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ARTICLE INFO ABSTRACT

Keywords: Estuaries often show regions in which Chlorophyll-a (Chl-a) accumulates. The location and mag-
Phytoplankton nitude corresponding to such accumulation result from a complex interplay between processes
Zooplankton such as river flushing, salinity, nutrients, grazing on phytoplankton, and the light climate in the
iFlow model water column. An example is the multi-annual evolution of the estuary-scale Chl-a distribution
Scheldt estuary in the Scheldt estuary (Belgium/Netherlands) in spring. From 2004-2007, we observed a limited
Light limitation spring bloom in the brackish region (km 60-90 from the mouth, salinity ~ 1-10 ppt). This bloom
Equifinality intensified in 2008-2014 and disappeared after 2015. This multi-annual evolution of Chl-a has

been hypothesized to be linked to simultaneous multi-annual trends in the suspended particulate
matter (SPM) distribution in summer and winter between 1995-2015 and the improvement
of the water quality (e.g., reduction of ammonium), which affects grazing on phytoplankton
by zooplankton. However, this hypothesis has not been systematically investigated. In this
contribution, we apply a modeling approach in which observations are the core. We first analyze
multi-annual in situ observations covering the full estuary. These observations include the SPM
concentration, zooplankton abundance, and other variables affecting the Chl-a concentration.
They show a multi-annual estuary-scale evolution not only in the SPM distribution but also in
zooplankton abundance, freshwater discharge, and phytoplankon photosynthetic characteristics.
Next, we apply a model approach that consists of an extensive sensitivity study and four model
scenarios that are supported by these observations to constrain the processes and corresponding
parameter variability that may have caused the observed change in Chl-a. Our results suggest that
a change in SPM alone cannot explain the Chl-a observations. Instead, a multi-annual change
in mortality rate, which we can attribute to both grazing by zooplankton and phytoplankton
community (i.e., mortality dependence on salinity), may explain the multi-annual estuary-scale
evolution of Chl-a in spring. Different model parameter choices may thus lead to similar model
results (equifinality). Our results highlight that insight into the zooplankton dynamics and
phytoplankton community characteristics is essential to understand the phytoplankton (cf. Chl-a)
dynamics in the Scheldt estuary and that additional data regarding mortality and grazing rates is
required to further constrain the model parameters.

1. Introduction

Estuaries regularly exhibit zones with locally elevated Chlorophyll-a (Chl-a) concentrations, which result from a
complex interaction between physical, transport-related processes and chemical-biotic factors that determine net local
phytoplankton growth. Such processes are governed by water temperature variations (Eppley, 1972), river flushing
(Filardo and Dunstan, 1985; Liu and de Swart, 2015), salinity variations (Lucas et al., 1998), grazing on phytoplankton
(Alpine and Cloern, 1992; Lionard et al., 2005), nutrient dynamics (Tilman et al., 1982; Cira et al., 2016), and the light
climate in the water column (Sverdrup, 1953; Desmit et al., 2005).

Human influences may cause gradual (i.e., multi-annual) changes in multiple of these interacting processes.
Examples are the multi-annual changes in suspended particulate matter (SPM) dynamics caused by channel deepening
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Evolution of multi-annual and large-scale phytoplankton patterns in the Scheldt estuary

in the Ems estuary (Winterwerp et al., 2013; Dijkstra et al., 2019c) and the multi-annual evolution in nutrients in the
Scheldt estuary resulting from an increase in wastewater treatment capacity (Brion et al., 2015). Modeling the exact
mechanisms that may have caused the observed changes in phytoplankton dynamics is challenging due to the high
complexity and because many of the biological interactions are poorly constrained by available data, especially when
considering multi-annual time scales.

In view of multi-annual changes in phytoplankton dynamics and the various interacting processes, the Scheldt
estuary is an interesting example. A phytoplankton spring (Apr-May) bloom appeared and disappeared in the brackish
region (km 60-90 from the mouth, salinity ~ 1-10 ppt) between 2004-2018 (Maris and Meire, 2017). From 2004
until 2007, almost no spring bloom was observed in the brackish region. A spring bloom was consistently observed
between 2008-2014 but disappeared after 2015. Covering the same period, Cox et al. (2019) reported a multi-annual
estuary-scale change in SPM dynamics in the Scheldt estuary in summer and winter. From 2009 onwards, a change
in the estuarine turbidity maximum dynamics (e.g., the appearance of a new turbidity maximum in winter) and an
overall increase in SPM concentration were observed. Simultaneously, the water quality in the Scheldt estuary improved
drastically (e.g., reduction of ammonium), 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. In 1996, calanoid copepods, in casu Eurytemora affinis, dominated in the
downstream brackish region and were quasi absent (time-average < 1 ind. L~!) in the freshwater region (> 90 km from
the mouth). From 2007, they gradually developed more upstream to also become dominant there in 2009 (Appeltans,
2003; Mialet et al., 2010, 2011; Chambord et al., 2016). The reported changes in SPM in summer and winter and
zooplankton dynamics have been hypothesized to link to the multi-annual disappearance of phytoplankton blooms in
spring (Maris and Meire, 2017). However, this has not been systematically investigated, which is necessary given the
complex interplay between factors affecting phytoplankton growth. In this contribution, we aim to quantify the relative
impact of various factors affecting phytoplankton dynamics on the appearance and disappearance of the phytoplankton
bloom in the brackish zone in the Scheldt estuary. To this end, we apply a modeling approach in which observations
are the core.

As discussed by Franks (2009), the choice of an appropriate modeling approach to acquire insight into the
phytoplankton(-zooplankton) dynamics depends on the research questions and data availability. Arndt et al. (2011),
Naithani et al. (2016), and Gypens et al. (2013) explicitly resolved the phytoplankton—zooplankton(-nutrient) dynamics
over one year in the Scheldt estuary using a complex model (from a biochemical perspective) that includes multiple
phytoplankton and zooplankton groups. This resulted in valuable insight into the transient behavior of phytoplankton
and zooplankton groups covering the full estuary in 1995, 2003, and 2006, respectively. However, using such models to
study multi-annual changes is challenging. The main reason is that (long-term) experimental data is often unavailable,
which has three important consequences. Firstly, some of the modeled planktonic groups cannot be observationally
validated. Secondly, such models require many (~ dozens) calibration parameters that are often poorly constrained
(e.g., maximum grazing rate, mortality rate per species). These parameters are generally calibrated by fitting them to
data and assumed to be fixed in time. Although assuming fixed parameters may be acceptable when focusing on one
year, this assumption may be invalid when interested in multi-annual trend changes, suggesting that (some of these)
parameters must have changed over time. Thirdly, different model input parameter choices may lead to similar model
results, which is known as equifinality. Equifinality has been studied using sediment-transport (van Maren and Cronin,
2016) and planktonic ecosystem models (Friedrichs et al., 2006, 2007) applied to estuarine and marine systems. This
phenomenon especially occurs when using more complex models (e.g., including more processes) because the number
of model parameters increases by as much as the square of the number of state variables (Denman and Pea, 2002).

To avoid such problems as much as possible, we choose our model such that it is mainly data-driven and most of its
parameters directly follow from observations. We aim to minimize the number of variables and calibration parameters
that we cannot directly observe. This requires the combining of several biological factors into lumped parameters
related to SPM characteristics, phytoplankton properties, and zooplankton grazing. By calibrating these parameters
for different years, we can determine which of the combined sets of processes may explain the observed changes.

This contribution is structured as follows. We first introduce the model approach, the Scheldt estuary, and the
methodology to obtain the observations in Section 2. In Section 3, we show the multi-annual 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, apply a sensitivity analysis of factors that may explain the disappearance of
phytoplankton accumulation in the brackish region, and run different model scenarios. We study whether this multi-
annual trend in phytoplankton accumulation may be constrained by an individual multi-annual change in grazing by
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zooplankton or other processes contributing to the phytoplankton mortality rate. In Section 4, we discuss the data and
model results and modeling approach. Finally, we conclude in Section 5.

2. Material and methods

In this section, we introduce the core characteristic of our data-driven modeling approach necessary to understand
our modeling sensitivity study and model scenarios. Next, we explain how the necessary data used in the model was
obtained. Finally, we present four model scenarios to study the individual effect of multi-annual changes in SPM and
phytoplankton and zooplankton characteristics on the multi-annual evolution of phytoplankton.

2.1. Model set-up

physics phytoplankton zooplankton

data driven resolved data driven

adult calanoids
IR - it non-calanoids
(i.e., cladocerans,

salinity
light

temperature

A > c ) "
resolved 21 fesh. =1 harpacticoids, and
. © i My Y cyclopoids)
hydrodynamics 1 mar boA
oMy~ | @
data driven/resolved K E* . i
SPM c] nutrients  apundant, that is, not limiting_

hence not explicitely resolved

Figure 1: A schematic overview of the physical-biochemical factors that affect phytoplankton dynamics and phytoplankton
and zooplankton classes that are included in our model approach.

We present a schematic overview of the physical-biochemical factors that affect phytoplankton dynamics and are
included in our model approach in Fig. 1. The (lumped) calibration parameters are related to phytoplankton- (i.e., m(f)r“h' ,
mg‘ar') and zooplankton characteristics (i.e., g1, g,). These parameters are subject to extensive sensitivity study when
we consider four model scenarios (see Section 2.3). Here, we also focus on a parameter related to SPM characteristics
(i.e., k.). The model scenarios allow us to quantify the individual impact of potential multi-annual changes in SPM,
phytoplankton, and zooplankton characteristics on the multi-annual evolution of phytoplankton accumulation in the
brackish region, which is the aim of this contribution. We choose to implement our modeling set-up in the process-
based, width-averaged model iFlow (Dijkstra et al., 2017). For additional technical details, we refer the reader to
Dijkstra et al. (2017, 2019a), Horemans et al. (2020a), and the Supporting Information. In the following sections, we

briefly describe each box presented in Fig. 1 and define the corresponding parameters of interest.

2.1.1. Phytoplankton

Cell count observations show that the dominant phytoplankton species in the Scheldt estuary in spring are diatoms
and not chlorophytes or other algae groups (euglenophytes, cryptophytes, cyanobacteria, and dinophytes) (Maris and
Meire, 2007; Muylaert et al., 2009; Maris and Meire, 2009, 2013, 2017). We distinguish between freshwater and marine
diatoms because salt stress is considered to have an important effect (Gypens et al., 2013). Besides the effect of salinity
stress, each diatom class has a unique maximum growth and mortality rate. Processes causing phytoplankton mortality
are subdivided into two classes: zooplankton grazing and all other processes. The latter is parameterized by lumped
parameters m™s" and m" for the freshwater and marine diatoms, respectively.

We adapted iFlow’s phytoplankton module (Dijkstra et al., 2019a). The width-averaged differential equation for
the phytoplankton concentration P! of phytoplankton group i and corresponding boundary conditions read as (Dijkstra
et al., 2019a)
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0,P' +ud P+ (w—wp)o, P — %6X(BKhaxPi) —0,(K,0,P") = (4 —m)P' , (1)
W Y ;'\/—J

Y balance between local growth and mortality
advection-diffusion

-

wpP' + K,0,P' =0, at the bed and water surface (no flux),

¢
1 i _ . .
<—H+ Z . {1 P'd z> = P, at the seaside boundary (constant concentration), and ?)

¢
B < [ uP'— K,0,Pd z> = QP, at the upstream boundary (constant influx).
“H

Here, t represents time, x and z are the coordinates in the longitudinal and vertical direction, respectively, u and w
are the water velocities in the longitudinal and vertical direction, wp is the constant settling velocity of phytoplankton
cells, B is the width of the estuary, K, and K, are the horizontal and vertical eddy diffusivities, the angle brackets
denote averaging over a long time scale (i.e., larger than a tide or day; 15 days), —H and ¢ are the z-coordinates of the
bed and water surface, P, is the constant phytoplankton concentration at the seaside boundary, QP is the constant
influx of phytoplankton at the upstream boundary, and x4 and m are the growth and mortality rate of phytoplankton.
We divide the model into two phytoplankton classes: freshwater diatoms PP and marine diatoms P™". Following
Naithani et al. (2016), most parameters of the two phytoplankton groups are equal, except the mortality rate m and
maximum growth rate y,,.. [defined in Eq.(6)], which is ~ 1.6 times larger for marine diatoms. The mortality rate
depends on salinity .S and the abundance of phytoplankton grazers Z:

m=mfs(S)+ f7(Z), 3)

in which m;) is a (calibrated) constant mortality rate parameter of phytoplankton group i (i.e., the freshwater or marine
diatoms) and f¢ and f, are functions that determine the salinity and zooplankton dependence of the mortality rate m,
respectively. Following Naithani et al. (2016), we assume the following (normalized) salinity stress:

1.075 .
—_ freshwater diatoms,

_ 1.07ssea”
fs(S) = 145%0.855 ine di @
W , marine diatoms,

in which ssea and SUPS®aM are the salinity at the downstream and upstream boundary (in ppt), respectively. In the
literature, multiple zooplankton dependencies of the phytoplankton mortality rate have been studied (Steele and
Henderson, 1992). We consider the following longitudinal variation in m due to zooplankton abundance:

f2(Z) =) ¢;Z/(x) ®)

J

in which g; is a grazing parameter corresponding to zooplankton class j that follow from calibration (units sTIL
ind.” ).

Given that the Scheldt estuary is a turbid system, we use the Platt formulation for light limitation of the time-
averaged growth rate u (Platt et al., 1980). This formulation is suitable for turbid systems as it does not consider an
inverse relationship between u and the photosynthetically active radiation E at large E (cf. cell burning). Without
nutrient limitation, x then reads

u= ymx(T>< [1 —exp ( P“ E> ] > (6)

. >

~
Platt light limitation
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in which T is the water temperature, P, ., is the maximum photosynthetic rate, « is the growth efficiency, the angle
brackets again denote averaging over a long time scale (i.e., larger than a tide or day; 15 days) to average out interference
between the daily and tidal cycle, and p,,, is the maximum growth rate. Following Eppley (1972), we postulate the

following temperature dependence of the maximum growth rate y,,, (T):

:umax(T) = ruOO:u(gllo ‘ >’ (7)

in which pgo and p; are calibration parameters and T is expressed in © C. The photosynthetically active radiation E
reads as

0
E(x,z,t;P',c) = Eoo(t) exp| —k, / c(x,z,)dz | fi(x, z,t; PH, (8)
Z

SPM-induced light extinction

in which Eoo represents the photosynthetically active radiation (PAR) at the water surface, ¢ is the SPM concentration,
k. is the SPM-induced exponential light extinction coefficient, and f; corresponds to exponential light extinction due
to background effects (e.g., absorption by water molecules) and self-shading by phytoplankton cells. For the definition
of Eoo and f;, we refer the reader to the Supporting Information.

The model solves the approximated phytoplankton dynamics in equilibrium conditions (Dijkstra et al., 2019a),
that is, the state reached after a sufficiently long time of constant forcing, thus representing long-term trends rather
than transient behavior. By doing so, we do not have to postulate initial conditions, which further simplifies our
sensitivity analysis. We argue that this assumption of equilibrium conditions is acceptable because the accumulation
of phytoplankton in the brackish region covers approximately two months, which is large compared to the time scale
of a bloom (~ 2-3 weeks). As shown by Regnier et al. (1997), the accuracy of their coupled reaction-transport in
equilibrium conditions applied to the Scheldt estuary depends on the biological rates; higher rates (which are typical for
the spring/summer months) result in higher model performance. We solve the marine and freshwater diatom dynamics
separately and thereby neglect their coupling through shading by marine diatoms on freshwater diatoms and vice versa.
This assumption is acceptable as we show later that freshwater and marine diatoms are spatially separated. In the region
where we have similar concentrations of freshwater and marine (cf. coupling), self-shading is negligible. Last, for the
implementation of time-averaged u, we use the approximated Platt light limitation function presented in Horemans
et al. (2020b). By solving approximate solutions for the phytoplankton dynamics, our model approach comes with
very low computation times (~ s) when compared to more realistic models (~ hours-days), allowing for an extensive
sensitivity analysis.

The variables required to solve our phytoplankton model are salinity (.5), PAR at the water surface (Eoo), water
temperature (T"), water flow velocity (v and w) and surface elevation (), SPM concentration (c), and zooplankton
abundance (Z). The next subsections are about these variables.

2.1.2. Salinity, light, and temperature

Salinity, light at the water surface, and temperature all impact phytoplankton growth and are considered data-driven
variables in our model. They thus directly follow from observations. Following Warner et al. (2005), the longitudinal
salinity profile is implemented as a tide- and depth-independent profile (see the Supporting Information attached to
this paper). This assumption is consistent with the Scheldt estuary being well-mixed (Baeyens et al., 1997).

2.1.3. Hydrodynamics

The vertical and longitudinal water flow velocity and water surface elevation are resolved by solving the width-
averaged shallow water equations in equilibrium conditions. For this, we use an equidistant grid of 100 cells in
the longitudinal and 50 in the vertical direction. The model focuses on the estuary-scale hydrodynamics only by
approximating the estuary’s bathymetry and width by smooth profiles. The model resolves the tidal and subtidal
dynamics of water motion and provides approximate solutions of the complex and nonlinear set of equations for
hydrodynamics 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.
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2.1.4. SPM

Knowing the SPM concentration is important because it determines the PAR E in the water column and the
corresponding SPM-induced exponential light extinction coefficient k.. The SPM concentration follows from a
combined model and data-driven approach.

Similarly to the hydrodynamics, the model solves for cohesive SPM trapping in tide-dominated estuaries by
resolving the width-averaged SPM mass balance equations in equilibrium condition using the same model grid. The
SPM dynamics 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 magnitude of the bed shear stress. The flocculation dynamics of cohesive SPM are resolved
using a single-class dynamic flocculation model (Winterwerp, 2002; Horemans et al., 2020a). Following Horemans
et al. (2020a), we calibrate the erosion and flocculation characteristics by calibrating the the subtidal SPM model output
to the corresponding multi-annual subtidal SPM observations. Because SPM changes due to dredging and dumping
activities, which are not included in the model, may be locally important (Brouwer et al., 2018; Dijkstra et al., 2019b;
Horemans et al., 2020a), we partly follow a data-driven approach. We add a background SPM concentration following
from the SPM observations at the dumping locations to our modeled SPM concentrations (see Supporting Information
for the technical details).

2.1.5. Zooplankton

Observed zooplankton abundances are directly used in the model and not resolved dynamically, hence eliminating
the uncertainty of a dynamic zooplankton model. Observations allow us to distinguish between two dominant zooplank-
ton groups calanoids Z calanoids 51 non-calanoids Znon-calanoids (units ind. L~!, where ‘ind.” denotes ‘individuals’),
where calanoids are dominant in the brackish region in spring (Appeltans, 2003; Mialet et al., 2011). More specifically,
we linearly interpolate the zooplankton abundance observations and extrapolate the zooplankton abundance in the
downstream region where we do not have observations using the system-averaged abundance. Assuming these two
zooplankton groups, Eq. (5) then reads as

fZ ( anlanmds’ Znon—calanmds) =g anlanmds(x) +g Znon—calanmds(x)’ (9)
in which g;, and g, are grazing parameters that follow from calibration (units s~! L ind.™").

2.1.6. Nutrients

We do not focus on nutrient (and detritus) dynamics because the Scheldt estuary is a nutrient-rich estuary (Cox
et al., 2009; Maris and Meire, 2017). The time-averaged dissolved nitrogen, phosphorous, and silicon concentrations
in spring range from 0.1 mmol L', 0.001 mmol L~!, and 0.005 mmol L™! at the seaside boundary to 0.4 mmol L~!,
0.007 mmol L~!, and 0.13 mmol L~! at the upstream boundary, respectively. These concentrations are at least one
order of magnitude larger than the half-saturation constants at which we expect nutrient depletion (Billen and Garnier,
1997; Lancelot et al., 2005; Arndt et al., 2011; Naithani et al., 2016). At the downstream boundary, the phosphorous
and silicon concentrations may approach the order of the half-saturation constant temporarily. However, just 20 km
from the mouth (which is still 40 km downstream from the brackish region of interest), these concentrations are always
significantly larger than the concentrations at which we expect nutrient limitation. We also do not explicitly consider
the effect of nutrient ratios on the phytoplankton community (Sterner and Elser, 2017).

2.1.7. Calibration and parameter values

In this section, we summarize the calibration procedures and parameter values used in this contribution. For the
technical details and full parameter list, we refer the reader to the Supporting Information. We combine our modeled
and data-driven SPM distributions with observations of vertical light extinction to estimate the SPM-induced light
extinction coefficient k,. We quantify the grazing parameters g; and g, corresponding to the calanoids and non-
calanoids, respectively, and mortality rate parameters m{)reSh', m 3 corresponding to freshwater and marine diatoms,
respectively, by calibrating modeled Chl-a concentrations to the Chl-a observations. Here, we use the calibration
method described in Horemans et al. (2020a) in which the phytoplankton model results and observations (cf. Chl-a)
are quantitatively compared. Using the observed P, ., and temperature, we derive the calibration parameters p, and
Ho defined in Eq. (7). The influx of phytoplankton at the upstream boundary Q P follows from the Chl-a observations
at the upstream boundary. The model parameters that are the focus of this paper are summarized in Table 1.

Horemans et al.: Preprint submitted to Elsevier Page 6 of 18
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Table 1
Selection of parameter values used in our model experiments based on observations (obs), model calibration (calibrated),
and the literature. For a complete list, we refer the reader to the Supporting Information.

Value

Variable  Definition 20042007 20082014 20152018 "

k, SPM-induced exponential light extinction coefficient (obs) 81.4 77.9 72.0 m? kg™
mfresh. Mortality rate parameter for freshwater diatoms (calibrated) 1.89x 10 3.30x10°® 830x10° 57!

myar Mortality rate parameter for marine diatoms (calibrated) 321x 107 1.06x10° 335x10° 57!

. Calanoids grazing parameter (calibrated) 0.8 x1077 0.13x1077 0.8x107 s7!' Lind.”!
g Non-calanoids grazing parameter (calibrated) 0.47 X107 0.32 x1077  0.47 x1077 s7! L ind.™!
pifresh- Maximum growth rate at 0 ° C of freshwater diatoms (obs)  0.96 x107>  1.04 x10 0.86 x10~° s7!

U Maximum growth rate at 0 ° C of marine diatoms (obs) 1.59 X107 1.72 x1075 143 x107° !

P E’ohbyst)oplankton boundary concentration at the mouth 15.9 171 15.8 g L]

oP |(r;ft|)lSJ;( of phytoplankton at the upstream boundary 15 18 25 g5

2.2. In situ observations

The Scheldt estuary is a funnel-shaped estuary that flows through Belgium into the North Sea near Vlissingen
(Netherlands) over a distance of approximately 160 km (Fig. 2). Given its relatively small freshwater discharge
compared to the tidal volumes, the Scheldt estuary is tide-dominated (Baeyens et al., 1997; Meire et al., 2005). The
total time-averaged freshwater discharge Q in spring (Apr.-May) equaled 85, 81, and 72 m3 s~! in 2004-2007, 2008-
2014, and 2015-2018, respectively (Waterinfo.be, cited 2019, gauge station zes29f-1066 ~ 1 km downstream from the
Rupel tributary). 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, deducted from gauge stations at the upstream boundary zes57a-1066, at the Dender tributary
den02a-1066, and downstream from the Rupel tributary zes29f-1066 assuming no water leaves or enters the Scheldt
estuary in between these stations).

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 have been measured within the multi-annual OMES (Dutch: “Onderzoek Milieu
Effecten Sigmaplan”) monitoring program (Maris and Meire, 2017), independently of the tidal phase and spring-
neap tide biweekly or monthly at 16 fixed stations (Fig. 2). These variables include Chl-a, zooplankton abundance,
SPM, light extinction, salinity, and phytoplankton characteristics, such as the maximum photosynthetic rate P,,, and
growth efficiency a. In the Dutch region, we only use observations of Chl-a and SPM conducted by Rijkswaterstaat
at three stations in the main channel (Fig. 2). In the following, we briefly introduce the methodology used to obtain
the observations presented in this contribution. For a detailed methodological description, we refer the reader to the
OMES reports (Maris and Meire, 2017) and the 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-c, and
Pheophytin pigments, using 50 ml water samples, a 1-cm pathway cuvette, and a Shimadzu UV-1700 spectrophotometer
(wavelength range 190 to 1100 nm). The observations conducted by Rijkswaterstaat in the Dutch part of the Scheldt
estuary were estimated using High-performance liquid chromatography (HPLC) after filtration (0.2 ym filter) and
extraction (90 % acetone).

To estimate the mesozooplankton abundance, 50-250 L sub-surface water samples were collected and filtered
over a 50 ym 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). Following Mialet et al. (2011), we
divide the mesozooplankton abundance observations at genera level for cladocerans and at phylum level for copepods
(cyclopoids, calanoids and harpacticoids). 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). Therefore, also
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North Sea

France

154 km
Figure 2: The Scheldt estuary and its two main tributaries (Rupel and Dender). The red dots represent the locations where

was sampled monthly and biweekly in the frame of the OMES environmental monitoring program. The orange dots depict
the locations of the observations conducted by Rijkswaterstaat.

given our modeling philosophy that aims to minimize the number of variables and calibration parametersthat we cannot
directly observe, we divide the community into two groups: adult calanoids and adult 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 stations. Simultaneously, two SPM samples were
collected at approximately the water surface and half the water depth. These SPM samples were used to translate
turbidity to SPM concentration (a linear fit was applied each campaign; Horemans et al., 2020a). The number of spring
campaigns between 2015-2018 equals 16.

To determine the SPM concentration, 1 L water samples were collected and filtered in the laboratory using a GF/C
50 mm filter. To remove salinity, the filters were rinsed with 3 X 50 ml demineralized water before gravimetrically
determining the SPM concentrations (norm NBN-EN872). 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 and salinity

The light climate was measured by estimating the light extinction coefficient k;. Two light sensors (LiCOR)
measured the light intensity near the water surface E| and the light-intensity E, at a fixed distance Az = 40 cm
from the sub-surface sensor. Next, the light extinction coefficient was estimated as k; = log(E,/E,)/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). An estimate at the water surface suffices because, given the high turbidity
in the Scheldt estuary, the euphotic depth is relatively small (~ dm) compared to the mixing depth (~ m). We thus
expect phytoplankton growth only near the water surface, where we do not expect strong vertical stratification of SPM.
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Specific conductivity was 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. Photosynthetic parameters

To estimate the maximum photosynthetic rate P,,, and growth efficiency 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 Filers and Peeters (1988). Briefly explained, the Chl-a
concentration was determined and water samples from various stations in Belgian part of estuary 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 photosynthesis
was determined using a C-14 isotope method; radioactive NaH14CO3 was added to each sample and the amount of
dissolved CO, was determined at each I, resulting in an estimate of the amount of carbon that is uptaken per unit of

time per unit of Chl-a. Finally, a P-I curve was constructed to estimate P, ,, and a.

2.3. Model scenarios
To study the individual impact of potential multi-annual changes in SPM and phytoplankton and zooplankton
characteristics on the multi-annual evolution of Chl-a accumulation, we consider four model scenarios:

1. We calibrate the parameters m(f)reSh‘, mom‘"', g1, and g, for the three distinct periods and determine the minimal

multi-annual change in these calibration parameters required to capture the accumulation of Chl-a in the brackish
region in spring.

2. We test what multi-annual change in SPM characteristics (i.e., k) is required to capture the accumulation of
Chl-a in 2008-2014 in the brackish region assuming no multi-annual change in mg“h', mg‘ar', g1, and g, after
2007.

3. We assume a dominant impact of grazing by zooplankton on the mortality rate (i.e., mgeSh‘ = Oand my™ =0 s7h
and test what multi-annual change in grazing parameters (i.e., g; and g,) is required to capture the multi-annual
evolution of Chl-a accumulation.

4. We neglect the impact of grazing by zooplankton on the mortality rate (i.e., g, = 0and g, = 0s~! Lind.”!) and
test what multi-annual change in the mortality rate parameters (i.e., mge‘“h' and mg“") is required to capture the

multi-annual evolution of Chl-a accumulation.

3. Results

3.1. Evolution of Chl-a and corresponding environmental conditions of the in situ observations
3.1.1. Evolution of Chl-a and zooplankton

The sub-surface Chl-a concentration in 2004-2018 shows a clear seasonality and corresponding phytoplankton
blooms (Fig. 3a); at the upstream boundary (~ km 160, salinity ~ O ppt), 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 into three distinct periods and focus on the time-averaged Chl-a concentration in spring (Apr.-
May) (Fig. 3b). In 2004-2007, we detect time-averaged 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 in the brackish region between km 60-90. The Chl-a
concentrations are significantly larger in 2008-2014 in the brackish region compared to the concentrations in 2004-2007
(Welch t-test, p-value < 1073) and 2015-2018 (Welch t-test, p-value < 10~12).

The time-averaged calanoids and non-calanoids abundance in spring for the three distinct periods considered is
presented in Fig. 4. The shaded area depicts the standard error of the zooplankton abundance. The calanoids abundance
(Fig. 4a) also shows distinct trends in the three periods considered. In 2004-2007, we observe a relatively low mean
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 the mean values of calanoids of approximately 10
ind. L™!, centered near km 90. In 2008-2014, the local maximum of the mean values in calanoids abundance shifts
in the upstream direction and increases. The overall calanoid abundance increases, with a maximum of the mean
values of approximately 17.5 ind. L™! at km 110. In 2015-2018, the local maximum of the mean values in calanoids
abundance shifts further landwards to approximately km 140, with again a maximum of approximately 17.5 ind. L.
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Figure 3: (a) Observed Chl-a concentration (ug L™!) in 2004-2018 and (b) time-averaged Chl-a concentration in spring.
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. The Chl-a concentration also decreases faster in the downstream direction in more recent years
(illustrated by the horizontal arrows). The geographical locations of the measuring stations are depicted in Fig. 2.
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Figure 4: Multi-annual time averages of (a) calanoids and (b) non-calanoids abundance in spring (Apr.-May). The shaded
area depicts the standard error. We observe a dominant abundance of calanoids in the brackish region and a land-inward

shift of calanoids in time. The non-calanoids are mainly situated at the upstream boundary. The geographical locations of
the measuring stations are depicted in Fig. 2.

We thus observe a land-inward shift and estuary-scale increase of the local calanoids concentration over time. The
calanoids concentrations are significantly larger between km 110-150 in 2015-2018 compared to 2004-2007 (Welch
t-test, p-value < 10™%). At the upstream boundary, non-calanoids are dominantly present (Fig. 4b). On average, we
observe an increase of the non-calanoids abundance in the 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 (Welch t-test, p-value = 0.10 and 0.22 when comparing the abundances between km
110-150 in 2015-2018 to 2004-2007 and 2008-2014, respectively).
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3.1.2. Evolution of SPM and light extinction

In all three periods in spring, the sub-surface time-averaged SPM concentrations range up to approximately 150 mg
L~! (Fig. 5a). However, we observe significantly lower concentrations between approximately km 50-100 in 2004-2007
(Welch t-test, p-value < 107> and < 10~® when compared to 2008-2014 and 2015-2018, respectively). The lower SPM
concentrations are especially visible between km 70-80, where we have concentrations below 50 mg L~! 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 (Welch t-test, p-value < 1073 and < 10~ when compared to 2008-2014 and 2004-2007, respectively).

The time-averaged light extinction coefficient in spring shows a similar evolution to the SPM concentration (Fig.
5b), with significantly lower values of approximately 4 m~! between km 50-100 in 2004-2007 compared to the values
of approximately 7 m~! after 2007 (Welch t-test, p-value < 1078 and < 10~1° when compared to 2008-2014 and 2015-
2018, respectively). We have the largest time-averaged values between km 80-120 in 2015-2018, which is consistent
with the SPM observations (Welch t-test, p-value = 3.4 X 1072 and < 10~ when compared to 2008-2014 and 2004-
2007, respectively).
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Figure 5: Multi-annual time-averaged observations in spring (Apr.-May) in 2004-2018 of (a) the water surface SPM
concentration and (b) the light extinction coefficient k,. The error bars depict the standard error of the observations. The
geographical locations of the measuring stations are depicted in Fig. 2.

3.1.3. Evolution of discharge, salinity intrusion, and photosynthetic characteristics

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. We define the salinity intrusion
as the distance from the mouth at which the salinity equals 2 ppt. The corresponding time-averaged values in spring are
81 km, 79 km, and 83 km in 2004-2007, 2008-2014, and 2015-2018, respectively. In spring, the salinity intrusion does
not show major changes during the study period 2004-2018. The time-and system-averaged maximum photosynthetic
rate P,,, in spring is approximately equal in 2004-2007 and 2008-2014, but significantly lower in 2015-2018. The
corresponding time-averaged values are 6.59, 6.44, and 4.31 mg C (mg Chl-a)~! h™!, respectively. The corresponding
time-and system-averaged growth efficiency a are 0.0165, 0.0168, and 0.0188 mg C (mg Chl-a)~! h~! [gmol photons
m~2 571171, respectively. For the monthly averaged data of the discharge, salinity intrusion, P,,,,, and a covering the
full year, we refer the reader to the Supporting Information.

3.2. Evolution of Chl-a studied 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 consider the four model scenarios presented in Section
2.3.
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3.2.1. Scenario 1: minimum multi-annual change in calibration parameters required to capture the
accumulation of Chl-a in the brackish region in spring
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Figure 6: Multi-annual time-averaged Chl-a observations (dots) and depth-averaged model result (dashed line) in spring
(Apr.-May) in (a) 2004-2007, (b) 2008-2014, and (c) 2015-2018 (Scenario 1). (d) When we do not consider a multi-annual
evolution of parameters my™™", g, and g, (Scenario 2), we do not capture the estuary-scale Chl-a distribution in 2008-2014
beyond km 60 (for which we have zooplankton data). A sensitivity analysis shows that by decreasing k, by a factor ~ 3
(k. =25 versus k, =78 m* kg~!), we also obtain accumulation of Chl-a in the brackish region. However, this difference is

significantly larger than the variability of k. that follows from the observations.

We calibrate the mortality rate parameters mgeSh' and m™" and grazing parameters g; and g, to the observed
multi-annual time-averaged Chl-a concentrations for the three periods considered. The corresponding values are listed
in Table 1. In 2004-2007 and 2015-2018, we capture the estuary-scale patterns of Chl-a by keeping the parameters
mg“, g, and g, more or less fixed and only changing mg“h' (Figs. 6a and 6¢). We require a significantly larger
mortality rate parameter of the freshwater diatoms in 2015-2018 than in 2004-2007 (m(f)reSh' = 8.30 x 107 versus
miresh- = 1.89 x 107 57!, respectively) to capture the faster decrease of the Chl-a concentrations in the downstream
direction over the years 2004-2018 (depicted by the horizontal arrows in Fig. 3b). Here, it is important to note that
the observed Chl-a values between km 50 and 100 are below the detection limit of 10 gg L~! and all modeled Chl-a
concentrations lower than this limit are considered equally good in the calibration. In 2008-2014, we only obtain the

accumulation of Chl-a in the brackish region if we also assume a multi-annual evolution in parameters mg‘"‘r', g1, and
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g, (see Table 1). The calibrated mgm and g; values are ~ 3 and ~ 7 times lower, respectively. If we were to assume
no multi-annual evolution of parameters mglar‘, g1, and g, after 2007, we would not capture the accumulation of Chl-a
in the brackish region (Fig. 6d, red line). To summarize, to capture accumulation of Chl-a in the brackish region in
2008-2014, we require a (significant) multi-annual change in parameters mgeSh', mg“, g1, and g,.
3.2.2. Scenario 2: multi-annual change in SPM characteristics required to capture the accumulation of
Chl-a in the brackish region in spring

Keeping all parameters fixed to their values presented in Table 1 but assuming mglar', g1, and g, take values from
the period 2004-2007 for all periods, a sensitivity analysis shows that variability in pgg, Q, P,.,, and QP does not
result in accumulation of Chl-a in the brackish region in 2008-2014 (for the details, see the Supporting Information).
We do not focus on mgreSh' because marine diatoms dominate the brackish region. Only by decreasing k, by a factor
~ 3 (k, =25 versus k, =78 m? kg_l), we obtain accumulation of Chl-a in the brackish region (Fig. 6d, black line).
This difference is significantly larger than the variability that follows from the observations, which is between ~ 65 and
80 m” kg~! (for the details, see the Supporting Information). Therefore, a multi-annual change in SPM characteristics
alone cannot explain the multi-annual evolution in the Chl-a distribution.

3.2.3. Scenario 3: the individual effect of grazing by zooplankton
In this section, we assume a dominant impact of grazing by zooplankton on the mortality rate (i.e., mgeSh' =0

and my* = 0 s~1). Calibration of the grazing parameters 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
concentration presented in Fig. 7. Our calibration results in larger grazing parameters because we neglected other
processes contributing to the mortality rate (e.g., salinity stress). The grazing parameters are g; = 2.5 X 1077 and
g =093x 1077 s Lind"!, g, = 051 x 107 and g, = 0.71 x 1077 s7! L ind.”!, and g; = 2.5 x 1077 and
g, = 0.93x 1077 s7! L ind.! in 2004-2007, 2008-2014, and 2015-2018, respectively. In 2004-2007 and 2015-2018,
although we detect some local anomalies (for example, the underestimation near km 90 in 2004-2007), the model
captures the Chl-a distribution on the estuary-scale using the same g; and g, values. In contrast, if we were to choose
these calibrated grazing parameter values in 2008-2014, we would obtain a Chl-a distribution very similar to the case
presented in Fig. 6d (all diatoms) and we would thus not capture the accumulation of Chl-a in the brackish region
(not shown). Considering different values for g; and g, in 2008-2014, we can again model the estuary-scale Chl-a
patterns. Finally, choosing the g, and g, values corresponding to 2008-2014 in 2015-2018 results in a system-scale
overestimation of Chl-a (not shown). To summarize, when only including the effect of grazing by zooplankton, we
again require a (significant) multi-annual evolution of g; and g, to capture the accumulation of Chl-a in the brackish
region in spring in 2008-2014.

3.2.4. Scenario 4: neglecting the effect of grazing by zooplankton

In this section, we neglect the impact of grazing by zooplankton to the mortality rate (i.e., g, = 0 and g, = 0 s~
L ind.”"). We calibrate the mortality rate parameters m™" and m™", while keeping all other parameters fixed to the
calibrated values presented in Table 1 (Figs. 7a-7c). The calibration results in larger mortality rate parameters, which is
due to the absence of grazing pressure. In 2004-2007, we capture the large-scale pattern of the Chl-a distribution using
a ~ 70 % larger mortality rate parameter for the marine diatoms (mgeSh' = 3.8 x 1070 versus m™" = 6.4 x 107 s71).
In 2008-2014, the model captures the Chl-a distribution beyond km 59 and the local minimum near ~ km 100. This
local minimum results from a clear spatial separation between marine and freshwater diatoms that is caused by salinity
stress. In Scenario 3, we attribute this minimum to a local increase in mortality rate resulting from the high calanoid
abundance in this region. The model overestimates the Chl-a concentration in the marine region at ~ km 21 and 36.
The accumulation of Chl-a in the brackish region mainly corresponds to marine diatoms. This accumulation requires
a ~ 3 times lower mortality rate parameter for the marine diatoms (mges}" = 6.6 x 107 versus mgt = 2.1 X 1076

s~1). Upstream from the local minimum at ~ km 100, we mainly have freshwater diatoms. In 2015-2018, we again
model the Chl-a distribution accurately on the estuary-scale and have a clear spatial separation between freshwater and

marine diatoms. The marine diatoms have a significantly lower mortality rate parameter (mg“h' = 6.7 x 107° versus
mg ™t =16..6 X 1076 s~1). In the following, we focus on the multi-annual evolution of the calibration parameters. The

mortality rate parameter corresponding to the marine diatoms is equal in 2004-2007 and 2015-2018 (mg‘ar' =6.5x107°
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Figure 7: Multi-annual time-averaged Chl-a observations (dots) and depth-averaged model result (dashed/solid line) in
spring (Apr.-May) in (a) 2004-2007, (b) 2008-2014, and (c) 2015-2018 assuming a mortality rate exclusively caused by
grazing (Scenario 3, denoted by ‘grazing only') and neglecting the effect of grazing by zooplankton (Scenario 4, denoted
by ‘freshwater diatoms’, ‘marine diatoms’, and ‘all diatoms’).

s~1), but significantly lower in 2008-2014 (mi™ =21 x 1070 s~1). As found before, the model also shows a multi-
annual increase of m(f)reSh'. For the freshwater diatoms, we have mgeSh' =38x%x10"0s1, mges}" =6.6x107°s71 and
m(f)reSh‘ =16.6 x 1076 s~ in 2004-2007, 2008-2014, and 2015-2018, respectively. To summarize, when excluding the

effect of grazing on the mortality rate, we again require a (significant) multi-annual evolution of mgr“h' and mgm' to
capture the accumulation of Chl-a in the brackish region in spring in 2008-2014.

4. Discussion

4.1. Suggested importance of grazing and phytoplankton community characteristics

We studied the appearance and disappearance of accumulation of Chl-a in the brackish region of the Scheldt
estuary in spring in 2008-2014. To this end, we analyzed multi-annual observations of factors affecting phytoplankton
growth and ran various model scenarios. The model approach allowed us to detect which combination of multi-annual
parameter change may result in the multi-annual evolution of the Chl-a concentrations. Our results suggest that we
require a multi-annual shift in phytoplankton mortality rate to capture the appearance and disappearance of Chl-a
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accumulation in the brackish region and that other parameters (e.g., SPM) alone cannot explain this observed trend of
Chl-a.

The multi-annual evolution in mortality rate may be attributed to either a change in phytoplankton community
characteristics or grazing by zooplankton or a combination. The community characteristics are parameterized by
the mortality parameters and salinity stress. It can additionally include changed growth rates related to alterations
in nutrient ratios and nutrient forms. In our study, this would also be reflected in changing mortality parameters
through processes such as mixotrophy and the excretion of allelopathic compounds or toxins (Glibert et al., 2012).
Given the currently available data, further constraining to the exact process(es) that are responsible for the changes in
the model parameters is not feasible. However, the potential contribution of nutrient ratios and forms to explain the
multi-annual changes in model parameters (m, g) may be a good incentive to collect data of the effect of nutrient ratios
on phytoplankton abundance in the Scheldt estuary in the future. We thus found that different changes in processes
(including grazing, phytoplankton community composition, and reaction to different nutrient ratios), reflected in
various model input parameters, lead to similar model results given the available observations (i.e., equifinality).

Although we may not further constrain the relative importance of grazing by zooplankton and phytoplankton
community characteristics to the mortality rate, we can compare our calibrated model parameter values to the literature
as a first verification of our model results. Our mortality rate (i.e., m) values ~ 1076 s=! comply with the value of
~ 1.1 x 107% s~! presented in Desmit et al. (2005) who studied a real-case in the Scheldt estuary near km 115.
Additionally, incubation experiments carried out with adult Eurytemora 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, but also showing large variability. To further constrain which multi-
annual change in model parameters may have resulted in the multi-annual change in Chl-a accumulation, additional
observations are required.

4.2. Model limitations and comparison to literature

In this section, we reflect on some of our assumptions and model limitations in context of other literature on the
Scheldt estuary.

Although our model captures the estuarine-scale patterns of Chl-a, we also see some local mismatches. For
example, the model underestimates the Chl-a concentration at ~ km 21 and 36 (Fig. 7b). This may be explained
by the existence of a phytoplankton group adapted to specific nutrient ratios or more intermediate salinity, which we,
following Naithani et al. (2016), did not consider in the model. As pointed out by Gypens et al. (2013), the presence
of euryhaline phytoplankton species may significantly impact the magnitude and distribution of both freshwater and
marine phytoplankton. Additionally, in the summer of 2003, the phytoplankton community characteristics showed
species with different salinity optima and rather restricted salinity tolerances (Muylaert et al., 2009). We argue that
neglecting euryhaline phytoplankton species is acceptable within the scope of this contribution because the model
captures the estuarine-scale patterns of Chl-a and adding additional phytoplankton groups would increase equifinality.

Another limitation of our modeling approach is that we do not capture all temporal variability of Chl-a (e.g., ~
hours-days) since we solved the equations in equilibrium state and not in a transient manner. We thereby neglected
the effect of temporal variability caused by, for example, extreme (weather) events. We argue that this assumption
is acceptable because, firstly, the accumulation of phytoplankton in the brackish region covers approximately two
months, which is large compared to the time scale of a bloom (~ 2-3 weeks). Secondly, we observed the accumulation
of phytoplankton consistently over seven consecutive years (2008-2014). If the system were to be sensitive to extreme
(weather) conditions, we would expect more variability over these seven years.

Finally, lateral variations are not present in our observations nor model results. The reason is that, firstly,
observations in the lateral dimension are not part of the monitoring programs that we referred to in this contribution.
Secondly, following, for example, Gypens et al. (2013) and Naithani et al. (2016), we modeled the width-averaged
phytoplankton dynamics only to avoid complex lateral circulation patterns and depth variations. We reason that this
suffices for our aim because we focus on estuarine-scale patterns of Chl-a in a well-mixed estuary (Baeyens et al.,
1997).

To summarize, although a careful assessment of the model assumptions is required, our model is generally
applicable to turbid nutrient-rich, tide-dominated estuaries. The approach is particularly useful to constrain parameter
ranges, quantify model parameters in more advanced state-of-the-art models, and determine which empirical data is
recommended for further research on this topic.
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5. Conclusions

In this contribution, we studied the multi-annual 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 multi-annual in situ observations covering the SPM concentration, zooplankton abundance, and
other variables affecting net phytoplankton growth, showing a multi-annual estuary-scale evolution of not only the
SPM distribution and zooplankton abundance, but also of the freshwater discharge and phytoplankton photosynthetic
characteristics. Next, to detect the multi-annual evolution of these variables that can be linked to the evolution
of phytoplankton, we employed a model approach that consisted of an extensive sensitivity study and four model
scenarios, and in which the observations were the core. Our model allowed us to significantly constrain which
evolution of variables may explain the evolution of phytoplankton; both a multi-annual change in mortality rate and
corresponding grazing by zooplankton and phytoplankton community characteristics may have caused the multi-annual
estuary-scale evolution of phytoplankton in spring. We were thus able to limit the number of model input parameter
choices leading to similar model results.

Although our model approach simplifies reality and shows (local) anomalies when comparing phytoplankton
model results and observations, it allowed 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 and
phytoplankton community characteristics to understand the phytoplankton dynamics in the Scheldt estuary. Before our
work, the observed trend change in Chl-a in spring was poorly described and it was unclear whether this trend change
is related to changes in physical characteristics (SPM, discharge, temperature) or changes in biological characteristics.
In our contribution, we can constrain this to a change in biological characteristics related to phytoplankton mortality
that seems to have some correlation with zooplankton grazing and phytoplankton community characteristics. Further
research and experimental validation are required to determine the mechanisms that may have caused these multi-
annual estuary-scale changes in mortality rate, grazing, and phytoplankton community characteristics.
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