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Abstract

A model for phytoplanktonic production in turbid, macro-tidal estuaries is proposed. It is 
based on the description of light-dependent algal growth, phytoplankton respiration and 
mortality. The model Is forced by solar Irradiance, mixing depth and light penetration. 

5 The extinction coefficient Is directly related to the dynamics of suspended particulate 
matter. Model results show that the description of phytoplankton growth must operate 
at a time resolution sufficiently high to describe the Interference between solarly and 
tldally driven physical forcing functions. It also demonstrates that In tidal and turbid 
estuaries, the short-term variation of the euphotlc depth to mixing depth ratio has to be 

io resolved for production estimates and that net positive phytoplankton production can 
be achieved In areas of high turbidity. The model Is used to explain the typical phyto
plankton decay observed along the longitudinal gradient of salinity In turbid estuaries, 
using the Western Scheldt as an example.

1 Introduction

io Estuaries are often subject to high nutrient loads, which may lead to local eutrophica
tion of the water masses. In turbid estuaries, however, phytoplankton respiration can 
exceed biomass production because of the low light penetration into the water column. 
This results in a negative depth-integrated net primary production (NPP) (Grobbelaar, 
1985; Reid et al., 1990; Cole et al., 1992; Heip et al., 1995). Nevertheless, high 

20 phytoplankton biomass concentrations are commonly observed in these environments 
(Kromkamp et al., 1995; Kromkamp and Peene, 1995; Heip et al., 1995 and references 
therein). Various authors have used the “critical mixing depth” approach Introduced by 
Sverdrup (1953) to explain this apparent contradiction (Cole et ai., 1992; Fichez et al., 
1992; Irigoien and Castel, 1997). It is indeed well established that net phytoplank- 

25 ton production is determined by the ratio between euphotlc and mixing depths, which 
are mainly controlled by pure physical forcing mechanisms (Sverdrup, 1953; Grobbe-
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laar, 1985; Cloern, 1987; Cole and Cloern, 1987; FalkowskI and Raven, 1997). This 
control Is particularly critical In turbid environments such as estuaries and coastal wa
ters, which are often under the Influence of significant particulate terrlgeneous fluxes 
(Postma, 1980).

Phytoplankton production models currently Incorporate an Increasingly complex de
scription of underlying biological mechanisms such as Intracellular fluxes (Lancelot 
et al., 1986; Reid et al., 1990; Williams and Lefèvre, 1996), food-web Interactions 
(Soetaert et al., 1994; Lancelot et al., 2000), photoaccllmatlon (Cullen and Lewis, 
1988; Gelder et al., 1996; Gelder et al., 1998). In contrast, as pointed out for In
stance by Fichez et al. (1992), most studies on estuarlne phytoplankton production 
have neglected the problems of fluctuating light regime as a major controlling factor. In 
particular, the coupling between primary production and sediment dynamics has been 
overlooked In the past, partly because the study of these processes pertains to sci
entific disciplines that have largely evolved Independently. Many authors have studied 
the correlation between phytoplankton produtlon and turbidity, using the composite pa
rameter BZE: biomass B, euphotlc depth Z  and solar Irradiance E  (Cole and Cloern, 
1984; Harding et al., 1986; Cole and Cloern, 1987; Keller, 1988; Cole, 1989; Boyer 
et al., 1993; MacIntyre and Cullen, 1996). This empirical model may explain a large 
part of the variability of phytoplankton production In many estuaries, especially at the 
seasonal scale. However, the BZE model does not rely upon one physiological basis. 
In particular, It lacks any description of the phytoplankton response to light Intensity 
(MacIntyre and Cullen, 1996). More critically, It does not link the value of the euphotlc 
depth to the suspended particulate matter (SPM) dynamics.

In this paper, the focus Is on nutrient-rich, well-mixed tidal estuaries, where phyto
plankton growth Is not limited by nutrient availability, but where light Is the crucial control 
factor. In such systems, It Is expected that the underwater light field Is not only deter
mined by the Incident solar Irradiance, but also by the tidal Influence on hydrodynamics 
and sediment transport (Wofsy, 1983). Estimating the combined effect of these forc
ing processes on the spatio-temporal evolution of phytoplankton production Is clearly
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not a trivial question. The scope of this study Is therefore to assess how short-term, 
tldally driven physical forcing mechanisms Interfere with the Incident sunlight energy 
to sustain phytoplankton production In these environments. The Impact of chlorophyll 
a resuspension on the estimate of depth-integrated phytoplankton production Is also 
discussed. The paper Is structured as follows: first, a simple model of phytoplankton 
biomass for strongly tidal, well-mixed estuaries Is presented. It Is then applied to an 
Idealized case using simple periodic forcing functions, In order to highlight the main 
features of the systems response. Finally, more complex forcing conditions are ap
plied, taking the Scheldt estuary (B, NL) as an example of a typical well-mixed, turbid 
system displaying a high dynamical suspended matter behavior (Fettwels et al., 1998).

2 Model description

The main purpose of this study Is to Investigate whether or not a positive algal growth 
can be sustained In a turbid, well-mixed estuary, where the mixing depth Is larger than 
the euphotlc depth. To answer this question, we hypothesize that the turbidity, and 
hence the light regime, Is essentially controlled by local hydrodynamic conditions. In 
other words, the dynamics of suspended particulate matter (SPM) results mainly from 
local exchange fluxes with the bed through the processes of resuspension and depo
sition. This Implies that the Instantaneous current velocity Is the key factor for turbidity. 
In addition, our focus Is on the effect of local physical conditions on the sustainabil
ity of local algal growth; It Is not on the effect of advectlve or diffusive transport on 
phytoplankton concentration along the longitudinal gradient. As a result, a simple box 
approach Is adequate for our purpose. The use of more complex transport-reactlon 
models of the estuarlne continuum (e.g. Regnler and Steefel, 1999; Vanderborght et 
al., 2002) Is therefore not required.



2.1 Governing equations for a well-mixed reservoir of oscillating depth

Consider a well-mixed reservoir of unit surface area, whose volume Is changing with 
time due to the tidal variation of the depth zmax (Fig. 1 ). The volume change Is caused 
by a flow 0 (f) that Is either positive or negative to account for level rise and level fall, 
respectively. To avoid dilution effects, the water added or withdrawn always has the 
same composition (including biomass and SPM concentration) as the water inside the 
reservoir. Solar light penetrating into the water Is gradually attenuated within the water 
column: this well-mixed system is thus 0-D with respect to space for all constituents 
(including turbidity), yet It Is a 1-D (vertical) system for photosynthetlcally active radi
ation (PAR). As a result, the governing equation must be written in terms of the total 
biomass ß tot within the reservoir:

dB
d t

. . fo rnax

tot Q B + r(z, t) dz, (1)
Jo

where r(z, t) Is the rate of phytoplankton biomass production at any time t and depth z 
within the reservoir. The algal biomass B is related to ß tot according to:

B = — , (2)
7̂max

while the rate of change of the water depth is given by:

dZmax Q(t). (3)
d t

2.2 Rate of algal growth

The rate r of phytoplankton biomass production is given by:

r  = N PP-Excr-M or, (4)
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where NPP Is the net primary production of phytoplankton, Excr is the excretion rate 
(release of dissolved organic carbon) and Mor is the mortality rate of the algal cells. 
The net primary production is defined as:

NPP=GPP-Resp, (5)

where GPP Is the gross primary production of phytoplankton and Resp is the algal 
respiration rate. All rates are usually expressed in /igC.L -1 .h“ 1.

The relationship between GPP and PAR (in ¿¿mol quanta.m“ 2.s“ 1) is modeled ac
cording to Platt's equation (Platt et al., 1980; MacIntyre et al., 2002):

G P P = ß ^ a x l  1—e ) ,  (6)

where the algal biomass B is usually given in units of /jg  Chlorophyll a.L-1 . a B is 
the specific photosynthetic efficiency and is the specific llght-saturatlon rate of 
photosynthesis. Values and units for these parameters are presented In Table 1.

At least two additional processes are known to Influence phytoplankton productivity: 
photoacclimation and photoinhibition. Experimental evidences of short-time photoac- 
cllmatlon, Inducing changes In the photosynthetic parameters, have been previously 
obtained at the diel scale In turbid systems (see e.g. Harding et al., 1986; Prézelin, 
1992). However, some authors argued that in a well-mixed and turbid water column, 
where the light history of algal cells is highly depending on turbulent mixing (Cullen 
and Lewis, 1988), phytoplankton is acclimated to a mean irradiance between the bot
tom and the surface (Demers et al., 1986; Mallin and Paerl, 1992). More recently, a 
number of authors have tried to link this variation of the photosynthetic parameters with 
the Internal molecular machinery of the chloroplast (Geider et al., 1997; Kana et al., 
1997; MacIntyre et al., 2002; Han, 2002). However, it remains difficult to transcript 
those detailed physiological description in the context of environmental modelling, es
pecially when hydrodynamics is not resolved vertically (as it is the case in this paper). 
Also, It Is difficult to Identify from the experimental data what part of photoaccllmatlon
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must be attributed to the incubation process, and what part may be attributed to the 
natural forcings in the environment. The consensus is thus not yet reached to know 
how far we must consider the short-time photoacclimation in the case of a turbid and 
tidal estuary. Though it is not the purpose of the present paper to answer this question, 

5 we have simulated different diel-variations of the photosynthetic parameters to see how 
such possible changes could affect our conclusions (see end of discussion).

When subjected to surface irradiances, phytoplankton cells may suffer photo- 
inhibitory effects, especially when acclimated to low-light Intensities (Mallín and Paerl, 
1992; MacIntyre and Cullen, 1996). However, photoinhibition Is not an Instantaneous 

io process (Melis, 1999), and the tlme-scale for full development of photoinhibition may 
vary between 0.5 and 1.5 h (Pahl-Wostl and Imboden, 1990). Thus, It Is reasonable to 
assume that the response time of photoinhibition to changes In light regime Is larger 
than the residence time of the cells near the water surface (Macedo et al., 1998). As 
a result, photoinhibition Is Ignored In Eq. (6 ). This hypothesis is obviously not valid in 

is shallow estuaries, where light is available down to the bottom.
A proper parameterization of the phytoplankton respiration term Is of crucial Impor

tance for our purpose. The simplest formulation for the respiration rate (Resp) Is that 
It Is simply a constant percentage of (Steemann Nielsen and Hansen, 1959). 
Many authors have adopted this expression, using various coefficients of proportion- 

2 0  allty for different algal species (Gilstad et al., 1993; Langdon, 1993 and references 
therein). In light-limited environments where phytoplankton production is far from sat
uration, such an approach will lead to an overestimation of the respiration rate. Other 
formulations, which take Into account Intracellular mechanisms, have been proposed 
(Langdon, 1988; Lancelot et al., 1991; Lewitus and Kana, 1995; Lancelot et al., 2000) 

25 and are in agreement with laboratory measurements carried out on specific cultures 
of phytoplankton (Falkowski and Raven, 1997). In these models, algal respiration is 
divided into a maintenance term (Rm) associated to basal metabolism and a growth or 
biosynthesis term (Rg). This approach takes Into account the llght-dependency of res
piration. For Instance, some diatoms show a respiration rate In the light almost twice as
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large as In the dark (Weger et al., 1989). Following Langdon (1993), Rg is expressed 
here as a fraction of GPP. Rm is simply proportional to the algal biomass:

Resp=Rm + Rg (7)

with

Rm=Pm B 9 (8)

and

R g  =  P g  G P P - ( 9 )

where p m is the rate constant for maintenance respiration, 6 Is the carbon:chlorophyll 
a ratio and pg (comprised between 0 and 1) Is the growth respiration factor.

To model the excretion rate of dissolved organic carbon (DOC), we follow the hypoth
esis that it is related to photosynthesis (Mague et al., 1980; Lancelot et al., 2000). Excr 
is thus expressed as:

Excr=e GPP, (10)

where e is the excretion factor. There Is no typical value for e, though common val
ues are reported to be comprised between 0.03 and 0.2 (Malinsky-Rushansky and 
Legrand, 1996; Hansell and Carlson, 1998; Morán and Estrada, 2002). We hypothe
size that in a nutrient-rich and light-limited system, algae are expected to allocate the 
major part of recent photosynthate to the biosynthesis of cellular constituents, instead 
of excreting it as DOC (Otero and Vincenzini, 2004). For this reason, a small e value 
(0.03) has been used in the model.

The mortality of phytoplankton is described by a first order equation (Fasham, 1995):

Mor=mß<9, (11)

where m Is the mortality rate constant. In our conceptual model, the grazing of phy
toplankton is not explicitly described and is therefore Included in the overall mortality 
term.
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In well-mixed turbid waters, where light-scattering and light-absorbing particles are 
uniformly distributed, an approximately exponential decrease of the scalar irradiance is 
observed over depth (Di Toro, 1978). The time and depth variations of PAR may thus 
be described according to:

5 PAR(z, t )=E0(t)e~kd^ z, (12)

where E0 (t) is the surface PAR and kd (t ) is the vertical attenuation coefficient for 
scalar irradiance (Kirk, 1994). Since the system is vertically well mixed, kd can be 
taken as constant within the water column. Combining Eqs. (4) to (12) allows the 
computation of the rate of phytoplankton biomass production r  at any time f and depth

io z:

r (z , t )  = B(z, t) C M - e  P™* (1 -  p g - e )  ~ ( k m +m ) (13)

Substitution of r (z, t )  by expression (13) in Eq. (1) leads to an exponential-integral 
which has no exact solution in terms of elementary functions, and hence must be 
integrated numerically. As it appears from the equation above, the time dependence 
of r(z, t) is ultimately controlled by the external forcing functions E0 (t) and kd (t ). The 
variable zmax (f) which appears in Eq. (1) introduces a supplementary forcing function 
with respect to time due to the tide. Internal model parameters are a B and

3 Forcing conditions

As pointed out in the previous section, three forcing functions have to be specified 
20 to compute the temporal change of phytoplankton biomass: the incident PAR E0 (f), 

the vertical light attenuation coefficient kd (t ) and the total depth zmax (f), which is also 
equal to the mixing depth, and is generally larger than the euphotic depth in strong tidal, 
turbid estuaries. In a first set of simulations, these parameters are expressed in terms
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of simple periodic functions. The purpose of this simplified setting is to advance our 
conceptual understanding of the mechanistic interactions between the various physical 
forcing functions. The incident PAR E0 has been estimated from a classical astronomi
cal routine, taking also into account the atmospheric absorption of incident solar energy 

5 and the ratio of PAR to total irradiance. The grey line in Fig. 2 shows the temporal vari
ation of E0 that has been used for the simulations. It is typical for a cloudless, summer 
period (4 to 9 July) at latitude 52° N.

Following the hypothesis that the current velocity is the key control factor for SPM 
and turbidity, the resulting tidal variation of the light absorption coefficient kd is approx- 

io ¡mated by a sine function of period 6 h 12 min. This value corresponds to half the period 
of the M2 tidal harmonic (black line, Fig. 2) and allows reproducing the occurrence of 
two turbidity minima per tidal cycle, corresponding to low- and high-water slacks. Con
versely, two turbidity maxima are also simulated, for maximum ebb and flood velocities 
respectively. The values selected for kd (between 2 and 16 m“ 1) are typical of turbid 

is estuaries (Cloern, 1987). The resulting variation of the euphotic depth (defined as the 
depth where PAR is equal to 1% of the surface value) is represented in Fig. 3. Finally, 
the mixing depth zmax is also modeled using a sine function, but this time with a pe
riod 12 h 25 min. A set of scenarios is considered, ranging from a relatively shallow 
reservoir (mean zmax=6 rn) to deeper systems (mean zmax=2 0 rn) with a tidal ampli- 

20 tude maintained to 6 m (Fig. 3). In all cases, the euphotic depth, which is comprised 
between 0.3 and 2.3 m, represents only a small fraction of the mixing depth.

In a second set of simulations, we introduce the influence of natural variability on the 
forcing functions E0, kd and zmax, and we investigate the consequence of this variability 
on the primary production. Our purpose is to verify that the first-order features obtained 

25 in the previous set of simulations remain valid when more complex situations are de
scribed. By comparing the results of these simulations with experimental observations, 
we also aim at a validation of the model approach. The forcing functions are now pa
rameterized from field data and from model results obtained for the Western Scheldt 
estuary (Belgium-The Netherlands), which can be considered as a typical example
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of a macro-tidal, turbid environment (Wollast, 1988). Two situations are considered, 
which differ in kd as well as in zmax (the incident PAR E0 being identical in both cases). 
The first situation corresponds to a shallow site (location 1, representative of the fresh 
water zone situated in the tidal estuary, about 110km of the estuarine mouth), while 
the second situation considers a deeper area of the estuary (location 2 , typical of the 
brackish area around the harbour of Antwerp, 80 km from the estuarine mouth). For E0 
(f), the same astronomical routine as above is used, but the resulting incident solar ra
diation is modified using a measured cloud coverage factor for temperate regions (July 
1999, data supplied by IRM (1999), Fig. 4). The light attenuation coefficient kd (f) has 
been obtained from a large number of vertical light profiles and SPM measurements 
conducted throughout 2002. It is expressed as an explicit function of SPM:

kd = 1.4 + 0.0592 SPM (14)

with kd in m“ 1 and SPM in rng.L“ 1 (Fig. 5). The in situ determination of the scalar 
absorption coefficient kd has been performed using two spherical quantum sensors 
(Aquamatic AQPL-UV912) separated by a constant, known vertical distance. This 
technique eliminates the need for incident light compensation and allows the contin
uous logging of the kd value. An example of results for the Scheldt is given in Fig. 6 . In 
addition, vertical profiles of scalar irradiance have repeatedly shown that the kd value 
can be considered as constant with depth In this well-mixed estuary, at least In the 
euphotlc layer (Fig. 7).

In the second set of simulation, the SPM concentration Is estimated using the con
cept of maximum transport capacity, which allows expressing the particulate matter 
content as a function of the local Instantaneous current velocity and water depth (Ver- 
banck, 2003):

lui 5
SP M =X-^-!- +Y, (15)

^max

where |u| Is the modulus of the cross-sectional averaged velocity and X, Y two con
stants. The two variables u and zmax are obtained from a one-dlmenslonal hydrody-
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namlc (HD) model of the Western Scheldt estuary (Regnler et al., 1998), which not only 
resolves the tidal tlmescale, but also Incorporates the longer term neap-sprlng oscilla
tion and the variation of the freshwater discharge. For the shallow zone (Fig. 8a), zmax 
Is comprised between 4 and 9 m; In the deeper area (Fig. 8b), a zmax value varying 
between 10 and 16 m Is used.

In Eq. (15) above, the constant term Y corresponds to the finer particulate material, 
which always stays In suspension In the water column (wash load). The coefficient Y 
Is essentially dependent on the nature of the suspension, which can vary along the 
estuarlne gradient. In order to reproduce the SPM concentration range commonly ob
served In the two areas, distinct values for the constants (X , Y) have been used for the 
simulation: X = 2x103 and Y =40 for the shallow, freshwater tidal estuary; X = 6x1 0 3 
and Y =25 for the deeper, brackish region. The resulting variations of kd for both situ
ations Is represented In Fig. 9. Despite Its simplicity, this approach provides a realistic 
first-order description of the SPM and kd dynamics, as shown by the comparison be
tween the turbidity measured at a monitoring station located In a zone of high SPM 
content (km 80 from the mouth) and the results of a simulation carried out for the same 
location (Figs. 10b and 10c). Two peaks per tidal cycle can be observed, correspond
ing to maximum ebb and flow velocities. The very fast settling of suspended solids at 
slack water is another salient feature of the observed and modelled SPM dynamics.

Because the tidal velocities computed by the HD model are essentially similar in the 
shallow and deeper areas, the SPM, and hence the kd, differ mainly via the influence 
of zmax, according to Eq. (15). Comparing Figs. 9a and 9b shows Indeed that the 
resulting kd is on average higher at the shallow site than at the deeper site. In both 
cases, the water depth and the light attenuation coefficient are strongly modulated by 
the sprlng-neap oscillations.



4 Dynamics of phytoplankton growth

4.1 First set of simulations

The results of the simulations obtained when using simple, periodic forcing functions for 
E0, kd and zmax are synthesized in Figs. 11 to 13. Figure 11 shows the time evolution 
of the PAR, 20 cm below the water surface. A complex temporal pattern is obtained, 
which results from the modulation of £ 0(t) by kd (t ). Because these two signals have 
different frequencies, the underwater PAR shows two or three dally peaks with a pro
gressive phase shift In the dally maximum. This idealized simulation demonstrates that 
the maximum underwater PAR Is most of the time not synchronized with solar noon: 
synchronism with solar noon (± 1/2 h) actually occurs every 6 to 7 days, as a result of 
the interaction between lunar (tide) and solar (night-day) forcing functions.

Similar dynamics are predicted for the depth-integrated gross phytoplankton produc
tion (GPPz). It is illustrated in Fig. 12 (black line), a result that is valid for the whole 
set of simulations because the water depth is always greater than the euphotlc depth. 
However, the non-linear relationship between GPP and PAR (Eq. 6) tends to flatten the 
multiple productivity peaks within one day. The simulation leads to the rather unex
pected result that, In some Instances (e.g. day 185), the highest instantaneous depth- 
integrated GPP may occur at 09:00 a.m. and again at 03:00 p.m. (solar time), although 
the Incident solar light is far from its maximum at these moments.

A very different response is predicted If an average kd value Is used for the simulation 
(Fig. 12, grey line). Obviously, the GPPz Is then directly related to the time evolution of 
E0 (t). More importantly, the depth- and time-integrated GPP Is significantly different 
whether a time dependent or a constant mean kd value is used. In the latter case, 
the integrated value over one month is lower by a factor of 30%. This is of course a 
consequence of the non-linear relationship between GPP and kd.

One may argue that sedimentation and resuspension mechanisms, that control the 
SPM dynamics, could affect similarly phytoplankton cells. In some estuaries, short
term variations of chlorophyll a have been observed simultaneously with changes in
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turbidity (Demers et al., 1987; de Jonge and van den Bergs, 1987; Cloern et al., 1989; 
Litaker et al., 1993; Lucas, 2003). MacIntyre and Cullen (1996) even conclude that the 
decrease in mean irradiance caused by resuspension is compensated for by a con
comitant increase in suspended chlorophyll a, and hence has a negligible influence 
on GPPz estimates. However, chlorophyll a resuspension is only reported in shallow 
estuaries (<2.5 m) or in the shallower areas of deeper estuaries (such as tidal flats 
<60cm), where benthic diatoms may often be found. In this paper, we examine sys
tems where the mixing depth is predominantly greater than the euphotic depth, a condi
tion that is not extremely favourable to the development of benthic microalgae (Muylaert 
et al., 2002). To verify this assumption, simultaneous measurements of turbidity and 
chlorophyll a have been performed at various depths in the Scheldt estuary (oligo- and 
mesohaline regions) during a number of tidal cycles. These measurements have never 
shown any strong, positive correlation between SPM and chlorophyll a, suggesting 
that, in this type of environment, short-term variations In phytoplankton concentration 
are essentially due to the advection of water masses, rather than to phytoplankton 
settling and resuspension.

The effect of zmax on the net phytoplankton growth is illustrated in Fig. 13 for the 
whole set of scenarios. As zmax increases, the processes responsible for phytoplankton 
decay (maintenance respiration and mortality) become gradually predominant in the 
value of r  (Eq. 13). As a result, the phytoplankton biomass shows an increasing pattern 
In the shallow reservoirs scenarios, while It approaches a typical exponential decrease 
in the deep reservoirs scenarios. For the same reason, dally oscillations are noticeable 
when the euphotic to mixing depth ratio Is high. They tend to be progressively damped 
out when this ratio decreases.

4.2 Second set of simulations

The application of simplified periodic forcing functions to the case of a well-mixed, 
osclllatlng-depth reservoir gives a conceptual understanding of the coupling between 
sediment dynamics, light climate in the water column and phytoplankton production. To
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advance one step further in the analysis, more complex forcing functions are now con
sidered. They are typical of two locations within the Scheldt estuary, I.e. the brackish, 
deep area around the harbour of Antwerp (km 80) and the fresh water, shallow zone 
situated In the tidal estuary, about 40 km upstream from the former.

Longitudinal profiles of SPM and of kd show a strong landwards decrease of the 
water transparency (Fig. 14). However, the complexity of the forcing functions and of 
their temporal Interactions makes the direct Interpretation of this pattern rather diffi
cult. Indeed, when applying our reservoir model to both selected locations, a positive 
net phytoplankton growth Is predicted at the more turbid one (location 1, Fig. 15a), 
whereas a negative net phytoplankton growth Is simulated at location 2 , In spite of 
the lower SPM concentration (Fig. 15b). In the absence of longitudinal transport, our 
model predicts a three-fold Increase In algal biomass (expressed as chlorophyll a con
centration) over a one-month period at location 1. In contrast, the chlorophyll a value 
Is reduced by a factor of about 30% at location 2 within the same period. The main 
reason for this behaviour originates from the difference In zmax at both sites, location 2 
displaying a mean water depth approximately twice as large as the value at location 1. 
These results are In agreement with the rapid drop In chlorophyll a concentration that Is 
observed between the two locations (Fig. 16). They are consistent with the hypothesis 
that the euphotlc to mixing depth ratio Is the principal controlling factor of phytoplankton 
dynamics In this type of estuary. To evaluate the effect of a short-time photoaccllmatlon 
on GPP and NPP, we considered a sinusoidal variation of a B and Pmax, both having a 
period of 24 h and an amplitude equal to 40% of the constant value In Table 1. We 
have tested the case of a peak for photosynthetic parameters In late mornlng-noon 
(see Prézelln, 1992), and Inversely the case of a minimum In late mornlng-noon (see 
Harding et al., 1986). A dlel-varlatlon of a B and P®ax significantly affect phytoplankton 
growth during the month. When photosynthetic parameters exhibit a maximum value at 
noon, the model predicts a four-fold Increase In algal biomass over a one-month period 
at location 2, and a slight decrease In chlorophyll a at location 1. On the other hand, 
If photosynthetic parameters exhibit a minimum value at noon, then chlorophyll a con-
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centration Increases by only 50% at location 2 over a month, and It decreases by 50% 
at location 1. Depending on the diel pattern taken Into account, photoaccllmatlon may 
thus enhance or reduce the phytoplankton production, but the overall conclusion re
main unaffected. Interestingly, considering the possible effect of photoaccllmatlon even 
reinforces the Importance of using a time-dependent kd Instead of a constant mean 
value. It has already been shown (see 1st set of simulation) that the month-integrated 
GPPz computed with a time-dependent kd was 30% higher than the value obtained 
using an average kd. When considering a dlel-varlatlon of a B and this difference 
between the month-integrated GPPz's Increases from 30 to 67%, when photosynthetic 
parameters exhibit their minimum value at noon, and to 75% when they exhibit a peak 
at noon.

5 Conclusions

A number of hypothesis have been Invoked to explain the well recognized phytoplank
ton decay that Is often observed along the longitudinal salinity gradient of turbid, macro- 
tidal estuaries. Among those, factors such as salinity stress, Zooplankton grazing 
and light limitation due to the presence of a turbidity maximum, have been advocated 
(Soetaert et al., 1994; Kromkamp and Peene, 1995; Vanderborght et al., 2002). In this 
paper, we have shown that a net positive phytoplankton production can be sustained In 
areas of high turbidity, as long as the euphotlc to mixing depth ratio remains sufficiently 
high. Conversely, deeper areas exhibiting lower turbidity might not be able to support 
a net biomass production, Independently of any other blogeochemlcal Influences. We 
have also demonstrated that the Interplay between tidal and nychtemeral oscillations 
has to be resolved at least at the hourly tlmescale. This Is a direct consequence of the 
different frequencies of the physical forcing functions (E0, kd, zmax), which results In a 
complex pattern of phytoplankton production at this tlmescale. Comparison between 
simulations using temporally resolved and averaged forcing functions Indicate that the 
latter approach leads to significant errors In the estimation of estuarlne productivity.
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Table 1. Notation, value and units of the parameters used in the model.

Parameters Notation Value Units

Specific photosynthetic 
efficiency

a B 0.05 CugC.,ugChr1.IT 1). 
Cumol quan ta .rrr2.s~1)~1

Specific light-saturation 
rate of photosynthesis Pmax 13 ¿igC.^gChn1.h_1

Rate constant for 
maintenance respiration Pm 0.002 fT 1

Growth respiration factor Pg 0.3 none

Excretion factor £ 0.03 none

Rate constant for mortality m 0.002 h-1

Carbon: Chlorophyll a  ratio e 50 gC .g C h r1

Sediment transport 
coefficient (scenario 1) X 2000 mg.L~1.m3.s~5

Sediment transport 
coefficient (scenario 2) X 6000 mg.L~1.m3.s~5

Wash load (scenario 1) Y 40 mg.L~1

Wash load (scenario 1) Y 25 mg.L~1
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Q(t), B(t)

B(t)

-'max

Fig. 1. Schematic representation of an oscillating-depth reservoir (0 (f) = input/output flow; B{t) 
= biomass concentration).
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Fig. 2. Periodic forcing functions for the 1s set of simulations: light attenuation coefficient for 
scalar irradiance (kd) and incident solar PAR (E0).
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Fig. 3. Periodic forcing functions for the 1st set of simulations. Euphotic depth is taken as depth 
where 1% of incident light is reached. Mixing depths oscillate around value 6 m (shallow area) 
and 20 m (deeper area).
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Fig. 4. Forcing functions for the 2nd set of simulations: incident solar PAR (July 1999, 52° N).
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Fig. 5. Linear relationship between kd and SPM as measured in the Scheldt estuary 
(Ac# = 1.4+0.0592xSPM; r 2= 0.609).
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Fig. 6. Time variation of the light extinction coefficient for scalar irradiance during a complete 
tidal cycle (km 115, 22 August 2002).
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Fig. 8. Computed mixing depth for the 2nd set of simulations: (a) shallow area, (b) deeper area.
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Fig. 9. Computed light attenuation coefficient for the 2nd set of simulations: (a) shallow area, 
(b) deeper area.
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Fig. 10. Variation of (a) salinity and (b) the light attenuation coefficient as measured at a 
monitoring station in the Scheldt estuary (km 80, 10 to 14 July 1998). (c) Computed variation 
of the light attenuation coefficient (km 80, 10 to 14 July 1998).
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Fig. 11. Simulated incident solar light (PAR) at the surface of the water column and computed 
PAR at a 20 cm depth from 4 to 9 July.
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Fig. 12. Depth-integrated gross primary production (GPPz) from 4 to 9 July. GPPz computed 
using a time-varying kd value and GPPz computed using a constant, mean kd value.
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Fig. 13. Evolution of the net algal biomass (chlorophyll a) computed over a 30-days period. 
Mean z max varies from 6 m to 20 m. Grey line corresponds to a situation with no production 
(exponential decrease).
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Fig. 14. Longitudinal distribution of (a) suspended solids concentration and (b) light attenuation 
coefficient along the Scheldt estuary. Location 1 (shallow area) is at km 120 and location 2 
(deeper area) is at km 80.
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Fig. 15. Net chlorophyll a evolution during a 30-days simulation (a) for the shallow area and (b) 
for the deeper area.

74



350

July 2002 

August 2002 

September 2002

300 -

^  250 -
bxft

^  200 -

f t  150- og

g  100-

50 -

0 20 40 60 80 100 120 140 160

Distance from the mouth (Ylissingen; km)

Fig. 16. Longitudinal profile of chlorophyll a concentration along the Scheldt estuary. Location 
1 (shallow area) is at km 120 and location 2 (deeper area) is at km 80.
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