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Abstract This paper presents the formulation, struc-

ture, and governing equations of an ecosystem model

developed for the Scheldt estuary and the tidal river

network. The model has twelve state variables: nitrate,

ammonium, phosphate, dissolved silica, freshwater

and marine phytoplankton (chlorophytes and dia-

toms), freshwater zooplankton (ciliates, rotifers, and

copepods), and benthic detritus. The ecological model

is coupled to the 1-D tidal resolving version of the

Second-generation Louvain-la-neuve ice-ocean

Model (SLIM) (http://www.climate.be/SLIM). The

model successfully simulates the observed longitudi-

nal and seasonal variation of plankton in the Scheldt

estuary. The phytoplankton production in the estuary

is governed by temperature, underwater available

light, turbidity, nutrients, and discharge. Of all these

factors, discharge seems to be dominant. High dis-

charge increases the turbidity in the water column and

thus reduces the underwater light, while low discharge

means decreased nutrients. The marine phytoplankton

species were present as far to the upstream limits of the

brackish waters, with diatoms dominating in the spring

and chlorophytes in early summer. The freshwater

phytoplankton are seen from late spring to summer.

Freshwater zooplankton followed the evolution of

freshwater phytoplankton.

Keywords Ecological model � SLIM � Scheldt
estuary � Tidal river � Chlorophytes � Diatoms �
Ciliates � Rotifers � Copepods

Introduction

Originating from France, the Scheldt river flows

through Belgium, enters the Netherlands and dis-

charges into the North Sea (Fig. 1). In Belgium its

main tributaries are Dender, Durme, and Rupel. The

Scheldt estuary is a macro-tidal estuary, extending

from the mouth at Vlissingen (0 km) to Ghent
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(160 km) (Chen et al., 2005; Meire et al., 2005). The

tidal wave is semidiurnal. The mean tidal range at

Vlissingen is 4.5 m, 5.85 m near Antwerp (78.5 km),

and 2 m near Ghent (Van Rijn, 2010). The tidal wave

also enters its major tributaries Rupel (and its tribu-

taries: Dijle, Zenne, Kleine Nete, Grote Nete) and

Durme (Meire et al., 2005). The estuary has extensive

salty (Western Scheldt,[15 PSU, 0 to around 55 km),

brackish (Sea Scheldt, 0.5–15 PSU, between around

55 and 90 km), and freshwater (Upper Sea Scheldt,

\0.5 PSU from around 90 km) tidal reaches (Chen

et al., 2005; Meire et al., 2005; Dijkman & Krom-

kamp, 2006). The extent of salinity intrusion strongly

depends on the freshwater discharge. During high

discharge (from around November till March) periods,

the transect up to around 58 km from the mouth

consists of freshwater (\0.5 PSU). The salinity

gradient along the length of the estuary effects the

freshwater as well as the marine plankton (Muylaert

et al., 1997, 2000a; Muylaert and Sabbe, 1999;

Koeman et al., 2004; Lionard et al., 2005a; Dijkman

& Kromkamp, 2006). The salinity stress (osmotic) is

seen to increase their respiration (Flameling &

Kromkamp, 1994; Griffin et al., 2001; Lionard et al.,

2005a).

Another important characteristic of the whole

Scheldt estuary is the high water column turbidity

(Kromkamp & Peene, 1995; Baeyens et al., 1998;

Chen et al., 2005; Gazeau et al., 2005; Kromkamp &

Peene, 2005; Dijkman & Kromkamp, 2006; Gourge

et al., 2013). According to Baeyens et al. (1998) and

Dijkman & Kromkamp (2006) the zone from 55 to

78 km from the sea corresponding roughly with the

salinity zone from 10 to 2 psu, is the zone of highest

turbidity. High turbidity results in high values of light

attenuation and decreases photosynthesis in spite of

high nutrients (Cloern, 1987; Kromkamp & Peene,

1995; Muylaert et al., 1997; Chen et al., 2005;

Kromkamp & Peene, 2005; Muylaert et al., 2005a;

Dijkman & Kromkamp, 2006; Brion et al., 2008). The

zone of high turbidity also corresponds to high salinity

zone for freshwater species and low salinity zone for

marine species, thereby reducing their growth in this

region.

Ecological models for the Scheldt river estuary

range from very simple to more complex ones. With

time both kind of models continue to be developed.

Soetaert et al. (1994) and Soetaert & Herman (1995)

developed an ecosystem model to study the phyto-

plankton production, nitrogen dynamics, and carbon

flows, respectively in the Westerschelde. Desmit et al.

(2005) presented a zero-dimensional model for phy-

toplanktonic production of the complete 160 km tidal

Scheldt estuary from Vlissingen until Ghent. They

investigated how short-term, tidally driven physical

forcings interfere with the incident sunlight energy to

sustain phytoplankton production in the nutrient-rich,

well-mixed tidal estuary. Using a simple light-limited

primary production model to estimate phytoplankton

growth rates in the freshwater tidal reaches of the

Scheldt estuary. Muylaert et al. (2005a) observed two

phytoplankton blooms in the freshwater tidal reaches,

one in March and another one in July–August.

According to them the first bloom, which was situated

in the upstream reaches of the freshwater tidal zones,

was imported from the river Scheldt and the second

bloom, which was situated more downstream in the

freshwater tidal reaches, appeared to have developed

within the estuary. Vanderborght et al. (2002, 2007)

proposed a reactive-transport model to investigate

nutrients and carbon budgets of the estuary. Arndt

et al. (2007, 2009) presented a two-dimensional,

nested grid, hydrodynamic, and reactive-transport

model of the estuary and its tributaries. Hofmann

et al. (2008) constructed a 1-D, biogeochemical,

pelagic, reactive-transport model of the mixed, turbid,

heterotrophic Scheldt estuary. Other studies include a

phytoplankton production model incorporating an

increasingly complex description of underlying bio-

logical mechanisms such as intracellular fluxes and

microbial loop (Arndt et al., 2011; Gypens et al.,

2012).

Fig. 1 Map of the Scheldt river estuary and its tributaries. The

three zones of the estuary (lower, upper, and freshwater) are

separated by dash-dot lines

52 Hydrobiologia (2016) 775:51–67

123



This study presents a one-dimensional ecological

model of the entire Scheldt river estuary. The ecosys-

tem model simulates the dominant phytoplankton and

zooplankton groups observed in the Scheldt estuary,

particularly in the upper freshwater reaches. The

chemical and biological processes are simulated for

the tidal Scheldt and its tributaries extending from

Vlissingen near the mouth of the estuary to Ghent. The

ecosystem model is coupled to SLIM (see below for a

short explanation). The aim of this study is to provide a

detailed description of the biological processes con-

tained in the ECO-SLIM model along with the

simulations for the year 2003.

The model

The domain

The model domain (Fig. 1) consists of the entire

Scheldt estuary from Vlissingen (0 km) until Ghent

(160 km). This includes a river network comprising

the Scheldt river and its bifurcation (the Lys) at Ghent,

the Rupel and its tributaries (the Dijle, the Zenne, the

Nete, the Grote Nete, and the Kleine Nete), the Durme,

and the Dender. The Scheldt estuary in divided into

three different zones: the saline lower estuary, the

brackish upper estuary, and the freshwater tidal river.

The lower estuary extends along 55 km from the

mouth near Vlissingen to the Dutch-Belgian border.

The width of the estuary is 8 km at the mouth and

decreases gradually to about 1.5 km near the Dutch-

Belgian border. The tidal amplitude increases in this

section (from 1.75 at the mouth to 2 m at Bath for the

M2 component of the tide) due to bank convergence,

shallow areas, and partial reflection. The lower estuary

is influenced by strong tidal mixing. The upper estuary

is about 38 km long extending from the Dutch-

Belgian border to Rupelmonde, where its width is

reduced to 100 m. This part is somewhat stratified

from time to time (Winterwerp et al., 2006). In this

section, the M2 tidal amplitude increases up to 2.3 m

to the south of Antwerp, then decreases slightly

upstream. Finally, the freshwater tidal riverine zone

extends from Hemiksem to sluices near Ghent (where

its width reduces to 50 m). In this part river banks are

well defined and the tidal amplitude decreases grad-

ually because of dissipative processes (the amplitude

of M2 tide is about 1 m at the Ghent sluices).

The physical model (SLIM)

The physical model consists of 1D cross-section

integrated mass and momentum conservation equa-

tions (de Brye et al., 2010). The model is based on the

1D shallow water equations with varying cross

section. The downstream boundary lies at the mouth

of estuary, located around Vlissingen. The M2 and S2

tides are imposed here according to the observation for

Vlissingen. In the upstream of the model, far from the

tidal influence, near Ghent and at the extremities of the

main tidal river network, daily averaged discharges are

imposed. The details about the SLIM model and the

parameterization can be found in de Brye et al. (2010).

Ecological model

The ecological model (Fig. 2) simulates four dissolved

inorganic nutrients: nitrate (NO3), ammonia (NH4),

phosphate (PO4), and dissolved silica (DSi). Phyto-

plankton (PHYTO) module includes freshwater

chlorophytes (CHL), marine chlorophytes (CHLM),

freshwater diatoms (DIA), and marine diatoms

(DIAM). Zooplankton module (ZOO) consists of

ciliates (CIL) and rotifers (ROT) as micro-zooplank-

ton, and copepods (COP) as meso-zooplankton. These

are the dominant plankton groups found in the

freshwater tidal reaches of the Scheldt estuary (Muy-

laert & Sabbe, 1999; Muylaert et al., 2000a, 2009;

Tackx et al., 2004; Lionard et al., 2005a, 2008a;

Dijkman & Kromkamp, 2006). Only freshwater

zooplankton are simulated in the model. The marine

zooplankton are not simulated. Macro-zooplankton or

Fig. 2 Schematic view of the ECO-SLIM model showing

various variables (circles) and processes (boxes) in the model
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planktivorous fish are not explicitly modeled but its

influence in terms of predation pressure on other

zooplankton is taken into account and is used as the

closure term.

Growth in themodel is a function of the availability of

light, nutrients, and temperature. Respiration is influ-

enced by a salinity function. This termacts to increase the

rate of respiration as the salinity changes above/below an

optimum salinity for freshwater/marine planktons.

Parameterization for respiration in the model includes

activity andmaintenance respiration (Weger et al., 1989;

Langdon, 1993;Kromkamp&Peene, 1995). The activity

respiration depends on the gross production, whereas the

maintenance respiration depends on total biomass. All

biological rates in the model are doubled when temper-

ature increases by 10�C (Eppley, 1972;Kremer&Nixon,

1978). For marine diatoms a different temperature

function is used. This temperature function ensures a

spring and late summer high biomass as measured in the

upstream parts of the estuary and the North Sea

(Admiraal, 1977; Fransz & Verhagen, 1985; Montagnes

& Franklin, 2001; Baretta-Bekker et al., 2009).

Zooplankton graze only on freshwater phytoplank-

ton (marine zooplankton are not simulated). Excretion

and respiration of organisms and the remineralisation

of the detritus are added directly to the inorganic

nutrient pool. A small percentage of feces and dead

organic matter is immediately remineralized to inor-

ganic nutrients, while the rest contributes to the

detrital pool and is defined as particulate organic

matter (POM) in the model. The direct regeneration is

a function of temperature and represents the effect of

the microbial food web, which is not explicitly

included in the model. The POM settles to the

sediments. The model is closed by predation by

macro-zooplankton/zooplanktivorous fish. Predation

on zooplankton by fish is defined similar to grazing on

phytoplankton by zooplankton. For predation, the fish

biomass is considered similar to copepod biomass.

The general equation describing a nonconservative

variable is defined as:

o

ot
ðA VARÞ þ o

ox
AuVAR � Ak

oVAR

ox

� �
¼ A RVAR;

ð1Þ

where VAR can be any model dependent variable such

as PHYTO, ZOO, nutrients, POM, and BD. The left-

hand side terms represent any local change in the VAR

and advection and diffusion of the VAR. The right-

hand side of the equation represents the biological

rates of the VAR. Biological variables (except for

nutrients) are expressed in units of concentration of

carbon (lg C l-1).

Biological rates effecting the local change in

phytoplankton are growth, respiration, extracellular

excretion, mortality, and grazing.

RPHYTO ¼ GROWTHPHYTO � RESPPHYTO

� ECEPHYTO �MORTPHYTO

� GRAZPHYTOZOO

ð2Þ

Phytoplankton growth rate, GROWTHPHYTO (lg
C l-1 day-1), is considered to be influenced by

nutrients, light intensity, and temperature.

GROWTHPHYTO ¼ GROWTHmPHYTO

�minðFðNÞ;FðIÞÞ � FðTÞ
� PHYTO; ð3Þ

where GROWTHmPHYTO is the maximum growth rate

constant (day-1) of phytoplankton at 0�C. F(N) de-
scribes the effect of nutrients availability.

The effect of nutrients, F(N), on growth is modeled

according to Michaelis–Menten formulation. The

nitrogen limitation includes a ‘‘gourmet term of

ammonium’’ (preference of phytoplankton for ammo-

nia over nitrate, Wroblewski, 1977). The nutrient

dependency is defined as:

FðNÞ ¼ min
NO3

NO3 þKNO3PHYTO

expð�WNH4Þ
��

þ NH4

NH4 þKNH4PHYTO

�
;

PO4

PO4 þKPO4PHYTO

� �
;

Si

SiþKSiPHYTO

� ��
ð4Þ

The constants and parameters are defined in Table 1.

W is the ammonium inhibition coefficient. Silica

limitation acts only on diatoms.

Light limitation to growth, F(I), is modeled as an

exponential decrease of light intensity with depth

(Lambert-Beer’s equation). This is defined as:

FðIÞ ¼ 1

keH
arctan

Io

2Ik
� arctan

Io exp
ð�keHÞ

2Ik

� �� �

ð5Þ

The light attenuation coefficient ke ¼ ke1 þ ke2 �
SPM: ke1 is the background attenuation and ke2 is the

specific contribution of SPM.
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Table 1 Parameter values for the ecological model

Parameter Value

General

dt, time step 20 min

ke1, background extinction for water 0.2 m-1

ke2, extinction due to SPM 0.02 l mg-1 m-1

Ik, optimum light intensity for phytoplankton lmol m-2 s-1

Io, light intensity at the water surface lmol m-2 s-1

kT, temperature coefficient for the growth rate and other temperature-dependent rates 0.069�C-1

kTRESP, temperature coefficient for the respiration rate 0.045�C-1

kT rem, for remineralization 0.1�C-1

T, water temperature �C
RESPb0, maintenance respiration percentage of phytoplankton at 0�C 0.03 day-1

RESPp0, percentage of GROWTHPHYTO respired at 0�C 0.03

k, Ivlev constant 0.01 lg C l-1)-1 day-1

PHYTOmin, the threshold value of phytoplankton biomass below which zooplankton do not graze 10 lg C l-1

C : Chl a, ratio of carbon to Chlorophyll-a 30 NO DIM

RC:N, ratio of carbon to nitrogen 5.88 NO DIM

RC:P, ratio of carbon to phosphate 32.25 NO DIM

RC:Si, ratio of carbon to silica 2.13 NO DIM

pMORT, percentage of dead organic matter directly remineralized in the water column 0.4 day-1

pFEC, percentage of feces directly remineralized in the water column 0.4 day-1

NIT0, nitrification rate coefficient at 0�C 0.0175 day-1

DENIT0, denitrification rate coefficient at 0�C 0.0075 day-1

Chlorophytes, CHL (lg C l-1)

NO3CHL, half saturation constant for NO3 uptake by CHL 10 lg N l-1

KNH4CHL, half saturation constant for NH4 uptake by CHL 5 lg N l-1

KPO4CHL, half saturation constant for PO4 uptake by CHL 0.5 lg P l-1

GROWTHmCHL, CHL maximum growth rate constant at 0�C 0.36 day-1

IkCHL, CHL optimum light intensity 100 lmol m-2 s-1

MORT0CHL, CHL rate constantat 0�C 0.000025 (lg C l-1)-1 day-1

kECECHL, CHL ratio of extracellular excretion to photosynthesis 0.05

Diatoms, DIA (lg C l-1)

KNO3DIA, half saturation constant for NO3 uptake by DIA 15 lg N l-1

KNH4DIA, half saturation constant for NH4 uptake by DIA 5 lg N l-1

KPO4DIA, half saturation constant for PO4 uptake by DIA 1 lg P l-1

KDSiDIA, half saturation constant for DSi uptake by DIA 20 lg Si l-1

GROWTHmDIA, DIA maximum growth rate constant at 0�C 0.42 day-1

IkDIA, DIA optimum light intensity 50 lmol m-2 s-1

MORT0DIA, DIA rate constantat 0�C 0.0000025 (lg C l-1)-1 day-1

kECEDIA, DIA ratio of extracellular excretion to photosynthesis 0.05

Marine chlorophytes, CHLM (lg C l-1)

KNO3CHLM, half saturation constant for NO3 uptake by CHLM 10 lg N l-1

KNH4CHLM, half saturation constant for NH4 uptake by CHLM 5 lg N l-1

KPO4CHLM, half saturation constant for PO4 uptake by CHLM 0.5 lg P l-1

GROWTHmCHLM, CHLM maximum growth rate constant at 0�C 0.3 day-1

IkCHLM, CHLM optimum light intensity 100 lmol m-2 s-1
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The temperature-dependent term, F(T), is defined

using the ‘‘Q10’’ relation:

FðTÞ ¼ eðkTTÞ ð6Þ

Temperature function for marine diatoms is defined

as:

FðTDIAMÞ ¼ eð�ðT�ToptDIAMÞ2=ðwtDIAMÞ2Þ ð7Þ

Table 1 continued

Parameter Value

MORT0CHLM, CHLM rate constant at 0�C 0.00005 (lg C l-1)-1 day-1

kECECHLM, CHLM ratio of extracellular excretion to photosynthesis 0.05

Marine diatoms, DIAM (lg C l-1)

KNO3DIAM, half saturation constant for NO3 uptake by DIAM 15 lg N l-1

KNH4DIAM, half saturation constant for NH4 uptake by DIAM 5 lg N l-1

KPO4DIAM, half saturation constant for PO4 uptake by DIAM 1 lg P l-1

KDSiDIAM, half saturation constant for DSi uptake by DIAM 10 lg Si l-1

GROWTHmDIAM, DIAM maximum growth rate constant at ToptDIAM 0.7 day-1

IkDIAM, DIAM optimum light intensity 50 lmol m-2 s-1

MORT0DIAM, DIAM rate constant at ToptDIAM 0.000053 (lg C l-1)-1 day-1

kECEDIAM, DIAM ratio of extracellular excretion to photosynthesis 0.05

ToptDIAM, optimum temperature for marine diatom growth 8�C
wtDIAM, width of influence of ToptDIAM 10�C

Ciliates, CIL (lg C l-1)

RESP0, zooplankton respiration rate at 0�C 0.03 day-1

neZoo, excretion by zooplankton 0.3

nfZoo, fecal pellet egestion by zooplankton 0.3

MORT0CIL, CIL rate constant at 0�C 0.00025 (lg C l-1)-1 day-1

gmaxCHLCIL, CIL maximum grazing rate constant on CHL at 0�C 0.4 day-1

Rotifers, ROT (lg C l-1)

MORT0ROT, ROT rate constantat 0�C 0.000003 (lg C l-1)-1 day-1

gmaxCHLROT, maximum grazing rate constant on CHL by ROT at 0�C 0.1 day-1

gmaxDIAROT, ROT maximum grazing rate constant on DIA at 0�C 0.27 day-1

pmaxCILROT, ROT maximum grazing rate constant on CIL at 0�C 0.2 day-1

Copepods, COP (lg C l-1)

MORT0COP, COP rate constantat 0�C 0.00015 (lg C l-1)-1 day-1

gmaxCHLCOP, COP maximum grazing rate constant on CHL at 0�C 0.1 day-1

gmaxDIACOP, COP maximum grazing rate constant on DIA at 0�C 0.25 day-1

pmaxCILCOP, COP maximum grazing rate constant on CIL at 0�C 0.1 day-1

pmaxROTCOP, COP maximum grazing rate constant on ROT at 0�C 0.15 day-1

Macro-zooplankton or fish (lg C l-1)

gmaxDIAFISH, maximum grazing rate constant on DIA by FISH at 0�C 0.1 day-1

pmaxCILFISH, maximum grazing rate constant on CIL by FISH at 0�C 0.1 day-1

pmaxROTFISH, maximum grazing rate constant on ROT by FISH at 0�C 0.2 day-1

pmaxCOPFISH, maximum grazing rate constant on COP by FISH at 0�C 0.4 day-1

POM (lg C l-1) and BD (mg C m-2)

rD, remineralization rate constant of POM at 0�C 0.016 day-1

rDs, remineralization rate constant of BD at 0�C 0.016 day-1

kTrem, temperature coefficient for the rate of remineralisation 0.1�C-1

wsPOM, sinking velocity of POM 1.2 m day-1
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Respiration rate, RESP (lg C l-1 day-1), of phyto-

plankton depends on temperature and salinity stress. It

is defined as:

RESPPHYTO ¼ RESPb0 � FðTÞRESP � PHYTO
�
þRESPp0 � GROWTHPHYTO

�
� FðSÞ

ð8Þ

The term F(S) is the respiration response to salinity.

For freshwater-adapted phytoplankton it is FðSÞfresh ¼
1:07S: For marine or saltwater-adapted phytoplankton

it is FðSÞmarine ¼ 1þ 5� 0:85S: The respiration rate

increases as salinity increases/decreases for freshwater/

saltwater species, and, therefore, the growth declines.

Extracellular excretion rate of phytoplankton, ECE

(lg C l-1 day-1), is defined as:

ECEPHYTO ¼ kECE � GROWTHPHYTO ð9Þ

Mortality rate, MORT (lg C l-1 day-1), is the loss of

phytoplankton by natural death and is defined as a

quadratic equation and depends on temperature.

MORTPHYTO ¼ MORTPHYTO0 � FðTÞ � PHYTO

� PHYTO

ð10Þ

Loss of phytoplankton by grazing is described after the

zooplankton equation. Equations similar to (2) are

written for CHL, CHLM, DIA, and DIAM.

The rates effecting the local change in zooplankton

are grazing, respiration, excretion, fecal pellet, mor-

tality, and predation.

RZOO ¼ GRAZPHYTOZOO � RESPZOO

� EXCZOO � FECZOO

�MORTZOO � PREDZOOZOO

ð11Þ

The first term is the grazing of phytoplankton by

zooplankton, second and third terms represent the

respiration and metabolic excretion, fourth term

formulates egestion of fecal pellets by zooplankton,

and fifth term represents the loss due to mortality. The

last term is the predation on zooplankton by other

zooplankton groups. This term is a loss term for both

ciliates and rotifers, and, for copepods it is a gain term.

Grazing rate, GRAZ (lg C l-1 day-1), is described

with a temperature-dependent term (Q10) and an Ivlev

equation with a fixed feeding threshold (Ivlev, 1945;

Parsons et al., 1967). PHYTOmin is the threshold

below which zooplankton do not graze.

GRAZPHYTOZOO ¼ max 0; gmaxPHYTOZOO � FðTÞð

� 1� e�k�ðPHYTOmin�PHYTOÞ
h i

�ZOOÞ
ð12Þ

gmaxPHYTOZOO is the maximum grazing rate constant,

(day-1). Marine phytoplankton species are not grazed.

Respiration rate of zooplankton is defined

as: RESPZOO ¼ RESPZOO0 � FðSÞfresh � FðTÞRESP�
ZOO, excretion rate is defined as: EXCZOO ¼ neZOO �
GRAZPHYTOZOO and the egestion of fecal pellets is

defined as: FECZOO ¼ nfZOO � GRAZPHYTOZOO:Mor-

tality of zooplankton is defined with the similar

expression as that for phytoplankton. Equations similar

to (11) are written for freshwater CIL, ROT, and COP.

The nutrients equation include the uptake by phyto-

plankton, the metabolic loss terms of all biological

variables, a percentage of their mortality, a percentage of

feces of zooplankton, and the remineralized detritus.

RNUT ¼
X4

PHYTO¼1

½�GROWTHPHYTO þ RESPPHYTO

þ ECEPHYTO þ pMORT

�MORTPHYTO�=RC:NUT þ
X3

ZOO¼1

½EXCZOO

þ RESPZOO þ pFEC � FECZOO þ pMORT

�MORTZOO�=RC:NUT þ rD � FðTremÞ
� ðPOMþ BDÞ=RC:NUT

ð13Þ

RC:NUT is the ratio of carbon to respective nutrient in

the plankton. Equations similar to (13) are written for

NO3, NH4, PO4, and DSi. Silica equation includes the

biological terms only from diatoms, rotifers, and

copepods. The ð�GROWTHþ RESPÞ term in NO3

equation is multiplied by ðRNPHYTOÞ, while in the NH4

equation this term is multiplied by ð1� RNPHYTOÞ:
ðRNPHYTOÞ is the ratio of nitrate uptake to total

nitrogen uptake for phytoplankton and is defined

as: RNPHYTO ¼
NO3

ðNO3þKNO3PHYTO
Þ expð�WNH4Þ

NO3
ðNO3þKNO3PHYTO

Þ expð�WNH4Þþ NH4
ðNH4þKNH4PHYTO

Þ
:

Nitrification and denitrification processes are modeled

as simple first-order processes affected only by

temperature. Nitrification of ammonia is parameter-

ized as: NIT ¼ NIT0 � FðTÞ � NH4: Denitrification

is defined as: DENIT ¼ DENIT0 � FðTÞ � NO3:

Nitrification of ammonia is added to the NO3 equation.
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Particulate organic matter or pelagic detritus (lg C

l-1), is formed mainly by dead organic matter and

zooplankton feces, the rest of what is not directly

remineralized in the water column.

RPOM ¼
X4

PHYTO¼1

ð1� pMORTÞ �MORTPHYTO

þ
X3

ZOO¼1

½ð1� pMORTÞ �MORTZOO

þ ð1� pFECÞ � FECZOO� � REMPOM

� SEDPOM; ð14Þ

where REMPOM is the rate of decomposition of POM

defined as rD � FðTÞrem � POM and SEDPOM is the

POM sedimenting to the bottom defined as

�ðwsPOM=HÞ � POM: Decomposed inorganic nutri-

ents are released back into the water column.

Benthic detritus (mg C m-2), in the sediments is

formed mainly by settling of POM/pelagic detritus out

of the water column. It is decomposed to further

release the dissolved inorganic nutrients to the water

column.

RBD ¼ H � SEDPOM � REMBD

H

� �
ð15Þ

REMBD is the decomposition rate of BD defined as

rDs � FðTremÞ � BD:

The parameter values used in the model (Table 1)

are derived from literature or calibrated within liter-

ature ranges. These literature ranges are discussed

here. The range of maximum growth rate constants of

phytoplankton at 20�C is 0.5–5 day-1 (Parsons et al.,

1984). The values for the half saturation constants for

nutrients uptake used here are within the range found

in the literature (Di Toro et al., 1971; Di Toro, 1980;

Fransz & Verhagen, 1985; Muylaert et al., 2000b;

Kishi et al., 2007). ke1 is chosen to be the summer

value given by Fransz & Verhagen (1985). Light

saturation constant ranges from 20 to 300 lE m-2 s-1

(Ignatiades & Smayda, 1970; Montagnes & Franklin,

2001). The basic respiration is a function of total

biomass (0–10%) and the activity respiration depends

on production (30–55%) (Laws & Caperon, 1976;

Soetaert et al., 1994; Kromkamp & Peene, 1995).

About 5% of the production in phytoplankton is

excreted in soluble form (Mague et al., 1980; Fransz &

Verhagen, 1985). Kremer & Nixon (1978) show that

maximum grazing rate constant values lie in the range

of 0.10–2.50 day-1. Tackx (1987) and Klepper et al.

(1994) estimated that the range of maximum grazing

rate constants of zooplankton at 15�C is 0.5–

2.0 day-1. For the Ivlev constant, Kremer & Nixon

(1978) reported the range of 0.4–25.0 (mg C l-1)-1.

All Q10-values are approximately 2, except the one for

remineralization that is about 3 (Fransz & Verhagen,

1985). This is because the bacterial growth in the

Scheldt estuary is among the highest reported in the

literature (Goosen et al., 1995). All rate constants are

defined at 0�C. Fractions of mortality and fecal pellets

remineralized directly in the water column and con-

tributing to the inorganic nutrient pool is considered to

be 40%. Sedimentation of POM used in the literature

varies from 1 to 1.5 m day-1 (Smetacek, 1980; Fransz

& Verhagen, 1985; Blauw et al., 2009). The mineral-

ization rate coefficient used for POM is 0.12 day-1.

The same rate was adapted for the bottom sediments/

benthic detritus. Nitrification and denitrification rates

are taken from Blauw et al. (2009). Carbon to nutrient

ratios are taken from Lingeman-Kosmerchock (1978),

Los (1982), Fransz & Verhagen (1985).

Model forcing

For the Scheldt and its tributaries, upstream discharges

are interpolated from daily averaged data from the

Hydrological Information Center (HIC, 2015). The

discharge of the Ghent Terneuzen canal are interpo-

lated from the daily averaged data collected by the

Netherlands institute for inland water management

and treatment (RWS, 2015). Discharge is a time-

dependent forcing. The water discharge of the river

Scheldt (Fig. 3) and its tributaries (not shown) show a

pronounced seasonal cycle, with high flow occurring

in early winter and low in summer. Because of the

strong correlation between discharge and the phyto-

plankton growth observed in the Scheldt estuary

(Muylaert et al., 2001, 2005a, b; Arndt et al., 2007;

Lionard et al., 2008b), daily discharge is applied on

the boundary of all the tributaries of the Scheldt.

The incident light intensity, water temperature, and

SPM are given as time-dependent external forcing.

Water temperature and solar radiation (Fig. 4) are

obtained from Waterbase (2015), ScheldtMonitor

(2015), and NCEP (2015). Maximum temperature

was observed in the month of August while solar

insolation was at its maximum in the month of June.

SPM in the estuary shows large spatial and seasonal

variation (Chen et al., 2005; Desmit et al., 2005;
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Lionard et al., 2005a, 2008b; Muylaert et al., 2005a,

b; Arndt et al., 2007; Gourge, 2011). SPM was

interpolated using the data from NIOO (2015) and

above-mentioned literature.

Initial and boundary conditions

Monthly plankton values for the tributaries are sparse,

therefore, a constant value of biological state variables

(1 lg C l-1) was considered for initial as well as for the

boundary conditions.Winter values of nutrients for the

year 2003 were considered as the boundary conditions

(Van der Zee et al., 2007; Carbonnel et al., 2009;

ScheldtMonitor, 2015). These values were applied at

the boundaries of all the rivers and at Vlissingen.

Winter-averaged boundary values were applied as the

initial conditions for these nutrients. The salinity is set

to 33 at its marine boundary (Vlissingen) and to 0 at

the freshwater boundary at Ghent and at the bound-

aries of all the rivers. A spin-up of 1 year was

considered before the actual simulation, once the

parameters were fixed. The model is not found to be

sensitive to the initial phytoplankton values, since the

simulation starts in January and the first bloom starts in

spring, giving enough time for the biology to establish.

Results

Figure 5 shows the longitudinal variation of model

simulated and measured salinity averaged over the

year 2003. Starting from around 33 pps at Vlissingen,

the annual averaged salinity reduces to around 2 pps at

90 km from the sea. Salinity is significant in the

freshwater tidal zone during summer, when the

discharge is at its minimum.

The ecological model captured the basic features of

the Scheldt river estuary, notably, the spatial and

seasonal gradients in various variables (Figs. 6, 7, 8).

These variations are discussed in the following

sections.

Phytoplankton

Freshwater phytoplankton biomass (Figs. 6a, c, 7a, c)

starts developing in June when the light and temper-

ature conditions start becoming favorable for growth.
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Fig. 4 Irradiance and temperature for the year 2003
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Fig. 5 Longitudinal variation of the model simulated salinity

(dashed lines) and measured salinity (asterisks) for the year

2003. X-axis is in km, with 0 km at Vlissingen and 160 km at

Ghent

Jan Mar May Jul Sep Nov
0

100

200

300

400

500

600

700

800
Discharge, m3/s

Fig. 3 Discharge of the river Scheldt for the year 2003
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It is seen from around 50 km to around 150 km.

Because of relatively higher discharge in June the

maximum biomass is displaced further downstream to

around 90 km (Fig. 6a, c). Afterwards as the discharge

decreases the biomass increases. The maximum

freshwater phytoplankton biomass is seen in August

upstream of 120 km (Fig. 6a, c). During this period the

water temperature was maximal and the discharge was

minimal. Because of low discharge and low SPM, the

light penetration in the water column was high. The

saline intrusion during low discharge might also be

responsible for the freshwater biomass being con-

strained to more upstream locations. The maximum

freshwater biomass occurs in summer (June–Septem-

ber), when all the necessary conditions for growth

(nutrients, light, temperature, salinity, and discharge)

are at their optimum level (Figs. 6a, c, 7a, c).

Sudden decrease in biomass in early July and early

September, (Figs. 6a, c, 7a, c) in the freshwater

phytoplankton in spite of favorable light and

temperature conditions, cannot be accounted for only

by grazing. This might be because of the consumption

of already low levels of nutrients because of low

discharge.

Marine phytoplankton are seen as far up to the

brackish zones (Figs. 6b, d, 7b, d). Marine diatoms

start developing from April onwards and show their

peak biomass in May and decrease afterwards, while

marine chlorophytes are seen in summer with a

maximum in July.

Likewise to phytoplankton carbon, the chlorophyll

a concentration was highest in the freshwater zone,

decreased in the brackish zone, and showed secondary

maxima in the marine waters (Figs. 6j, 7j). Primary

production was highest in summer in the freshwater

upstream parts, while it was highest in spring near the

mouth of the estuary (Figs. 6a–c, 7a–d). During late

autumn growth is limited because of increased

discharge and unfavorable light and temperature

conditions.
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Zooplankton

The freshwater zooplankton community followed the

evolution of freshwater phytoplankton in time and

space (Figs. 6e, g, i, 7e, g, i). Theywere found from late

spring to the beginning of autumn, being maximum in

summer. They are high in the upstream parts in late

summer and have lower biomass in late spring and
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early summer and are displaced further downstream.

Their abundance decreased downstream nearAntwerp.

Copepods show higher abundance than ciliates but

much less than those of rotifers. Ciliate abundance

(Figs. 6e, 7e) stays relatively constant compared to

rotifers and copepods (Figs. 6g, i, 7g, i), since they are

quickly grazed down upon by rotifers. This implies the

top-down control of rotifers on ciliates in summer.

Particulate organic matter and benthic detritus

The POM (mainly carbon) is present only in the spring

and summer as a result of planktons in the estuary

(Figs. 6f, 7f). Benthic detritus (Figs. 6h, 7h) depends on

the POMformation and river discharge. The deposition

of benthic detritus is present throughout the growth

season, around June–September in the freshwater parts

and in the spring near the sea. High discharge leads to

the reduction of its deposition. They both (POM and

BD) decrease in autumn and disappear afterwards.

Nutrients

The evolution of nutrients (Fig. 8) is in agreement with

measurements. Nutrients in the estuary are being

supplied continuously from the river Scheldt and its

tributaries except for a small time, when they are

consumed in the upstream regions of the Scheldt in

late spring and summer. During this period the supply

of nutrients is already low because of low discharge.

Nutrients level increases again in autumn, when the

discharge increases. After this time the photosynthetic

activity reduces because of low temperature and low-

light environment. Another minima in the nutrients is

observed in the downstream areas around 30 km in

summer because of the consumption by marine

phytoplankton species. However, in these downstream

locations they continue to stay low in autumn.

Sensitivity analysis

Model sensitivity was tested for a few parameters

found crucial for the plankton biomass along the

length of the Scheldt estuary.

Effect of irradiance

The tests with changes in IkPHYTO are summarized in

Fig. 9 and Table 2. Increasing the optimum light

intensity for chlorophytes decreased their biomass and

increased the biomass of freshwater diatoms. Increas-

ing the optimum light intensity for diatoms decreased

their biomass and increased the biomass of freshwater

chlorophytes. While the biomass of marine chloro-

phytes remains unchanged. Increasing the optimum

light intensity simultaneously for chlorophytes and

diatoms, increased the biomass of freshwater diatoms

only. The biomass of ciliates/rotifers decreased/in-

creased for all the three cases, while the biomass of

copepods increased only for the first case and

decreased for the rest two cases. These tests imply

that light can be a crucial limiting factor for growth in

summer.

Effect of fish predation

Reducing the biomass of planktivorous fish, increased

the biomass of copepods. Biomass of marine species

and ciliates remain unchanged, while the biomass of

the other planktons decreased. Although fish has no

direct influence on the biomass of chlorophytes, its

biomass too is reduced (Fig. 10). The increased

biomass of copepods increased the grazing pressure

on other planktons. The amount of carbon grazed by

copepods was much higher than the amount of

increased biomass of copepods in carbon. This might

have reduced the losses (mortality, respiration, excre-

tion, etc.) and the nutrient regeneration by them. This

in turn further reduced the biomass of plankton other

than copepods.

Discussion

Freshwater phytoplankton are separated by their

marine counterparts by a salinity range which is too

high for the growth of freshwater species and too low

for the growth of marine species. Salinity alone,

however, is not responsible for the disappearance of

phytoplankton biomass in the brackish waters around

90 km from Vlissingen. The depth of the estuary is

maximum around Antwerp. It is the low-light condi-

tions in the deeper waters along with high SPM

concentration that makes them disappear in the

brackish waters.

The absence of freshwater plankton biomass in

early spring might be because of almost zero initial

boundary values of the biomass and because of the
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absence of transport from the river Scheldt. According

to Muylaert et al. (2000a) the phytoplankton in the

uppermost parts of the estuary near Ghent are the ones

imported from the river Scheldt, the import being

more important in spring than in summer. This import

is considered negligible in the present study.

Phytoplankton blooms were able to develop in the

upper estuary in summer in spite of the high rotifer

populations and their strong grazing impact. Implying

the dominance of discharge over grazing, in shaping

the phytoplankton blooms. However, the fact that

rotifers graze equally on phytoplankton, detritus, and

ciliates might also account to its high values in the

Scheldt and less detrimental influence to phytoplank-

ton blooms. Most of the riverine input of nutrients are

depleted either by consumption or by dilution in the

upstream reaches of the Scheldt.

In conclusion the model simulated the observed

seasonal blooms of phytoplankton and zooplankton

production. The longitudinal variation in the variables

indicates the influence of salinity, SPM, and discharge,

while the seasonal variation is influenced by temper-

ature, light, and discharge. Longitudinal and seasonal

input of the data in the present study is considered
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Table 2 Percentage change in the ecological variables during various sensitivity tests with IkPHYTO and zooplanktivorous fish

population as compared to the control run

Variables IkCHL IkDIA IkCHLDIA FISH

125 lmol m-2 s-1 75 lmol m-2 s-1 125 & 75 lmol m-2 s-1 FISH = 0.5 9 ZOO

CHL -12.78 9.07 -13.17 -5.60

CHLM -23.10 – -23.10 –

DIA 30.85 -25.70 4.17 -6.64

DIAM – -29.14 -29.14 –

CIL -15.15 -17.86 -34.57 0.38

POM 28.94 -27.22 11.51 -2.12

ROT 23.86 2.64 69.11 -22.82

BD 16.39 -39.69 -20.97 -1.00

COP 3.42 -14.86 -12.69 46.62

Chla 9.05 -21.04 -13.03 -3.15
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constant and is set at a non-zero minimum value. The

initial boundary conditions seem to be playing a role in

the space–time evolution of the simulations. This is

evident in the absence of biomass at the extreme

boundaries. In future it is envisaged to perform the

simulations using the seasonal variation of all the state

variables as initial values at the boundaries of all the

rivers and at the mouth of the estuary. This will take

care of the winter–spring biomass of zooplankton and

the spring freshwater phytoplankton biomass trans-

ported from the rivers to the estuary, mainly from the

Ghent river (Muylaert et al., 2000a; Lionard et al.,

2005b; Carbonnel et al., 2009).

The Scheldt estuary ecosystem experiences very

high frequency variations of the physical parameters.

It is very difficult to separate/define the influence of

one forcing parameter independently of the other.

Each parameter influences in a special way in the

presence or absence of other parameter. Their dom-

inance is difficult to be interpreted or defined at times.

On the contrary each has its well-defined role.
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