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Abstract

A hydrological model was constructed with the commercially available modelling environment ECoS for the calculation of 
mixing plots of dissolved pesticide concentrations in the Scheldt Estuary. The model was based on a one-dimensional advection- 
dispersion equation and dispersion coefficients were calculated from measured salinity profiles. The model could correctly predict 
the movement of water masses within the estuary. Nominal flushing times of the estuary were calculated with the fraction-of- 
freshwater method and ranged between 25 and 95 days, depending on the freshwater discharge. Model calculations demonstrated 
that the application-related time profiles of pesticide input may well induce curvature in the calculated estuarine mixing plot even if 
the pesticide behaves conservatively. Calculated mixing plots were compared with experimental data and good agreement was 
obtained between the measurements and the conservative mixing plot of atrazine. For metolachlor an additional direct emission 
had to be modelled to explain the differences between the experimental data and the conservative mixing plot. For dichlorvos and 
simazine, on the other hand, an estuarine loss constant had to be included in the model. Using a least-squares procedure the 
estuarine loss constants for dichlorvos and simazine were estimated at half-lives of five and 26 days, respectively. Because mixing 
plots were strongly influenced by the time profiles of pesticide input, standard procedures in which net fluxes are calculated from 
mixing plots, were not applicable. Therefore, net fluxes were calculated with a newly developed procedure in which the estuarine 
loss constants and the estuarine flushing time were combined. For the non-conservative compounds dichlorvos and simazine, the 
net fluxes to the North Sea were found to be 96 and 64%, respectively, lower than the gross fluxes transported by the River Scheldt. 
© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In agriculture a broad range of relatively polar pesti
cides is used. In recent years, many studies have shown 
that enhanced concentration levels of these pesticides 
are frequently encountered in fresh surface water,

* Corresponding author. Present address: Duinwaterbedrijf Zuid- 
Holland, PO  Box 34, 2270 AA, Voorburg, The Netherlands. Tel.; 
+  31-70-3577717; fax: +31-70-3577780.

E-mail address: r.steen@ dzh.nl (R.J.C .A . Steen).
1 Present address: Rijksinstituut voor Integraal Zoetwaterbeheer en 

Afvalwaterbehandeling, PO Box 17, 8200 AA Lelystad, The N ether
lands.

drinking water and ground water (Brouwer et al., 1995; 
Meulenberg and Stoks, 1995; Louter et al., 1996; Planas 
et al., 1997). Considerably less work has been carried 
out with respect to the marine environment (Ahel et al., 
1992; Readman et al., 1993). For a proper risk assess
ment of pesticides, information is needed on the fluxes 
to the marine environment and on their presence in 
marine ecosystems. In a previous study (Steen et al., 
2001), the gross fluxes o f some pesticides from the 
River Scheldt and the Canal Ghent-Terneuzen into 
the Scheldt Estuary were determined from 1995 to 1997 
as part of the EU -Fourth Framework project Fluxes of 
Agrochemicals into the Marine Environment (FAME). A 
baseline study on the dissolved concentrations of the
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herbicides simazine, atrazine, alachlor and metolachlor, 
and the insecticides dichlorvos and diazinon revealed 
strong variations in the freshwater sources which dis
charge into the Scheldt Estuary. The time profiles could 
often be related to agricultural application patterns 
(Steen et al., 2001). In order to obtain information on 
the estuarine behaviour of these pesticides, mixing plots,
i.e. the relation between dissolved concentrations and 
salinity, were determined in April and June 1996 (Steen 
et al., 2001). It was demonstrated that care has to be 
taken in interpreting mixing plots o f seasonally depend
ent pesticides in the Scheldt Estuary where the time 
scale o f mixing is relatively large: during dry periods the 
residence time of fresh water inside the estuary may 
increase to up to 3 months (Wollast et al., 1988). To 
quote an example, the time profiles of the riverine con
centration of simazine could not exclude that the 
observed curvature in the mixing plot was solely caused 
by estuarine losses. It was concluded that for a definite 
answer on the behaviour of simazine, model calcula
tions had to be performed. In this paper, we present a 
new procedure to calculate net fluxes of pesticides by 
using a hydrological model o f the Scheldt Estuary. The 
aims of the model calculations are: (1) to gain insight to 
which extent the mixing plot is influenced by temporal 
variations in riverine input; (2) to calculate the time 
scale of water transport through the estuar; (3) to cal
culate the estuarine losses of pesticides; and (4) to 
calculate the net fluxes to the N orth Sea.

2. Materials and methods

2.1. General

Several modelling environments have been used to 
simulate the movement of water masses within the 
Scheldt Estuary (Van Eck and De Rooij, 1990; Soetaert 
and Herman, 1996; Vuksanovic et al., 1996). These 
models are of a rather generic nature, i.e. they use long
term averaged data to predict water movement char
acteristics like, e.g. dispersion coefficients. In the present 
study, our main objective was to calculate mixing 
plots of pesticides, specifically for the months April and 
June 1996. Experimental mixing plots o f pesticides were 
available for these months (Steen et al., 2001), enabling 
a comparison with the calculated mixing plots. Because 
of the specific rather than generic nature of the model
ling exercise, dispersion coefficients were calculated 
from salinity profiles that were recorded during the 
simulation period, i.e. January 1995 through July 1996. 
Furthermore, actual freshwater loads and pesticide 
concentrations in the freshwater sources for the simula
tion period were included in the model. The influence of 
the temporal variations o f pesticide input on the shape 
of the mixing plots will be studied by initially assuming

conservative behaviour of the pesticides. After compari
son with the experimental data a first-order estuarine 
loss rate constant will be incorporated if estuarine losses 
are still evidently present. Both the magnitude of this 
process and the time scale of transport through the 
estuary, ultimately, determine the amounts of pesticide 
that reach the N orth Sea and, consequently, their net 
fluxes. We decided to construct the model for the 
Scheldt with the simulation shell EcoS™  (version 3.0, 
Plymsolve, Plymouth, UK; Corley and Harris, 1997), 
because it is specifically designed to model the physical, 
chemical and biological dynamics of estuaries and its 
user interface allows a flexible definition of inputs of 
substances. Model calculations will be performed for a 
selected set o f compounds, i.e. dichlorvos, simazine, 
atrazine and metolachlor. Selection was based on the 
availability of historical input data, i.e. the availability 
of concentration data for a period of at least 9 months 
preceding the sampling date of the mixing plot (Steen et 
al., 2001).

2.2. Model development

The average discharge of ca. 100 m 3 s-1 of the River 
Scheldt is strongly dominated by the large intertidal 
exchange volume of ca. 1 billion m3 (Wollast et al., 
1988). That is, the Scheldt Estuary is a well mixed estu
ary with relatively small vertical and lateral salinity dif
ferences compared with the longitudinal gradients 
(Wollast et al., 1988). Because of the low influence of 
the river flow on the total volume of the estuary, the 
tidally averaged cross-sectional area is considered to be 
constant in time. This allowed the use of tidally aver
aged simulations. The sectional homogeneity of the 
estuary allows the distribution of salt to be modelled 
with a 1-dimensional advection-dispersion equation 
proposed by Pritchard (1958):

< ■>

where S is the cross-sectional average salinity (g I-1), U 
the longitudinal velocity (m day-1), Kx the effective 
longitudinal dispersion coefficient (m2 day-1), t the time 
(day) and x  the longitudinal distance from the head of 
the estuary (m).

Although, within ECoS, it is possible to simulate the 
longitudinal and vertical movement o f suspended mat
ter as well as the interaction between particulate matter 
and dissolved constituents, we decided to focus on the 
water phase. With the exception o f diazinon, the relative 
contribution o f the particulate concentration of the 
compounds of interest can be taken to be less than 1% 
of the total, suggesting that adsorption only plays a 
minor role in the distribution of these compounds in 
estuaries (Ahel et al., 1992).
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2.3. Geometry and segmentation o f  the Scheldt Estuary

The total length of the estuary is 105 km which is 
divided by EcoS™  into 21 segments of 5 km each. Data 
on the geometry of the segments in the Scheldt Estuary 
(depth, width, cross-sectional area), were interpolated 
from data from the SA WES model (Van Eck and De 
Rooij, 1990) provided by the Dutch National Institute 
for Coastal and Marine M anagement (RIKZ) (Table 1). 
Fig. 1 shows a picture of the Scheldt Estuary with the 
segmentation of the model. Freshwater input is pro
vided at the head of the estuary by the River Scheldt 
and from three additional tributaries: the Antwerp har
bour docks (contains is a mixture of water from Lake 
Volkerak-Zoom and Canal Albert), the drain-canal at 
Bath and the Canal Ghent-Terneuzen which have aver
age discharges of 14, 11 and 17 m3 s-1, respectively. The 
four freshwater sources constitute approximately 93% 
of the total freshwater load into the estuary. Discharge 
data were provided by RIK Z as 10-day-averages for the 
River Scheldt and as monthly averages for the tribu
taries.

2.4. Estimation o f  dispersion coefficients

gradients reflect an approximate steady-state balance of 
flow and dispersion. After integrating once with respect 
to X and assuming steady state (ôS/ôt = 0), Eq. 1 redu
ces to:

K  U S  (2)
x (95/ dx)  1 ’

Consequently, Kx can be calculated for any position 
in an estuary if the longitudinal velocity, U, and the 
salinity gradient along the estuary are known. U can be 
found by dividing the total freshwater input above the 
point in question, Q  (m3 day-1), by the cross-sectional 
area, A  (m2) of the estuary at that point. For the 
Scheldt, salinity gradients in the period from May 1995 
until July 1996 Were recorded monthly by RIKZ. The 
inherent variability in the salinity profiles requires that 
the data set should be smoothed prior to the calculation 
of Kx (Soetaert and Herman, 1996). Therefore, the 
salinity profiles were fitted with a fourth-degree poly
nome leading to the following expression for Kx:

Q-(b4x 4 +  b i x 3 +  b2x 2 +  b \ x  +  bo)

* “  A- (4b4x 3 +  3biX2 +  2b2x  +  b i )  { )

Use of the advection-dispersion equation (Eq. 1) 
requires properly assigned values for the dispersion 
coefficients. There are several methods for predicting 
the dispersion coefficients in estuaries. In the method 
described by Deyer (1973), dispersion coefficients are 
calculated from measured salinity gradients. The 
method is based on the assumption that the salinity

Table 1
Geometry o f  the Scheldt Estuary

Segment
no.

Distance from 
head (km)

D epth
(m)

W idth
(m)

Cross-sectional 
area (m2)

1 2.5 9.0 380 3400
2 7.5 9.6 390 3690
3 12.5 10.3 400 4160
4 17.5 9.6 520 4970
5 22.5 9.5 620 5890
6 27.5 10.0 710 7070
7 32.5 9.2 950 8780
8 37.5 8.1 1340 10770
9 42.5 8.0 1820 14560
10 47.5 7.1 2480 17620
11 52.5 6.7 2640 17 630
12 57.5 OO 00 2450 21550
13 62.5 10.6 2880 30470
14 67.5 9.0 5160 46640
15 72.5 9.7 4640 44770
16 77.5 10.5 4310 45350
17 82.5 11.7 4040 47200
18 87.5 12.5 4110 51490
19 92.5 13.2 4310 56670
20 97.5 13.8 4490 61850
21 102.5 14.4 4670 67030

where ¿>0-64 are the coefficients o f the fourth-degree 
polynome.

2.5. Calculation o f  flushing times

The flushing time o f an estuary is defined as the time 
required to replace the existing freshwater in the whole 
estuary or any segment o f it, at a rate equal to the river 
discharge. It determines the time scale o f water trans
port through the estuary and, therefore, the time avail
able for chemical or physical transformations of 
dissolved compounds. There are several methods to 
estimate estuarine flushing times (Deyer, 1973; Officer, 
1976; Helder and Ruardij, 1982; Takeoka, 1984; Miller 
and McPherson, 1991; Soetaert and Herman, 1996). 
The ‘fraction-of-freshwater m ethod’ requires knowledge 
of the geometry of the estuary, the freshwater flow, and 
the salinity distribution within the estuary (Deyer, 1973; 
Helder and Ruardij, 1982). The latter is provided by the 
model and the fraction of freshwater in any segment is 
given by:

fn = S ^ S n  (4)
*̂ sea

where 5sea is the salinity of the undiluted sea water and 
S„ the mean salinity in a given segment, n, o f the estu
ary. The flushing time, t„, o f any segment is given by:
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Fig. 1. M ap o f  the Scheldt Estuary with the ECoS division intc 21 segments.

where V„ is the volume o f the segment and Q the flow 
rate o f the river. The nominal flushing time of the entire 
estuary, iestuary> is calculated by adding up the flushing 
times of all 21 segments on the same day. iesmary repre
sents the situation on that particular day; due to devia
tions from steady state, it does not represent the time a 
freshwater parcel needs to leave the estuary.

2.6. Calculation o f  net fluxes

In an earlier study, we determined the gross fluxes of 
pesticides transported by the River Scheldt into the 
Scheldt Estuary (Steen et al., 2001). The gross flux is 
defined as the product o f the mean river flow, Q, and 
the flow-weighted mean riverine pesticide concentration. 
The amount of dissolved pesticides that ultimately 
reaches the N orth Sea depends on the rate a t which the 
pesticide is chemically or physically transformed within 
the estuary and the time which is available for these 
transformations, i.e. the estuarine flushing time. 
Estuarine losses can be calculated from the curvature of 
the mixing plots, as was demonstrated by Boyle et al. 
(1974). In a simplified approach proposed by Officer 
(1979), the effective concentration that reaches the sea is 
calculated through extrapolation to S = 0  from a linear 
regression line that is fitted through data points in the 
high-salinity region of the estuary. Both authors 
emphasized that their models and procedures are only 
valid if the concentration of the compounds of interest 
and the freshwater flow at the river-end-member remain 
constant within the time scale of mixing in the estuary 
(flushing time). In this study, we are faced with rela
tively strong temporal variations in pesticide input, and 
relatively long flushing times of the Scheldt. As will be

shown later, bot 
the mixing plots, 
procedures are le 

In this study, t  
by converting 
concentrations th; 
means of the folio

aspects strongly affect the shape of 
which means that the above mentioned 
3S suitable for our task. 
íe net fluxes to the sea were calculated 
e riverine concentrations, Cr¡ver, to 

at effectively reach the sea, Ceffective, by 
'wing equation:

tin

ineffective —Cri

by
where k  is the ov 
calculated from 
the nominal vallii 
tern is in a steady 
not often met bí 
occur within the 
ever, as will be 
tively large coi 
introduced by 

Finally, k  was 
ing plots by mea: 
the sum of squan 
of the calculated 
Jacobian matrix 
all residuals to k

: si Li

’ devi

Var(k) = cr2-[/(k )7’-y(k)J

with

2 ^ 2  J3=1( j  ïV  S  — ------

"^ ■ ¿e s tu a ry (6)

erall first-order estuarine loss constant 
the model (see below). Again, use of 

e of íestuary, presupposes that the sys- 
state, which is a requirement that is 

cause fluctuations of freshwater flow 
time-span of the flushing time. How- 
own later, the imprecision of k  is rela- 

mpared with errors which may be 
iations from the steady state situation, 
calculated from the experimental mix

us of a procedure based on minimising 
es. A local estimate of the variance 

value of k  is then obtained through the 
J )  which is defined as the derivative of 
(Eq. 7):

N  ¿
f f  (C m i asured. j  —  ^ p re d ic te d , / ) (7)

( A  — 1)
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Effectively, s2 is the sum of squares divided by the 
degrees of freedom (Draper and Smith, 1981).

3. Results and discussion

3.1. Validation o f  hydrological model

The dispersion coefficients, which were calculated 
from Eq. 3, are shown in Fig. 2 for river discharges of 
40 and 107 m3 s-1 . These values represent low and 
high freshwater discharge conditions for the simulation 
period which had an average flow of 70 m 3 s“ 1. The 
calculated dispersion coefficients agree with values 
reported by Soetaert and Herman (1996) who found Kx 
values ranging from 200 to 300 m2 s-1 close to the 
Dutch-Belgian border. Good agreement was also found 
with values reported by Vuksanovic et al. (1996) who 
based their calculations on a ‘physically based formula’ 
rather than experimental salinity profiles. Their values 
ranged from 150 to 300 m 2 s-1 for the Scheldt Estuary. 
The validity of the calculated dispersion coefficients 
and the hydrological model as a whole was further 
evaluated by comparing the predicted salinity profiles 
and the experimental data from different cruises (Fig. 3). 
The agreement is seen to be highly satisfactory under 
both high and low freshwater discharge conditions. 
Rather distinct differences in salinity profiles were 
observed during the simulation period. The profiles of 
May 1995 (ß  =112 m3 s_1) and February 1996 (Q=  107 
m3 s-1) demonstrate that the intrusion of salt is reduced 
under relatively high discharge conditions, as is indicated

by the strong curvature in the low salinity zone. At lower 
flows the curvature of the profiles is reduced and for 
example, August 1995 (0  = 40 m 3 s~ ') an almost linear 
relationship between salinity and distance is found.

3.2. Flushing times

The flushing time o f each segment in the model for the 
period May 1995-June 1996 was calculated according to 
Eqs. (4) and (5). Fig. 4 shows the results for a low and 
high freshwater discharge situation. The largest flush
ing times are found between segments nine and 
17 (x = 40—85 km) and the dip occurring in segment 11 
(x = 50—55 km) is caused by its relatively small depth 
and, consequently, rather small volume (Vn in Eq. 5). As 
is to be expected on the basis o f Eq. 5, the flushing time 
increases at lower freshwater discharges. Fig. 5 shows 
that the nominal flushing time of the total estuary varies 
substantially throughout the year and the insert illus
trates that this is due to variations in freshwater dis
charge. The dependence o f flushing time on river 
discharge was also reported by Helder and Ruardij 
(1982), viz. for the Ems-Dollard Estuary. In the present 
instance, the relationship between the reciprocal fresh
water discharge and the nominal flushing time is linear. 
The rather high correlation coefficient, R 2, of 0.93 
(n = 42) is a further indication that the salinity profiles 
under different flow conditions are correctly predicted 
and that the segmentation is sufficiently refined. The 
flushing times calculated with the fraction-of-freshwater 
method agree with values reported by Soetaert and 
Herman (1996) who found flushing times of 50 and 70

400

107

300

i(A
M
£

*

CM

200

100

12010060 80400 20
X (k m)

Fig. 2. Dispersion coefficients, K „  along the Scheldt Estuary for a river discharge o f 40 and 107 m 3 s-1 ; x  = distance from  Schelle (km).
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Fig. 3. Predicted and measured salinity profiles for different hydrological conditions during the simulation period in the Scheldt Estuary at nine 
different days in 1995 and 1996.

days for a winter and summer scenario, respectively, 
using a generic box model with fixed dispersion coeffi
cients. The values are also in agreement with the general 
relation between estuarine length and flushing time 
described by Morris (1990), who estimates that the 
flushing time of an estuary with a length of 105 km will 
be between 20 and 100 days.

3.3. Prediction o f  estuarine loss constant

The agreement between calculated and experimental 
salinity profiles, calculated dispersion coefficients, and 
flushing times with values reported in the literature, 
demonstrate that our model can correctly describe the 
mixing of water masses in the Scheldt Estuary. Subse
quently, the model was used to evaluate the influence 
of the temporal variations in riverine pesticide input on 
the shape of the mixing plot of pesticides. Initially, the 
mixing plots were calculated by assuming conservative 
behaviour, i.e. no estuarine losses, o f the pesticides. 
Fig. 6 clearly shows that the shape o f the mixing plots 
(solid lines) varies between pesticides and also between 
dates. The mixing plots o f dichlorvos, for example, 
reveal a slightly convex curve for April 1996 as against a 
concave curve for June 1996. This demonstrates that, 
even if a pesticide behaves conservatively, deviations 
from a linear mixing curve may occur. For dichlorvos 
and simazine, the experimental data are lower than the 
predicted conservative mixing plots which indicates that 
estuarine losses do occur. On the other hand, the meas
urements and the conservative mixing plot of atrazine 
show a close agreement.

A convex curve is found for the predicted con
servative mixing plot of metolachlor (note the different 
scale on the X-axis). This is caused by a rather high 
concentration peak in the River Scheldt in the period 
preceding the sampling date (Steen et al., 2001). How
ever, the strong concentration increase for the measured 
data around a salinity of 15%o cannot be explained; this 
indicates that there is an additional source of metola
chlor. The possibility that metolachlor was released 
from sediment or suspended m atter was rejected 
because the concentration increase around a salinity of 
15%o was only found in the period from January to 
September 1996 and desorption processes are not 
expected to vary substantially throughout the year. To 
assess the magnitude of the additional source of meto
lachlor we simulated an additional input from the drain- 
canal at Bath. The simulated concentration in the canal 
water was varied from 20 to 40 pg/1 in steps of 5 fag/1. A 
best fit was obtained for a concentration o f 25 fig/1 
(dashed line in Fig. 6). Further evidence that the 
increase is caused by an incidental additional source 
rather than desorption was found in a follow-up study 
in which no convex curvature was found in the mixing 
plot of metolachlor. (Steen et al., 2000).

To calculate the extent of losses within the estuary, a 
first-order loss constant, k, was included in the model. 
The value of k  was varied in subsequent model simula
tions and the ‘optimal’ value was estimated by a least- 
squares procedure. The results are summarised in 
Table 2 and the mixing plots, calculated with the ‘opti
mal’ values of k, are included in Fig. 6 (dashed lines). 
Next to the non-conservative compounds dichlorvos
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Fig. 4. Flushing time for each model segment along the Scheldt Estuary for a high (107 m 3 s ’) and a  low (40 m 3 s ')  river discharge; x  -  distance 
from Schelle (km).

and simazine, atrazine was also assigned a loss constant. 
One can then evaluate the ability of the model to dis
tinguish between conservative and non-conservative 
behaviour or, in other words, one can assess which 
values of k  are significantly dilferent from zero.

The standard deviations and, subsequently, the ranges 
in the calculated values of k  were calculated by means of 
Eq. 7 and the results are shown in Table 2. The rela
tively large ranges are probably caused by model 
assumptions (e.g. losses are assumed to be first-order 
processes) rather than measurement uncertainties, as 
relative standard deviations of the analytical method are 
less than 8% (Steen et al., 1997). For dichlorvos, similar 
estuarine loss constants were found for both sampling 
dates and for simazine; the overlap in the ranges show 
that the difference between the loss constants for both 
dates are not significant. Conservative behaviour is 
found for atrazine. However, due to model uncertain
ties, a k  value of 0.0014 and, consequently, a half-life of 
490 days, still lies within the calculated range.

3.4. Estimation o f  net fluxes

For each pesticide considered in this study the effec
tive concentration that ultimately reaches the N orth Sea 
was calculated from Eq. 6. Next, the net fluxes were 
calculated by multiplying the flow-weighted mean effec
tive concentrations by the mean annual flow (Walling 
and Webb, 1985; Steen et al., 2001). In Table 3, the

gross fluxes as determined in a previous study (Steen et 
al., 2001) and the net fluxes for the period March 1996- 
March 1997 are compared. Using the first-order loss 
constants and flushing times provided by the model, the 
corrected gross fluxes, i.e. the gross fluxes at the river- 
end-member (Schelle) were calculated from the fluxes 
determined at the Dutch-Belgian border by taking 
dilution and losses during transport from Schelle to the 
border (segment eight) into account. As the data of 
Table 3 show, due to the non-conservative behaviour 
of dichlorvos and simazine the amounts of those pesti
cides that reach the N orth Sea are reduced by 96 and 
64%, respectively.

Eq. 6 was used to calculate net fluxes rather than a 
procedure in which the pesticide concentration at the 
m outh of the estuary (Vlissingen) is multiplied by 
the tidally averaged total volume leaving the estuary. 
W ith the latter procedure the calculations are based on 
one model segment only which, moreover, is biased by the 
boundary conditions chosen for the m outh of the estu
ary (salinity and pesticide concentration of seawater). 
Another advantage of using the estuarine flushing time 
to calculate net fluxes is that iestuary can be derived from 
readily available river discharge data using the relation 
presented in Fig. 5. Once the estuarine loss constants 
have been determined, the net fluxes can be calculated in 
future studies without the use of a hydrological model.

By using flushing times, a dynamic aspect is included 
into the calculation of net fluxes. It is, therefore,
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Fig. 5. Nominal flushing time (d) o f  the entire Scheldt Estuary a t different dates during 1995 and 1996. The insert shows the linear relationship 
between reciprocal river discharge and nom inal flushing time in the Scheldt Estuary during 1995 and 1996.

Table 2
First-order estuarine loss constant (le) and half-life ( tl/2) o f  three pesticides in the Scheldt Estuary in April and June 1996

Pesticide M onth Optimal k  (day ') Range“ (day l) i ,/2  (day) Range* (day)

Dichlorvos April 0.14 (0.11-0.17) 5 (4.2-6.1)
June 0.14 (0.10-0.18) 5 (3.9-7.0)

Simazine April 0.023 (0.014-0.063) 30 (22-49)
June 0.031 (0.009-0.053) 23 (13-75)

Atrazine April 0 (0-0.0014) 00 (490-OO)

a Range is defined as k  value ¿ s ta n d a rd  deviation.

interesting to briefly consider the relation between 
flushing time and pesticide concentration. In general, 
freshwater discharge of the Scheldt decreases during the 
spring and summer because discharge is controlled by 
the amount of rainfall in the catchment area. In the 
same period, pesticide concentrations increase due to 
agricultural application (Steen et al., 2001). In the case 
of non-conservative pesticides, the filtering function of 
the estuary becomes more im portant in this period, 
because relatively high riverine concentrations coincide 
with longer flushing times o f the estuary and, conse
quently, longer periods which are available for estuarine 
loss processes.

4. Conclusions

A hydrological model o f the Scheldt Estuary was 
constructed based on a one-dimensional advection- 
dispersion equation with dispersion coefficients calcu
lated from salinity profiles. The model can correctly 
predict the movement of water masses and the times 
scales of mixing within the estuary at different river 
discharges. Model calculations demonstrated that the 
application-related time profiles of pesticide input may 
well induce curvature in the estuarine mixing plot even 
if  a pesticide behaves conservatively. Conclusions on the 
estuarine behaviour of pesticides should, therefore, be
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Fig. 6. Experimental ( # ,  April 1996, 0> June 1996) and calculated mixing plots o f  some pesticides in the Scheldt Estuary. —  , conservative beha
viour; - - -, calculation with ‘optim al’ k  (see text).

Table 3
Fluxes o f four pesticides from  the Scheldt to the N orth  Sea in the period M arch 1996-March 1997

Compound ‘G ross’ fluxa 
(kg year-1)

Corrected gross fluxb 
(kg year-1)

'1/2
(day)

N et flux 
(kg year-1)

Percentage of 
loss in estuary

Dichlorvos 39 150 5 6 96
Simazine 750 1400 26 510 64
Atrazine 803 1090 00 1090 0
M etolachlor 805 740° 00 1130 0

a Fluxes determined for the Scheldt a t Dutch-Belgian border in the period M arch 1996-March 1997 (Steen et al., 2001). 
b Fluxes estimated for the Scheldt a t river-end-member Schelle; fluxes are corrected for dilution and losses during transport from  Schelle to 

D utch-Belgian border (for details, see Steen et al., 2001). 
c Flux o f  m etolachlor is also corrected for the additional input a t Bath (390 kg), as estimated by the model.
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based on the combined interpretation of mixing plots 
and time profiles of pesticide input. Quantification of 
any estuarine losses o f pesticides should be performed 
by means of model calculations rather than the more 
straightforward and frequently used methods reported 
in the literature (Boyle et al., 1974; Officer, 1979). These 
methods require that contaminant input remains rela
tively constant within the time scale of mixing which is, 
as we have shown, not the case for many pesticides. In 
this study, net fluxes were calculated using a procedure 
in which the estuarine loss constants and the estuarine 
flushing times were combined. As a result, the enhanced 
filtering function of the estuary during spring and sum
mer is taken into account which is based on the com
bined phenomena of longer flushing times (i.e. larger 
estuarine losses) and elevated pesticide concentrations.
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