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Abstract. Estuaries often show regions in which Chlorophyll-a (Chl-a) accumulates. The location and magnitude correspond-
ing to such accumulation result from a complex interplay between processes such as river flushing, salinity, nutrients, phyto-
plankton grazing, and the light climate in the water column. Of particular interest is the long-term evolution of the estuary-scale
Chl-a distribution in the Scheldt estuary (Belgium/Netherlands) in spring. From 2004-2007, we observed a limited spring-

5 bloom in the brackish region. This bloom intensified in 2008-2014 and disappeared after 2015. This long-term evolution in
Chl-a has been linked to simultaneous long-term trends in the suspended particulate matter (SPM) distribution and the improve-
ment of the water quality, which affects grazing of Chl-a by zooplankton. However, this hypothesis has not been systematically
investigated. In this paper, we apply two approaches to test this hypothesis. In the first approach, we analyze long-term in situ
observations covering the full estuary. These observations include the SPM concentration, zooplankton abundance, and other

10 variables affecting the Chl-a concentration, and show a long-term estuary-scale evolution in not only the SPM distribution but
also in zooplankton abundance, freshwater discharge, and maximum photosynthetic rate. In the second approach, we apply

a model approach supported by these observations to determine which of the changed conditions may explain the observed
change in Chl-a. Our results suggest that a change in SPM alone cannot explain the Chl-a observations. Instead, mortality rate
and grazing by zooplankton mainly explains the long-term estuary-scale evolution of Chl-a in spring. Our results highlight that

15 insight into the zooplankton dynamics is essential to understand the phytoplankton (cf. Chl-a) dynamics in the Scheldt estuary.

1 Introduction

The Chlorophyll-a (Chl-a) concentrations in estuaries often show regions where Chl-a accumulates, resulting in zones with
locally elevated Chl-a concentrations. Such accumulation results from a complex interplay between physical, transport-related
processes and chemical-biotic processes that determine net local phytoplankton growth. Such processes include water tem-

20 perature (Eppley, 1972), river flushing (Filardo and Dunstan, 1985; Liu and de Swart, 2015), salinity (Lucas et al., 1998),
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phytoplankton grazing (Alpine and Cloern, 1992; Lionard et al., 2005a), nutrients (Tilman et al., 1982; Cira et al., 2016), and
the light climate in the water column (Sverdrup, 1953; Desmit et al., 2005).

In turbid estuaries, the light climate in the water column is often the limiting factor of phytoplankton growth. Consequently,
the dynamics of suspended particulate matter (SPM) that determine the light climate are crucial to understanding the phyto-
plankton dynamics. Examples of such light-limited systems are the Gironde estuary (Irigoien and Castel, 1997), Seine estuary
(Garnier et al., 2001), Ems estuary (Liu et al., 2018), and Scheldt estuary (Desmit et al., 2005).

In view of the interplay between phytoplankton, SPM, and other factors, the Scheldt estuary is particularly interesting. Cox
et al. (2019) reported a long-term estuary-scale change in SPM dynamics in the Scheldt estuary. From 2009 onwards, a change
in the estuarine turbidity maximum dynamics and an overall increase in SPM concentration was observed. Simultaneously,
the water quality in the Scheldt estuary improved drastically mainly because of a significant increase in wastewater treatment
capacity in Brussels around 2006 (Brion et al., 2015). This resulted in increasing oxygen concentrations and changes in the
zooplankton community and abundance. More specifically, calanoid copepods, in casu Eurytemora affinis, which dominated
in the downstream brackish region, but were quasi absent in the freshwater region at the beginning of the observations in 1996,
gradually developed more upstream, to also become dominant there from 2009 (Appeltans, 2003; Mialet et al., 2010, 2011;
Chambord et al., 2016). This could affect the phytoplankton abundance through grazing.

These changes in the SPM dynamics and zooplankton abundance coincide with long-term changes in phytoplankton dynam-
ics. Of particular interest is the appearance and disappearance of a phytoplankton spring bloom in the brackish region. From
2004 until 2007, we observed almost no spring-bloom in the brackish region. Such a spring bloom was consistently observed
between 2008-2014 but disappeared after 2015. The reported changes in SPM and zooplankton dynamics have been hypoth-
esized to link to the long-term disappearance of phytoplankton blooms (Maris and Meire, 2017). However, this has not been
systematically investigated, which is necessary given the complex interplay between factors affecting phytoplankton growth.

Therefore, to test this hypothesis and determine, besides the evolution in SPM concentration and zooplankton abundance,
other potential causes that may explain the long-term disappearance of phytoplankton accumulation in the brackish zone
of the Scheldt estuary, we apply two approaches. In the first approach, we analyze the long-term trends in observed SPM
concentrations and other variables that impact phytoplankton growth and may explain the long-term evolution of phytoplankton
abundance in the Scheldt estuary. In the second approach, we apply an extensive model sensitivity analysis, supported by the
long-term observations to disentangle the complex interplay of various factors affecting phytoplankton growth and quantify the
impact of variability in these factors on phytoplankton abundance. The model approach also allows us to estimate parameters
that are difficult to measure, such as the phytoplankton mortality rate. Here, we aim to determine the processes and complexity
that are essential to capture the observed phytoplankton abundance on the estuary-scale. To do so, we first assume a system-
constant mortality rate to model the phytoplankton abundance. Next, we add more complexity to the model by making the

mortality rate dependent on the abundance of zooplankton and grazing.
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2 Material and methods

In this section, we first introduce the Scheldt estuary. Next, the methodology to obtain the observations is discussed and the

model approach is presented.
2.1 Study area

The Scheldt estuary is a funnel-shaped estuary which flows through Belgium into the North Sea near Vlissingen (Netherlands)
over a distance of approximately 160 km (see Fig. 1). Given its relatively small freshwater discharge, the Scheldt estuary
is tide-dominated (Meire et al., 2005). The total time-averaged freshwater discharge @) in spring (Apr.-May) equals 85, 81,
and 72 m? s~ in 2004-2007, 2008-2014, and 2015-2018, respectively (Waterinfo.be, cited 2019). The main tributaries of the
Scheldt estuary are the Rupel and the Dender. They are responsible for 64.2, 59.3, 63.3 % and 9.4, 9.2, 9.6 % of the total
river discharge in 2004-2007, 2008-2014, and 2015-2018, respectively (Waterinfo.be, cited 2019). The Scheldt estuary is a
nutrient-rich estuary (Maris and Meire, 2017). The dissolved nitrogen concentrations in spring range from 0.1 mmol L~! at
the seaside boundary to 0.4 mmol L~! at the upstream boundary. The dissolved phosphorous concentrations range from 0.001
mmol L~1 at the seaside boundary to 0.007 mmol L=! at the upstream boundary. These concentrations are at least one order
of magnitude larger than the threshold values at which we expect nutrient depletion (Soetaert et al., 1994; Arndt et al., 2011;
Dijkstra et al., 2019a).

2.2 In situ observations

Both the Belgian and Dutch part of the Scheldt estuary have been monitored intensively over the last two decades. In the
Belgian region, various variables, including Chl-a, SPM, salinity, and phytoplankton characteristics, such as the maximum
phytoplankton production rate py.x and growth efficiency «, have been measured within the long-term OMES (Dutch: “On-
derzoek Milieu Effecten Sigmaplan”) monitoring campaign (Maris and Meire, 2017), independently of the tidal phase and
spring-neap tide bi-weekly or monthly at 16 fixed stations (see Fig. 1). In the Dutch region, we only use observations of Chl-
a and SPM by Rijkswaterstaat at three stations in the main channel (see Fig. 1). In the following, we briefly introduce the
methodology used to obtain the observations presented in this study. For a detailed methodological description, we refer the

reader to the OMES reports (Maris and Meire, 2017) and the official website of Rijkswaterstaat (Rijkswaterstaat, 2020).
2.2.1 Chl-a and zooplankton abundance

Within the OMES monitoring program, sub-surface bucket samples were taken to estimate the Chl-a concentration and the
mesozooplankton abundance between 2004-2018. The Chl-a concentration was estimated following the spectrophotometric
method described in Rice et al. (2017) that corrects for turbidity, chlorophyll b, chlorophyll ¢, and pheophytin pigments, using
50 ml water samples, a 1-cm pathway cuvette, and a Shimadzu UV-1700 spectrophotometer. The observations conducted
by Rijkswaterstaat in the Dutch part of the Scheldt estuary were estimated using High-performance liquid chromatography
(HPLC) after filtration and extraction.
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Figure 1. The Scheldt estuary and its two main tributaries (Rupel and Dender). The red dots represent the locations where monthly and
bi-weekly turbidity and floc size profiles were measured in the frame of the OMES environmental monitoring program. The orange dots

depict the location of the observations conducted by Rijkswaterstaat.

To estimate the mesozooplankton abundance, 50-250 L sub-surface water samples were collected and filtered over a 50 yum
mesh. Next, the mesozooplankton was fixed using formaldehyde and stained with erythrosine in the laboratory. Finally, the
organisms were counted in a counting wheel under a binocular microscope using a subsample. A minimum of 500 individuals
per subsample was counted (Le Coz et al., 2017). Because in the brackish region in spring, which is the main focus of this
paper, the mesozooplankton community dominantly consists of calanoids (Appeltans, 2003; Mialet et al., 2011), we divide the

community in two groups: adult calanoids and non-calanoids (i.e., cladocerans, harpacticoids, and cyclopoids).
2.2.2 Turbidity and SPM concentration

Within the OMES campaign, turbidity depth-profiles were measured in 2015-2018 using an Optical Backscatter point Sensor
(OBS) of RBR type XR420 CTD+ at the 16 OMES station. Simultaneously, two SPM samples were collected at approxi-
mately the water surface and half the water depth. These SPM samples were used to translate turbidity to SPM concentration

(Horemans et al., 2020a). The number of campaigns in spring between 2015-2018 equals 16.
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To determine the SPM concentration, 1 L. water samples were collected and filtered in the laboratory. To remove salinity,
the filters were rinsed with 3 x 50 ml demineralized water before gravimetrically determining the SPM concentrations (norm
NBN-ENS872). Also within the monitoring program of Rijkswaterstaat, SPM concentrations were gravimetrically determined

after filtration on a glass microfiber filter.
2.2.3 Light extinction coefficients, temperature and salinity

The light climate was measured by estimating the light extinction coefficient k4. Two light sensors (LiCOR) measured the light
intensity near the water surface £ and the light-intensity F at a fixed distance Az = 40 cm from the sub-surface sensor. Next,
the light extinction coefficient was estimated as k; = log(F1/FE>)/Az, assuming exponential decrease of light as a function
of depth. To correct for small-scale temporal variability (cf. seconds) in the light climate, the time-averaged value of k; was
estimated over a time interval of 3-5 minutes, using a sampling frequency of 1 s~! (Maris and Meire, 2017).

Temperature and specific conductivity were determined in situ using a WTW LF 318 instrument, directly after taking the
bucket samples. Specific conductivity was transformed to salinity using the Practical Salinity Scale 1978 (Perkin and Lewis,

1980).
2.2.4 Photosyntetic parameters

To estimate the photosynthetic parameters jimax and a, the incubation method described in Kromkamp and Peene (1995) was
applied using the incubator presented in Vegter and De Visscher (1984) and assuming a photosynthesis-irradiance (P-I) curve
introduced in Eilers and Peeters (1988). Briefly, water samples were placed at fixed distances from a constant light source.
Each distance thus corresponds to a given solar irradiance I. Next, the water samples were incubated for approximately 2
hours, while gently being rotated to avoid settling. The productivity P was determined using a C-14 isotope method, after

which a P-I curve was constructed to estimate fip,x and a.
2.3 Model experiments
2.3.1 iFlow model

The model we use is the process-based, width-averaged, idealized model called iFlow (Dijkstra et al., 2017). The model solves
for water motion and cohesive SPM trapping in tide-dominated estuaries by resolving the width-averaged shallow water and
SPM mass balance equations in equilibrium condition. The flocculation dynamics of cohesive SPM are resolved using a single-
class dynamic flocculation model (Winterwerp, 2002; Horemans et al., 2020a). The model focuses on the estuary-scale hydro-
and SPM dynamics only by approximating the estuary’s bathymetry and width by smooth profiles. The model resolves the tidal
and subtidal water motion and cohesive SPM concentration and provides approximate solutions of the complex and non-linear
set of equations for hydro- and SPM dynamics using a scaling and perturbation approach.

The hydrodynamics are forced at the upstream boundary and two main tributaries by a fixed water inflow and at the mouth by

a tidal signal. Following Warner et al. (2005), the longitudinal salinity profile is implemented as a tide- and depth-independent
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profile (see Appendix A). This assumption is consistent with the Scheldt estuary being a well-mixed estuary. The SPM dynam-
ics are forced by a constant inflow of SPM that equals the product of the water discharge and subtidal SPM concentration at
the upstream boundary, and by a fixed SPM concentration at the mouth. We assume that erosion of sediment scales to the mag-
nitude of the bed shear stress. For details on the performance of this model for the Scheldt estuary, we refer to Horemans et al.
(2020a). For this study, it suffices to mention that the M2 tidal and subtidal surface elevation correspond well to observations
and that the magnitude of the SPM concentration and ETM location are reproduced.

The iFlow model has recently been extended by a phytoplankton model (Dijkstra et al., 2019a). The phytoplankton model
is a dynamic model that describes the spatial and tidal evolution of phytoplankton concentration and the nutrients nitrogen
and phosphorous. We do not focus on the equation for the nutrient dynamics because the Scheldt estuary can be considered
a nutrient-rich system, as mentioned above. However, we solve the nutrient dynamics in the model as done by Dijkstra et al.
(2019a) to guarantee that we do not falsely neglect nutrient depletion in the extreme limits in our sensitivity analysis. The model
consists of a single-phytoplankton class and thus does not differentiate between diatoms and non-diatoms. Consequently, Si-
dynamics and salinity stress are not included and phytoplankton characteristics are assumed to be constant in the system.
For completeness, we repeat the width-averaged differential equation for the phytoplankton dynamics P and corresponding

boundary conditions (Dijkstra et al., 2019a):

0P +udy P+ (w —wp)d, P — %GI(BK;L&EP) — 8.(K,0.P) = (1 —m)P : 1)

balance between local growth and mortality

advection-diffusion

wpP+ K, 0,P =0, at the bed and water surface (no flux),
¢
<I§ jH sz> = Piea, at the seaside boundary (constant concentration), 2)

¢
B < | (wP—-K hﬁxP)dz> = Q@QP, atthe upstream boundary (constant influx),
“H

in which ¢ represents time, x and z are the coordinates in longitudinal and vertical direction, v and w are the water veloc-
ities in longitudinal and vertical direction, wp is the constant settling velocity of phytoplankton cells, B is the width of the
Scheldt estuary, K, and K, are the horizontal and vertical eddy diffusivities, (-) denotes averaging over a long timescale (i.e.,
larger than a tide or day), —H and ( are the z-coordinates of the bed and water surface, Pk, is the constant phytoplankton
concentration at the seaside boundary, Q) P is the constant influx of phytoplankton at the upstream boundary, and i and m are
the growth and mortality rate of phytoplankton. To determine the processes and complexity that are essential to capture the
observed phytoplankton abundance, different choices for the mortality rate can be made. The simplest choice is to apply an
estuary-constant mortality rate mg. However, in the literature, multiple extensions of the mortality rate have been studied. As

a start, we consider the following simple longitudinal variation in m due to zooplankton abundance:

mo, default case,
m= : . 3)
gy - Zedanoids () 4 g, . Znon-calanoids () - extension (Section 3.2.4),
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in which Zecalanoids apd znon-calanoids are the calanoids and non-calanoids zooplankton abundances, respectively, and my, g1, and
g2 are coefficients that follow from calibration. The magnitude of these scaling factors g; and g» reflect the grazing efficiency of
phytoplankton by zooplankton. For the implementation of the (time-averaged) growth rate ., we follow Dijkstra et al. (2019a)
but use the Plat light limitation function (Platt et al., 1980). The reason is that, to further decrease the computational cost and
also include the impact of temporal variability in water depth on phytoplankton productivity, we use the approximated Platt

light-limitation function presented in Horemans et al. (2020b). Without nutrient limitation, x then reads

)

Platt light limitation

in which 7' is the water temperature and F is the photosynthetic active radiation (PAR):

’ ’ sin(wgt) f0<t<m/wg
E(z,t; P,c) = Ego(t) exp kbgz—kc/c(z,t)dz—k:p/P(zJ)dz X ) ®)

2 2 0 elsewhere

Lambert-Beer light extinction truncated sinusoid representing the day/night cycle

in which FEyg represents the maximum PAR during mid-day (which varies on a seasonal time-scale), kg, kc, and kp are
the background, sediment-induced, and phytoplankton-induced exponential light extinction coefficients, respectively, c is the
SPM concentration, and wg is the angular frequency for day length. Following Eppley (1972), we postulate the following

temperature dependence of the maximum growth rate fimax(7):

Mmax (T) = Koo - ng (6)

in which pgg and o are calibration parameters.
As with the hydro- and SPM dynamics, the model solves the approximated phytoplankton dynamics in equilibrium condi-
tions using a scaling and perturbation method (Dijkstra et al., 2019a). This method, in combination with the approximated Platt

light-limitation function, drastically decreases computation time, allowing for an extensive sensitivity analysis.
2.3.2 Sensitivity analysis

To determine potential environmental changes that may have caused the disappearance of phytoplankton accumulation in the
brackish region, we apply an extensive sensitivity study which is supported by observations. To this end, we first determine a
reference case that represents spring conditions in 2004-2007, 2008-2014, and 2015-2018. Here, most model parameter values
directly follow from observations. Using the pm,x and temperature observations, we derive the calibration parameters 1o and
o1 which contain the temperature dependence of max [Eq. (6), see Appendix B for a calibration]. Following Horemans et al.
(2020a), to correct for the large temporal variability in discharges (Waterinfo.be, cited 2019) and correctly resolve the sediment
dynamics in spring, we calibrate the freshwater discharge and we determine the erosion and flocculation characteristics by

calibrating the modeled residual SPM distribution to the in situ turbidity observations using a cost function which is based
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180 on a two-tailed t-test. This calibration results in a representative modeled SPM distribution in 2004-2007, 2008-2014, and
2015-2018. We refer the reader to Appendix C for the technical details. To ensure that we correctly model light extinction, we
use these modeled SPM distributions in combination with the observations of the light extinction coefficient k to estimate the
sediment-induced light extinction coefficient k. (see Appendix D for the technical details). The influx of phytoplankton at the
upstream boundary ) P, system-constant mortality rate mg, and grazing efficiencies g; and g2 corresponding to the calanoids

185 and non-calanoids, respectively, are estimated by calibrating modeled Chl-a concentrations to the Chl-a observations. Here,
we again use the calibration method described in Horemans et al. (2020a) in which the phytoplankton model results and
observations (cf. Chl-a) are quantitatively compared. The model parameters that are the focus of this paper are summarized in
Table 1. The full parameter list is listed in the Supporting Information attached to this paper. The reported values follow from

observations, calibration, Dijkstra et al. (2019a), and Horemans et al. (2020a).

Table 1. Parameter values used in our model experiments based on observations (source), model calibration (calibrated), and the literature.

If only one parameter value is presented, we used this value for all three periods.

variable  definition value unit
2004-2007 2008-2014 2015-2018
100 calibration parameter in postulated temperature dependence for fimax (source) 112 x107® 121 x107®  1.00 x107> s~!
o1 calibration parameter in postulated temperature dependence for fmax (source) 1.10 1.07 1.05 /
Imax : @ ratio between maximum photosynthetic rate and growth efficiency (source) 393 381 230 pemol photons m~2 s~ 1
mo phytoplankton mortality rate (calibrated) 0.83 x107®  1.19 x107® 2.64 x107¢ 57!
g1 calanoids grazing efficiency (calibrated) 1.6 X107 024 x1077  1.6x1077 s'L
g2 non-calanoids grazing efficiency (calibrated) 0.93 x1077  0.63 x1077 093 x1077 s7'L
FEoo maximum PAR (source) 1007 pmol photons m 27!
WE angular frequency for day length (source) 0.215 d!
T water temperature (source) 14.3 14.7 14.7 °C
Pisea phytoplankton boundary concentration at the mouth (source) 15.9 17.1 15.8 ugL7!
QP influx of phytoplankton at the upstream boundary (calibrated) 1.5 1.8 2.5 gs!
wp settling velocity of phytoplankton cells (Dijkstra et al., 2019a) 1.15 x107° ms~!
Kog background exponential light extinction coefficient (Dijkstra et al., 2019a) 0.095 m~!
kp phytoplankton-induced exponential light extinction coefficient (Dijkstra et al., 2019a) 18 m? (mol N)~*
ke sediment-induced exponential light extinction coefficient (source) 81.4 77.9 72.0 m? kg~!

190 3 Results

In this section, we first show the long-term observations of Chl-a and factors impacting phytoplankton growth in the Scheldt
estuary in spring. Next, we present the results of our model experiments: we calibrate the model and apply an extensive

sensitivity analysis of factors that may explain the disappearance of phytoplankton accumulation in the brackish region.
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3.1 Evolution of Chl-a and corresponding environmental conditions of the in situ observations
3.1.1 Evolution in Chl-a and zooplankton

Figure 2 shows the evolution of the Chl-a concentration in 2004-2018, indicating a clear seasonality with corresponding phy-
toplankton blooms; at the upstream boundary, the Chl-a concentration can reach values above 400 g L~! in summer and,
although local maxima are observed, decays in the downstream direction. We divide the time series in three distinct periods.
In 2004-2007, we find Chl-a concentrations above 50 ug L' in the upstream region, > km 80. In 2008-2014 and 2015-2018,
this region is limited to > 100 km and > 110 km, respectively. In 2008-2014, we also observe concentrations > 50 ug L=!
more downstream between km 40-80 in spring (Apr.-May).

Figure 3 shows the time-averaged Chl-a concentration and the calanoids and non-calanoids abundance in spring for the three
distinct periods considered. The error bars and shaded area depict the standard error of the Chl-a observations and zooplankton
abundance, respectively. The calanoids abundance (see Fig. 3a) also shows distinct trends in the three periods considered. In
2004-2007, we observe a relatively low calanoids abundance between km 110-150, ranging up to approximately 5 ind. L=,
Downstream from km 110, we observe an increase in calanoids, resulting in a local maximum of calanoids of approximately 10
ind. L~!, centered near km 90. In 2008-2014, the local maximum in calanoids abundance shifts in the upstream direction and
increases. The overall calanoids abundance increases, with a maximum of approximately 17.5 ind. L=! at km 110. In 2015-
2018, the local maximum in calanoids abundance shifts further landwards to approximately km 140, with again a maximum of
approximately 17.5 ind. L=!. We thus observe a land-inward shift and estuary-scale increase of the local calanoids abundance
over time. However, the system-averaged, volume-weighted calanoids abundances are 4.9 ind. L™, 6.43 ind. L™!, and 4.3 ind.
L1, respectively, as the estuary is narrow and shallow in the upstream region. At the upstream boundary, non-calanoids are
dominantly present (see Fig. 3b). On average, we observe an increase of the non-calanoids abundance in landward direction on
the estuary scale in all three periods. As illustrated by the large standard error, the differences of the non-calanoids abundance

are not statistically significant between the three distinct periods.
3.1.2 Evolution in SPM and light extinction

Figure 4a shows the sub-surface time-averaged SPM concentration in the three periods considered. In all three periods, the
SPM concentrations range up to approximately 150 mg L~!. However, we observe significantly lower concentrations between
approximately km 50-100 in 2004-2007. The lower SPM concentrations are especially visible between km 70-80, where we
observe concentrations below 50 mg L1 in 2004-2007 and up to 150 mg L~! after 2007. Moreover, in 2015-2018, we observe
the largest SPM concentrations between km 80-120.

The light extinction coefficient shows a similar evolution to the SPM concentration (see Fig. 4b), with significantly lower
values of approximately 4 m~! between km 70-80 in 2004-2007 compared to the values of approximately 7 m~* after 2007.
However, although the average values are also higher between km 80-120 in 2015-2018, which is consistent with the SPM

observations, the differences are not statistically significant.
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Figure 2. Observed Chl-a concentration (;1g L™') in 2004-2018 and (b) the corresponding long-term time-averages of the Chl-a concentration
and zooplankton abundance (i.e., calanoids abundance) in spring (Apr.-May). The error bars and shaded area depict the standard error of the
Chl-a observations and zooplankton abundance, respectively. We observe a phytoplankton bloom in the brackish region (km 60-90) in spring

in 2008-2014, which is absent in the other years considered. Simultaneously, we observe a land-inward shift of the zooplankton community.
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Figure 3. Long-term time-averages of the Chl-a concentration and (a) calanoids and (b) non-calanoids in spring (Apr.-May). The error bars
and shaded area depict the standard error of the Chl-a observations and zooplankton abundance, respectively. We observe a phytoplankton
bloom in the brackish region (km 60-90) in spring in 2008-2014, which is absent in the other years considered. Simultaneously, we observe

a land-inward shift of the calanoids.
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Figure 4. Long-term time-averaged observations in spring (Apr.-May) in 2004-2018 of (a) the water surface SPM concentration and (b) the

light extinction coefficient k4. The error bars depict the standard error of the observations.

3.1.3 Evolution in discharge and salinity intrusion

Figure 5a shows the long-term, monthly-averaged discharge in the three periods considered. In spring (Apr.-May), the average
discharge is 85, 81, and 72 m—3 s~ in 2004-2007, 2008-2014, and 2015-2018, respectively. We thus observe a slight decrease
in total freshwater discharge over time.

Figure 5b shows the monthly-averaged salinity intrusion, which is defined as the distance from the mouth at which the
salinity equals 2 ppt. We typically observe the opposite trend compared to the freshwater discharge: a larger discharge comes
with a smaller salt intrusion. What is most important within the scope of this paper is the fact that in spring (Apr.-May) the

salinity intrusion does not show major changes during the study period 2004-2018.
3.1.4 Evolution in photosynthetic parameters

Figure 6a shows the monthly- and system-averaged maximum photosynthetic rate pim,x in the three periods considered. In
spring (Apr.-May), pmax 1S approximately equal in 2004-2007 and 2008-2014, but significantly lower in 2015-2018. The cor-
responding time-averaged values are 6.59, 6.44, and 4.31 mg C (mg Chl-a)~! h™!, respectively.

Figure 6b shows the monthly- and system-averaged photosynthetic efficiency « in 2004-2018. What is most important
within the scope of this paper is that « is not significantly different in all three periods 2004-2007, 2008-2014, and 2015-
2018 in spring. The corresponding time-averaged values are 0.0165, 0.0168, and 0.0188 mg C (mg Chl-a)~! h—! [PAR]™!,

respectively.
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To conclude, long-term observations in the Scheldt estuary show an estuary-scale evolution in zooplankton abundance, SPM
(cf. light extinction), fmax, and, to a minor extend, in the freshwater discharge in the Scheldt estuary in 2004-2018 in spring.
The determination of the changes in the observations that are responsible for the evolution in Chl-a concentration is difficult

based on the observations alone. Therefore, we apply a complementary model approach in the following section.
3.2 Evolution of Chl-a explained using model experiments

To quantify the impact of the observed trends presented in the previous section and alterations of other factors affecting

phytoplankton growth on the Chl-a concentration, we calibrate our model and apply an extensive model sensitivity analysis.
3.2.1 Evolution in Chl-a and mortality rate (cf. zooplankton)

We calibrate the system-constant mortality rate mg and the influx of phytoplankton at the upstream boundary Q) P to the ob-
served long-term time-averaged Chl-a concentrations separately for the three periods considered by minimizing our prescribed
cost function. This results in an optimal parameter set mgo = 2.64 x 1076 s71, QP =2.46 g s™1, mo=1.19x 1076 s~ 1,
QP =181gs ! and my=0.83x 1076571, QP =1.48 gs~!, in 2004-2007, 2008-2014, and 2015-2018, respectively.

Figures 7a-c show the corresponding modeled Chl-a concentration for the optimal choice of m and Q) P in 2004-2007, 2008-
2014, and 2015-2018, respectively. The model captures the main features of the Chl-a distribution in 2004-2007. In 2008-2014,
the model does not capture the accumulation of Chl-a in the brackish region, but does capture the Chl-a concentrations at the
other locations. In 2015-2018, the model captures the main features of the Chl-a distribution, which is relatively simple: Chl-a
flows into the Scheldt estuary at the upstream boundary and the Chl-a concentration decreases relatively fast in the downstream
direction. Here, it is important to note that the observed Chl-a values between km 50 and 100 are below the detection limit of
10 ug L~ and all modeled Chl-a concentrations lower than this limit are considered as ‘good’ by the cost function.

To conclude, the calibrated system-constant mortality rate seems to have increased after 2015. Simultaneously, our cali-
bration shows a long term decrease in influx of phytoplankton QP at the upstream boundary. The model captures the main
trends in the 2004-2007 and 2015-2018 case. However, the model does not capture the observed accumulation of Chl-a in the
brackish region in 2008-2014 and thus the calibrated parameters in 2008-2014 should be taken with care. To further investigate
this accumulation of Chl-a and determine potential parameter values which may result in accumulation of Chl-a in the brackish

region, we apply a sensitivity analysis in the following section.
3.2.2 Sensitivity study of model parameters

Figure 8a shows the sensitivity of the depth-averaged Chl-a concentration to the mortality rate mg in 2008-2014. At low
mo < 0.4 x 1076 s1, accumulation of Chl-a occurs in the brackish region, but also results in a significant increase in Chl-a
upstream from km 100, which is not observed.

Figure 8b shows the impact of variations in the sediment-induced light extinction coefficient k. on the Chl-a model result,

keeping other parameters at their default values. We have to decrease k. by a factor of approximately 4 to obtain accumulation
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of Chl-a in the brackish region. This difference is significantly larger than the variability that follows from the observations,
which is between approximately 65 and 80 m? kg~! (see Appendix D).

Figures 9a-9d show the sensitivity of the depth-averaged Chl-a concentration to the freshwater discharge (), the maximum
photosynthetic rate pigp at O °C, the influx of Chl-a at the upstream boundary ()P, and the Chl-a concentration at the seaside
boundary Py, in 2008-2014, again keeping the other variables at their default values. Changes in these parameters lead to
changes in the upstream or downstream Chl-a concentration, but do not result in the accumulation of Chl-a in the brackish
region. Therefore, changes in these parameters alone cannot explain the disappearance of accumulation of Chl-a in the brackish

region.
3.2.3 Chl-a distribution using parameter values that result in accumulation of Chl-a in the brackish region

Our sensitivity study shows that variability in the mortality rate mg and the sediment-induced light extinction coefficient k.
may result in accumulation of Chl-a in the brackish region in 2008-2014, while changes in the other parameters do not. To
further analyze the impact of an adjustment of these two parameters on the Chl-a distribution, we calibrate these two parameters
to the Chl-a concentration in the brackish region in 2008-2014 only and present the resulting Chl-a distribution. Because we
are interested in the individual impact of an adjustment of mg and k. on the Chl-a distribution, we keep all other parameters
fixed to the values used in the reference case presented in Fig. 7. Finally, we use the optimal parameter values of mg and k.
that result in accumulation of Chl-a in the brackish region in 2008-2014 in the other periods considered (i.e., 2004-2007 and
2015-2015) and show the corresponding impact on the Chl-a distribution.
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Calibration of the mortality rate m and the sediment-induced light extinction coefficient k. separately to the brackish Chl-a
observations only (km 50-90) in 2008-2014 results in myey = 0.35 x 1076 s~! and k. = 22.4 m? kg~ !.

Figure 10b shows the corresponding modeled Chl-a distribution using this optimal m,.,, value. We also show the reference
model result (ref. in Fig. 7b) when using the optimal mg = 1.19 x 107 s~! calibrated to the Chl-a observations covering the
full estuary. The recalibrated model results of Chl-a to the brackish region capture the magnitude of the Chl-a concentrations
in this region between km 50-90. However, this choice of my,y results in an overestimation of the Chl-a concentration near km
100 and downstream from km 50. This overestimation increases when we use the recalibrated myey value in the other periods
considered. In 2004-2007, the recalibrated model results (i.e., myey in Fig. 10a) overestimates the Chl-a concentration in almost
the entire estuary, in particular in the brackish region, which is mainly due to the significantly lower SPM concentrations in
this region (see Fig. 4a). In 2015-2018, using meyw also results in an overestimation of the Chl-a concentrations (myey in Fig.
10c).

When we recalibrate k. to the brackish region only in 2008-2014, we again capture the magnitude of the Chl-a concentrations
in the region between km 50-90 (k. Figure 10b) and overestimate the Chl-a concentration near km 100 and downstream from km
50. Using this recalibrated k. value, we again overestimate the Chl-a concentration in 2004-2007. In 2015-2018, recalibration

of k. has no major impact on the Chl-a distribution (k. in Fig. 10c).
3.2.4 Spatial variability in mortality rate due to grazing

Although the recalibrated mortality rate captured the accumulation of Chl-a in the brackish region in 2008-2014, it results in
an overestimation of Chl-a in both the downstream and upstream region. Furthermore, using this recalibrated mortality rate
Mpew 11 2004-2007 and 2015-2018 results in a estuary-scale overestimation of the Chl-a concentration, again indicating that
we have to use a different mortality rate for the three periods considered. This is our motivation to introduce spatial variability
in m by assuming a linear relationship between m and the calanoid and non-calanoid zooplankton abundance Z°4am%1ds (1) and
Znon-calanoids (3.) [see Eq. (3)], with the corresponding linear scaling factors being defined as the grazing efficiencies g, and
g2, respectively. We estimate Z<1ani0s () and Znon-calanoids () g the (linearly interpolated) zooplankton abundance (i.e., the
dashed curves in Figs. 3a-b, respectively) in which we extrapolate the zooplankton abundance in the downstream region where
we do not have observations using the system-averaged abundance.

Calibration of g; and g» to the Chl-a observations in 2004-2007 and 2015-2018, and the Chl-a observations in the brackish
region only in 2008-2014 results in the modeled Chl-a concentrations (mgpaia) presented in Figs. 10a, 10c, and 10b, respec-
tively. In 2004-2007, a spatially varying m (g = 1.6 and g» = 0.93 x 10~7 s=! L) partly resolves the overestimation of the
Chl-a in the brackish region and captures the local decrease in this region. However, more upstream at km 90, the Chl-a con-
centrations are slightly underestimated. In 2008-2014, although the Chl-a concentrations are slightly overestimated near km
100, the local increase in m (g; = 0.24 and g = 0.63 x 10~7 s~! L) significantly reduces the Chl-a concentrations and results
in a local minimum of Chl-a near km 100, which complies with the observations. If we were to choose the calibrated values
corresponding to 2004-2007 in 2008-2014, we would obtain a Chl-a distribution very similar to the reference case and we

would thus not capture the accumulation of Chl-a in the brackish region (not shown). If we were to consider only the calanoids
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We also show the model result in which we calibrated mo and k. to the Chl-a observations in the brackish region in 2008-2014 only (mpew

in 2015-2018

and k., respectively) and the model result in which we used a spatially varying mortality rate (Mgpagar)-
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(so a reduction of one calibration parameter), we would not obtain the clear local minimum in Chl-a near km 100 (not shown).
We thus require an evolution in g; and g5 to capture the accumulation of Chl-a in the brackish region. In 2015-2018, a spatially
varying m (g, = 1.6 and go = 0.93 x 10~7 s~! L) has no major impact on the model results and results in a good correspon-
dence between model and observations. We can thus capture the Chl-a distribution using the ¢g; and g values of 2004-2007.
Finally, using the g; and g» values corresponding to 2008-2014 in 2015-2018 results in a system-scale overestimation of Chl-a
(not shown).

To conclude, the sensitivity analysis of mq shows that accumulation in the brackish region is possible at low mq. However,
this results in an overestimation of the Chl-a concentrations downstream from km 50 and near km 100. The latter can partly
be resolved by considering spatial variability in the morality rate m, which we based on the zooplankton observations and thus
suggests that the evolution in the zooplankton abundance in the Scheldt estuary may partly explain the evolution in the Chl-a
distribution in spring. Here, we require different g; and g values in 2008-2014. In 2004-2007 and 2015-2018, we capture
the Chl-a distribution on the estuary-scale using similar ¢g; and g». The reason for this evolution in g; and g5 is unclear and

discussed in the following section.

4 Discussion

In this section, we first discuss the observations and model results. Next, we combine all results to explain the long-term

evolution of the estuary-scale Chl-a concentrations.
4.1 Suggested importance of grazing

To explain the temporary occurrence of accumulation of Chl-a in the brackish region in 2008-2014, we studied long-term ob-
servations of the factors affection phytoplankton growth and carried out an extensive model sensitivity analysis. The comple-
mentary model approach allowed us to detect causalities instead of correlations and quantitatively determine which processes
are essential to capture the long-term evolution in Chl-a concentrations on the estuary-scale. Our results suggest that a change
in mortality rate is the main factor to explain the appearance and disappearance of Chl-a accumulation in the brackish region
and that other parameters (e.g., SPM) alone cannot explain this observed evolution in Chl-a.

Mortality rate results from a complex interaction between physical-bio-chemical processes. Important indicators impacting
the mortality rate are viruses (Brussaard, 2004), phytoplankton community competition (Beckett and Weitz, 2017), salinity
stress (Lionard et al., 2005b), and nutrient loads. Given the favorable nutrient concentrations for phytoplankton growth in the
Scheldt estuary between 2004-2018 (Maris and Meire, 2017), we do not expect that nutrients are important. Moreover, we did
not observe major changes in salinity (see Fig. A1) in the brackish region in spring over the last decade. This suggests that the
change in mortality rate is caused by other factors such as viruses, phytoplankton community composition, and grazing.

Without specific evidence of changes in viruses or planktonic community, we hypothesize that changes in grazing of phyto-
plankton is the core reason for the long-term changes in the mortality rate. This idea is supported by the long-term land-inward

shift of the phytoplankton grazers and our model approach, which showed an improvement of the model results when making
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the mortality rate dependent on the zooplankton abundance. Moreover, a dominant impact of zooplankton grazing on the mor-
tality rate complies with Calbet and Landry (2004) who studied 136 estuarine systems and showed that zooplankton grazes on
average approximately 60 % of the primary production. Moreover, by comparing Chl-a concentrations and biomass concen-
trations of the E. affinis-dominated zooplankton population in the St Lawrence estuary (Canada), Winkler et al. (2003) showed
that E. affinis is likely to be a major cause of the downstream decrease in Chl-a concentration.

The values and range of the mortality rate and grazing efficiency found by our model comply with the literature. Assuming a
system-constant mortality rate, we found mortality rate values ranging from 0.83 — 2.64 x 10~% s~1, which complies with the
value of approximately 1.1 x 1076 s~ presented in Desmit et al. (2005) who studied a real-case in the Scheldt estuary near
km 115. Incubation experiments carried out with adult E. Affinis around km 80 in the Scheldt estuary during spring 2013 and
2014 show g values between 1.54 x 1078 and 2.78 x 107 s~! L (Chambord et al., in prep.), overlapping with the modeled
values in this study. Also, the fact that we obtained a different grazing efficiency for the three distinct periods is not surprising
because the translation of zooplankton abundance to grazing and mortality rates is complex; it does not only depend on the
zooplankton community (Hoffman et al., 2008) and its inter-specie predation (Soto and Hurlbert, 1991), but is also influenced
by both biotic and abiotic factors. For example, higher SPM concentrations may impact selective feeding (Tackx et al., 2003)
and thereby decrease the grazing efficiency. Additionally, Mialet et al. (2011) suggested that variability in phytoplankton size
in the Scheldt estuary (Muylaert and Sabbe, 1999) may influence the feeding efficiency of the copepod Eurytemora affinis.

4.2 Hypothesized schematic reconstruction of the estuary-scale Chl-a concentrations

In this section, we combine all results into a schematic reconstruction of the long-term evolution in Chl-a concentrations. To
do so, we add observations of two crucial variables that impact the zooplankton abundance: the oxygen concentration and
fish abundance. Figure 11 shows the long-term trends resulting from the OMES observations in spring. The fish abundance
follows from visual inspection of the figures showing the fish abundance in spring presented in Breine et al. (2018). The grazing
efficiency is the grazing efficiency corresponding to calanoids [which dominate the brackish region (km 60-90) in spring] and
follows from the calibration of g; carried out in Section 3.2.2. Note that Fig. 11 and the reasoning below is supported by
observations but still needs to be verified by a model that explicitly resolves zooplankton dynamics. As such, we present Fig.
11 as a hypothesis.

In 2004-2007, the growth conditions for phytoplankton in the brackish region seem to have been optimal (lowest SPM
concentrations, see SPM brack. in Fig. 11). Zooplankton was abundant in the brackish region because the fish population was
low (Breine et al., 2018). Zooplankton was limited to the brackish region because the oxygen concentrations in the freshwater
region were too low (< 4 mg L™1) to allow for the occurrence of the dominant calanoid species Eurytemora affinis (Appeltans,
2003; Mialet et al., 2010, 2011). The environmental conditions (e.g., low SPM) resulted in a high grazing efficiency. The
combination of this large grazing efficiency and a high zooplankton abundance in the brackish region hindered accumulation
of Chl-a in this region significantly because of a top down control by zooplankton (see phyto. brack. in Fig. 11).

In 2007-2014, growth conditions changed in the brackish region. On the one hand, there was a significant increase in SPM.

On the other hand, the implementation of the wastewater treatment capacity in, for example, Brussels in 2006 (Brion et al.,
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Figure 11. Schematic evolution of the volume-weighted phytoplankton concentration (phytoplankton), volume-weighted zooplankton abun-
dance (zooplankton), estuarine fish abundance (fish), volume-weighted oxygen concentration (O2), and (calibrated) grazing efficiency (graz-
ing eff.) by calanoids in the Scheldt estuary and the volume-weighted phytoplankton abundance (phyto. brack.) and volume-weighted SPM
concentration (SPM brack.) in the brackish region in spring (Apr.-May) in 2004-2018. The blue circle and triangle depict the critical oxygen

concentration of 2.5 and 4 mg L ™!, respectively.

2015) resulted in a significant improvement of the water quality (Maris and Meire, 2017; Cox et al., 2019). In particular, the
oxygen levels significantly increased and did not show critical concentrations for fish abundance below 2.5 mg L~! (see O»
in Fig. 11), resulting in a significant increase in estuarine fish population in spring after 2007 (Breine et al., 2018) (see fish in
Fig. 11). These fish include juveniles of dominant fish species in the Scheldt estuary such as sprat and herring, of which the
dominant calanoid Eurytemora affinis is an important food source (Maes et al., 2005). Moreover, mean oxygen values of ~ 4
mg L~! in the freshwater region were observed, allowing for the occurrence of Eurytemora affinis in this region (Appeltans,
2003; Mialet et al., 2010, 2011; Chambord et al., 2016). The combined effect of an increase in fish population and an increase
in oxygen concentrations in the freshwater region resulted in a land-inward shift and system-scale increase of zooplankton. In
the brackish region, a change in environmental conditions (e.g., high SPM concentrations) decreased the grazing efficiency.
Observations suggest that the balance of a deterioration of the light climate (i.e., increased SPM) and lowering of the grazing
pressure ultimately favored Chl-a growth in the brackish zone. More upstream, the land-inward shift of zooplankton resulted

in a local minimum of Chl-a.
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In 2015-2018, the growth conditions in the brackish region were apparently less optimal (decrease in fin,y) and the grazing
efficiency seems to have increased. The reasons for this are not fully understood. The result was a disappearance of accumu-
lation of Chl-a in the brackish region. A further increase in oxygen and fish population allowed the zooplankton population to
further shift land-inward, resulting in a rapid decrease of the Chl-a concentration in the downstream direction at the upstream

boundary and a volume-weighted decrease of the zooplankton abundance.

5 Conclusions

In this paper, we studied the long-term estuary-scale evolution of the spring phytoplankton (cf. Chl-a) distribution in the Scheldt
estuary. We focused on the appearance and disappearance of phytoplankton accumulation in the brackish region in spring in
2004-2018.

We first analyzed long-term in situ observations covering the full estuary of the SPM concentration, zooplankton abundance,
and other variables affecting net phytoplankton growth, showing a long-term estuary-scale evolution in not only the SPM
distribution and zooplankton abundance, but also in the freshwater discharge and maximum photosynthetic rate. Next, to
detect the evolution in these variables that is essential to capture the evolution of phytoplankton, we employed a model approach
supported by the observations. Our model approach suggests that a change in mortality rate and grazing by zooplankton mainly
explains the long-term estuary-scale evolution of phytoplankton in spring.

Although our model approach simplifies reality and shows (local) anomalies when comparing phytoplankton model results
and observations, it allows us to quantitatively determine the importance of various factors affecting phytoplankton growth on
the estuary-scale. This knowledge is important for moving forward using more complex numerically costly models. Our results
highlight the importance of insight into the zooplankton dynamics to understand the phytoplankton dynamics in the Scheldt
estuary. Further research is required to determine the mechanisms that may have caused these long-term estuary-scale changes

in mortality rate and grazing.

Appendix A: Salinity profile

Following Warner et al. (2005), we fit the salinity data measured in spring in the Scheldt estuary to the following postulated

salinity distribution:

Sal.
Ssea Tr—T.

where $q, is the salinity boundary condition at the mouth and 23" and stal' are further undefined calibration parameters. Figure

Al shows the salinity data and corresponding data fit in spring for the three periods considered. The corresponding parameter

values are listed in the Supporting Information attached to this paper.
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Figure A1. Measured salinity in the Scheldt estuary in spring and the corresponding data fit using Eq. (A1).

Appendix B: Temperature dependence of i«

Following Eppley (1972), we postulate the following temperature dependence of the maximum growth rate pimax (T):

fimax (T) = po0 - iy, (B1)

in which T' is the water temperature and fio9 and jio; are calibration parameters. Figure B1a shows the long-term averaged tem-
perature dependence in 2004-2018. Figure B 1b shows the pimax-7" plot for the 2015-2018 reference case and the corresponding
data fit following Eq. (B1), resulting in z19p = 1.00 x 10~=° s~* and p191 = 1.05. Similarly, we have pgp = 1.21 x 107> s~! and
por = 1.07 and pigp = 1.12 x 107° s~% and pu0; = 1.10 in 2008-2014 and 2004-2007, respectively.

Appendix C: SPM distribution

Following Horemans et al. (2020a), we calibrate the erosion and flocculation characteristics by calibrating the residual SPM
model output to the corresponding long-term residual SPM observations in 2015-2018 (see Fig. Cla). The corresponding
model parameters are the erosion parameter A/ and A, which determines the strength of the flocs. The optimal values are A =
65.9x 1076 s7/2m? and M =4 x 10~% s m~ ™.

As reasoned by Brouwer et al. (2018), Dijkstra et al. (2019b), and Horemans et al. (2020a), between km 70-80 we have
an increase in SPM due to dumping and dredging activities. However, this is not included in model because the dredging
and dumping activities act on a much smaller temporal scale (~ hours) and can thus be considered as a background SPM
concentration, whereas our model computes the long-term SPM distribution. To guaranty that we capture the magnitude of the
observed SPM concentrations at the dredging and dumping location, we add a background SPM concentration originated by

dredging and dumping activities to our model results. More specifically, we replace the model concentration by the (smoothed)
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Figure B1. (a) Long-term time-averaged temperature observations between 2004-2018. (b) imax-1" plot for the 2015-2018 reference case
and the corresponding data fit using Eq. (B1), resulting in oo = 1.00 x 10™° s~* and p01 = 1.05.

SPM observations between km 70 and 80 and beyond km 125. The resulting modeled SPM distribution is presented in Fig.
Clb.

450 To estimate the sensitivity of phytoplankton growth to the SPM concentration, we estimate the SPM distribution between
2004-2007 and 2008-2014 for which we only have water surface SPM observations. To this end, we first divide the water
surface SPM concentration observed in 2004-2007 and 2008-2014 by the observations between 2015-2018 (see Fig. 4a). The
resulting (interpolated) ratios are presented in Figs. C2a and C2b, respectively. Next, we use these ratios to scale the profiles
of the modeled SPM concentrations in 2015-2018, thus keeping the shape of the vertical profiles the same. This results in the

455 estimated modeled SPM distribution in 2004-2007 and 2008-2014 presented in Figs. Clc and C1d, respectively.

Appendix D: Sediment-induced light extinction coefficient

Within the OMES campaign, the exponential light extinction coefficient k, is computed by measuring the solar irradiance at the

water surface E and the light intensity at a depth d of approximately 1 m. Neglecting background and phytoplankton-induced

light extinction, we can compute the sediment-induced light extinction k. as

d
460 kud =k, / o 1)d2, (D1)
0
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Figure C1. (a) The long-term time-averaged observations and (b) the modeled SPM concentration in spring 2015-2018. (c)-(d) Modeled
SPM concentrations which follows from scaling the vertical profiles of presented in (a). The scaling is quantified by computing the ratio of

the observed surface SPM concentrations of the various periods.
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in which 2’ is the water depth and c is the modeled SPM concentration (see Fig. C1). Consequently, the time-averaged sediment-

induced ligth extinction coefficient k. can be approximated by

(D2)

(D3)

which results in k. ~ 72 m? kg~! in 2015-2018 for d = 1 m. To quantify the impact of variability in the integration depth d
on the estimated value of k., Fig. Dla shows the estimated k. value as a function of d. If we assume a vertically constant
sediment concentration, Eq. (D1) simplifies to the linear relationship k4 = k.c(t), which results in a slightly lower k. value of
approximately 68 m? kg~!. The corresponding data fit for 2015-2018 is presented in Fig. D1b. Similarly, k. approximates 78
m? kg—! and 81 m? kg~! in 2008-2014 and 2004-2007, respectively.

Code and data availability. The data presented in this paper in the Belgian and Dutch region of the Scheldt estuary is third party data and
was accessed through http://www.omes-monitoring.be/en/data and https://waterinfo.rws.nl/, respectively. The iFlow version 2.9 code with

the flocculation extension and an input file example are available through https://doi.org/10.5281/zenodo.4560637.
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Figure D1. (a) Sediment-induced light extinction coefficient k. in 2015-2018 for various integration depths d using Eq. (D2). Because the

~1 in our model

light extinction coefficient kq is measured at approximately 1 m depth, we use the corresponding k. value of 72 m? kg
(depicted in blue). (b) Estimation of k. in 2015-2018 assuming a vertically constant suspended sediment profile. By doing so, k. equals the

slope of the linear relationship between kq and SPM (depicted by the blue line).
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