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a b s t r a c t

To gain insight into mechanisms underlying phytoplankton bloom dynamics in turbid, well-mixed es-
tuaries, experiments were conducted with an exploratory model that couples physical and biological
processes. The motivation for choosing exploratory models is that they allow investigation of individual
processes in isolation, therefore yielding fundamental insight into the mechanisms of the system. The
Ems estuary (between the Netherlands and Germany) was selected as the prototype estuary, in which a
zone of high turbidity is observed in the middle and upper reach. Results show that the model is capable
of capturing the main features of the observed phytoplankton population density (P) patterns, that is, in
the lower reach a spring bloom occurs, followed by a secondary bloom in autumn. Results of sensitivity
studies reveal that the along-estuary distribution of suspended particulate matter (SPM) is a determining
factor for the along-estuary location of blooms and it largely affects the intensity of blooms. The along-
estuary advection of nutrients by the subtidal current is important for obtaining blooms with high in-
tensities. In this model, the seasonally varying water temperature has a larger impact on the timing of
spring blooms than the seasonally varying incident light intensity. The occurrence of an autumn bloom is
due to the fact that during the summer season, the net specific growth rate of phytoplankton decreases.
The latter is likely to result from an optimum water temperature (smaller than the maximum water
temperature) for phytoplankton growth. Nevertheless, the occurrence and characteristics of autumn
blooms are also influenced by seasonal variations in other aspects, for instance, loss of phytoplankton
due to grazing.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Phytoplankton blooms are common features in many estuaries.
Their occurrence is the result of a joint action of biological processes
and physical processes (see Cloern et al., 2014, and references
herein). Aspects that influence phytoplankton gross growth are
seasonal variation in incident light (Sverdrup, 1953; Domingues
et al., 2017), seasonal variation in water temperature (Eppley,
1972; Butterwick et al., 2005) and nutrient limitation (Tilman
et al., 1982; Cira et al., 2016). Local nutrient concentrations in es-
tuaries are often proportional to the magnitude of the river
discharge (de Jonge and Essink, 1991; van Beusekom and de Jonge,
1998) and their distribution is influenced by advective and mixing
processes. The latter two processes also directly impact the spatial
distribution of phytoplankton and thus affect the behaviour of
blooms (Lucas et al., 1999; Liu and de Swart, 2015). The loss of
phytoplankton is determined by processes such as natural death,
viral infection (Brussaard, 2004) and pelagic grazing (Lionard et al.,
2005).

Availability of light in water is strongly determined by intensity
and spatial distribution of suspended particulate matter (hereafter
SPM) (Colijn, 1982). Indeed, May et al. (2003) demonstrated that in
their model phytoplankton biomass decreases if SPM concentration
becomes high. Arndt et al. (2007) demonstrated that in their
coupled hydrodynamic, SPM and biochemical model of the Scheldt
estuary high values of phytoplankton population density (hereafter
denoted as P) are restricted to the upper freshwater reach where
SPM concentrations are relatively low. Other model studies (e.g.
Camacho et al., 2015; Lopes et al., 2015) have also indicated the
importance of light-limited growth at high SPM concentrations.

The above mentioned factors and processes that influence
phytoplankton blooms features usually act in concert. In particular,
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changes in subtidal currents (i.e., tidally-averaged currents), which
could result from changes in river discharge, tidal currents, etc.,
lead to modifications of nutrient, SPM and phytoplankton trans-
port. Furthermore, the effect of the seasonally varying incident light
on triggering spring blooms is not distinguishable from that of the
seasonally varying water temperature because the latter factor is
dependent on the former. These mutual dependencies cause diffi-
culty in understanding field data and in interpreting results of
simulation models (in which many processes/factors and their in-
teractions are included).

The overall objective of this study is to gain further insight into
mechanisms governing phytoplankton bloom dynamics in turbid,
well-mixed estuaries. The specific aims are to quantify and un-
derstand the effect of two combinations of dependent control
factors on phytoplankton bloom dynamics: 1) SPM distribution and
subtidal current, 2) seasonally varying incident light intensity and
water temperature. The specific characteristics that will be exam-
ined are the intensity, along-estuary location and timing of blooms.

To fulfil these aims, an adapted version of the exploratory model
developed by Liu and de Swart (2015) will be considered. As is
reviewed by Murray (2003), exploratory models are designed to
search for the clearest, simplest answer to the question: which
processes or feedbacks produce a specific poorly understood phe-
nomenon. For this purpose, these models include as few processes
as possible, while capturing the gross features of that phenomenon.
As the model is highly simplified, its behaviour can be understood
and processes can be identified which are responsible for the
occurrence of the phenomenon. Thus, in exploratory models, the
focus is not on obtaining an accurate match with observations, but
on simplifying the formalism to find the essential mechanisms. This
study employs an exploratory model, with which the combined
impacts of SPM distribution, subtidal currents and of seasonally
varying incident light intensity and water temperature can be
investigated in isolation. In this way, it yields fundamental insight
into phytoplankton bloom dynamics in turbid, well-mixed estu-
aries. Moreover, this model is fast and flexible and is therefore
suitable for sensitivity studies (Murray and Thieler, 2004). The
highly turbid Ems estuary, located at the German - Dutch border is
chosen as the prototype estuary in this study. This estuary is
selected as an example because sufficient data on SPM (Talke et al.,
2009b; de Jonge et al., 2014), and on nutrients and P distributions
(Brinkman et al., 2014) are available to check the performance of
the model.

The biological module that describes phytoplankton and
nutrient dynamics, the hydrodynamical and SPMmodule, as well as
the turbulence closure module are introduced in Section 2. In
Section 3, it is first demonstrated that the model is capable of
capturingmain characteristics of the blooms observed by Brinkman
et al. (2014). Here, the comparison between results of the explor-
atory model and field data focuses on the key features rather than
quantitative accuracy. Next, results of sensitivity experiments are
presented. In Section 4, the effects of key processes on bloom dy-
namics are quantified, the effect of the two combinations of control
factors are further analysed and consequences of several assump-
tions of the model are discussed. Conclusions are given in Section 5.
In Electronic Supplement 1, results of additional sensitivity studies
(which concern boundary and initial conditions, as well as other
biological parameters) are presented and analysed.

2. Material and methods

2.1. Model

The exploratory model used in this study is an extended version
of that of Liu and de Swart (2015). Phytoplankton and nutrient
dynamics are described in a biological module, which is coupled to
a hydrodynamic module that contains equations for subtidal cur-
rents and to a module that computes tidally-averaged suspended
particulate matter (SPM) concentration. The values of input pa-
rameters referred to in this section are brought together in Table 1
(see Section 2.3).

2.1.1. Domain
The estuarine geometry considered in this study is displayed in

Fig. 1. It represents a channel with length L and it has a rectangular
cross section with a constant water depth H. The width b expo-
nentially decreases from a value b0 at the estuary mouth towards
the river head. A Cartesian coordinate system is used, with the x-
axis pointing from the estuary mouth (x ¼ 0) to the river head
(x ¼ L) and the z-axis from the water surface (z ¼ 0) downward to
the bottom (z ¼ H). Thus, b is modelled as

bðxÞ ¼ b0 exp
�
� x
Lb

�
; (1)

with Lb the width convergence length scale of the estuary.

2.1.2. Biological module
The biological module follows that of Huisman et al. (2006). The

biological processes accounted for are the gross growth and loss of
phytoplankton, the uptake of nutrient by phytoplankton and the
recycling of nutrients from dead phytoplankton back into the water
column. The equations governing phytoplankton and nutrient dy-
namics are
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In the above equations, P (a function of x, z, and t) denotes the
width-averaged phytoplankton population density (cells m�3) and
N (depending on x, z, and t) is the width-averaged nutrient con-
centration (mmol m�3). Furthermore, m is the specific growth rate
of phytoplankton,m is the loss rate, v is the sinking velocity, a is the
nutrient amount in each cell and ε is the proportion of dead
phytoplankton that is subsequently recycled. Moreover, u andw are
the along-estuary and the vertical velocity, respectively. Finally, kh
and kv are the along-estuary and the vertical turbulent diffusivity,
respectively. The terms on the right-hand side of Eq. (2) represent
specific growth, loss, sinking, along-estuary advection, vertical
advection, along-estuary mixing and vertical mixing of phyto-
plankton, respectively. Those on the right-hand side of Eq. (3) result
from uptake of nutrient by phytoplankton, recycling of nutrient
from dead phytoplankton, advective and mixing processes,
respectively.

The specific growth rate m depends onwater temperature T, light
intensity I and nutrient concentration N:

m ¼ mT f ðN; IÞ: (4)

Here, mT describes the dependence of growth rate on tempera-
ture and f ðN; IÞ (0 � f � 1) accounts for the tempering of the
growth rate in the case of nutrient or light limitation. The param-
eterisation of mT is an generalisation of that of Luo et al. (2012) and
it reads



Table 1
Values of model parameters for the default experiment. The numbers behind the symbols indicate the sources, which are listed below.

Symbol Interpretation Unit Value

H (1) water depth m 7
L (1) estuary length km 100
b0 (1) width at the estuary mouth x ¼ 0 m 8000
Lb (2) width convergence length scale km 30
m (3) loss rate of phytoplankton day�1 0.1
v (4) sinking velocity of phytoplankton m day�1 1.0
a (5) nutrient amount in each phytoplankton cell mmol cell�1 1,10�9

ε (5) nutrient recycling coefficient dimensionless 0.5
HN (6) half-saturation constant of nutrient-limited growth mmol m�3 0.25
HI (6) half-saturation constant of light-limited growth mmol photons m�2 s�1 20

kp (5) light absorption coefficient of phytoplankton m�1 (cell m�3)-1 6,10�10

kc (7) light extinction coefficient by SPM m�1 ðkgm�3Þ�1 45

k (7) light extinction coefficient due to other components m�1 0.4
Imax (8) maximum incident light intensity mmol photons m�2 s�1 400
Imin (8) minimum incident light intensity mmol photons m�2 s�1 10
Topt (9) optimum water temperature for growth �C 15
bT input parameter for the temperature-dependent growth rate dimensionless 1.5
mopt (9) maximum growth rate attained at Topt day�1 2.5
m0 (9) growth rate attained at 0�C day�1 0.8
Tmax (6) maximum water temperature �C 22
Tmin (6) minimum water temperature �C 0
td (6) time lag with respect to light day 40
Njx¼L (10) nutrient concentration at the river head mmol m�3 3.2

P0 initial depth-averaged population density cells m�3 5,107

Av (11) vertical eddy viscosity m2 s�1 2:0,10�3

kv vertical turbulent diffusivity m2 s�1 1:5,10�3

kh (1) along-estuary turbulent diffusivity m2 s�1 100
Q (1) river discharge m3 s�1 �20
xc (1) the position where s is 0:5s0 km 43.1
xd (1) the length scale over which s varies km 14.2
b (1) coefficient of isohaline contraction kg m�3 psu�1 0.83
s0 (1) seawater salinity psu 30
q (11) correction coefficient for baroclinic flow dimensionless 1.4
rs (12) density of SPM kg m�3 1:5,103

ws (11) settling velocity of SPM m s�1 0:8,10�3

c� (11) domain averaged SPM kg m�3 1.0

Sources are (1) Talke et al. (2009a), (2) de Jonge et al. (2014), (3) Arndt et al. (2007), (4) Sarthou et al. (2005), (5) Huisman et al. (2006), (6) derived from data of Brinkman et al.
(2014), (7) Colijn (1982), (8) derived from meteorological data on The Royal Netherlands Meteorological Institute Climate Explorer (website: https://climexp.knmi.nl/),
(9) derived from data of Colijn (1983), (10) van Beusekom and de Jonge (1998). (11) input parameters, (12) de Jonge et al. (2012).
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mT ¼ mopt exp
�
� aT

����T � ToptbT
����bT
�
: (5)

In this expression, T ðin�CÞ is the water temperature, mopt is the
Fig. 1. The configuration of the estuary in the exploratory model. Here, L is the length
of the estuary, H is the total water depth, bðxÞ is the width that exponentially decreases
towards the river head and O is the origin of the Cartesian coordinate system.
maximum specific growth rate (when neither nutrient nor light
limits the growth, i.e., f ðN; IÞ ¼ 1), attained at the optimum water

temperature Topt , and bT ¼ 1�C is a reference temperature. Param-

eter aT ¼ �
 bT

Topt

!bT

ln

 
m0
mopt

!
is chosen such that mT jT¼0�C ¼ m0,

where the latter is input to the model. Shapes of mT for different
values of parameter bT are plotted in Fig. 2a. Here, the value of bT is
not smaller than one, such that the derivative of mT with respect toT
is continuous for all T.

The parameterisation of the limitation function f ðN; IÞ in this
study is proposed by Huisman et al. (2006), and it follows the
Monod equation and obeys Von Liebig's ‘law of the minimum’:

f ðN; IÞ ¼ min
�

N
HN þ N

;
I

HI þ I

�
: (6)

Parameters HN and HI are the half-saturation constant for
nutrient-limited and light-limited growth, respectively, and min
denotes the minimum function. Based on the above equation, a

limitation index is defined as
�

N
HNþN � I

HIþI

�
. If the limitation index

is negative, phytoplankton growth is nutrient-limited, whilst if the
limitation index has positive values, the growth is light-limited. In
Fig. 2b, the contour plot of f ðN; IÞ is shown, in which the areas of
nutrient- and light-limited growth are indicated.

https://climexp.knmi.nl/


Fig. 2. (a) The shapes of mT (Eq. (5)), i.e., the temperature-dependent part of the growth rate versus temperature for different values of bT . (b) Contour plot of the limitation function
f ðN; IÞ (calculated by Eq. (6)). The horizontal axis shows the nutrient concentration N scaled by the half-saturation constant HN for nutrient-limited growth. The vertical axis shows
the light intensity I divided by the half-saturation constant HI for light-limited growth. The areas of nutrient (N)-limited and light (I)-limited growth are indicated, respectively.
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The light is supplied at the water surface. Due to self shading
effect of phytoplankton, attenuation by SPM and other substances
(for instance, coloured dissolved organic matter), the light intensity
in water decreases exponentially with depth according to Lambert-
Beer's law:

I ¼ Iinexp

24� kp

Zz
0

Pðt; x; z0Þdz0 � kc

Zz
0

Cðx; z0Þdz0 � k z

35: (7)

In this expression, z0 is a dummy variable. Parameter Iin is the
incident light intensity, kp is the light absorption coefficient of
phytoplankton, kc is the light extinction coefficient by SPM and k is
the light extinction coefficient due to the other substances. The
tidally-averaged SPM concentration C (in kg m�3) is defined in
Section 2.1.3. The incident light intensity Iin varies over the seasons
and it is modelled as

Iin ¼ ðImax þ IminÞ
2

� ðImax � IminÞ
2

cos
�
2 p

t
Ty

�
: (8)

Here, Imax and Imin are the maximum and minimum incident light
intensity, respectively. Furthermore, time t starts at December 21
and Ty represents one year.

The water temperature T also shows seasonal variability. It is
modelled as

T ¼ ðTmax þ TminÞ
2

� ðTmax � TminÞ
2

cos
�
2 p

ðt � tdÞ
Ty

�
; (9)

in which Tmax and Tmin are the maximum and minimum water
temperature, respectively. Parameter td is the time lag with respect
to the incident light intensity and it originates from high heat ca-
pacity of water.

The boundary conditions read�
vP � kv

vP
vz

�
jz¼0 and z¼H ¼ 0;

�
kv
vN
vz

�
jz¼0 and z¼H ¼ 0:

(10)

kh
vP
vx

jx¼0 ¼ 0; kh
vN
vx

jx¼0 ¼ 0: (11)

�
uP � kh

vP
vx

�
jx¼L ¼ 0; Njx¼L ¼ NL: (12)

Thus, at the surface and the bottom, zero-flux conditions are
applied to P and N (Eq. (10)). At the estuary mouth, diffusive
transport of P and N vanishes, whereas along-estuary advection of P
and N is allowed (Eq. (11)). At the river head, zero-flux conditions
are applied to P (that is, no import of freshwater phytoplankton),
since this study focuses on internal growth of phytoplankton in the
estuary. Furthermore, a fixed nutrient concentration NL is imposed
at the river head (Eq. (12)).

In the initial state, a depth-averaged population density P0 is
imposed, i.e., P0 ¼ ð1=HÞ RH0 P0ðzÞ dz, which is constant along the
estuary. The initial vertical distribution P0ðzÞ obeys
ðvP0 � kvvP0=vzÞ ¼ 0. Furthermore, the initial nutrient concentra-
tion N0 is longitudinally uniform and N0 ¼ NL such that the dis-
tribution of N0 obeys the boundary conditions (see Eqs. (10)e(12))
of N.

2.1.3. Hydrodynamic, SPM and turbulent closure module
The estuarine subtidal current and suspended particulate mat-

ter (SPM) concentration are modelled as in Talke et al. (2009a, b).
Salinity is assumed vertically well mixed, and the tidally-averaged
eddy viscosity Av and diffusivity kv are vertically constant.
Furthermore, the longitudinal turbulent diffusivity kh is spatially
constant.

The width-averaged along-estuary velocity uðx; zÞ (see Eq. S1 in
the Electronic Supplement 2) consists of three components. The
first is driven by the along-estuary salinity gradient. Here, the
depth-averaged salinity sðxÞ (see Eq. S(5)) is prescribed by using an
analytical function that is proposed by Warner et al. (2005). The
second component is forced by the along-estuary variation of
bottom SPM concentration and the third component is the river
flow driven by freshwater discharge. The width-averaged vertical
subtidal velocity wðx; zÞ follows from conservation of water mass
(Eq. S(6)).

The vertical distribution (see Eq. S(7)) of the tidally-averaged,
width-averaged SPM follows an exponential profile, which results
from the assumption that the settling of SPM is balanced by the
upward flux of SPM by vertical turbulent mixing. The along-estuary
distribution of SPM is calculated by imposing morphodynamic
equilibrium (Eq. S(8)), that is, the erosion balances deposition at the
bed and hence there is no transport of sediment through any cross-
section.

2.2. Model implementation and verification

For a given set of parameter values, the flow due to along-
estuary salinity gradient and river flow (see Eq. S1) are calculated
algebraically. The calculation of the flow component induced by
along-estuary SPM gradient is detailed in Electronic Supplement 2.

The two nonlinear differential equations in the biological
module are solved numerically. Central finite difference schemes
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are employed for spatial discretisation on a rectangular uniform
grid system and a fourth-order Runge-Kutta scheme is used to
discretise the time derivatives (Press et al., 1992). This numerical
scheme was also used by Liu and de Swart (2015) and it has been
verified against data from published studies, such as Huisman et al.
(2006), yielding identical results.

2.3. Experimental set-up

2.3.1. Default experiment
At first, an experiment was carried out to verify the capability of

the model to simulate the observed phytoplankton blooms in the
Ems estuary in year 2013, as reported by Brinkman et al. (2014).
This simulation is referred to as the “default experiment”. Fig. 3
displays the map of the Ems estuary that extends from the
seaward boundary near the island Borkum to the weir at Herbrum,
Germany. According to Brinkman et al. (2014), during blooms in
2013, phytoplankton observed in the Ems estuary are dominated by
diatoms. Furthermore, the limiting nutrient is phosphorus because
field data of the above-cited study showed that in the spring of year
2013, the concentrations of phosphorus in the Ems estuary
decreased faster than those of either silicon or nitrogen. The grid
has 401� 21 grid nodes in the along-estuary and vertical direction,
respectively. The time step is 2,10�4day.

The values of model parameters for the default experiment are
listed in Table 1, which were adopted from studies listed below the
table. The water depth H is an estimate for the domain-averaged
estuarine channel depth. The loss rate m is the annual-averaged
value of that used by Arndt et al. (2007). The initial depth-
averaged population density is a factor of 10�3 � 10�1 of typical P
values during blooms (Muylaert and Sabbe, 1999). The maximum
and minimum incident light intensity Imax and Imin are derived as
follows. Data of the global radiation (GR) are available from the
Royal Netherlands Meteorological Institute (KNMI). The photo-
synthetically active radiation is usually taken as 45% of GR, and a
factor 2.515 is needed to convert Wm�2 to mmol photons m�2s�1

(Brinkman et al., 2014). The formula converting GR data to Iin (the
intensity of incident light in this study) reads

Iin
�
mmol photons m�2s�1

�
¼ 2:515 ð0:45 GRÞ

�
Wm�2

�
(13)
Fig. 3. The map of the Ems estuary from Borkum island to the tidal
The maximum and minimum water temperature are derived
from the field data at the estuary mouth given by Brinkman et al.
(2014). The time lag td is set to 40 days, such that maximum tem-
perature is reached at the beginning of August in 2013, in accor-
dance with the data.

The light extinction coefficient kc and k are obtained as follows.
The light attenuation in the water column is primarily caused by
suspended sediment rather than by phytoplankton (de Jonge,
1983). Thus, Eq. (7) can be approximated by

I ¼ Iin exp

24� kc

Zz
0

Cðx; z0Þdz0 � kz

35: (14)

Using field data, Colijn (1982) developed an empirical relation
between the SPM concentration and the light condition in the Ems
estuary:

I ¼ Iin exp
	� 
K1 Cðx; zÞjz¼1 m � K2

�
z
�
; (15)

where Cðx; zÞjz¼1m is SPM concentration at 1m below the water
surface, K1 ¼ 40 m�1
kg m�3��1

and K2 ¼ 0:4 m�1. Comparing the
above two equations, it follows that k ¼ 0:4 m�1. The value of kc is
obtained by fitting Eq. (14) to Eq. (15).

The values of the optimum water temperature Topt for phyto-
plankton growth, the maximum specific growth rate mopt attained
at Topt , the maximum specific growth rate m0 attained at 0 �C are
obtained from the lab experiments of Colijn (1983). In the latter
study, a field sample was analysed, which contains multiple
phytoplankton species.

The modelled SPM distribution was compared with that
observed in the year 2005. These datawere presented by Talke et al.
(2009b) and by de Jonge et al. (2014). The former study reported the
SPM concentrations of an longitudinal section in the middle and
upper reach of the Ems estuary and the latter study showed the
along-estuary profile of the mean annual near-surface SPM con-
centrations. These data were chosen because they cover the entire
estuary, i.e., 0 � x � 100 km.Moreover, the data from de Jonge et al.
(2014) and van Maren et al. (2015) suggest that during 2006e2012,
changes in SPM in the lower reach are small (<10%).

The ratio of the vertical turbulent diffusivity to eddy viscosity
was set to kv=Av ¼ 0:75. This is done because SPM causes damping
weir in Herbrum (Germany), reproduced from de Jonge (2000).
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of turbulence, which leads to a stronger reduction in kv than that in
Av (Munk and Anderson, 1948). The values of Av and the settling
velocity ws of SPM, together with those of the input parameters q

and c� (domain-averaged SPM concentration), were chosen to
obtain close agreement between modelled and observed SPM
concentrations.

To achieve the research aims, further sensitivity experiments
were conducted. The set-up of these experiments is summarised in
Table 2.

2.3.2. Research aim 1
To distinguish the effects of SPM distribution and subtidal cur-

rents on the characteristics of phytoplankton blooms, SPM and
subtidal currents were eliminated from the biological module,
respectively. Specifically, an experiment was conducted, in which
the light attenuation (�kc

R z
0 Cðx; z0Þdz0, i.e. the second term in Eq.

(7)) by SPMwas switched off. In another experiment, the advection
terms �u vP

vx, �w vP
vz, �u vN

vx and �w vN
vz were switched off.

2.3.3. Research aim 2
To separate the impact of seasonally varying incident light in-

tensity Iin and water temperature T on bloom characteristics, the
seasonal variability of Iin and T were switched off, respectively.
Specifically, an experiment was carried out with a constant incident
light intensity
Iin;const ¼ ðImax þ IminÞ=2 ¼ 205 mmol photons m�2 s�1. Next, an
experiment was conducted with a constant water temperature
Tconst ¼ ðTmax þ TminÞ=2 ¼ 11 �C.

In addition to the above experiments, sensitivity experiments
were conducted, in which boundary and initial conditions in the
biological module and other biological parameters were varied.
These results are presented and discussed in Electronic Supplement
1.

3. Results

The model output of the default experiment is presented in
Section 3.1. This is followed, in Section 3.2, by showing results of the
sensitivity experiments that are listed in Table 2. For all experi-
ments, after one year of simulation time, phytoplankton population
density P and nutrient concentration N reach periodic states with a
period of one year. Furthermore, both modelled P and N are verti-
cally almost uniform. Specifically, P values only slightly increase
(<5%) towards the bottom. Hence, results shown in this section
concern only the depth-averaged phytoplankton population den-
sity for one cycle (from January 1st to December 31st) of the peri-
odic states.

3.1. Default experiment

Fig. 4a displays the spatial distribution of the along-estuary
subtidal velocity u. Near the estuary mouth (x<20 km), u has
small values (<2,10�3m s�1). In the area between 20 km and
60 km from the estuary mouth, u is predominantly driven by along-
estuary density gradient, resulting in seaward flow close to the
Table 2
Description of experiments.

Default experiment

Aim 1 e effect of SPM distribution and subtidal current on bloom characteristics.
� As the default experiment, but for the attenuation (�kc

R z
0 Cðx; z0Þdz0) of light by SPM

� As the default experiment, but for the advection terms (�u vP
vx, �w vP

vz, �u vN
vx and �w v

Aim 2 e effect of seasonally varying incident light intensity and water temperature on
� As the default experiment, but for a constant incident light intensity Iin;const ¼ 205 m

� As the default experiment, but for a constant water temperature Tconst ¼ 11 �C
water surface and ladward flow near the bottom. Close to the river
head (x>60 km), river flow is dominant. The along-estuary distri-
butions of the calculated and observed near-surface (1m below the
water surface) SPM concentration are shown in Fig. 4b. Clearly, the
overall characteristics of the observed near-surface SPM, that is low
values in the area 0 � x<40 km and high values (up to� 1 kg m�3)
for x>40 km, are captured by the modelled near-surface SPM.
When viewed in the vertical direction, the calculated SPM increases
towards the estuary bed (z ¼ 7 m). The maximum SPM concen-
tration at z ¼ 7 m is 19 kg m�3 and occurs at a distance of about
60 km from the estuary mouth. These gross characteristics of SPM
distribution are comparable to those reported by Talke et al.
(2009b).

The spatiotemporal behaviour of the depth-averaged phyto-
plankton population density P ¼ 1

H

RH
0 P dz during one year is shown

in Fig. 4c. From January to March, P is constantly low
(<107cells m�3) in the entire estuary. In April, a spring bloom
develops in the lower reach (0 � x<40 km). In early May, the
maximum P reaches 48,107cells m�3. Next, in SeptembereNo-
vember, a secondary bloom occurs in the vicinity of x ¼ 30 km,
when P attains a value of 16,107cells m�3. Thus, the exploratory
model is able to capture the gross features of the observed phyto-
plankton bloom behaviour (see Fig. 4d) in the Ems estuary being a
spring bloom in the lower reach, followed by a weaker secondary
bloom in autumn that occurs somewhat further into the estuary. To
directly compare the modelled population density to the observed
chlorophyll a concentration, P should be multiplied by the cellular
carbon content and by the chlorophyll to carbon ratio. Using a
cellular carbon content ¼ 4:6$10�6 mg cell�1 (Godhe et al., 2008)
and a chlorophyll:carbon ratio ¼ 0:02 mgChla ðmgCÞ�1 (de Jonge,
1980; Arndt et al., 2007), the maximum P ¼ 48,107cells m�3 is
corresponding to 44 mgChla m�3. Thus, the modelled maximum
population density is reasonable.

To examine detailed development of blooms, the location (the
gray dashed line in Fig. 4c) of the time-dependent along-estuary
maximum depth-averaged population density Pmax is shown.
Clearly, Pmax first occurs at the estuary mouth, while later its
location gradually shifts landwards. Hereafter, the intensity
(denoted as Pbloom) of a bloom is quantified by the local maxima of
Pmax and the timing of a bloom is quantified by the time at which
Pmax reaches a local maximum value.

3.2. Sensitivity experiments

The comparison of P patterns between the default experiment
and each sensitivity experiment (listed in Table 2) are made via the
values of Pmax and the along-estuary locations c of Pmax. Here, c is
the longitudinal distance from the estuarymouth to the site of Pmax.
These results are shown in Fig. 6a and b. The quantities (including
Pmax and c) that are frequently used to present and discuss model
results are summarised in Table 3.

3.2.1. Light attenuation by SPM and advection by subtidal current
When the light attenuation (�kc

R z
0 Cðx; z0Þdz0) by SPM is dis-

carded, values of Pmax are about one order of magnitude larger than
switched off.
N
vz ) switched off.
bloom characteristics.
mol photons m�2 s�1.



Fig. 4. Results of the default experiment. (a) Colour-contour plot of the width-averaged along-estuary subtidal current velocity u as a function of distance to the estuary mouth and
depth. (b) Along-estuary distribution of the calculated (solid line) and observed (square markers, reproduced from de Jonge et al. (2014)) near-surface suspended particulate matter
(SPM) concentration. (c) Colour plot of the depth-averaged phytoplankton population density P as a function of distance to the estuary mouth and time in the adjusted periodic
state. The gray dashed line in Fig. 4c indicates the location of the time-dependent along-estuary maximum depth-averaged population density Pmax in the domain. (d) Observed
near-surface Chl-a concentration in the year 2013, reproduced from Brinkman et al. (2014). Here the blank regions indicate the areas in which field data are not available. Note that
only a qualitative comparison between P and Chl-a pattern is made.
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those in the default experiment and the bloom intensity
Pbloom ¼ 520,107cells m�3. Another notable feature is that Pmax

occurs in the area x>75 km rather than in the lower reach. Thus,
the light attenuation by SPM strongly affects the intensity and
along-estuary location of phytoplankton blooms. Moreover, the
spatiotemporal pattern of P (see Fig. 5c) shows that in the area
x>50 km, the bloom persists for the entire year.

If the advection terms (�u vP
vx, �w vP

vz, �u vN
vx and �w vN

vz ) are
switched off, the behaviour of Pmax is similar to that of the default
experiment. However, Pmax is smaller when advection terms are
switched off. Specifically, bloom intensities
Pbloom ¼ 19,107cells m�3 and 5,107cells m�3 for the spring bloom
and autumn bloom, respectively. Furthermore, the peak of the
spring bloom is delayed by two weeks compared to the one in the
default experiment. Moreover, the along-estuary locations of the
blooms hardly differ between two experiments. Thus, advective
processes due to subtidal currents have a noticeable impact on
intensity, limited influence on timing and a negligible effect on
along-estuary location of blooms.

3.2.2. Seasonally varying incident light intensity and water
temperature

When a constant incident light intensity
Iin;const ¼ 205 mmol photons m�2 s�1 (which is the annually-
averaged value of Iin in the default experiment) is imposed, it re-
sults in a similar Pmax pattern compared to the one in the default
experiment. However, for Iin;const, the spring bloom is less intense
with Pbloom ¼ 30,107cells m�3 and the values of Ps;max during
JanuaryeMarch are at least one order of magnitude higher than
those for the default experiment. The timing and the along-estuary
location of the spring bloom, as well as the characteristics of the
secondary bloom, hardly differ between the two experiments.
Hence, the seasonally varying incident light intensity largely affects
the population densities in winter - early spring and influences the
intensity of the spring bloom, whereas it has marginal effect on the
timing and along-estuary location of blooms.

When a constant water temperature Tconst ¼ 11 �C (which is the
annual mean of T in the default experiment) is used, a marked
difference from the default experiment is that only one single
bloom occurs in one year. Furthermore, for Tconst, Pmax in winter is
noticeably higher and a weaker spring bloom occurs, with
Pbloom ¼ 27,107cells m�3. Moreover, the bloom peak occurs almost
seven weeks earlier compared to that of the spring bloom in the
default experiment. Thus, the seasonally varying water tempera-
ture is a determining factor for the occurrence of the secondary
bloom. Furthermore, it largely affects the timing of the spring
bloom and influences bloom intensity, whereas it has hardly any
impact on the along-estuary location of the spring bloom.

4. Discussion

In Section 4.1, the mechanisms controlling the phytoplankton
bloom pattern for the default experiment are explained by quan-
tifying the contribution of each factor to the local accumulation rate
of P. Next, the results of sensitivity studies are further analysed in
Section 4.2. In Section 4.3, the comparison between the modelled
spatiotemporal distribution of nutrient concentration N in the
default experiment and the field data is presented and discussed.



Fig. 5. (a) The along-estuary maximum depth-averaged population density Pmax against time, which are plotted for the default experiment and for the sensitivity experiments
where light attenuation (�kc

R z
0 Cðx; z0Þdz0) by SPM was switched off, advection (i.e., terms u vP

vx, w
vP
vz, u

vN
vx and w vN

vz ) of P and N by subtidal currents was switched off, constant incident
light intensity Iin;const ¼ 205 mmol photons m�2 s�1 was used and constant water temperature Tconst ¼ 11 �C was imposed, respectively. (b) As (a), but for the along-estuary location
c of Pmax . (c) As Fig. 4c, but for the light attenuation by SPM switched off.
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Finally, the consequences of several assumptions in the model are
discussed (Section 4.4).
4.1. Mechanisms underlying bloom dynamics

The equation governing phytoplankton dynamics (Eq. (2)) is
rewritten as

1
P
vP
vt|ffl{zffl}

total accumulation rate

¼ ðm�mÞ|fflfflfflfflffl{zfflfflfflfflffl}
net specific growth rate

þ1
P

�
� v

vP
vz

�w
vP
vz

� u
vP
vx

þ v

vz

�
kv
vP
vz

�
þ 1

b
v

vx

�
bkh

vP
vx

��
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

accumulation rate due to non�local processes

:

(16)

Here, the left-hand side term is the total accumulation rate of P at a
fixed position, which is a summation of net specific growth rate and
accumulation rate due to non-local processes. The latter results
from sinking, along-estuary and vertical advection, along-estuary
and vertical mixing.

Since P is vertically almost uniform, in the first step toward
understanding results, the depth-averaged values of the net spe-
cific growth rate ðm�mÞ ¼ 1

H

RH
0 ðm�mÞ dz, as well as those of the

accumulation rate due to non-local processes are calculated for the
default experiment. The resultant spatiotemporal patterns are
shown in Fig. 6a and b. Clearly, in the lower reach x<40 km where
blooms are found, ðm�mÞ has high values whilst the accumulation
rates due to non-local processes are low. These findings suggest
that in the example estuary, bloom dynamics is primarily
controlled by local net growth and the role of non-local processes is
mainly to transport phytoplankton produced in the lower reach to
the middle and upper reach.

To further analyse the behaviour of ðm�mÞ, the area of nutrient-
limited growth (defined in Section 2.1.2) has been indicated in
Fig. 6a. Note that here nutrient/light limitation is determined by the
depth-averaged limitation index (see Table 3). Since the loss ratem
in this experiment is constant in both space and time, changes in
ðm�mÞ are due to variations in the specific growth rate m. In
JanuaryeFebruary, ðm�mÞ is negative due to low incident light
intensities Iin and lowwater temperature T. As a result, P is low, as is
shown in Fig 6d. From March on, as Iin and T increase, ðm�mÞ
rapidly increases, which leads to the formation of the spring bloom
in the lower reach.

During the spring bloom, high density of phytoplankton quickly



Fig. 6. (a) Colour plot of the depth-averaged net specific growth rate ðm�mÞ as a function of distance to the estuary mouth and time for the default experiment. The black dotted
lines indicate the transition between areas of nutrient and light limitation, and the gray dashed lines show the location of the along-estuary maximum depth-averaged population

density Pmax. (b), (c) and (d): As (a), but for the depth-averaged values of the accumulation rates due to non-local processes, due to along-estuary turbulent diffusion 1
Pb

v
vx

�
bkh

vP
vx

�
and due to along-estuary advection �u

P
vP
vx, respectively.

Table 3
Symbols that are used for presenting and discussing model results.

Symbol Definition

Pmax the time-dependent along-estuary maximum depth-averaged population density

Pbloom the intensity of a bloom, which is quantified by the local maxima of Pmax

c the longitudinal distance from the estuary mouth to the site of Pmax

ðm�mÞ the depth-averaged net specific growth rate, viz., ðm�mÞ ¼ 1
H

RH
0 ðm�mÞ dz

ðm�mÞjx¼c
the depth-averaged net specific growth rate at location c�

N
HNþN � I

HIþI

�
limitation index, negative (positive) values indicate nutrient- (light-)limited growth

�
N

HNþN � I
HIþI

�
depth-averaged limitation index, i.e.,

�
N

HNþN � I
HIþI

�
¼ 1

H

RH
0

�
N

HNþN � I
HIþI

�
dz
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depletes large amount of nutrient. Consequently, the region of large
ðm�mÞ shrinks to a narrow area away from the estuary mouth
(Fig. 6a), which results in an upstream shift of the bloom location
(Fig. 4c). Nutrient limitation eventually terminates of the spring
bloom, as is evident by the fact that in the lower reach ðm�mÞ
drops below zero in the area of nutrient limitation. Such alternation
of limitation factors, that is, light-limited growth in winter - early
spring and nutrient-limited growth in late spring - summer, has
also been reported in other temperate estuaries, such as the Dela-
ware estuary (USA) (Pennock and Sharp, 1994) and the Colne Es-
tuary (UK) (Kocum et al., 2002).
In lateMay, the values of ðm�mÞ start to decrease (Fig. 6a) when
T is above the optimum temperature Topt ¼ 15 �C for phyto-
plankton growth, which accelerates the termination of the spring
bloom. FromAugust on, ðm�mÞ increases again as T approaches the
optimum temperature Topt , which triggers the secondary bloom in
a narrow area seaward of the estuary mouth (Fig. 4c), where
nutrient concentrations are relatively high.

Comparison of the terms that contribute to the non-local
accumulation reveals that the along-estuary turbulent diffusion
(see Fig. 6c) dominates, which smoothes the longitudinal gradient
of P induced by along-estuary variation of ðm�mÞ. The along-
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estuary advection of P, as is shown in Fig. 6d, only has noticeable
contribution in the vicinity of the river head, where river flow ve-
locities (see Fig. 4a) are large due to small estuary width. Since the
upper reach is unproductive, the along-estuary advection of P has
little influence on phytoplankton blooms. However, the along-
estuary advection of nutrient N is essential for nutrient availabil-
ity in the entire domain, as is demonstrated in Electronic
Supplement 1. Specifically, river flow is the main forcing agent
that drives the seaward transport of nutrient in the upper and
middle reaches from its riverine source. Finally, sinking, vertical
advection and vertical turbulent diffusion give little contributions
(less than 0:06day�1) to the total accumulation rate of P.
4.2. Sensitivity experiments

In this section, the behaviour of depth-averaged net specific
growth rate ðm�mÞ is examined to analyse the bloom evolution in
each sensitivity experiment. To facilitate comparison among
sensitivity experiments, the temporal evolution of the depth-
averaged net specific growth rate ðm�mÞjx¼c (see Table 3, here c

is the longitudinal distance from the estuary mouth to the site
where Pmax is found) at location c is presented.
4.2.1. Light attenuation by SPM and advection by subtidal current
When the light attenuation by SPM is switched off, in themiddle

and upper reaches (x>40 km), light penetrates much further into
the water column. As a result, positive net growth is possible in
these areas, as is shown in Fig. 7a. The critical role of light atten-
uation by SPM on the along-estuary distribution of phytoplankton
biomass (growth) has also been found for the Delaware estuary by
McSweeney et al. (2016), who conducted simulations under con-
stant incident light intensity. The landward shift of the productive
area further allows higher rates of nutrient supply to phyto-
plankton due to decreased distance between the area of high
population densities and the river head (where nutrient enters the
estuary). Thus, ðm�mÞ in the area x>90 km is generally high
throughout the year. As a result, a long-lasting, intense bloom oc-
curs, as is shown in Fig. 5a and b. Close to the river head, high
population densities lead to consumption of large amount of
Fig. 7. (a) As Fig. 6a (colour plot of the depth-averaged net specific growth rate), but for th
rates ðm�mÞjx¼c against time, which are plotted for the default experiment and for the sen
terms u vP

vx, w
vP
vz, u

vN
vx and w vN

vz ) of P and N by subtidal currents was switched off, constant inc
temperature Tconst ¼ 11 �C was imposed, respectively. Here, c is the longitudinal distance f
nutrient, which results in that in the area x<80 km nutrient limi-
tation exists for most of the year. Consequently, in the lower reach,
values of Pmax are relatively low (Fig. 5c). In the area 50< x<80 km,
the high population densities are due to the along-estuary advec-
tion and turbulent diffusion (results not shown) of phytoplankton
from the highly productive area close to the river head.

If the advection terms are switched off, the values of N (results
not shown) in the entire estuary are lower than those of the default
experiment. This is because the along-estuary advection of N by
subtidal current is essential for the seaward transport of nutrient in
the upper and middle reaches from its riverine source (see
Electronic Supplement 1). Since nutrient availability sets the po-
tential phytoplankton production, population densities (Fig. 5a) are
lower when the advection terms are switched off. This explains
why field studies (for instance, de Jonge and Essink, 1991) reveal a
positive relation between phytoplankton production and river
discharge. Moreover, as is illustrated by the temporal evolution of
the depth-averaged net specific growth rate ðm�mÞjx¼c (see
Fig. 7b), under lower nutrient availability positive net growth of
phytoplankton occurs later. This, together with a lower population
density (Fig. 5a) in winter and early spring, leads to a later spring
bloom than that in the default experiment.
4.2.2. Seasonally varying incident light intensity and water
temperature

If a constant incident light intensity
Iin;const ¼ 205 m mol photons m�2 s�1 is imposed, then ðm�mÞjx¼c

(see Fig. 7b) in winter is larger than that of the default experiment,
inwhich Iin has a seasonal cycle. As a result, P inwinter is higher for
Iin;const and it takes less time to form a spring bloom, as is shown in
Fig. 5a. The high population density of phytoplankton in winter
quickly consumes nutrient, thereby causing nutrient limitation to
occur already in January (results not shown). Thus, in MarcheApril,
ðm�mÞjx¼c is much lower than that of the default experiment, and
the spring bloom is therefore less intense.

When a constant water temperature Tconst ¼ 11 �C is imposed,
the maximum growth rate mT ¼ 2:1 day�1 of phytoplankton is high
throughout the year. Consequently, for Tconst, positive values of
ðm�mÞjx¼c (see Fig. 7b) occurs much earlier than that in the default
e light attenuation (�kc
R z
0 Cðx; z0Þdz0) by SPM switched off. (b) The net specific growth

sitivity experiments where light attenuation by SPM was switched off, advection (i.e.,
ident light intensity Iin;const ¼ 205 mmol photons m�2 s�1 was used and constant water
rom the estuary mouth to the site of Pmax . The black dash-dot line indicates zero.
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experiment. As a result, population densities (Fig. 5a) for Tconst are
high inwinter and they increase rapidly with time, which leads to a
bloom in early spring. The consumption of nutrient by the large
amount of phytoplanktkon results in generally lower N values and a
less intense spring bloom compared to the default experiment.
Because of nutrient limitation, ðm�mÞjx¼c slightly decreases dur-
ing the bloom (in FebruaryeMarch). Since in this experiment the
growth rate does not depend on water temperature, in AprileJune,
ðm�mÞjx¼c keeps increasing with the increasing incident light in-
tensity Iin until the end of June. The decay of the spring bloom for
Tconst is therefore slower than that in the default experiment. From
July on, the specific growth rate decreases monotonously with Iin
mt ¼

8><>:m0 þ 0:5 mg

�
1� cos

�
2p

t� t1
t2 � t1

��
t1 < t< t2

m0 0< t< t1 or t2 < t< Ty

(17)
and no secondary bloom occurs for Tconst. This agrees with the
finding of Naithani et al. (2016) that a parameterisation of mT that
accounts for an optimum temperature for phytoplankton growth is
needed for reproducing the spring and autumn blooms in the
Scheldt estuary.

The finding in this study that seasonally varying water tem-
perature has larger impact on timing of spring blooms than
seasonally varying incident light intensity deviates from the view
on phytoplankton dynamics in open ocean and shelf sea that spring
blooms are triggered by seasonal increases in light intensity
(Sverdrup, 1953; Riley, 1967). This is caused by the differences be-
tween estuarine and open water conditions. First, in deep-water
marine systems, increased solar radiation in spring heats up the
upper water column, which therefore results in vertical stratifica-
tion and leads to a shallower mixing layer that allows spring
blooms to develop. However, in shallow, vertically well-mixed es-
tuaries, vertical mixing is intense throughout the entire water
column and the mixing depth is equivalent to the water depth.
Second, the specific growth rate increases more effectively with
rising water temperature. For coastal waters and oceans, water
temperature shows less temporal variability compared to that of
the much shallower estuarine systems.
4.2.3. Additional sensitivity experiments
Results of additional sensitivity experiments (see Electronic

Supplement 1) reveal that the setting of boundary conditions,
initial conditions, as well as the values of biological parameters
have only moderate quantitative impacts on the timing, intensity or
along-estuary location of phytoplankton blooms, but they do not
affect the overall findings of the previous sections.

As was discussed in Section 4.1, a decrease of the depth-
averaged net specific growth rate ðm�mÞ during the summer
season followed by an increase of ðm�mÞ in early autumn causes
the occurrence of the autumn bloom. In the exploratory model,
such changes in ðm�mÞ values are induced by the presence of an
optimum temperature Topt for the gross growth of phytoplankton,
which is lower than the maximumwater temperature. If the value
of Topt approaches the maximumwater temperature, the secondary
autumn bloommerges with the spring bloom, as is shown in Fig. S6
in Electronic Supplement 1. This is because the values of ðm�mÞ are
higher for larger Topt in summer season, which leads to larger
nutrient consumption. Thus, after the spring bloom, the values of
the population density are high throughout the summer and no
autumn bloom occurs.
The decrease of ðm�mÞ during summer could also be caused by

an increased grazing rate, as is discussed below. Further experi-
ments were conducted to examine the impact of seasonally varying
loss rate on the characteristics of blooms. One experiment was
carried out, inwhich the seasonally-varyingwater temperaturewas
switched off by using a constant Tconst ¼ 11 �C and the loss of
phytoplankton by microzooplankton grazing was accounted for.
The latter has been suggested to significantly contribute to the loss
of phytoplankton during late spring and summer seasons (Loebl
and van Beusekom, 2008). Specifically, a time-dependent loss rate
mt was used, which reads
In this expression, t is the day number in a year, starting from
January 1st, and t1 and t2 are the day numbers, betweenwhich the
grazing of phytoplankton by microzooplankton occurs. Parameter
m0 is the basic loss rate, which is taken the same value (0:1 day�1)
as the constant loss rate in the default experiment, and mg is the
maximum grazing rate. Here t1 ¼ 135 day (mid May) and t2 ¼ 270
day (end of September) were chosen based on field data of Loebl
and van Beusekom (2008). Furthermore, mg ¼ 0:1 day�1 was
used. The temporal variation of mt is illustrated in Fig. 8a.

Next, the seasonally-varying water temperature was switched
on and three experiments were carried out with
mg ¼ 0:1; 0:2; and 0:4 day�1, respectively. The last experiment
also used the seasonally-varying water temperature and it
employed the parameterisation of loss rate used by Arndt et al.
(2007) (hereafter referred to as mA07, see their Eqs. (30) and
(31)). In the above cited study, mA07 accounts for the combined
effects of cell lysis and grazing by higher trophic levels in the
Scheldt estuary. The temporal variation of mA07 is shown in Fig. 8a.
The time-dependent along-estuary maximum depth averaged
population density Pmax for these five experiments and for the
default experiment is shown in Fig. 8b, c and 8d.

As is discussed in Section 4.2.2, when the seasonally-varying
water temperature is switched off, the autumn bloom does not
occur anymore due to the monotonous decrease of the specific
growth rate since July. Now if mt is used, the autumn bloom forms
(see Fig. 8b). This is because the net specific growth rate decreases
in the summer season and it increases again in the autumn due to
the temporal variation of grazing rate.

When the seasonally-varying water temperature is switched on
and mt is used, the gross features of the blooms are identical to
those of the default experiment, that is, a spring bloom occurs in
the lower reach, followed by a secondary autumn bloom (see
Fig. 8c). In particular, the timing, intensity and along-estuary
location of the spring bloom are hardly affected. This is because
the grazing of phytoplankton bymicrozooplankton is included after
the peak of the spring bloom (early May). However, noticeable
quantitative differences exists in P patterns during summer and
autumn seasons. Specifically, the population density is lower than
that of the default experiment due to the increased loss rate. As a
result, when a larger value ofmt is used, it takes more time to form
an autumn bloom and therefore the autumn bloom is significantly
delayed. Furthermore, the intensity of the autumn bloom signifi-
cantly decreases when the grazing rate is larger than 0:4 day�1.



Fig. 8. (a): The loss rate of phytoplankton against time for different parameterisations. The blue dash-dotted line (mt) is calculated by Eq. (17), which accounts for the grazing rate of
phytoplankton by microzooplankton. The red solid line follows the parameterisation (mA07) of loss rate in Arndt et al. (2007). The black dashed line indicates the constant loss rate
used in the default experiment of this study. (b): As Fig. 5a, but for the experiments in which constant water temperature Tconst ¼ 11 �C was imposed and both Tconst ¼ 11 �C and a
time-dependent loss ratemt (see Eq. (17), heremg ¼ 0:1 day�1) were imposed. (c): As Fig. 5a, but for three experiments in which both seasonally varying water temperature andmt

were used and mg ¼ 0:1; 0:2; and 0:4 day�1, respectively. (d): As Fig. 5a, but for mA07.
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If mA07 is used, the gross features of blooms remain unchanged
with respect to those of the default experiment, although quanti-
tative differences exist. In the winter and early spring, population
density is larger for mA07 due to lower loss rates than that in the
default expeirment. The resultant higher net specific growth rate in
this period results in an earlier and less intense spring bloom. In
summer, the population density is lower when mA07 is used due to
high loss rates.
4.3. Spatiotemporal distribution of N in the default experiment

Fig. 9a shows the spatiotemporal behaviour of the depth-
averaged nutrient concentration N for one year in the adjusted
periodic state of the default experiment. Overall, the pattern of N
has characteristics that are also observed in the field, such as
decreasing values towards the estuary mouth. In winter and spring
(before early April), in the lower reach (seaward of 40 km) N
noticeably increases with time because the amount of the nutrient
uptake by phytoplankton is small because of low P values during
this period. Afterwards, during the spring bloom (see Fig. 4c) in late
AprileJune, N rapidly drops due to the uptake by large amounts of
phytoplankton during the spring bloom.

Observed nutrient patterns (see Fig. 9b for phosphorus and
Fig. 9c for silicon) in the Ems estuary shows similar characteristics.
However, there are several characteristics of the field data that are
not captured by the model. These differences in the gross features
occur because the present exploratory model only includes a
limited number of processes, following Huisman et al. (2006). Ex-
amples of aspects that affect nutrient dynamics and that are not
accounted for are adsorption/desorption processes, the seasonally
varying riverine nutrient input, the switch of limiting nutrients (e.g.
from phosphorus to silicon, as is suggested by Fig. 9b and c, the
upstream transport and remineralisation of marine particulate
organic matter.
4.4. Model assumptions and consequences

4.4.1. Intratidal processes
Accounting for tides introduces along-estuary transport of SPM,

phytoplankton and nutrient by additional subtidal current com-
ponents (such as flow induced by internal tidal asymmetry) and by
tidal pumping. Both model and field studies (Burchard et al., 2013;
Becherer et al., 2016) have demonstrated that tidal pumping is
effective in transporting SPM. In the present model, these tidal
effects on SPM distribution have been implicitly accounted for via
the input parameter q. It would be interesting to explicitly model
the above-mentioned intratidal processes in near future.
4.4.2. Magnitude and vertical shape of Av and kv
Within the turbidity zones, large vertical gradients in SPM

concentration (see Talke et al., 2009b) may induce strong density
stratification. In these areas, net pelagic phytoplankton growth is



Fig. 9. (a): Colour plot of the depth-averaged nutrient concentration N as a function of the distance to the estuary mouth and time in the adjusted periodic state for the default
experiment. (b) and (c): Observed near-surface phosphate (i.e., reactive phosphorus) and silicate (i.e., reactive silicon) concentration, respectively, in the year 2013 in the Ems
estuary, reproduced from Brinkman et al. (2014). The blank regions indicate the areas in which field data are not available.
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not expected because of strong light limitation. Hence, for this
study, it is unlikely that accounting for along-estuary constant
mixing coefficients (Av and kv) will significantly affect the bloom
dynamics. However, if vertical density stratification is significant,
suppressed vertical mixing prevents particulate matter from being
resuspended into the surface layer, thus providing light conditions
favourable for phytoplankton growth (McSweeney et al., 2016).
Furthermore, changes in vertical density stratification will also
affect vertical mixing and subtidal currents and therefore influence
distributions of P (Liu and de Swart, 2017). Thus, in such circum-
stances, the magnitudes and vertical shapes of Av and kv should be
estimated based on local vertical density stratification.

4.4.3. Flocculation and hindered settling of SPM
The settling velocity of SPM was also kept constant in both time

and space in this study, and the flocculation and hindered settling
of SPM are therefore not accounted for. This assumption has been
widely used by previous exploratory studies that were applied to
highly turbid estuaries (e.g. Talke et al., 2009b; Chernetsky et al.,
2010; Kumar et al., 2017), in which model results successfully
capture the gross features of observed SPM distributions. Never-
theless, if the detailed spatiotemporal distributions of P and SPM
are required, flocculation and hindered settling of SPM should be
considered.

4.4.4. Seasonal variation of river discharge
Temporal variability in river discharge will affect nutrient

transport and therefore the characteristics of phytoplankton
blooms. Moreover, variations in river discharge causes changes in
the spatiotemporal pattern of SPM (Arndt et al., 2007). Thus, for
further understanding of detailed (short-term) spatiotemporal
behaviour of phytoplankton blooms, time-dependent river
discharge should be accounted for.

4.4.5. Variable topography
Changes in water depth affect the depth-averaged net specific

growth rate of phytoplankton and thereby the characteristics of
blooms (Liu and de Swart, 2015). Furthermore, conditions of ver-
tical mixing, distributions of subtidal currents and SPM are also
dependent on water depth. For instance, May et al. (2003) have
found that accounting for lateral variation in topography is
important for modelling phytoplankton dynamics since behaviour
of both P and SPM in shallow waters has a significant impact on
phytoplankton and SPM dynamics of the whole estuarine system.
For estuaries that comprise deep channels and tidal flats, micro-
phytobenthos significantly contribute to primary production in
turbidity zones (de Jonge and van Beusekom, 1992; Irigoien and
Castel, 1997). The effect of variable bottom topography on phyto-
plankton dynamics is an important topic to be investigated in the
future.

4.4.6. Multiple nutrients
In this study, phosphorus was accounted for as the limiting

nutrient based on the field data of Brinkman et al. (2014). However,
silicon limitation on diatom growth has also been reported in other
years (e.g. 2012, based on the same study cited above) in the Ems
estuary and in other estuaries (for instance, the Scheldt estuary,
according to Arndt et al., 2007). Moreover, it has been reported that
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in many estuaries, the limiting nutrient switches from phosphorus
(or silicon) in spring to nitrogen in summer (Pennock and Sharp,
1994). Mechanisms dominating biogeochemical processes differ
among different nutrients, which alter the relative availability of
these nutrients (Howarth, 1988). Thus, it is interesting to consider
phytoplankton bloom dynamics that are subject to multiple
limiting nutrients in future studies.

5. Conclusions

This study focuses on gaining fundamental insight into the
mechanisms underlying phytoplankton dynamics in turbid, well-
mixed, temperate estuaries. Specifically, the quantitative effect of
following two combinations of dependent control factors on
phytoplankton blooms is investigated: 1) SPM distribution and
subtidal current, and 2) seasonally varying incident light intensity
and water temperature. The novel aspect of this study is that using
an exploratory model, the impact of the above-mentioned depen-
dent aspects on bloom dynamics is quantified in isolation. The
model was able to capture the gross features of the observed
phytoplankton blooms in the Ems estuary in 2013, i.e., in the lower
reach a spring bloom occurs, which is followed by a secondary
bloom in autumn. The bloom characteristics, i.e. timings, intensities
and along-estuary locations of blooms, are determined by local net
growth of phytoplankton.

Sensitivity experiments suggest that the along-estuary distri-
bution of suspended particulate matter (SPM) concentration is a
determining factor for the along-estuary locations of blooms, i.e.,
the blooms are restricted to the lower reach where SPM concen-
trations are relatively low, and it also affects the bloom intensities
by controlling the distance between bloom locations and the river
head, where nutrients enter the estuary. The advection of nutrients
influence the bloom intensities by regulating the seaward transport
of nutrient. In thismodel, the seasonally varyingwater temperature
has a larger impact on the timing of spring blooms than the
seasonally varying incident light intensity. This is because the
specific growth rate increases more effectively with rising water
temperature. Within the framework of the exploratory model, the
occurrence of an autumn bloom is due to the fact that during the
summer season, the net specific growth rate of phytoplankton
decreases. The latter is likely to result from an optimum water
temperature (smaller than maximum water temperature) for
phytoplankton growth. Note that seasonal variations in other as-
pects, for instance, loss of phytoplankton due to grazing also affect
the occurrence and characteristics of autumn blooms.
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