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Abstract Temporal evolution of dissolved and
biogenic silica concentrations along the Scheldt tidal
river and in its tributaries was investigated during 1
year in 2003. In the tributaries, dissolved silica (DSi)
concentrations remained high and biogenic silica
(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.
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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 4 BSi) retention
in the tidal river of 30%. However, when annual
fluxes were considered, DSi 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.
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Abbreviations

BSi Biogenic silica

BSige BSi not associated with living diatoms
BSiy;, BSi associated with living diatom
DiatChla Chlorophyll a ascribed to diatoms
DSi Dissolved silica

POC Particulate organic carbon
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POC,1q POC not corresponding to living diatoms
SPM Suspended particulate matter

SPMypia SPM not corresponding to BSi nor to
living diatoms
Introduction

Dissolved silica (DSi) is a key nutrient for the aquatic
ecosystem as diatoms have an essential requirement
for DSi to build up their frustules, rigid outer cell
walls made of amorphous biogenic silica (BSi)
(Ragueneau et al. 2000). Diatoms often dominate
the primary production in turbid aquatic environ-
ments such as rivers, estuaries and coastal zones
(Ragueneau et al. 2000), and account for 75% of the
primary production in the world’s coastal areas
(Nelson et al. 1995). They can support an efficient
aquatic food chain (Turner et al. 1998) and may play
a significant role in the export of carbon from surface
waters (Tréguer and Pondaven 2000; Ploug et al.
2008). The availability of DSi and its relative
abundance compared to the other nutrients can
influence the composition of the phytoplankton
community, which can subsequently affect the eco-
logical functioning of the ecosystem (Officer and
Ryther 1980; Conley et al. 1993; Lancelot 1995;
Turner et al. 1998). However, riverine DSi fluxes,
which are the main source of DSi to the oceans
(Wollast 1974; Tréguer et al. 1995), have 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).

Most of the DSi is originally produced during rock
weathering on land where it generally goes through a
terrestrial cycle before reaching the rivers (Derry
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et al. 2005). On its way to the coastal zone, DSi
participates in aquatic biogeochemical cycles in
rivers and estuaries (Conley et al. 1993), involving
a number of biological, chemical and physical
processes. Diatom blooms occurring in spring/sum-
mer 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 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
(BSi material produced by terrestrial higher plants)
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 (Struyf
et al. 2005) and DSi and BSi exchange between the
river channel and the marshes can affect the estuarine
silica cycle (Struyf et al. 2006). Thus, because of the
possibly important riverine and estuarine BSi con-
centrations, its specific 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.

In some estuaries, the tidal influence propagates
further inland than salt intrusion, leading to the
existence of tidal freshwater reaches which may host
important chemical and biological processes (McLu-
sky 1993; Schuchardt et al. 1993; Muylaert et al.
2005). In particular, tidal freshwater reaches exhibit
specific features which can influence the phytoplank-
ton 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
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et al. 1993; McLusky 1993). The resulting low light
conditions may limit phytoplankton growth but may
also favour diatoms due to their lower light require-
ments 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 consump-
tion may occur in the tidal freshwater reaches
(Anderson 1986; Schuchardt and Schirmer 1991; De
Seve 1993; Schuchardt et al. 1993; Muylaert et al.
2005).

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 concen-
trations, possibly consumed down to limiting levels
in summer (Muylaert et al. 2001, 2005; Struyf et al.
2004; Van Damme et al. 2005; Soetaert et al. 20006).
The long-term evolution of DSi concentrations as
well as the variation of DSi concentrations with
increasing discharge have been investigated (Muyla-
ert et al. 2001; Struyf et al. 2004; Soetaert et al.
2006). But until now, BSi dynamics have not been
studied and little is known about the silica biogeo-
chemical cycle in the Scheldt tidal freshwater
reaches. Low summer DSi concentrations and high
diatom-dominated phytoplankton biomass (Muylaert
et al. 2000; Van Damme et al. 2005; Lionard 2006)
suggest however that BSi can be a major constituent
of the silica pool in this environment. DSi and BSi
dynamics were investigated by Arndt et al. (2007)
and Arndt and Regnier (2007) using model simula-
tions of diatom dynamics calibrated on DSi concen-
trations, but observations on measured BSi dynamics

should still be performed and compared to the model
results. Being a part of the suspended particulate
matter (SPM), BSi in the Scheldt tidal freshwater
reaches is expected to follow a complex behaviour
due to spatial and temporal variability in SPM
dynamics (Chen et al. 2005a). Due to diatom
mortality, resuspension of dead diatom frustules and
the possible presence of phytoliths, a significant
fraction of the BSi may not be associated with living
diatoms. In addition, marshes along the Scheldt tidal
freshwater reaches may act as DSi recyclers or sinks
for estuarine BSi, and may play a role in the estuarine
silica cycle (Struyf et al. 2006, 2007b). As they also
contain significant amounts of phytolith in the
aboveground biomass (Struyf et al. 2005), BSi as
phytoliths may be provided to the estuarine waters by
tidal exchange of this biogenic material between the
river channel and marshes.

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.

Materials and methods
Description of the study area

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. 1). The shallow, well-mixed and turbid macro-
tidal 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). The
tidal freshwater part of this system (called hereafter
the “tidal river”) stretches from near Hemiksem (km
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Fig. 1 Map of the Scheldt

estuary. City and river
names are in regular and
italic fonts, respectively.
The sampling stations (in
bold) are indicated by black
dots. On the Dender, Zenne,
Dijle, Grote Nete, Kleine
Nete and at Ghent, they
correspond to the tidal
limits of the estuary. The
Durme is nowadays a dead
arm with negligible
discharge. The dashed line
follows the border between
Belgium and the
Netherlands. The areas
(Zones la and 1b, and Zone
2) considered for silica
budget calculations are
delimited by grey lines

51°20° N 4

91, i.e. 91 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 river system also includes the
river Rupel (confluence with the Scheldt at km 94)
and the downstream parts of its four tributaries where
the tidal influence decreases naturally (Fig. 1). The
tidal river consists of a single ebb/flood channel
bordered by mudflats and marshes, which account for
28% of the total surface of the tidal river system
(Meire et al. 2005). The channel is however almost
completely canalised upstream of Dendermonde
(Meire et al. 2005).

The Scheldt is a rain fed river exhibiting strong
seasonal and inter-annual variations in water dis-
charge (Fig. 2; Soetaert et al. 2006). 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
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 1).
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After decades of heavy pollution history, the
Scheldt estuary is still strongly affected by human
activities, and nitrogen and phosphorous concentra-
tions 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 con-
centrations reached 1,300 and 50 pmol LY respec-
tively (Van der Zee et al. 2007). In contrast, silica can
be depleted in summer in case of low water discharge
(Muylaert et al. 2001).

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, originat-
ing 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).

Sampling stations
The Scheldt tidal river and its tributaries were

sampled once a week from February 2003 to
February 2004, except in winter (once a month).
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125 17 At Dendermonde

At Hemiksem

Freshwater discharge (m?s™')
N
S

Fig. 2 Daily average of the residual freshwater discharge at
Hemiksem (from February 2003 to March 2004) and at
Dendermonde (from June to October 2003)

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
(Fig. 1). The tidal river was sampled at three stations:
Dendermonde (km 124), Temse (km 101) and
Hemiksem (km 91). 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.
Two zones, delimited by the sampling stations, were

Table 1 Characterization of the Scheldt tidal river

defined for the budget calculations (Fig. 1). The two
zones have approximately the same volume (about 3 x
10’ m® at mid tide) and water surface area (about
7 x 10° m?) but differ in total length (Table 1).

Chemical analyses
SPM, DSi and BSi

Water samples (from 20 to 150 mL) were vacuum
filtered on a pre-weighed polycarbonate filter (What-
man Nuclepore, J 47 mm, 0.4 pm pore size). The
filtrate was acidified (with 200 pL of 2 mol L™' HCI
per 50 mL of sample) and kept in the dark at 4°C
until it was measured colorimetrically for DSi on a
Skalar Auto-analyser following a method adapted
from Koroleff (1983). 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.

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. The
methods from Kamatani and Oku (2000) and Rague-
neau et al. (2005) were combined and modified. The
digestion was performed on a single SPM filter and,

River Average Residence time (day)

section Depth (m)  Length (m) Width (m) Summer  Winter

Scheldt

from Ghent to Dendermonde 32 38 68 40 £1.7 13 =09 Zone la
from Dendermonde to Temse 4.5 25 190 74 +28 23 %15 Zone 1b
from Temse to Rupel mouth 4.8 6 394 38 £14 1.2 £0.8

from Rupel mouth to Hemiksem 6.9 3 363 1.2 £03 05 =02

Rupel (entire ) 4.2 11 180 23 £05 1.1 =04 Zone 2
Nete (entire ) 2.8 16 49 1.9 £0.6 0.8 =03

Zenne (last 10 km ) 1.6 (10) 32 06 £0.1 04 =0.1

Dijle (last 8 km ) 2.5 8) 35 04 0.1 0.2 =0.1

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 of water (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. The zones (rightmost column) correspond to those in Fig. 1

@ Springer



54

Biogeochemistry (2009) 96:49-72

compared to Ragueneau et al. (2005), four digestion
steps were performed (instead of two) to improve the
correction (Fig. 3). 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 (Vp) of 0.2 mol L~! NaOH
(Fig. 3). The tube was incubated in a shaking water
bath at 95°C for 1 h (step 1), and centrifuged at

o= (2 0) )

Vb

where BSi is the amount of BSi on the filter, V), and
V4 the volumes of 0.2 mol L~! NaOH additions
(respectively 10 and 5 mL, Fig. 3) and d the dilution
factor of 1.25 due to the addition of HCI in the
aliquots of the supernatant solutions. BSi (as well as
k, not shown) is then calculated by a least-squares
multiple regression on Si,;:

5,000 rpm, 5°C during 10 min. A 5 mL (V,) aliquot
of the supernatant was taken and acidified with
1.25 mL of 1 mol L™" HCL. This digestion step was
then repeated three times (steps 2-4): 5 mL of
0.2 mol L™' 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 min.

The four aliquots of the supernatant solutions were
analysed for DSi and Al concentrations (Si, and Al,,
with n = 1-4), 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
Al following Dougan and Wilson (1974). There were
no significant differences between the results
obtained by the two methods for DSi analyses.
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 Al
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 Al concentrations
measured in the aliquots follow the equation:

BSi
Vp-d

Siy = cp - +k-Al, (1)

with
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Among the 260 correlation coefficients 7> obtained
from the multiple regressions performed for each BSi
measurement presented in this study, 71% were higher
than 0.999 and 95% higher than 0.995. In addition, the
method was tested on pure lithogenic and biogenic
silica suspensions, and known mixtures of the two
(data not shown). This supports the three assumptions
indicated above and validates the use of Eq. 1.

In the following, BSi concentrations are expressed
in pmol L™" but the BSi content of SPM is expressed
as the mass content of hydrated silica SiO, - mH,O,
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

SPM was collected on a precombusted (4 h, 500°C)
GF/F filter (& 47 mm, 0.7 um pore size) for the
determination of particulate organic carbon (POC),
and on a GF/F filter (& 25 mm, 0.7 pm porosity) for
the measurement of chlorophyll a and marker
pigments. Both filters were kept frozen at —20°C
until analysis. POC was measured using a Fisons NA-
1500 elemental analyser after carbonate removal
from the filters by overnight exposure to strong acid
fumes. Pigments concentrations were measured by
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Fig. 3 Scheme of the BSi NaOH 02M  shaking water bath, 95°C
digestion protocol 10 mL (V) step =1 : 60 min
©\{ steps n=2to 4 : 30 min 5mL (Vi) HCI1T M
i y 1.25 mL
polycarbonate CENTRIFUGATION m{ - _
filter with SPM 5000 rpm, 10 min, 5°C kfﬂt&nltl:e[glgrk
e at4- or 1
and Al analyses
NaOH 0.2 M — Sinand Alw
SmL(l ; ) concentrations

polypropylene

centrifugation tube

HPLC (High Pressure Liquid Chromatography) fol-
lowing 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 (spe-
cific for algal groups) to chlorophyll a (Lionard 2006;
Lionard et al. 2008a). The chlorophyll a concentra-
tions 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 con-
centrations. Comparisons with microscopic observa-
tions revealed that this method can indeed provide a
good estimate of the phytoplankton speciation and of
the phytoplankton and diatom biomasses in the
Scheldt tidal river (Lionard et al. 2008a).

Distinction between fractions of BSi associated
or not with living diatoms

BSi may not only be associated with living diatom
(BSij;y) as a significant fraction may consist of
detrital biogenic silica (BSige) such as frustules of
dead diatoms or phytoliths. It was assumed that the
dynamics of BSiy;, and BSig. followed, respectively
those of DiatChla and of the fraction of the SPM
which is not linked to BSi nor to living diatoms
(SPM,,p1q9), estimated as:

SPM,,1a = SPM — BSi - MBSi02 — DiatChla
* Brocjcnia - Bomypoc (4)

with

[

forsteps n=2104

— DiatChla and SPM expressed in mg L™, and BSi
in mmol Lfl,

— the molar mass of BSi (as hydrated SiO,):
Mgsio, = 66 gmol ',

— the chlorophyll a to POC mass ratio in the
(diatom-dominated) phytoplankton of the Scheldt
tidal river: Bpoc/cnie = 30 (Muylaert et al. 2001),

— the conversion factor from POC to organic
matter: Sompoc = 2.5. This value corresponds
to the ratio of the molar masses of CH,O and C,
and was also observed in an eutrophic estuary by
Suzumura et al. (2004).

The distinction between BSij;, and BSig,, was
made by performing a multiple regression between
BSi and the two explicative variables DiatChla and
SPM,,1a: the partial coefficients associated with
DiatChla and SPM,;,4 (respectively k; and k,) were
fitted to obtain the best correlation between measured
BSi concentrations and those estimated by the
multiple regression (BSi) calculated as:

BSi = k; - DiatChla + k> - SPMypia (5)

BSij;, was estimated as the product of k; (called
hereafter BSiy;,/DiatChla) and DiatChla, and BSig
was calculated as the difference between BSi and
BSij;,. The multiple regressions (as well as correla-
tions and statistical Student’s #-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.
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Discharge data, silica fluxes and mass-balances
calculations

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-moni-
tored 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 calcu-
lated 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 1a to Zone 1b in the water (and
the silica) mass-balance (Fig. 1).

Silica fluxes (kmol dayfl) 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 measure-
ments. In the tributaries of the Rupel, BSi was 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 estima-
tions 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.

Mass-balances were performed for DSi, BSiy;, and
BSige in Zones la, 1b and 2 during the productive
period. In each zone, the loss of DSi was ascribed to
DSi uptake by diatom and thus to a production of
BSiy;,. The mass-balance between this production and
the fluxes of BSi;;, was assumed to provide an
estimate of the diatom mortality. The mass-balance
between diatom mortality and fluxes of BSig, was
considered as representative of the BSi deposition (or
resuspension) in each zone.
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Results

Distribution of DSi, BSi and DiatChla 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 2) and
the DiatChla concentrations were below 50 pg L™
(Fig. 4a—f). DSi concentrations remained high
throughout the year with mean annual concentrations
ranging from 154 umol L™" in the Kleine Nete to
288 umol L™" in the Dijle. BSi concentrations were
lower with mean annual concentrations varying from
2.9 pmol L™" in the Dijle to 18.2 pumol L™" 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. 4a, b) than in the
tributaries of the Rupel (Fig. 4c—f). Few BSi data
were available for the Zenne, as mostly negative
values were retrieved from Eq. 3 (data not shown, see
“Discussion”). At the end of March and the begin-
ning of April in the upper Scheldt river, higher
DiatChla concentrations indicated a spring diatom
bloom (Fig. 4a). 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. 4a—f). DSi concentrations also decreased during
both seasons in the upper Scheldt and the Dender.

Table 2 Average contributions of the diatoms to the phyto-
plankton biomass at the nine sampling stations (in percentages)

Station Spring Summer Autumn—Winter
(March-May) (June— (October—
September)  February)
Ghent 60 40 39
Dender 30 23 30
Zenne 29 16 20
Dijle 36 24 23
Grote Nete 33 17 32
Kleine Nete 26 15 17
Dendermonde 78 85 71
Temse 72 69 60
Hemiksem 46 56 31

Contributions over 50% are indicated in bold
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Distribution of DSi, BSi and DiatChla
along the tidal river

Diatoms accounted for more than 60-70% of the
phytoplankton biomass throughout the year 2003 at
Dendermonde and Temse (Table 2). Although the
fraction of the phytoplankton biomass attributed to
diatoms was significantly lower at Hemiksem
(Table 2), diatoms were still the dominant phyto-
plankton species (Lionard 2006).

A spring bloom could be observed at Dender-
monde at the end of March and the beginning of April
(Fig. 4g) but was not noticeable at Temse and
Hemiksem (Fig. 4h, i). Until the end of May, DSi
concentrations remained high ranging from 150 to
250 pmol L™" at the three stations and BSi stayed
low at around 36, 20 and 13 pmol L™, respectively
at Dendermonde, Temse and Hemiksem.

In summer, DiatChla and BSi concentrations
increased concomitantly while DSi decreased
(Fig. 4g—i), indicating the development of a summer
diatom bloom (June to September) in the tidal river.
At Dendermonde (Fig. 4g), DSi was consumed by
diatoms down to 2 pmol L™' and was entirely
transformed into BSi from the beginning of July to
the end of September. The BSi concentrations
fluctuated at around 200 pmol L™' 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. 2, 4g). 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 end of August resulted in an
increase in BSi concentration (364 pmol Lfl) but a
decrease in DiatChla concentration (92 ug L") on 8
September 2003. At Temse and at Hemiksem
(Fig. 4h, i), DSi was also consumed down to
5 pmol L~! 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.

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 dis-
charge peak (Figs.2, 4g). DSi was no longer
consumed and remained high at about 200 pmol L,
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 pg L™ were recorded only in February and
March 2004 at Dendermonde, whereas such low
concentrations were already reached in November at
Temse and Hemiksem (Fig. 4g—i). At these two
locations, BSi did not decrease in parallel with
DiatChla, high BSi concentrations being even
recorded on 13 and 27 October 2003 at Temse when
the SPM concentration reached its highest values of
respectively 249 and 409 mg L™'. At Hemiksem, BSi
remained high in September, but declined from
October onwards (Fig. 41).

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 Diat-
Chla were performed on datasets characterizing the
productive period (May to October) at Dendermonde,
Temse and Hemiksem. Concentrations profiles
(Fig. 4a, 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 Hemik-
sem, respectively, n = 25) due to the interfering
presence of BSig... As SPM,jq 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 SPM,, 4
(see “Materials and methods”) were thus performed
to distinguish BSiy;, from BSige.. SPM,p1q may have
been further divided in organic and inorganic frac-
tions to investigate the origin of BSig. using POC
and DiatChla data and the f ratios defined above, but
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At the tidal limits:
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Fig. 4 DSi (left axis), BSi and DiatChla (right axis) concen- DiatChla concentrations for the tidal limits at Ghent, Dender,
trations at the nine sampling stations (a—i) from February 2003 Zenne, Dijle, Grote and Kleine Nete (a—f)

to March 2004. Note the different scales for the BSi and
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the correlation between organic and inorganic frac-
tions (0.54 < P <088,23<n< 25) ruled out the
possibility to use both of them in the same multiple
regression.

The BSi;;,/DiatChla ratio at Dendermonde, Temse
and Hemiksem was, respectively 0.58 £ 0.23
mol g{1 (£95% confidence interval), 0.68 & 0.15
mol g~! and 0.71 & 0.15 mol g~'. Although BSiy;,/
DiatChla seemed to increase from Dendermonde to
Hemiksem, it was not significantly different from one
station to another (s-test for equality: 0.56 < p <
0.76). The average BSiy;,/DiatChla ratio of 0.67 +
0.11 mol g~ ' 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 (s-test for equality: 0.34 < p < 0.99).
There was a good correlation between the BSi
measured and that estimated by the regression
(* = 0.71, n = 75). Even, if the high-BSi data from
8 September 2003 at Dendermonde (Fig. 4g) was
excluded from the regressions, BSiy,/DiatChla
increased to 0.66 & 0.16 mol g~ at Dendermonde
(z-test for equality with BSiy;/DiatChla at Temse and
Hemiksem: p = 0.90 and 0.75, respectively). A
better correlation between the measured and esti-
mated BSi was then obtained when data from the
three stations were lumped together (* = 0.83,
n = 74) but the BSiy;/DiatChla ratio did not change
significantly (0.68 £ 0.07 mol g™, t-test for equality
with BSi;,/DiatChla at Dendermonde: p = 0.73).

BSij;, concentrations at the three estuarine stations
during the productive period were therefore deter-
mined using a single BSij;,/DiatChla ratio of
0.67 mol g_l. The BSiy;, 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. 5). About 75% of the measured BSi at Dend-
ermonde and Temse from May to July could be
attributed to living diatoms, while only 50% at
Hemiksem. From August onwards, the BSiy;, 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 g71 for the

=
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O Ghent (for spring only)
[ Dendermonde

E Temse

Hemiksem

=
O

wit living diatoms (%)
g

fracion of BSi associate

I < I B 877
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Fig. 5 BSi associated with living diatoms (BSiy;y) 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” (from mid-March to end-April) and
for the period from May to November 2003 were respectively
0.20 mol g~ and 0.67 mol g™ (see text for details)

spring diatom community (+* = 0.88, n = 15). At
Ghent, most of the BSi was associated with living
diatoms, whereas most of the BSi was present as
BSig, in the tidal river (Fig. 5).

Silica budget during the productive period

In order to assess the relative importance of DSi,
BSij;, and BSige, fluxes during the productive period
(May to October 2003, 184 days), a silica budget was
established (Fig. 6). The transfers between DSi,
BSij;, and BSig; were also investigated to quantify
diatom production and mortality as well as BSi
settling.

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. 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. 6). Most of it remained in the BSiy;, pool and
only one-fourth was transferred to the BSige pool. No
settling but rather a resuspension of a small amount
of BSi occurred in this zone. In Zone 1b, the opposite
was observed: there was little DSi uptake but most of
the BSi produced in Zone la settled in Zone 1b
(37 Mmol). Our data did not allow us to distinguish
between BSi deposited as BSij, or BSig. Indeed,
settling of living diatoms could not be excluded. This
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Fig. 6 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 1b,
the contribution of the lateral inputs is indicated in parentheses.
Vertical arrows indicate productions or losses calculated as the

is indicated by the dotted line between the “diatom
mortality” and the “BSi deposition” arrows in Fig. 6.
Despite the settling of BSi in Zone 1b, the proportion
between BSij;, and BSiy.; was similar at Dender-
monde 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.

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
7 x 10° mz, Table 1), the DSi uptake, diatom mor-
tality 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 BSige
pool or deposited in this zone; the amount of BSi
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difference, for each species, between the inputs and outputs in
each zone. BSij;, fluxes at Ghent and in the Dender were
derived from BSi;;, concentrations estimated by multiple linear
regressions (see text). One should bear in mind that no
discrimination was possible between BSi deposited as BSiy;, or
as BSige, as indicated by the broken dashed line between
“diatom mortality” and “BSi deposition” (see text)

deposited amounted to 61% of the BSi produced
(estimated from DSi uptake). Despite a higher
amount of BSi deposited, the retention of silica 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 Scheldt tidal 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: about 60% of the overall
uptake and deposition occurred in Zone 2.
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Fig. 7 Three-week moving average of weekly DSi uptake
fluxes (in kmol day’l) in Zone la and Zone 2 from March to
November 2003 (the 3-week moving averages were performed
to smooth out artefacts possibly induced by the water residence
time between adjacent stations). 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

Temporal evolution of the DSi uptake

In both zones, DSi uptake started in May and lasted
until October/November (Fig. 7). In May and begin-
ning of June, DSi uptake increased identically in both
zones reaching 500 kmol day ' in mid-June. At that
point, DSi uptake started to decrease in Zone l1a while
it continued to increase in Zone 2 reaching a value of
about 800 kmol day ' 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 day .

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 1a, but only at the
end of July and beginning of August in Zone 2.

Annual fluxes discharged to the brackish estuary

During our 1-year study period (7 February 2003-6
February 2004), the amount of water discharged

7000
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DSi at Hemiksem

5000 - = BSi at Hemiksem
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DSi or BSi flux (kmol day')

1000 +

FMAM1J J A S OND J F
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Fig. 8 Weekly DSi or BSi fluxes at Hemiksem from February
2003 to February 2004. DSi input in the tidal river is also
indicated

Table 3 DSi and BSi fluxes (in Mmol) from the tributaries
and at Hemiksem, for the productive period and at an annual
timescale

Tributaries Hemiksem  DSi Silica

consumption  retention
(%) (%)

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

DSi 252 132 48 30

BSi 84 51

Annual fluxes (7 February 2003—6 February 2004)

DSi 713 612 14 6

BSi 21 80

DSi consumption and total silica (DSi 4+ BSi) retention for
both periods are also given

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. 4a—f), but fluxes of
riverine DSi delivered to the tidal river showed a
minimum in summer because of the lower discharge
(Fig. 8). 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 day ™" in
spring/autumn/winter to 400 kmol day ™' in summer.
The annual DSi uptake and silica retention corre-
sponded to 14 and 6% of total inputs, respectively. This
is 3-5 times smaller than the estimates characterizing
the productive period (Table 3).
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Discussion
Distinction between BSiy;, and BSig,

In order to better investigate the dynamics of BSi, a
multiple linear regression was performed with the
explicative variables DiatChla and SPM,;,q (defined
in Eq. 4) to distinguish between BSi associated or not
with living diatoms. As the two explicative variables
were very poorly correlated (7 = 0.02, n = 75), the
discrimination could be regarded as robust. Admit-
tedly, it could not be excluded that empty frustules
followed the distribution of living diatoms, yielding
an overestimation of the BSiy;,/DiatChla ratio. How-
ever, BSij;/DiatChla was identical at Dendermonde,
Temse and Hemiksem (see “Results”), despite the
facts that large amounts of BSi settled between
Dendermonde and Temse (Fig. 6) and mortality
increased at Hemiksem (Fig. 5).

The use of the linear multiple regression model
implied that BSij;, was calculated using an average,
constant BSi;;,/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. 4g—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
BSij;,/DiatChla ratio was not intended to be esti-
mated at the cellular scale (which would not have
been possible from our dataset), but at the system and
seasonal scales, where the variations of the measured
BSi concentrations were expected to depend more on
the presence of detrital BSi than on the variation of
the chlorophyll @ and BSi contents of the diatoms.
The multiple regression model, although very simple,
reproduced indeed well the variations in BSi con-
centrations even if the data from the three estuarine
stations were lumped together: the correlation
between estimated and measured BSi was good
(=071 if n =75, or r* =083 if n =74, see
“Results”) and the 95% confidence interval associ-
ated with the BSi;;/DiatChla ratio was rather narrow
(£16% if n = 75, or £11% if n = 74).

The Ppoc/icnie and fompoc conversion factors
were used to subtract the SPM concentration from the
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contribution of diatom biomass which was already
represented in the multiple regression by the other
explicative variable, DiatChla (Egs. 4, 5). 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, fpoc/chi, may
display important variations (Geider 1987). However,
although a variation in these ratios can affect the
estimation of the BSi;;,/DiatChla ratio (k; in Eq. 5),
their influence was not expected to be important.
Using Eq. 4, Eq. 5 can indeed be rewritten as:

BSi = (k; — k, - B) - DiatChla + k,
- (SPM — BSi - Mgsio, ) (6)

with f = Beoc;chia - Bom/poc

In this study,  was equal to 75. The use of another
f value would indeed induce a different &y, but k, and
the correlation between the measured BSi concentra-
tions and those estimated by the regression would not
be altered. Furthermore, as k, was 0.48 mmol g*1
when n = 75 (k, = 0.42 when n = 74, cf. above),
the relative variation would be 19 times smaller for k;
than for f.

In addition, using fpoc/chies OUr BSiy;/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, Carbonnel 2009).

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 km?
of marshes, where 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.5) and
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phytoliths would be included in the BSig 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 BSig, (diatom frustules vs.
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, 2007a).
Considering a marsh surface area of 4.5 km? (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. 6) and cannot account for the increase of
BSige; (26 Mmol for the entire tidal river, Fig. 6).
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 Scheldt tidal river (Lionard et al. 2008a) and
phytoliths could be brought by soil erosion. Phyto-
liths 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
(POC, 4, estimated by difference using POC and
DiatChla data and fpoc/cnie = 30). However, the
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Fig. 9 Average monthly contributions of BSig, and phytoliths
to the BSi pool at the three estuarine stations in “Spring” (from
mid-March to end-April) and from May 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 POC,4 (see text)

amount of phytoliths estimated from such a POC
fraction would only contribute to about 14 + 10% of
the BSigee 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. 9). 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 phyto-
liths 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).

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

A source of imprecision in our mass-balance calcu-
lation 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 data-
sets 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 strat-
egies on high frequency datasets. They found that
inaccuracy and imprecision could respectively reach
20 and 100%. Unfortunately, no high frequency
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dataset was available in the Scheldt to test the
accuracy of our integration method. Nevertheless, the
values reported in Fig. 6 differ by less than 2%
compared to the fluxes estimated when the often
recommended “linear integration” method (Kronv-
ang 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 10-20% (flux weighted average:
12 and 8% for DSi and BSi, respectively). As both
methods led to similar results, it could thus be
assumed that the values for DSi and BSi fluxes shown
in Fig. 6 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 BSi;;, and BSige, 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 1b 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 con-
comitant variations (Fig. 4d—f) although correlation
coefficients were low (0.11 < P <0.56, 13 <n
< 15). On the contrary, Eq. 3 gave negative correla-
tion 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 concen-
trations 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. 6.
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Another source of imprecision in the budget shown
in Fig. 6 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. 6). This is in line with the observation that 80%
of the lateral DSi input fluxes are through precipita-
tion 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 to 920 pmol L', 80% of the measurements
were between 100 and 400 umol L', with an aver-
age value of 270 umol L_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. 6 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 BSige (Figs. 5, 6).

Roubeix et al. (2008) measured a BSi specific
dissolution rate of 0.084 day™' in cultures of
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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 Cappellen et al. 2002). Roubeix
et al. (2008) did not investigate aluminium, but
concentrations of 1-2 pmol L™! were measured in
February 2003 in the tidal river (Carbonnel 2009). At
aluminium concentrations higher than 200 nmol L_l,
diatoms may build frustules 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 day™"', 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 Al 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 day™' 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 1.

Struyf et al. (2006) found that marshes act as silica
recyclers and that the flux of DSi exported from the
4.5 km? 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 day ' 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. 6): 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. 1). Using model simulations,
Arndt and Regnier (2007) estimated that, during the
productive period in 2003, the highest recycling rates
occurred indeed in Zone 1b. 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. 6) revealed an
important diatom growth, although this was not
expected because of short water residence times in
the Rupel and its tributaries (Table 1) and of possible
light limitation near and downstream of the conflu-
ence with the Rupel. Indeed, the section of the
Scheldt comprised between Temse and Hemiksem
contributes to roughly half of the water surface area
and of the volume of Zone 2 (Fig. 1; Table 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 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 1) because of exceptionally
low water discharges during summer 2003
(<30 m® s71). A local maximum in diatom produc-
tion in the lower part of the Nete was indeed
predicted by the model simulation of Arndt et al.
(2007) during summer 2003 (S. Arndt, personal
communication). 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. 6). 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,
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Fig. 4g), whereas this was the case only at the end
July and beginning of August in Zone 2 (Fig. 4i). In
both zones, DSi concentrations could drop below
5 umol L™". Such low levels could limit the diatom
production, as half-saturation constants for the
growth of two strains of Cyclotella sp. isolated from
the Scheldt were found to be 4 and 13 pmol L™" of
DSi (K. Muylaert, unpublished data). 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. 7). 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. 6, 7). 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 con-
stant, an optimal discharge can be found at which the
highest diatom production is reached, as shown by
model simulations carried out on Zone 1 during
summer 2003 by Arndt et al. (2007). This phenom-
enon 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
19962005 (56 m’ s, average  1996-2005:
77 m® s7'). DSi uptake and silica retention reached
high values: 48 and 30%, respectively during the
productive period (Table 3). 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 1
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 con-
centrations with increasing discharge in the Scheldt at
Dendermonde, whereas winter DSi concentrations
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stayed constant at about 230 pmol L™'. 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 concentra-
tions also decreased with increasing summer phyto-
plankton 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 3-week moving
average discharge stayed between 40 and 60 m® s~
(Fig. 10). 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 phyto-
plankton 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 (3-week moving average
data: * = 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 (+* =
0.80, n = 26) was significantly improved compared to
that of the regression shown in Fig. 10 and the
residuals of the regression did not exhibit any
significant pattern.

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.
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Fig. 10 DSi uptake (%) in the entire tidal river in 2003,
estimated from DSi fluxes in the tributaries and at Hemiksem,
versus discharge (m® s71). All values are 3-week moving
average

2005 and reference therein). The phytoplankton
biomass can have however a strong influence on
phytoplankton productivity (Muylaert et al. 2005).
The 3-week moving average of the biomass at
Dendermonde, Temse and Hemiksem correlated well
with the percentage of DSi consumed (> = 0.81,
n = 26). But, biomass also depends on light and
discharge in the Scheldt tidal river (multiple linear
regression: P = 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
SPM,pa (P = 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 pro-
vided a stronger correlation (r2 = 0.71, n = 75) than
that between BSi and DiatChla only (* = 0.51,
n = 75). It indicates that BSi and SPM dynamics are
nevertheless linked to some extent. As a conse-
quence, BSi concentrations in the estuary may exhibit
vertical gradients, tidal 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. 6). Arndt and Regnier (2007) indeed
predicted that BSi deposition should occur in Zone 1b
throughout the productive period, which is in agree-
ment 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 1b in June because of lower SPM
concentrations. In contrast, our findings rather sug-
gest that the diatoms bloomed at Dendermonde or
further upstream (Zone 1a) during the whole produc-
tive period and were subsequently transported down-
stream. 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. 4g, h). In October, the DSi uptake nevertheless
occurred in Zone 1b (Fig. 4g, 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 1b
(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™, mean &+ SD) than
at Temse (69 & 71 mg L' rtest for equality:
p = 0.08) or in the rivers Scheldt (32 + 9 mg |
p=3x10"% and Dender (15+8mgL™"' p=
10~'"). The presence of a turbidity maximum at or
upstream of Dendermonde indicates an increased resi-
dence time leading to the retention or accumulation of
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suspended particles in this area. A consequence of the
BSi accumulation in Zone 1a is that both the BSi flux
at Dendermonde and the deposition in Zone 1b may
have been lower than what we estimated (Fig. 6).
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 important deposition estimated for Zone 1b 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 1b may have
been enhanced by the deepening and widening of the
channel and by the increase of the residual current
(Table 1). 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 1b. 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 pm; 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, personal communciation). 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 km?
marsh surface area (Struyf et al. 2005), they would
give an overall BSi deposition of 1.3 £+ 1.1 and
15.0 £ 14.6 Mmol for the entire tidal river during the
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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).
Despite high BSi concentrations in the tidal river
(Fig. 4), almost 90% of the silica discharged annually
to the brackish estuary was in the form of DSi
(Table 3). Diatom production occurred when silica
input fluxes to the estuary were at their lowest values
(Fig. 8). As a result, annual silica retention and DSi
uptake were less than foreseen when only concentra-
tions were examined (Fig.4i) or when only the
productive period was investigated (Fig. 6; Table 3).

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). Nevertheless, DSi displayed a conservative
behaviour outside the productive period, whereas
some more BSi was produced (Fig. 9; Table 3). 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. 2, 4g—i and 8). 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
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Zone 1b: 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. 4a, g—i).

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. 8).
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 dis-
charge because of constant winter riverine DSi
concentrations.
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