DSi, the DSi retention in the tidal river 

was counterbalanced by the net BSi production: the retention of the total amount of silica (6 

%) was lower than that of DSi (14 %, Chapter 3; Table 6.2). In contrast, the DSi consumption 

in the estuary occurred in spring, when DSi in the coastal zone could reach limiting levels. 

Furthermore, not only DSi retention in the estuary was significant at an annual timescale (28 

%), but the estuary acted also as a sink for the BSi of freshwater, marine and autochthonous 

origins. Considering DSi and BSi inputs at the freshwater end-member of respectively 705 

Mmol yr1 and 123 Mmol yr1 (Chapters 4 and 5) and, at the seawater end-member, DSi 

outputs of 505 Mmol yr-1 but BSi inputs of 165 Mmol yr’1, the annual silica retention in the 

estuary amounted to 59 %, which, in contrast to the tidal river, was higher than that of DSi 

(Table 6.2).

A direct juxtaposition of DSi and BSi mass-balances in the tidal river and the estuary 

was not possible. As these studies were applied to different years, the output fluxes estimated 

for the tidal river in Chapter 3 did not correspond to the input fluxes to the estuary in Chapters 

4 and 5. Nevertheless, in order to better visualize the silica dynamics in the entire Scheldt 

tidal system, an annual budget normalised to the silica inputs by tributaries (with a BSi to DSi 

ratio as indicated in Table 3.2, Chapter 3) was constructed (Fig. 6.1), based on the relative 

DSi and silica retentions indicated in Table 6.2.
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Table 6.2: DSi and (total, i.e. dissolved plus biogenic) silica retention (%) in the tidal river, in the 
estuary and in the entire Scheldt tidal system (as defined in Eq. 2.8a and b, Chapter 2).

tidal river estuary tidal river + 
estuary

DSi retention (%) 14 28 39
silica retention (%) 6 59 61

Fig. 6.1. Annual silica mass-balance (normalised to the riverine silica inputs) for the entire Scheldt 
tidal system. Arrow thickness is proportional to the magnitude of the flux. Horizontal arrows indicate 
net DSi or BSi fluxes and vertical arrows indicate net DSi consumption and net BSi deposition. The 
mass-balance has been constructed using DSi and silica retentions indicated in Table 6.2 and a ratio of 
BSi to DSi in the tributaries of 3 % (see Table 3.2, Chapter 3).

Overall, DSi and silica retentions of respectively 39 % and 61 % could be estimated 

for the Scheldt tidal system (Table 6.2): the Scheldt tidal system was thus an important filter 

for silica in the land-ocean continuum. Although the effects of the diatom uptake on DSi 

concentrations were more noticeable in the tidal river than in the estuary (Chapters 3 and 4), 

the predominant role of the estuarine silica dynamics in the overall retention of silica in the 

tidal system is highlighted in Fig. 6.1.

DSi retention in the tidal river was lower than that in the estuary (Table 6.2). Although 

there was a limitation by low summer DSi input fluxes (Chapter 3), the net areal DSi 
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consumption in the tidal river was one order of magnitude higher than that in the estuary 

when expressed with respect to the water surface area (Table 4.3). The DSi consumption in 

the estuary was not limited in spring, but was controlled in summer by the grazing pressure; 

even, a net DSi release was observed (Chapter 4).

The most remarkable feature in Fig. 6.1 was however that BSi was imported from the 

coastal zone, in constrast with the classical view of downstream transport of dissolved and 

particulate material in estuaries. It resulted in a silica retention in the estuary, which was one 

order of magnitude higher than that in the tidal river. Nevertheless, the estuary being about 20 

times larger than the tidal river (Table 4.1), more BSi was deposited in the tidal river than in 

the estuary when expressed per water surface area. Overall, the rates of the filtering efficiency 

of tidal river appears be higher than those in the estuary, but overall impact of the tidal river 

on silica retention is limited due to its much smaller size.

Importance of the BSi dynamics

Conley (1997) stressed that BSi might have been an overlooked but significant source 

of silica to the global marine silica cycle because it was an important constituent of the silica 

pool carried by rivers. However, our study in the Scheldt estuary illustrates that, in some 

estuaries, BSi may be also imported from the coastal zone. Taking into account the BSi fluxes 

at the mouth of the estuary would thus lead to total silica fluxes lower than those when only 

DSi is considered. Nevertheless, the large differences between the DSi and the total silica 

retention estimates in the tidal river and in the estuary (Table 6.2) demonstrate that BSi 

dynamics need to be taken into account when investigating silica retention in estuaries. In 

particular, this may result in contrasting effects: DSi retention may not only be lower than that 

of total silica, but also higher if, for instance, a net import of BSi is observed.

In addition, it is important to note that the BSi dynamics in the Scheldt cannot be 

assessed based on those of diatoms only. BSi could be predominantly associated with living 

diatoms in summer in the tidal river (Fig. 3.3, Chapter 3) and in spring and early summer in 

the lower part of the estuary (Fig. 5.7, Chapter 5). However, the same observation could not 

be held true in the lower reaches of the tidal river or in the estuary at an annual timescale due 

to the importance of winter BSi fluxes. The (annual flux-weighted average) fraction of the 

BSi not associated with living diatoms, amounted to 42 % at Dendermonde but increased to 

67 % at Temse and Hemiksem and even ranged from 80 to 97 % in the estuary (87 % at the 
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mouth). These high proportions indicate that the BSi dynamics shown in Fig. 6.1 are in fact 

mostly driven by SPM dynamics.

BSi and SPM may nevertheless still reflect uncoupled behaviours, such as e.g., a 

preferential settling of the BSi between Dendermonde and Temse (Chapter 3) and a varying 

detrital BSi content in the SPM of the estuary (Chapter 5). Finally, despite the phytolith-rich 

vegetation bordering the Scheldt, phytoliths were not, at first sight, expected to contribute 

significantly to the BSi pool.

Influence of the coastal zone

Our results also highlight the link between the biogeochemical and biological 

functioning of the downstream part of the Scheldt estuary and of the adjacent coastal zone. 

This is in contrast with the classical consideration that estuaries act as one-way filters for 

dissolved and particulate material of riverine origin only. This phenomenon affected the 

estuarine silica dynamics in different ways.

One impact on the BSi dynamics is evident: BSi was net imported from the coastal 

zone. Net import of DSi may also be observed during spring tides, low residual freshwater 

discharge and when DSi concentrations in the coastal zone reach higher levels than in the 

estuary in late summer (Fig. 4.1). But this phenomenon can possibly occur only during a short 

period (Fig. 4.8) and should be negligible at a longer timescale.

The estuarine DSi dynamics may however be strongly affected by the import of 

marine diatoms. As the estuarine DSi uptake occurs in spring, it could not be ascribed to the 

high summer diatom biomass observed in the most freshwater part of the estuary (Figs. 4.8 

and 5.2) but should then be attributed to the diatoms growing in the downstream part the 

estuary in spring. Soetaert et al. (1994) estimated that most of the phytoplankton in this area 

was produced in situ, but phytoplankton studies (e.g. Muylaert et al. 2009) indicated an 

important intrusion of diatoms of marine origin (which is also supported by the net import of 

marine SPM at the mouth of the estuary, Chapter 5). Nevertheless, these phytoplankton 

studies revealed also the presence of truly estuarine species. Also, the fact that the spring 

diatom blooms may not be of marine origin only would also support our observation that the 

maximum DSi uptake along the salinity gradient appeared to be located further inland in April 

than in May (Fig. 4.6). Nevertheless, the highest overall estuarine DSi consumption was 

observed in May (Fig. 4.8), close to the mouth of the estuary (Fig. 4.6), and may thus be 

ascribed for a large part (if not principally) to diatoms of marine origin. This is also supported 
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by the fact that the high spring DSi consumption could be simulated in modelling studies only 

when the intrusion of marine diatoms was allowed by the extension of the estuarine model 

domain to the coastal zone (Arndt 2008; Arndt et al. 2009). In addition, not only the DSi 

consumption was enhanced in spring by the marine diatom intrusion, but also controlled in 

summer due to the intrusion of copepods from the coastal zone (Chapter 4; Soetaert and van 

Rijswijk 1993). Finally, BSi dynamics were significantly affected as well by this diatom 

intrusion, as the amount of BSi produced by their development in the estuary was comparable 

to the BSi fluxes from the tidal river and from the coastal zone.

The silica dynamics in the estuary were thus, to a large extent (if not principally), 

derived from the import of BSi and diatoms from the coastal zone. As a result, the importance 

of the estuarine DSi and BSi dynamics could be ascribed to their coupling with those in the 

coastal zone. In turn, the retention of DSi in the estuary may affect the biological functioning 

of the coastal zone. This highlights the significance of the exchange of dissolved and 

suspended material at the mouth of the estuary. The functioning of estuaries should be 

investigated not only from rivers to coastal zones, but in both directions, especially when 

lower reaches of estuaries are investigated. For modelling studies for instance, this may mean 

that a proper description of the processes occurring in this highly dynamic area (whose effects 

are generally of major importance due to the size of the area) can only be achieved by 

extending the model domain to the adjacent coastal zone.

6.2 Refinement of the silica mass-balance

Winter DSi fluxes

As DSi is in principle consumed between spring and early autumn, it is tempting to 

focus the sampling efforts on this period. However, the high freshwater discharge in winter 

results in fluxes which represent an important if not major part of the annual flux. So, careful 

estimation of winter fluxes is required to build accurate annual budgets: a small relative 

imprecision about silica fluxes in winter can lead to a an apparent DSi consumption or 

release, which can be of the same order, or even exceed, the magnitude of the processes 

affecting silica in summer (see imprecision concerning winter fluxes in Chapters 3 and 4). 

Also, the investigation of the biogeochemical behaviour of DSi in winter (i.e. whether DSi 

behaves conservatively or whether it is affected by BSi dissolution) is only possible if a good
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precision is achieved. More data are thus needed on the behaviour of silica in winter in the 

Scheldt due to the imprecision for this period in our study.

BSi dissolution

The assumed contribution of the BSi dissolution in our mass-balance calculations was 

in agreement with those estimated by Arndt and Regnier (2007) and Arndt (2008) using 

model simulations. But, due to the importance of the BSi dissolution in other estuaries (see 

above), this process deserves to be better constrained. Results from the dissolution 

experiments and benthic flux measurements performed (Rebreanu 2009) in the Schledt 

estuary may for instance be implemented in our silica mass-balances.

Our BSi dissolution flux of 1.5 mmol m2 d1 prevailing from mid May to mid 

December (corresponding to the net DSi release in late summer and autumn of 400 kmol d“1, 

Chapter 4) is in the same range of those estimated by Rebreanu (2009) from incubation 

experiments performed on cores sampled at three stations along the Scheldt estuary (summer 

and autumn 2005 and spring 2006, average ± SD: 1.1 ± 1.3 mmol m2 d'1, Rebreanu 2009), 

but about one order of magnitude higher than those estimated from interstitial DSi profiles at 

the same stations (spring, summer and autumn 2004 and 2005: 0.17 ± 0.14 mmol m2 dl, 

Rebreanu 2009). However, not only did the average fluxes measured using the two methods 

differed by one order of magnitude, but fluxes measured using the same method displayed 

also an variability spanning over one order of magnitude. Additionally, no clear longitudinal 

or temporal pattern was highlighted (Rebreanu 2009). This important temporal and, 

especially, spatial variability may lead to a large imprecision in the direct estimation of BSi 

dissolution.

Furthermore, these fluxes were measured for sediment cores sampled in the navigation 

channel only, whereas higher fluxes are expected in lateral areas such as in mudflats, marshes 

or access channels to harbours, where mud deposits preferentially (Chapter 5): the BSi 

content determined along the navigation channel (generally less than 1 %, Rebreanu 2009) 

was indeed lower compared to that in the water column (2.5-4 %) or that deduced for 

deposited material (6 %) (Chapter 4). In addition, dredging activities in these depositional 

areas may result in an artificial temporal and spatial variability which appears difficult to 

assess.

Finally, despite a relatively low depth, BSi dissolution in the water column cannot be 

ruled out due to the amount of detrital BSi in the water column (Chapter 5) and to the 
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efficiency of the resuspension processes (Chen et al. 2005). As observed in the shallow 

Jiaozhou Bay (Liu et al. 2008), this source may even exceed the benthic fluxes. The 

contribution of the dissolution in the water column may be directly evaluated using silica 

stable isotopes; this can be performed concomitantly with the estimation of the BSi 

production (Beucher et al. 2004) or separately (e.g. Brzezinski et al. 2003).

Gross DSi uptake

The contribution of the BSi dissolution may also be estimated as the difference 

between the net balance of DSi and the gross DSi consumption. The latter may be directly 

obtained by 1) ecological model simulations that take into account the grazing pressure (e.g. 

Soetaert et al. 1994), 2) the direct measurement of the net phytoplankton growth, although the 

estimation of the phytoplankton respiration may be problematic in the Scheldt (Kromkamp 

and Peene 1995), or 3) the direct measurement of the DSi consumption using 32Si. In contrast 

to the last method, the first two ones would require the use of a Si/C conversion factor, which 

may be a source of uncertainty.

Silica and carbon uptake are uncoupled in diatoms: diatoms can also incorporate silica 

in the dark (Claquin and Martin-Jézéquel 2005) and the relationship between Si uptake and 

depth (and thus light availability) is not expected to be as direct as it is for carbon. To obtain 

an accurate estimate of the in situ DSi uptake, incorporation experiments should then be 

performed on water sampled at different depths. Also, the in situ light intensity and 

temperature have to be reproduced during the incubations (as performed e.g. by Tréguer et al. 

1991, Brzezinski et al. 1997 or Leynaert et al. 2001), which was not possible with our 

incubators.

Furthermore, because of diatom growth during the incubations, our incorporation 

experiments indicated that the consumption of DSi increased exponentially versus time (under 

constant light). Short time incubations (e.g. a few hours) may provide DSi consumption rates 

similar to those prevailing at the start of the incubation, but the diurnal variation of the light 

intensity would not be taken into account. In contrast, the importance of the grazing pressure 

in the Scheldt estuary cannot be neglected if DSi consumption rates are measured by 

performing 24 hours on-deck incubations at different light attenuations (as e.g. in Leynaert et 

al. 2001). However, assuming that the grazing pressure in the incubation bottles would be 

identical to that in situ, DSi consumption rates may be estimated by performing incubations 

on non pre-filtered water.
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BSi accumulation

In the estuary, DSi and BSi fluxes could be directly calculated at the freshwater end­

member but only the annual DSi flux could accurately be estimated at the seawater end­

member. In our study, the annual BSi flux at the mouth of the estuary was deduced from a 

SPM mass-balance taken from the literature, but there was no evidence that this mass-balance 

was applicable to our study period. This BSi flux could have been also assessed as the closing 

term of the silica mass-balance if the net silica accumulation in sediments was known. 

However, as for the benthic flux, the latter may not be easily estimated due to the spatial and 

temporal (short-term and seasonal) variability of the SPM deposition (Van Maldegem et al. 

1993; Fettweis et al. 1998; Chen et al. 2005) and of the BSi content in the sediment (Rebreanu 

2009). In addition, the amount of BSi removed during dredging activities should be taken into 

account.

This should in addition provide the opportunity to better study the extent of the 

coupling (and/or decoupling) between the BSi and SPM dynamics. Also, the origin of the BSi 

(frustules of living or dead diatoms, phytoliths) should be investigated by microscopic 

observations and compared to the results obtained within this study at the scale of the 

ecosystem.

6.3 Inter-annual and long-term variations

Influence of freshwater discharge

Inter-annual variations in the silica dynamics in the Scheldt tidal system should be 

investigated. Our study was performed during rather dry years (Table 2.2 in Chapter 2), and 

different results may be obtained during years with a higher discharge. In the tidal river, the 

DSi retention is expected to decrease with increasing water discharge (Chapter 3). In contrast, 

no simple relation can be put forward for the total silica retention: the BSi production may be 

maximum at an intermediate water discharge (Chapter 3) but the fraction that would settle 

may decrease with increasing water discharge due to higher currents.

In the estuary, the diatom production seems to be unaffected by the residual freshwater 

discharge (Chapter 4) so the percentage of DSi retained in the estuary should decrease with 
increasing freshwater discharge due to higher DSi inputs at the freshwater end-member. Here 

again, no simple relationship can be assumed for BSi deposition in the estuary as the latter 
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depends for a large part on the amount of BSi carried by the tidal river. In addition, a higher 

winter freshwater discharge, which would result in a higher amount of DSi brought to the 

coastal zone in early spring (Chapter 4), may enhance the spring diatom bloom in the coastal 

zone, and possibly more BSi could be imported into the estuary.

The pattern of the DSi consumption and the complex SPM dynamics in the tidal river 

were well retrieved in model simulations performed by Arndt et al. (2007). Due to the link 

between BSi dynamics and those of the diatoms and of the SPM in both the tidal river and the 

estuary, modelling may thus appear as a powerful tool to tackle the problem of the inter­

annual variations of the BSi (and thus total silica) retention in the Scheldt tidal system. This 

highlights the necessity to pursue modelling studies as they may be helpful not only to 

understand the functioning of the ecosystem, but also to predict its responses to changes, 

which may be difficult to investigate experimentally.

Long-term evolution of the silica cycle in the Scheldt tidal system

Past evolution related to the improvement of the water quality

Soetaert et al. (2006) reported the long term evolution of freshwater discharge, 

nutrients and oxygen in the Scheldt tidal system since the seventies. The annual discharge 

displayed significant inter-annual variations (between 100 and 200 m3 s'1, linked to the 

precipitation), but no long-term evolution was highlighted. In contrast, annual average DSi 

concentrations decreased regularly in the tidal river and in the estuary, suggesting that the . 

changes in the biogeochemical behaviour of silica in the Scheldt during the last decades were 

due to other factors than water discharge.|

Studies performed in the late 60s revealed that the summer DSi concentration at the 

freshwater end-member in the estuary (230 umol L1, Wollast and De Broeu 1971) was 

similar to the annual average DSi concentration (Soetaert et al. 2006). In later studies 

performed in 1973, DSi concentrations at the freshwater end-member remained high all year­

round at about 200-280 umol L’1 (Beckers and Wollast 1976; Wollast 1978). All this suggests 

that, in contrast to what is observed nowadays, DSi was not consumed in the tidal river in 

summer. The diatom growth was probably hampered by persitent anoxic conditions (Soetaert 

et al. 2006), pollution (e.g. by trace metals, Zwolsman and Van Eck 1993; Bouezmarni and 

Wollast 2005) and/or probably higher SPM concentrations (Chen et al. 2005). The silica 

behaviour in the estuary was also very different in the 70s: DSi was entirely consumed in the 

zone of salinity 0-15 in summer (Wollast and De Broeu 1971; Wollast 1978), where 
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important chlorophyll a concentrations could also be reached (Soetaert et al. 2006). Low 

oxygen concentrations along almost the entire salinity gradient (Soetaert et al. 2006) may 

have resulted in a low grazing pressure due to the absence of copepods (which are more 

sensitive to low oxygen concentrations than phytoplankton).

Also, the fact that the DSi concentrations in the tidal river in the 60s and 70s were 

identical to that observed nowadays in winter (this study; Struyf et al. 2004; Van Damme et 

al. 2005) implies that the long-term decrease observed by Soetaert et al. (2006) was not due to 

a variation of the DSi concentration in the inputs, but principally to the increase of the DSi 

consumption by diatoms, presumably enhanced by the improvement of the water quality in 

the tidal river as also pointed out by Chou and Wollast (2006).

Future water quality enhancement and possible effects

Although the water quality in the Scheldt has been significantly improved during the 

last decades, further efforts were required (Van Damme et al. 2005; Soetaert et al. 2006). At 

the time of these studies, as well as during our study period, the Wastewater Treatment Plant 

of the North of Brussels (www.aquiris.be) was not yet completed and two third of the 

wastewaters from Brussels were still discharged into the Scheldt via the Zenne. The station 

became operational in March 2007, resulting in reduced organic matter and ammonium input 

loads to the Scheldt and thus in enhanced oxygen concentrations (Vanderborght et al. 2007; 

J.-P. Vanderborght, LOCGE-ULB, pers. comm.).

The historical evolution of the silica dynamics in the Scheldt suggests that this 

improvement in the water quality may result in significant changes in the silica cycle in the 

Scheldt tidal system. The overall effects are nevertheless difficult to predict. A higher water 

transparency may lead to an earlier development of the diatom bloom, reducing significantly 

the DSi fluxes to the coastal zone in spring and early summer. In contrast, a higher oxygen 

level at the confluence with the Rupel (Vanderborght et al. 2007) may lead to an upstream 

shift of copepods which were previously confined in the estuary due to too low oxygen 

conditions (such as the calanoid copepod Erythemora affinis which has generally its optimum 

in the freshwater, Appeltans et al. 2003; Tackx et al. 2004). As these species could effectively 

control the diatom growth in the estuary (Chapter 5), one could expect that this shift may 

result in a decrease of the DSi consumption in the tidal river. This should also directly affect 

the DSi and BSi concentrations in the upstream part of the estuary. Conversely, the 

phytoplankton and BSi distribution in the downstream part of the estuary, which are more 
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influenced by the conditions prevailing in the coastal zone, may also change due to altered 

silica (see above) and nitrogen fluxes to the coastal zone (Vanderborght et al. 2007).

As for the inter-annual variations, the effects of these changes may also be 

investigated using model simulations. They would however require the implementation of the 

description of the grazing pressure.

Restoration of intertidal areas

Finally, in addition to sea level rise and climate change, the Scheldt will undergo 

future artificial morphological changes (such as the deepening of the channel downstream of 

Antwerp), which will certainly alter the hydrodynamics and the ecological and 

biogeochemical functioning of the estuary (Meire et al. 2005). In particular, large intertidal 

habitats will be restored in flood control areas with controlled reduced tidal regimes (Meire et 

al. 2005; Maris et al. 2007). As for the intertidal marshes, their presence may affect the silica 

cycle in the Scheldt (Jacobs et al. 2008). Together with enhanced sedimentation rates, they 

could act as an important sink for BSi (Maris et al. 2007; Jacobs et al. 2008). As in natural 

marshes, part of this BSi may be recycled (Struyf et al. 2006; Jacobs et al. 2008). For 

example, in the 6 km2 flood control area of “Kruibeke-Bazel-Rupelmonde”, dissolution may 

possibly be enhanced due to the presence of brackish water (Maris et al. 2007). However, 

compared to the natural marshes and mudflats, the maintained low water height, dynamics 

and turbidity in these new intertidal areas should also favour benthos development (Maris et 

al. 2007). DSi may thus get consumed in such areas (Jacobs et al. 2008) even earlier than in 

the main channel, due to better light conditions and weaker hydrodynamic constraints. Also, 

because of the influence of the intertidal zones on the nitrogen cycle and oxygen 

concentrations, the presence of several flood control areas with controlled reduced tides along 

the Scheldt may result in a significant enhancement of the water quality in the main channel 

(Maris et al. 2007), which may in turn affect the silica cycle in the same way as described 

above for wastewater treatment.

6.4 Conclusions

Phytoplankton, nutrients and SPM dynamics in the Scheldt tidal system have been 

extensively investigated in several previous studies (see Chapter 2). Lately, studies focused on 

the long-term evolution of DSi (Van Damme et al. 2005; Soetaert et al. 2006) or on the silica 

cycle in marshes (Struyf et al. 2006, 2007), and model simulations were conducted to examine 
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the DSi fluxes and retention (Arndt et al. 2007, 2009; Arndt and Regnier 2007). Our study has 

been the first one to experimentally investigate the dynamics and the mass-balances of both 

DSi and BSi in the Scheldt tidal system, at least since the 70s. BSi concentrations have almost 

never been measured before. Results from this study indicate that BSi is an important 

constituent of the silica pool available at biological time-scales, but that their dynamics may 

be different from that of DSi or of the phytoplankton.

The Scheldt tidal system acts as an important sink for silica due to the conversion of a 

large fraction of the riverine DSi load into BSi, which in turn deposit entirely in the estuary 

together with large amounts of BSi imported from the adjacent coastal zone. Our study 

highlights thus the necessity to take BSi dynamics into account when the biogeochemical 

behaviour of silica in estuaries is investigated. Also, estuaries should not be considered only 

as filters of dissolve and particulate material of riverine origin; the import of material from the 

coastal was recognized as a key feature for the functioning of the estuarine silica dynamics 

and retention.

Although some features concerning the biogeochemical behaviour of silica in estuaries 

seem to present similarities, the functioning of the estuarine silica cycle appears to be site­

specific. However, despite the recognition of the importance of the silica retention in the land 

to ocean continuum, studies about the silica cycle in estuaries are scarce and, in particular, 

BSi dynamics have rarely been investigated and further studies are thus required.

Finally, the understanding of the silica dynamics in the Scheldt may also benefit from 

additional complementary investigations. Besides a direct estimation of the gross BSi 

production, dissolution and accumulation, the inter-annual variability should be examined. 

The study of silica dynamics in the Scheldt should also be pursued as they are expected to be 

affected by the current improvement of the water quality and the recovery of intertidal areas 

in the Scheldt. This evolution offers as well the opportunity to acquire valuable knowledge 

about the effects of the restoration of the ecological status on silica dynamics.
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