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PREFACE

This report contains the results of the research project EMOWAD (Ecological Model Wadden Sea), which was 
carried out at the Netherlands Institute for Sea Research. Together with the Dutch report “ Ecosysteemmodel 
van de westelijke Waddenzee”  (NIOZ-rapport 1988-1) it constitutes the final report on the EMOWAD project. 
The aim of this project was to study the applicability to the western Dutch Wadden Sea of an ecosystem model 
developed by the same research group for the Ems estuary, published by Baretta & Ruardij (eds.) in a book 
entitled “ Tidal Flat Estuaries. Simulation and analysis of the Ems Estuary”  (Springer- Verlag, Berlin). First 
the existing biological submodels were combined with a new transport model which reflects the complex hy
drography of this area. Differences between the western Wadden Sea and the Ems estuary made two major 
extensions of the model necessary. One was the modelling of the shallow subtidal regions and the second 
was the inclusion of nutrient regeneration. Furthermore, as the field data available at the Netherlands Institute 
for Sea Research had been collected over a long time in an ever-changing ecosystem, these data appeared 
to be incomplete and sometimes even inconsistent. Therefore, additional field and laboratory research was 
carried out in the period 1984-1987 to cope with the problems encountered during the construction of the 
model, including its validation. The papers in this report are partially based upon the modelling effort, and 
describe the scientific results of the field and laboratory research needed for modelling. The first article is 
a summary of the Dutch EMOWAD-I report.

The EMOWAD-project was part of the “ Ecological Research Project North Sea and Wadden Sea”  (EON), 
which was financed by four Dutch ministries and coordinated by the Ministry of Transport and Public Works.

The long-term purpose of the modelling effort is to create tools to help environmental managers in their 
decision-making. Although the present model still has several shortcomings, the first applications have 
demonstrated its usefulness.

The model formulation is available on microfiche from the Netherlands Institute for Sea Research.

H.J. Lindeboom.





ECOSYSTEM MODEL OF THE WESTERN WADDEN SEA

a  s u m m a ry
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Netherlands Institute tor Sea Research, P.O. Box 59, 1790 AB Den Burg, Texel, The Netherlands

1. INTRODUCTION

This article is a brief outline of the Dutch report 
“ Ecosysteemmodel van de westelijke Waddenzee”  
(NIOZ rapport 1988-1), which together with the 
publications in this report forms the final report of the 
project “ Ecological model research of the western 
Wadden Sea (EMOWAD)” . The project, commission
ed by four Dutch ministries, was carried out between 
1984 and 1987 at the Netherlands Institute for Sea 
Research (NIOZ, Texel) and the department of 
Marine Biology at the State University of Groningen.

Two problems formed the central theme in the 
EMOWAD project: firstly the management of the 
Wadden Sea felt the need for an integration of the 
ecological studies which had been carried out in this 
area in the past; secondly, the managers felt that the 
existing knowledge was too inaccessible. Therefore, 
the aims of the project were the following:
— To gain insight into the structure and the function
ing of the living communities in the western Wadden 
Sea, in order to get a qualitative and if possible quan
titative description of the occurrence of and the con
nection between different groups of organisms in this 
ecosystem.
— To trace and describe the factors which on the one 
hand may lead to changes in the present structure 
and/or functioning of the ecosystem, and on the other 
hand can be influenced by human activity.
— To indicate on the basis of the knowledge describ
ed above to what extent specific human activities 
may influence the ecology of the western Wadden 
Sea.
These aims were to be achieved by putting to optimal 
use the knowledge on the area, collected by the 
NIOZ and by employing the knowledge and ex
perience gained during the modelling research in the 
Ems-Dollard estuary (Bar etta  & R u a r d ij , 1988).

Based upon this a mathematical ecosystem model 
was considered an important tool to meet the aims 
set above. The Ems-Dollard model was used as a 
basis for the EMOWAD-project, but some important 
changes were required: first, instead of a one
dimensional, a two-dimensional transport part of the 
model was needed; secondly, because of mor
phological differences, the model was expanded with 
a benthic and an epibenthic sublittoral part; and

thirdly, nutrient regeneration (P and Si) was introduc
ed into the model. In the different chapters of the 
EMOWAD I report, the successes and failures of 
these adaptations are described; applications of the 
model to management purposes are also given. The 
following sections summarize these chapters. This 
paper will be presented at the VIth International Wad
den Sea Symposium on Sylt in October 1988.

2. ADJUSTMENTS AND EXTENSIONS TO THE 
ECOSYSTEM MODEL

The EMOWAD model is based on the ecosystem 
model which was originally developed for the Ems- 
Dollard estuary. An extensive discussion of the Ems- 
Dollard model has been given elsewhere (Bar etta  & 
Ru a r d ij , 1988). Therefore this chapter only sum
marizes the adjustments and extensions applied in 
converting this model to the western Dutch Wadden 
Sea.

The western Dutch Wadden Sea differs from the 
Ems-Dollard estuary mainly in that its geometry and 
morphology is more complex. An important mor
phological difference is that shallow subtidal regions 
cover more than 50 percent of the western Wadden 
Sea while the area of subtidal regions in the Ems- 
Dollard can be neglected. Furthermore, the benthic 
biomass in these subtidal areas forms a substantial 
part of the total biomass, so that a specific (epi)ben- 
thic submodel for this region has been included. 
Thus the EMOWAD model has a seperate submodel 
for simulating carbon flows in the (epi)benthic com
munity of the subtidal. The structure of these new 
submodels is identical to the submodel for the 
(epi)benthic community on the tidal flats. Except for 
the benthic suspension feeders, the modelling of 
functional groups or state variables is also the same 
in both areas.

Another difference between the western Wadden 
Sea and the Ems-Dollard is the complexity of the ge
ometry. The western Wadden Sea consists of two 
connected tidal basins and is therefore connected 
with the adjacent North Sea by two tidal inlets. Fur
thermore the channel systems in these basins are 
rather irregular and far from the “ ideal”  funnel 
shaped Ems-Dollard estuary. For these reasons the 
transport part of the model was made two-
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dimensional. A direct consequence of this two- 
dimensionality is that parameters in this tidally 
averaged box-model cannot be computed from 
observed salinity distributions during stationary 
periods. A two-dimensional detailed hydrodynamica! 
model (R id d e r in k h o f , 1988) has been used to deter
mine these parameters, e.g. residual transports and 
exchange coefficients between the compartments of 
the EMOWAD model. Computations with the hydro- 
dynamical model showed that there is a large-scale 
tidally driven residual flow through both basins, 
directed from the northern towards the southern inlet. 
For the EMOWAD model it has been assumed that 
the residual transport between these compartments 
is a combination of this tidally driven residual flow 
and the residual flow caused by the supply of fresh 
water from the Ijsselmeer. Fig. 1 gives these total 
transports over a representative period.

TEXEL

iaa

LA KE IJS S E L
NOORD HOLLAND

Fig. 1. Residual transport (m3 s _1) between the EMOWAD 
compartments during a period with a representative supply 

of fresh water from Lake IJssel.

Exchange coefficients, which are closely related to 
dispersion coefficients, have been determined by 
computing trajectories of watermasses in our detail
ed hydrodynamica! model. The computed volume of 
water exchanged between adjacent compartments 
over a tidal period has been used for determining the 
different values of these parameters.

A general extension to the model is the explicit 
modelling of regeneration of Si and P. It has been 
assumed that the regeneration of Si is a relatively 
slow process which is only of importance in the ben
thic zone. Pelagic regeneration of P is simply modell
ed with a constant ratio between mineralised organic 
C and regenerated P.

m o d e l
c o m p a r tm e n ts

TEXEL

LA KE IJ S S E L

NOORD HOLLAND

Fig. 2a. Model compartiments.

The formulation for benthic regeneration is based 
on the assumption of stationary chemical balances in 
the benthic anaerobic and aerobic layer. Expressions 
were derived for the flux of Si and P from the benthic 
to the pelagic zones. Some new state variables which 
are related to the explicit modelling of Si and P in the 
(an)aerobic layer(s) have been introduced. The value 
of parameters connected to this modelling of nutrient 
regeneration have been chosen such that fluxes of Si 
and P agree with reported measurements.

3. MODEL VALIDATION

A validation of the model has been performed by 
comparing the simulation results for 1986 with field- 
data of the same year. (For the calibration procedure 
simulations and data concerning 1979 and 1985 were 
used). For each variable to be evaluated three criteria 
were used for the validation. The first indicates 
whether the mean difference between the field data 
and the corresponding simulation points is accep
tabel, i.e. when this difference is smaller than the 
mean value of the field data. The second criterion in
dicates to which extent the mean values of data and 
simulation points coincide, while the third gives infor
mation on the accuracy of the form of the simulation 
(seasonal pattern). The pelagic submodel was 
validated for 11 variables, usually in 7 compartments. 
For each variable the number of data-points per com
partment ranged from 5 to 17. Examples are given in 
Figs 2 and 3 for Chl-a (m g m ~ 3) and the biological 
oxygen consumption, measured in 24 hrs incubation 
tests (mg 0 2 m -3). Based on all three criteria men
tioned above, the Chl-a simulations are reasonable
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Fig. 2b. Chlorophyl-a concentrations (mg m -3) according to the model simulations (-------- ), and according to field
data (□ ). The numbers refer to the different compartments (Fig. 2a).
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Fig. 3. Pelagic biological oxygen consumption integrated over 24 hrs (mg 0 2-m 3) according to the model simulations 
(-------- ), and according to field data (□ ). The numbers refer to the different compartments (Fig. 2a).
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model
compartments

Fig. 4. Total pelagic primary production (g C r r r2 day_1) according to the model simulations (-------- ), and according to field
data (□ ).

for 2 compartments (6, 9) but for the others not very 
good, although the annual mean value of the simula
tion points is almost the same as that of the field 
data. The spring bloom is computed too early, while 
too high concentrations are simulated during the 
period June-September. On the other hand, the 
simulations of BOC1 fit the data points adequately. 
Only in late summer and autumn, oxygen consump
tions are somewhat overestimated. The overall result 
of the validation of the pelagic submodel points to an 
adequate simulation of those components whose 
dynamics are largely determined by transport pro
cesses (e.g. phosphate, silicate). However, for almost 
all variables substantial discrepancies occur be
tween field data and simulations during the second 
half of the summer-period. Most likely this is due to 
the absence of nitrogen components in the model, 
while there are indications that nitrogen is limiting

primary production during the third quarter of the 
year. Most clearly this effect may be seen in the 
overestimation of the total pelagic primary production 
(g C m _2-d~1; Fig. 4).

The benthic submodel is validated for 5 intertidal 
variables, but there were no field data at hand for the 
subtidal areas. The validation of this submodel is 
hampered by the low number of data. Actually only 
for 3 to 4 compartments, each having 2-6 data points, 
could the simulation results be evaluated. The total 
benthic community respiration on the tidal flats is 
simulated quite well, with typical maximum values of 
approximately 1 gC m _2 day_1 in summer, and very 
low values in winter. The simulations of the higher 
trophic levels (meiofauna, macrobenthic deposit 
feeders and suspension feeders) do not agree well 
with the available field data. The reason for this is not 
very clear.
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The submodel concerning the epibenthic pro
cesses and variables was validated for the biomass 
of the macro-epibenthos, for 7 compartments in the 
intertidal areas and for 5 compartments in the sub
tidal areas. The number of data points varied be
tween 5 and 20 per compartment. The intertidal 
biomasses are simulated reasonably well, in some 
compartments quite well, in others poorly. The 
simulation of the subtidal macro-epibenthos does not 
agree with the field data; in all compartments the 
computed values are much too low. Actually, this is 
one of the results indicating that the model is not 
simulating the subtidal processes adequately.

To permit an evaluation of the overall modelling 
result, the organic carbon budget computed by the 
model has been compared with a budget obtained 
from literature data concerning external inputs, 
primary production, mineralization and sedimenta
tion. It was not possible to estimate the carbon ex
change of the western Wadden Sea with the North 
Sea directly. In the budget based on literature data, 
this transport term occurs as the closing entry. Con
sequently, this leads to a large level of uncertainty in 
the estimation of the transport via both tidal inlets. 
The conclusions based on the comparison of the two 
budgets are (Table 1):
1. The model computes a much larger pelagic 

primary production than the literature data sug
gest. On the other hand, the benthic primary pro
duction seems to be underestimated by the model;

2. According to the model, the pelagic mineralization 
is approximately 33% larger than the mineraliza
tion estimated from field data. The benthic 
mineralization, however, seems too small, most 
probably due to a strong underestimation of the 
carbon fluxes in the subtidal sediments;

3. Both budgets suggest a nett export of organic car
bon from the estuary to the North Sea.

According to the budgets, there is a small difference 
between the total primary production and the total 
mineralization in the western Wadden Sea; external

input and output seem to have a limited direct impor
tance. In this view the model outcome agrees well 
with the literature data. The main discrepancies be
tween the two budgets are the overestimation of the 
pelagic primary production, and the underestimation 
of the benthic mineralization. The absence of 
nitrogen as potentially limiting nutrient, and the 
disfunctioning of the model concerning the subtidal 
areas are most likely responsible for this lack of 
agreement. Future development of the EMOWAD 
model should therefore focus on these aspects.

4. MODEL APPLICATIONS

One of the goals of the EMOWAD project was to 
evaluate to what extent the effects of anthropogenic 
activities on the functioning of the ecosystem could 
be indicated with the EMOWAD model. However, it 
must be kept in mind that the model is not suited for 
an evaluation of all kind of activities. Its potential ap
plication is restricted to activities the model can deal 
with. Furthermore, all output generated by the model 
simulations is expressed in terms of energy, i.e. 
organic carbon, which means that only effects on the 
organic carbon fluxes in the system can be traced. 
For instance, effects on seal populations, pelagic fish 
and the accumulation of pollutants cannot yet be 
considered.

Although a wide range of anthropogenic activities 
occurs in the Wadden Sea, the examples chosen all 
deal with large-scale activities which are thought like
ly to interfere with the main processes. The an
thropogenic activities discussed are;
1. Dredging activities;
2. Eutrophication;
3. Commercial mussel culture;
4. Oil spills.

Since the effects of changes in anthropogenic ac
tivities cannot be compared with actual field data, the 
model results are evaluated in an indirect way. For 
each anthropogenic activity a hypothesis is for
mulated about its impact upon the ecosystem.

TABLE 1
Organic carbon budget for the western Wadden Sea for 1986. All entries are expressed in 106 kg C. a: based on literature 
data, the transport to the north Sea is the closing entry; b: computed by the EMOWAD model, the term "rest”  includes

decrease in biomasses over the year, feeding by birds, etc.

Input and Production Export and Consumption

a b a b
Discharge L. IJssel 135± 5 133 Pelagic mineralization 270+ 80 360
Pelagic pr. production 310+ 95 483 Benthic mineralization 210+ 95 129
Benthic pr. production 200+100 54 Sedimentation 5+  5 31
Rest - 16 Export to the North Sea 160± 185 166

Total 645± 135 686 Total 645 ±135 686
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Subsequently, the effects of different levels of the ac
tivity are simulated and the results are tested against 
the hypothesis. After a discussion of the effects of 
the 4 activities a general evaluation of the applicabili
ty of the EMOWAD model is made. Suggestions are 
formulated for further development of the model.

Dredging activities in the western Wadden Sea are 
sand extraction and spoil disposal of maintenance 
dredging of harbours and shipping channels 
throughout the area. Yearly about 3 million tons of 
sand (An o n y m o u s , 1981) are extracted and 1 million 
tons of spoil is disposed (v an  V e e n , 1988). Both ac
tivities affect the sediment load of the water, either 
by their overflow or by disposal of sediment, and as 
a result the turbidity of the water is increased, as was 
observed in the Ems-estuary (de J o n g e , 1983). This 
turbidity to a large extent determines the light 
penetration into the water column and hence the 
pelagic primary production. Since the relation be
tween light penetration and turbidity is an inverse ex
ponential one (de  W it et al., 1982), an increase in 
turbidity will result in only a slight decrease in the 
light penetration. On the other hand, a reduction in 
turbidity will have a much larger impact. These 
changes in light penetration might affect the primary 
production directly, but only during periods when 
light conditions are the limiting factor, i.e. in spring 
and autumn. During summer, when nutrient lim ita
tion is thought to occur, hardly any changes are ex
pected. The results of the model simulations with a 
reduced and an increased sediment load of the 
water (normally between 25-80 g m -3 ) (Po s t m a , 
1954; de W it et al., 1982) show a good cor
respondence with the hypothesis (Fig. 5). Both the 
reduction and the increase in turbidity, (respectively 
to 0 and twice the natural concentration) affect the 
primary production but only in spring and autumn, 
i.e. the reduction in turbidity results in the largest 
changes. The maximum production during summer 
remains about the same in both cases.

Eutrophication of the western Wadden Sea occurs 
mainly by nutrient loadings originating from fresh 
water discharges of Lake IJssel. In the past these 
loadings increased considerably: for total P from
0.03 kg sec-1 to about 0.16 kg sec-1 and for total 
N from about 0.8 kg sec-1 to about 2.3 kg-sec-1 
(van d e r  V e e r et al., 1988). Some changes in the 
ecosystem have already been observed and sugges
tions have been made that they were the result of eu
trophication, e.g.: locally low oxygen concentrations 
(T ussen  & van  Bennekom , 1976 van d e r  V e e r & 
B e rg m a n , 1987), an increased bloom of the alga 
Phaeocystis pouchetii (Cadée & Hegem an, 1986) 
and an increased biomass and recruitment of 
macrobenthic animals on the tidal flats (Beukem a & 
Cadée, 1986). An overall analysis of the impact of 
eutrophication on the ecosystem is hampered by the 
fact that the model structure Includes only P and Si 
and not N. Changes in nutrient loadings are thought 
to affect the primary production directly but only dur
ing periods of nutrient limitation, i.e. the summer 
period. Main effects are expected in case of a 
nutrient reduction, since this might prolong the 
period of nutrient limitation directly. An increase in 
the loadings will have less effect, since the period of 
limitation is restricted to 3-4 months in the present 
situation, and at high productions self-shadowing of 
the algae might become a feed-back mechanism. As 
a result of the changes in primary production, effects 
on the macrobenthic biomass might be expected. 
Since the loadings of P and N are largely in the form 
of organic compounds, a change in these discharges 
will also affect the input of organic matter. These 
changes are thought to be compensated for by 
alterations in the in- and export through the tidal in
lets. The consequences of a reduced and an increas
ed nutrient loading are illustrated In Fig. 6 for P 0 4 
and in Fig. 7 for the pelagic primary production. Ef
fects on the P 0 4 concentration in the Wadden Sea 
especially occur during the first month of the year, 

b
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86
Fig. 5. Total pelagic primary production (106 kg C) according to the model simulations, a: reduced sediment load; b: stan

dard situation; c: increased sediment load.
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Fig. 6. Concentrations of dissolved reactive phosphate (mmol-m-3 ) in the compartments 1, 2, 3 according to the model 
simulations, a: no discharge from Lake Ijssel; b: standard situation; c: discharges 1.5 times as large as in the standard

situation.
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Fig. 7. Total pelagic primary production (106 kg C) simulated with a P and Si load from Lake IJssel equal to a: 0; b: the 
standard situation; c: 1.5 times as large as in the standard situation.

The impact on the primary production is visible 
especially between March and October, the period in 
which nutrient limitation might occur. Also effects on 
the benthic community can be observed; either a 
decrease or increase of macrobenthic animals (Fig. 
8). The impact of eutrophication as simulated by the 
model seems to fit fairly well with the hypothesis for
mulated.

Mussel culture in the western Wadden Sea started 
in the 50s and rapidly increased to a commercial 
fishery with a yield of up to 100 million kg a year. 
Now mussel lots cover an area of about 80 km2 
distributed in the subtidal of the whole western Wad
den Sea. The mussel Mytilus edulis is one of the 
dominant species in the subtidal of the Wadden Sea 
with a biomass of about 8 g A F D W m -2  on mussel 
lots their biomass increases by a factor of 30-40 to 
about 260 g AFDW -m-2  (D e k k e r , 1987).

At present, there is no insight in the impact of

mussel culture on the ecosystem in the Wadden 
Sea. Recently Va n  der  V eer  (1988) postulated that 
under the assumption of a food limitation of the ben
thos in the Wadden Sea, the introduction of commer
cial mussel culture in the past might have resulted in 
a reduction of the other macrobenthic animals, 
especially at the tidal flat systems. In their present 
form, the model simulation result in a far too low 
macrobenthic biomass in the subtidal, compared 
with field data. Therefore, the impact of the mussel 
culture cannot be considered. An indirect approach 
for testing the hypothesis of V a n  der  V eer (1988) is 
the introduction of extra biomass in the sublittoral 
and the analysis of the effects on the macrobenthic 
biomass in the intertidal zone. However, in the pre
sent model the sublittoral is functioning at too a low 
level. As a result the initial higher biomass values 
diminish to low levels again within a year (Fig. 9). 
Also the impact on the intertidal is too small to have
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Fig. 8. Mean biomass of benthic suspension feeders in the intertidal (mgC-m-3) in the various compartments in April- 
September simulated with a P and Si load from Lake IJssel equal to a: 0 b: the standard situation; c: 1.5 times as large

as in the standard situation.

any affect on the macrobenthos. Therefore the im
pact of mussel culture cannot adequately be 
evaluated at present.

Oil spills and other calamities in or near the Wad
den Sea can result in a large-scale pollution of the 
area, especially of the benthic community in the in
tertidal. Since these macrobenthic animals are im
portant as food source for wading birds (Sm it  & 
W o l f f , 1983) and juvenile stages of commercially 
important fish species (Z ij l s t r a , 1972), such a 
calamity might have an enormous effect on the func
tioning of the area for fish and birds. In case of an 
elimination of the macrobenthic community, 
recolonization will occur either by new recruitment of 
juveniles or by immigration of adults. The time span 
necessary for recovery is thought to be fairly short, 
i.e. a few years (van  der  V eer  et al., 1985). The ex
act initial response will depend on the time of occur
rence, since recruitment is restricted to certain 
periods of the year. Therefore, the pattern of 
recolonization is examined for two situations; a 
reduction in January and one in May, during the 
period of recruitment. It is thought that in the latter 
case recolonization starts immediately, but at a lower 
rate due to the destruction of most animals during 
spawning. A reduction on 1 January results in fresh 
immigration before the period of recruitment and 
makes a larger recruitment possible. The above 
hypothesis is reflected in the model results, which in 
both situations show a recovery from May onwards. 
After a reduction on January 1, biomasses at first fur- 
her decrease, following the natural seasonal pattern 
(Fig. 10). In both cases, recovery occurs within a

co_
0 comp, i 
a comp. 5

*  comp. 4 
y comp. 6

Fig. 9. Biomass of benthic suspension feeders in the sub
tidal (gC m -2) in compartments 1, 4, 5 and 6 with increas

ed initial values on Jan. 1.

year. Severe effects on the epibenthic predators are 
only observed after a reduction in May. These results 
fit fairly well with the expectations.

In conclusion it can be stated that the EMOWAD 
model in general is a useful tool in evaluating the im
pact of certain anthropogenic activities in the area. 
However, as soon as possible the functioning of the 
sublittoral part of the model should be improved and 
furthermore the model structure should be extended 
by an incorporation of the N cycle. Finally it must be 
kept in mind that the EMOWAD model, which gives 
a general description of the ecosystem, can never be 
applied to specific topics without exact definition of 
its specific processes.
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Fig. 10. Biomass in the intertidal in compartments 2 and 10 of A: benthic suspension feeders; B: benthic deposit feeders 
and C: epibenthic predators simulated with a reduction of the (epi)benthic system with 95% on Jan. 1 (left) and May 1

(right) compared with the standard model (middle).
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5. CONCLUSIONS

The construction, validation and application of the
EMOWAD model lead to the following conclusions:
— The use of a detailed hydrodynamica! model in 

constructing the transport part of the ecological 
model gives good results.

— The model gives reasonable results for more than 
half of the variables validated.

— Probably due to the lack of a nitrogen module in 
the model, the pelagic primary production is 
overestimated. On the other hand, the benthic 
production is underestimated.

— The benthic and epibenthic system in the sublit
toral functions insufficiently in the present model. 
However, a model version with higher food 
availability for benthic organisms in the sublittoral 
area shows an improvement.

— In principle the EMOWAD model is a useful tool 
in answering certain management questions.

Nevertheless, when further applications of the
EMOWAD model are going to be made it is recom
mended to:
— Analyse the model formulation of the pelagic 

primary production, including limiting factors. 
When eutrophication problems are involved a 
nitrogen module should be constructed.

— Improve the functioning of the sublittoral model. 
Special attention should be paid to the possibility 
of including different amounts of mussel 
biomasses in different model runs in order to 
study the impact of these biomasses on the rest 
of the ecosystem.

— Create, in cooperation with the environmental 
management of the Wadden Sea, a discussion 
and working group around the model instrument 
to generate relevant management questions and 
to make the model more accessible to possible 
users. Because of the complexity of ecosystem 
models the latter can only be achieved by an ac
tive participation of the management in model 
building projects.
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ABSTRACT

A tw o-d im ensional num erical m odel, w hich in
cludes tidal basins in the w estern Dutch W adden  
Sea and a part of the ad jacent North Sea, is used  
to study tidal and tidally-driven residual flows  
and elevations. The model is verified by com par
ing observed and com puted w ater elevations in 
som e stations and transport rates through the  
tidal inlets. The consequence of topographical 
and geom etrical d ifferences for the term s In the  
governing equations is d iscussed by com paring  
the m agnitude of these term s in some  
ch aracteris tic  grid points, viz. the open sea, inlet 
and basin channel, in w hich all term s are d ecom 
posed along and perpendicular to the dom inant 
current d irection. Averaging over a tidal period  
shows that com pared to the tim e-dependent 
equations an im portant sh ift takes place in the  
relative influence of the d ifferen t terms, m ainly  
caused by the increased influence of the advec- 
tive term . The resulting tidally-driven residual 
flow  field  is interpreted as a com bination  of a 
constan t volum e transport (1 to 2%  of the tidal 
transport in the tidal inlets) betw een connected  
tidal basins and iso lated residual eddies (w ith  
velocities of 10 to 15%  of the tidal velocity  
am plitude and a typ ical length scale of between  
3 and 10 km). O bservations confirm  that the drop  
in residual elevations in tida l inlets and the rise 
in tida l basins are phenom ena ch aracteris tic  of 
all tidal basins.

1. INTRODUCTION

The w estern D utch W adden Sea co n s is ts  o f fou r 
more or less separated tida l basins drained by in 

le ts  betw een the  is lands. G lobal ch a ra c te ris tics  
of tide  and topography were described by 
Po s t m a  (1954) and Z im m e r m a n  (1976) in the ir 
s tud ies  on the  chem is try  (Po s t m a ) and m ixing 
processes (Z im m e r m a n ) o f th is  area. Observed 
sa lin ity  d is tr ib u tio n s  and m easurem ents o f tida l 
ve lo c itie s  form ed the basis of th e ir s tud ies  on 
m ix ing  tim e sca les in the w estern  W adden Sea.

In the present s tudy  a de ta iled  two- 
d im ensiona l num erica l m odel is used to s tudy 
tid a l and tida lly -d riven  flow s. In a la te r phase of 
the  p ro jec t the same num erica l m odel w ill be us 
ed to s tudy exchanges between the  W adden Sea 
and ad jacen t N orth Sea and m ix ing  processes in 
the in te rio r o f the tida l basins. This firs t paper in 
a series presents the resu lts  o f research on tida l 
and residua l flow s  o f the num erica l m odel. In 
separate papers both the o rig in  o f the  com puted 
tida lly -d riven  residua l volum e transpo rt between 
tw o tida l basins and the iso la ted  res idual eddies 
w ill be d iscussed, as the  residua l cu rren t ve loc ity  
fie ld  p lays an Im portan t role in the d isp lacem en t 
o f d isso lved m atter.

Com parable  m ode lling  s tud ies  o f tid a l and/or 
residua l flow s in sha llow  seas and estuaries 
were perform ed by M a d d o c k  & P in g r e e  (1978), 
P r a n d l e  (1978), T ee (1976) and O ey  et al. (1986). 
The present m odel is d iffe re n t in tha t its open 
boundaries are se lected  ou ts ide  the  sphere o f in 
fluence  of the tid a l in le ts. Th is m akes it a model 
o f large geograph ica l coverage su itab le  fo r the 
study o f in terna l tida lly -d riven  residua l volum e 
transpo rts  between d iffe re n t basins.

A cknow ledgem en ts .— The au tho r is much in 
debted to  R ijksw a te rs taa t, D ienst In fo r
m atieverw erk ing , fo r the use o f th e ir com pute r

• Publication no. 21 o f the pro ject "E co log ica l Reseach o f the North Sea and Wadden Sea”  (EON).
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and the support in em ploying  the extended 
system  o f com pute r program m es. The c lose 
coopera tion  w ith  espec ia lly  J. D ijkzeul o f R ijks
w a te rs taa t, D ienst G etijdew ateren, was o f great 
im portance during the se tting  up and ca lib ra tion  
o f the num erica l model.

2. NUMERICAL MODEL

2.1. INTRODUCTION

An extended system  o f com pu te r program m es, 
the WAQUA system , developed and supported by 
the  Dutch M in is try  o f T ransport and Public 
W orks, was used fo r tw o-d im ensiona l s im u la tion  
o f tida l m ovem ents in the W adden Sea. In the 
s im u la tion  program m e the w ell-know n sha llow - 
w a te r equations are solved num erica lly . These 
equa tions read:

dt dx dy

_ u ^ ± ñ
9 dx 9 C2(H + f)

dv dv dv .
- r r  - f -  U  - 3  h  V  - 3  h  f i l  —dt dx dy

¿Pu ¿Fu 
dx2 dy2 ' (1)

„  d f  V \ / ( U 2 +  V2)  ,

“  9 dy 9 C2(H +  f  )

3 f  d(H +  ï)u  3(H + r ) v _ n 
dt dx dy ~

d 2V

~dxT

d 2V

dy2 (2)

(3)

in w hich:

u, V ve rtica lly  averaged ve loc ity  com ponents 
f  w a te r e levation re lative to a reference plane
H depth re la tive to  a reference plane
f  co rio lis  param eter
g acce lera tion  o f gravity
V horizonta l eddy v isco s ity  co e ffic ie n t
C bo ttom  fr ic t io n  co e ffic ie n t (Chezy co e f

fic ien t)

These equa tions are solved num erica lly  by 
em ploying  a so-called ADI (A lte rna ting  D irection  
Im p lic it) m ethod on a staggered grid. This 
m ethod was developed by Le e n d e r t s e  (1967) and 
has been applied success fu lly  fo r tida l com pu ta 

tio n s  in several sha llow  seas and estuaries  
(L e e n d e r t s e  et al., 1981). S t e l l in g  (1984) recen t
ly revised the num erica l app rox im a tions  o f the 
d iffe re n t te rm s in the  sha llow -w ate r equations, 
chang ing  the d isc re tisa tio n s  o f the  advective 
te rm s in the  in te rio r as w ell as a long the  boun
daries in to  d isc re tisa tio n s  proved to be u ncond i
tio n a lly  stab le . This version o f the W AQUA 
system  has been used fo r the co m pu ta tions  
d iscussed  in th is  a rtic le . E arlier a p p lica tio n s  can 
be found in V o o g t , (1984) and K l a t t e r  et al., 
(1986).

2.2. MODEL DESCRIPTION

Boundary co n d itions  fo r the  sm all-sca le  model 
o f the w estern W adden Sea have been derived 
from  a m odel w h ich  describes the tid a l move
m ent in the N orth Sea area to  the north  o f the 
W adden Sea (Fig. 1a). The la tte r m odel (grid size 
3200 m) was cons truc ted  on the basis of data 
gathered during  an extensive m easurem ent cam 
paign in May-June 1971 (St u d ie d ie n s t  H o o r n  & 
D e l f z ij l , 1973). During th is  cam paign water- 
levels a long the sea boundary were observed, 
from  w hich boundary co n d ition s  were con 
struc ted  fo r the  3200-m m odel. F ilte ring  o f the 
observed data  showed tha t during the chosen 
s im u la tio n  period (8 to  9 June 1971) the tida l 
w ater-leve ls along these boundaries cou ld  be 
described in three basic period ic  bands (12.5, 
6.25 and 4.16 h). The am p litude  o f the  da ily  co m 
ponent, w ith  a period o f 25 h, was very sm all (less 
than 0.01 m) during these days. This s im u la tion  
period, representative of average co n d ition s  dur
ing the neap-spring tide  cycle, was a lso chosen 
because o f the s im u ltaneous m easurem ent of 
transpo rt rates in the tida l in le ts  o f the W adden 
Sea basin. Furtherm ore, the  in fluence  o f the 
w ind  cou ld  be neglected in th is  period (D ijkzeul, 
personal com m un ica tion ).

The a forem entioned three basic periods are 
subsequen tly  used in describ ing  the water-levels 
a long the open sea boundary o f the  sm aller- 
scale m odel. The am p litude  of the 12.5 h com po
nent increases from  0.67 m along the  southern 
boundary to  0.90 m along the northern boundary, 
w h ile  the phase d iffe rence  is abou t 4.0 h. The 
less im portan t tida l com ponen ts  (overtldes) w ith  
periods o f 6.25 and 4.16 h are described w ith  
am p litudes  o f about 0.14 m and 0.08 m, respec
tive ly.

The loca tion  o f the boundaries in the  sm aller- 
sca le  m odel (grid size 500 m), toge the r w ith  some
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Fig. 1. (a) Location of the boundaries of the models w ith 3200 m and 500 m grid size. 
Results of the 500 m model are discussed in th is article.

(b) Map showing the boundaries and some isobaths (10 m, 20 m) of the 500 m model. 
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isoba ths  is shown in more de ta il in an overall p ic 
ture  o f the  model area in Fig. 1b. The open boun
daries at w h ich  water-levels are prescribed from  
the larger-scale m odel lie about 15 km o ff the 
coast, where the  the in flow  and o u tflo w  th rough 
the in le ts  between the is lands have a neg lig ib le  
in fluence  on the tida l movem ent. The n o rth 
eastern boundary between the is land o f Am eland 
and the m ain land co inc ides  w ith  a tid a l f la t tha t 
separates tw o tida l basins. In the model th is  
boundary has been schem atized as a c losed 
boundary.

The isoba ths in Fig. 1b c learly  show th a t the 
m odel area of the W adden Sea is com posed of 
fo u r tida l basins dra ined by the in le ts  between 
the is lands. Each o f these basins can be sub
d iv ided in to  tida l channels and tida l fla ts , of 
w h ich  the la tte r are emersed during part o f the 
tid a l cycle . M ost of these tida l f la ts  form  a 
separa tion  between ad jacen t basins. An open 
connection  ex is ts  only between the  tw o  m ajor 
basins, the M arsdiep basin in the south, drained 
th rough  the  Zeegat van Texel, and the V lie  basin 
in the  m iddle, dra ined through the Zeegat van het 
Vlie.

2.3. MODEL RESULTS

W hen a grid size o f 500 m is used to  schem atize 
the  area, su ff ic ie n t reso lu tion  o f the bo ttom  
topography is only expected fo r the larger tida l 
channels. E specia lly  in the parts o f the model 
where the w ater enters and leaves the tida l fla ts  
by way o f narrow gu llies , th is  grid  size is too  
coarse to s im u la te  the  tida l m ovem ents in de ta il. 
So, a lthough  specia l procedures can s im u la te  
the  em ersion o f tida l fla ts , no loca lly  m ean ing fu l 
resu lts  in these areas can be expected. The main 
fu n c tio n  o f the tida l f la ts  in th is  m odel is the ir 
capac ity  to  store  w ater. Model resu lts  are on ly 
com pared w ith  p ro to type m easurem ents insen
s itive  to  such sm all-sca le  va ria tions  in bo ttom  
topography as volum e transports  th rough  the 
deeper channe ls and w ate r e leva tions along 
such channels.

C a lib ra tion  o f the model has been achieved by 
com paring  observed and com puted w ater-levels 
in d iffe re n t com pu ta tions  in w hich the bo ttom  
fr ic t io n  co e ffic ie n t, being an im portan t, but not 
w e ll-know n param eter, has been varied. S u ffi
c ie n tly  accura te  resu lts  were achieved by varying 
the  Chezy co e ffic ie n t, com puted via the depth- 
dependent M ann ing ’s fo rm u la tion ,

i  i
C =  — H s 

n

in w h ich  n =  0.023, from  about 40 m°-5s - 1 on 
tid a l f la ts  to  75 m°-5s - 1 in the deeper channels. 
The less im portan t c o e ffic ie n t fo r horizonta l ed
dy v iscos ity , V,  is used to  param etrize the la tera l 
exchange o f m om entum  on subgrid  scale. The 
chosen value, v =  7 m2s ~ 1, is based on m ode ll
ing experience in the Eastern S che ld t ( L e e n d e r t 
se, 1984). The order o f m agn itude o f th is  va lue is 
in agreem ent w ith  d im ensions and ve lo c itie s  of 
tu rb u le n t edd ies observed in the  Zeegat van Tex
el (V e th  & Z im m e rm a n , 1981). Th is param eter has 
not been varied because the la te ra l s tress term  is 
on ly  o f m inor im portance to  the com puted 
vo lum e transpo rts  and water-levels. R esults o f a 
se n s itiv ity  ana lys is  fo r the  param eter v w ill be 
d iscussed  in a subsequent paper, w hose main 
sub jec t w ill be the  generation and d iss ip a tio n  of 
tid a l and residua l eddies.

In F igs 3a to  d com puted and observed water- 
levels are com pared in som e o f the s ta tio n s  used 
fo r ca lib ra tio n  (see Fig. 2 fo r th e ir location). 
These Figs show  tha t the  agreem ent between the 
tw o  is fa irly  good. The am p litude  a m p lifica tio n  
and phase d iffe rence  between the  w ate r e leva
tion  at the  in le t (Den Helder, Fig. 3a) and the land 
ward end o f the  M arsdiep basin (H arlingen, Fig. 
3c) show  tha t the tid a l wave in the W adden Sea 
can be seen as a com b ina tion  o f a s tand ing  and 
a p ropagating  wave. This com bined characte r 
s tem s from  the  re la tive ly  s trong  bo ttom  fr ic tio n  
in the  tida l basin, w h ich  reduces the energy in

ZEEgÀV VAN HET VLIE;

(3c)

Fig. 2. Position of water-level stations (L) and transport 
crossections (— ) used for calibration of the 500 m 

model.
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Fig. 3. Comparison of computed (------ ) and observed (□  □ )  water-levels, a) Den Helder; b) V lieland Haven; c) Har
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the incom ing  and re flected  tid a l wave. By th is  the 
am p litude  o f the re flec ted  wave is very sm all 
near the tida l in le t. In th is  area the tida l wave can 
be characterized as a propaga ting  wave, 
re flec ted  in the phase d iffe rence  between Figs 
3a and c, w h ile  at the  landw ard end near Har
lingen it can be characterized as a stand ing  
wave. F igs 4a to d show  a va lida tion  o f the 
transpo rt rates th rough  the tid a l in le ts  measured 
during  the extensive cam paign in 1971 
(St u d ie d ie n s t  H o o r n  & D e l f z ij l , 1973). The d if
ferences in the d im ens ions  o f the  tid a l basins are 
c lea rly  re flec ted  in the  am p litude  o f these 
transpo rt rates. For the sm a lle r in le ts, E ierlandse 
Gat (Fig. 4a) and Borndiep (Fig. 4b), devia tions 
can be recognized between observa tions and 
co m pu ta tions  w hich can be exp la ined by the  use 
o f ra ther too  coarse a grid. For the greater part, 
these tw o  basins are covered w ith  tid a l fla ts , 
poorly presented in the m odel, w h ich  causes per
tu rb a tio n s  in the  transpo rt rates. Model resu lts  
and observa tions o f the m a jo r in le ts, the Zeegat

van het V lie  (Fig. 4c), w h ich  dra ins the V lie  basin, 
and the  Zeegat van Texel (Fig. 4d), w h ich  dra ins 
the M arsdiep basin, show  th a t the  tid a l transport 
am p litudes  th rough  these in le ts  are nearly equal. 
The s lig h tly  be tte r agreem ent o f the  transpo rt 
rates th rough  the Zeegat van Texel than of those 
o f the  Zeegat van het V lie  s tem s from  the  m or
pho log ica l d iffe rences  between the  tw o basins, 
the percentage o f the tida l fla ts  in the  V lie  basin 
(40%) being m uch larger than in the  M arsdiep 
basin (17%). However, sm a ll dev ia tions  can a lso 
be ascribed to  the  inaccuracy o f the 
m easurem ents.

Fig. 5 gives the  tw o-d im ensiona l ve loc ity  fie ld  
in every fou rth  grid  po in t one hour before the 
tim e o f low w ate r in H arlingen, near the  landward 
end o f the M arsdiep and V lie  basins. The 0.50 
m s ~ 1 ve loc ity  iso line  ind ica tes  the loca tion  of 
the main basin channels. The do tted  po in ts  are 
the  grid po in ts  taken out o f the  com pu ta tions  as 
tid a l f la ts  are em erging at tha t m om ent. Such 
m aps were com pared w ith  m easurem ents o f the
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Fig. 4. Comparison of computed (------ ) and observed (□  □ )  transport rates through the in lets, a) Eierlandse Gat
(between Texel and Vlieland); b) Borndiep (between Ameland and Terschelling); c) Zeegat van Vlie (between 

Vlieland and Terschelling); d) Zeegat van Texel (between Texel and the mainland).

g lobal curren t ve loc ity  fie ld  and the loca tion  of 
em ersed tid a l fla ts  (de Bo er  e t al., 1984) to  verify 
the  large-scale resu lts  of the com pu ta tions . A 
reasonable s im u la tion  of the em ersion of the 
tid a l fla ts  was on ly  to be achieved by exclud ing  
from  the com pu ta tions  the  grid po in ts  fo r w h ich  
the w ater depth was less than 0.15 m. By th is , an 
extrem e grow th of bo ttom  fr ic t io n  term  was 
prevented.

A p lo t show ing the ve loc ity  vectors in every 
grid po in t at s lack w ater before flood in a part of 
the  model area near the Zeegat van Texel is given 
in Fig. 6. Th is map, in w hich the 5-m isobath  is 
a lso ind ica ted , dem onstra tes th a t a phenom e
non like the tim e lag between the reversal of the 
tide  in sha llow  and deeper parts o f the  basin is 
w ell s im u la ted  by the model.

2.4. INFLUENCE OF DIFFERENT TERMS IN THE 
TIDAL MOMENTUM EQUATIONS

The resu lts  o f the num erica l com pu ta tions  w ith

the W AQUA program m e, m a trices o f w ater-levels 
(f) and ve loc itie s  (u, v) in s taggered grid po in ts, 
cou ld  on ly  be stored at in te rva ls o f 30 min. due to 
lim ited  storage fa c ilit ie s . These m atrices have 
been used to com pute  the m agn itude of the d if
fe rent term s in m om entum  equation . A lthough  
the same spa tia l d iffe rences were app lied , the 
com puted m agnitude o f these term s s lig h tly  d if 
fers from  the m agn itude in the num erica l s im u la 
tion . In the num erica l s im u la tion  a tim e  step is 
s p lit up in to  tw o  stages in w hich variab les from  
d iffe re n t tim e  levels are used by em ploying  a lte r
nate im p lic it and e xp lic it schem es (ADI m ethod, 
S t e l l in g , 1984), w hile  in th is  section , as w ell as 
in section  3.4, all spa tia l d iffe rences are co m 
puted w ith  variab les ( f ,  u, v) from  the same tim e 
level. The d iffe rence  hereby in troduced is sm all 
and can be neglected. Furtherm ore, the  conse
quence o f a staggered grid is tha t water-levels, 
ve loc itie s  and com puted term s in the m om entum  
equa tion  are de fined at d iffe re n t lo ca tions  in one 
grid un it. D efin ing m as the pos ition  o f the  grid
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Fig. 5. Map of the two-dim ensional velocity fie ld In every fourth grid point one hour 
before the tim e of low water at Harlingen. The 0.50 m s * 1 velocity Isoiine has been 
indicated, dotted points represent areas fa lling dry according the numerical model.

un it a long the  X-axis and n a long the  Y-axis, the 
w ater-leve ls are loca ted at the  in teger values m, 
n, w h ile  the ve loc ity  variab les and the te rm s in 
the m om entum  equa tion  are loca ted between the 
water-level po in ts , in x-d irection  at m + V i,n and 
in y-d irection  at m.n + Vi. The m agn itude  and 
d irec tion  of a term  in the m om entum  equa tion  is 
therefore not known at one s ing le  pos ition , 
w h ich  in p rinc ip le  p roh ib its  a decom pos ition  of 
these te rm s in an a rb itra ry  d irec tion . To 
en ligh ten  the d iscuss ion  in th is  section  a ll term s 
and ve loc ities  are linearly  in te rpo la ted  tow ards 
the  centra l water-level grid  po in t (m ,n) to  be able

to decom pose these te rm s para lle l and perpen
d icu la r to  the  loca l s tream line :

^m,n =  1//2 (Xm + y2 ,n +  -  Vi  ,n) W

^ m,n =  1/,2 ( ^ m,n +  Vi  ^ m,n -  V i )  (®)

in w h ich  X and Y are ve loc itie s  or te rm s in the  x- 
and y-d irec tion  in the governing equations.

Fig. 7 show s isoba ths in a part o f the  model 
near the Zeegat van het V lie . Th is part encloses 
th ree  d iffe re n t areas th a t are typ ica l of the  com 
p lete model and can be d is tingu ished  by the ir
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Fig. 6. Tidal velocities near the Zeegat van Texel at 
slack water, before flood, 1.5 hours after the time of low 
water at Den Helder, together w ith the 5 m Isobath.

(morphological properties: the open sea, the tida l 
in le t and the channels In the basin. The conse
quences o f the topograph ica l and geom etrica l 
d iffe rences fo r the  m agn itude o f the d iffe ren t 
te rm s are d iscussed In de ta il fo r three 
ch a ra c te ris tic  grid po in ts  ind ica ted  in Fig. 7,

c?
i 8 0 :

N

70 -

6 5 :

6 0 :

5 5 :

1 5 0 :

i 4 5 :

75 80 85 90 95 1 00 105 1 1 0
M

Fig. 7. Isobaths In a part of the model near the Zeegat 
van het Vlie (interval 5 m). The location of the 
characteristic grid points Is given together with the 
local axes parallel (s) and perpendicular (n) to the dom i

nant streamline.

w hile  at tw o  po in ts  o f tim e  during ebb and flood  
the m agn itude  of the m ost im portan t te rm s are 
show n fo r the  w hole  area of Fig. 7. F irs t the  d o m i
nant flow  d irec tion  in the  three ch a ra c te ris tic  
m odel po in ts  has been determ ined by em ploying  
equa tion  (6), w h ich  gives the angle between the 
d om inan t s tream line  and the x-axis:

25  v  i f \

“ • “ ¿ W  (6)

in w h ich  (u (t), v(t)) is the  tim e-dependent ve loc ity  
vecto r (the s ign  o f both ve loc ity  com ponen ts  is 
reversed fo r negative u (t)) and ip is the  angle be
tw een the  x-axis and the dom inan t s tream line . In 
the fo llo w in g  the  local s-axis is de fined para lle l 
and the n-axls perpend icu la r to  th a t s tream line  in 
each grid po in t. For the  chosen ch a rac te ris tic  
grid po in ts  both axes are ind ica ted  in Fig. 7. It 
c lea rly  show s tha t the tida l curren t app rox im a te 
ly flow s  along the  local isobath.

In vecto r form  the governing m om entum  equa
tion  reads:

—  + u ■ v  u + f ( i  XL/ )  + g  v  {- +  — —  v v  2u = 0
dt C2(H + f)

(a) (b) (c) (d) (e) (f) (g)

(7)

where ƒ is the vertica l un it vector. Fig. 8 gives 
the  average m agn itude  o f the term s in equation  
(7) in the  chosen grid po in ts  during the  flood  
(solid  lines) and ebb period (dashed lines). The 
sign of the ve loc ity  com ponent in the loca l s- 
d ire c tio n  was used to  separate the tida l cyc le  in 
a flood  and ebb period. The average error caused 
by the  app rox im a tions  d iscussed above is in 
d ica ted  by a sum m ation  o f all te rm s in equation  
(7). The m agn itude o f th is  error is a lso given in 
Fig. 8 (“ term  (g)” ) and appears to  be neg lig ib le  fo r 
the d iscuss ion  in th is  section .

In general, Fig. 8 show s tha t the m agn itude  of 
a ll te rm s In g rid  po in t (79,180), in the open sea, is 
less than in both o ther grid po in ts  (note the  d if 
fe ren t scales). Furtherm ore, advective te rm s (b) 
have a m inor in fluence  in th is  grid po in t. In both 
d ire c tio n s  and in a ll grid  po in ts  the re la tive  In
fluence  o f the v isco s ity  term  (f) is neg lig ib le .

The non-linear advective term  (b) plays an Im
po rtan t role in the grid po in ts  (91,165) and 
(105,157), espec ia lly  in the d irec tion  perpen-
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Fig. 8. Averaged magnitude of the terms (10-6 m s-2 ) in 
equation (7) parallel (left-hand side) and perpendicular 
(right-hand side) to the dom inant stream line in the 
characteristic grid points during the flood (solid) and 

ebb period (dashed).

d icu la r to  the dom inan t s tream line . Lo r e n t z  
(1926) showed th a t th is  term  can be decom posed 
in a “ Bernou lli a cce le ra tio n ”  para lle l and a “ cen 
tr ifu g a l a cce le ra tio n ” pe rpend icu la r to  the local 
stream line :

(u • v  u )s =  y2 (u2s) (s-d irection)

(U • V £7 )n =  Us —  (un) =  —  (n-d irection)

(8)

in w h ich  us and un are the ve loc ity  com ponents  
in the local s-and n -d irection  and r  is the  radius 
o f the local s tream line . Such a decom pos ition  
show s th a t curves in the  geom etry o f the coast 
and basin channe ls  s trong ly  in fluence  the 
m agn itude  and d ire c tio n  o f the cen tr ifu g a l ac
ce le ra tion . Th is s trong dependence on the local 
cu rva ture  o f a s tream line  resu lts  in a large 
spa tia l va ria b ility  in the  m agn itude  as w ell as the 
d ire c tio n  in w h ich  th is  term  acts . In the grid 
po in ts  in the tida l In let and the channel the 
m agn itude  o f the  cen tr ifu g a l acce le ra tion  about 
equals the  c o rio lis  acce le ra tion  w h ile  its  s ign 
does not d iffe r  between the  ebb and flood  
periods. The consequence Is tha t due to  the ro ta 
tion  o f the earth the m agn itude  o f the co u n te r
ba lanc ing  w ater-level g rad ien t pe rpend icu la r to 
the  loca l s tream line  d iffe rs  su b s ta n tia lly  be
tw een the  ebb and flood  periods.

The left-hand side o f Fig. 8 show s th a t para lle l 
to  a s tream line  the bo ttom  fr ic tio n  term  (e) 
p rim arily  ba lances the  fo rc ing  w ate r level g ra 
d ien t term  (d). The advective term  (b), in te rpre ted  
as a Bernou lli acce le ra tion  in th is  d ire c tio n  and, 
toge the r w ith  term  (d), fo rm ing  the dynam ic 
pressure grad ien t, plays a m inor role com pared 
to  the role o f the ce n tr ifu g a l acce le ra tion  in the 
n -d irection . S patia l acce le ra tions  along a 
stream line , m a in ly  caused by an increase/ 
decrease in the  channel cross section , de term ine 
the m agn itude  and re la tive in fluence  o f the Ber
nou lli term . Th is term  has m ost in fluence  at the 
tid a l In let g rid  po in t where the grad ien t in the 
m agn itude  o f the  flow  cross section  Is re la tive 
large.

Term (a) In eq. 5 can be neglected at the  ebb 
and flood phases when the tida l cu rren t reaches 
its  m axim um  value. In a firs t app rox im a tion  the 
governing m om entum  equa tion  para lle l and 
pe rpend icu la r to  the  local s tream line  then y ie lds:

du. ay- g u ju  I

(b) (d ) (e)

u- f + , u s +  g j L = 0

(b) (c) (d)

(s-d lrection)

(9)

(n-d irection)

( 10)

A t both tida l phases the spa tia l d is tr ib u tio n  of 
these term s in the area shown in Fig. 7 is given
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Fig. 9. (a) Isolines of the magnitude of terms b, d and e (10~6m s-2 ) in equation (9), parallel to the local momen
tary stream line. On the left-hand side at the tim e of maximum ebb, in which the positive s-axls has the same orien
ta tion as during the flood, and on the right-hand side at the tim e of maximum flood. Solid lines represent isolines 

w ith positive values; dashed lines represent the same range of negative values (see text).
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(b) Isolines of the m agnitude of terms b, c and d (10~6m s~ 2) in equation (10), perpendicular to the local instan
taneous streamline. On the left-hand side at the tim e of maximum ebb, in which the positive n-axis has the same 
orientation as during flood, and on the right-hand side at the tim e of maximum flood. Solid lines represent isolines 

w ith positive values; dashed lines represent the same range of negative values (see text).
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in Figs 9a and b. Fig. 9a shows the iso lines o f the 
te rm s in equation  (9) para lle l to  the local 
s tream line , w h ile  Fig. 9b show s the  iso lines  of 
the  te rm s in equation  (10) perpend icu la r to  the 
local stream line . In both Figs the ebb phase is 
shown on the le ft-hand side. A t the  ebb phase the 
ins tan taneous positive  s- and n-axes were 
chosen oppos ite  to  the ir com puted d irec tion  to 
c ircum vent the problem  of com paring  term s tha t 
have been decom posed along oppos ite ly  o rien 
ta ted  stream lines. C onsequently, the  d iffe rence  
between the local positive  s- and n-axes at the 
ebb and flood  phase is neg lig ib le . For each term  
so lid  lines represent the iso lines w ith  positive  
values; dashed lines represent the  same range of 
iso lines w ith  negative values.

In Fig. 9a the in te rva ls between the  iso lines  fo r 
te rm s (d) and (e) (2 -1 0 -4 m s ~ 2) are greater than 
those fo r the iso lines fo r term  (b) (1 0 -4m s ~ 2). 
This Fig. show s th a t the te rm s (d) and (e) are the 
m ost im portan t ones. The m agn itude o f these 
te rm s increases in the sha llow er parts. The less 
im portan t Bernoulli acce le ra tion  (b) has m ost in 
fluence  In the deeper channels, espec ia lly  near 
the  tid a l in le t. Except fo r local devia tions, the 
s ign o f the Bernoulli acce lera tion  does not 
change between the ebb and flood periods. 
Therefore the  in fluence  o f th is  term  is re la tive ly  
large in the  tidally-averaged equations. The in te r
val between the  iso lines  o f the  m ost im portan t 
te rm s in the n-d irection, the  advective term  (b) 
and the water-level g rad ien t term  (d), is 
1 0 - 4m s -2  w h ile  the iso llnes fo r the co rio lis  
term  (c) have an in terva l o f 0.5-10-4  m s -2  be
tween successive values (Fig. 9b). Th is Fig. 
show s th a t the  geom etry of the is lands and chan 
nels causes the  cen trifuga l acce le ra tion  (b) to  be 
o f great im portance near the  tida l in le t and the 
channel ju nc tions . The chang ing  curvature in a 
s tream line  is re flected in the large spa tia l 
va ria b ility  in the d irec tion  in w hich th is  term  acts. 
Furtherm ore, the o rien ta tion  o f the  cen trifuga l 
acce le ra tion  does not d iffe r between the ebb and 
flood  periods. The water-level g rad ien t in n- 
d irec tion , term  (d), ba lances the sum m ation  of 
te rm s (b) and (c), the  cen trifuga l and co rio lis  ac
ce le ra tion . Depending on the local curvature o f a 
s tream line  and the phase o f the tide, the cen
tr ifu g a l and co rio lis  acce le ra tion  act in the same 
or oppos ite  d irec tion . In the tid a l in le t the conse
quence is th a t during the ebb (flood) tide  the 
cross in le t water-level g rad ien t is com posed o f a 
re la tive ly  steep (small) g rad ien t at the southern 
s ide and a re la tive ly  sm all (steep) g rad ien t at the

northern side. A lso  near channel ju n c tio n s  the  
cen tr ifu g a l acce le ra tion  exceeds the co rio lis  ac 
ce le ra tion  so th a t the d ire c tio n  of the water-level 
g rad ien t is the same during the  ebb and flood  
periods. O nly in the parts o f the  channel tha t 
have more or less s tra ig h t s tream lines  does the 
co rio lis  term  cause an a lte rna ting  d irec tion  of 
the  cross channel water-level grad ient.

3. THE TIDAL MEAN FIELD

3.1. INTRODUCTION

In sha llow  seas and tida l lagoons (such as the 
W adden Sea) the  tida l flow  generates a Eulerian 
residua l flow  pattern w h ich  can genera lly  be 
regarded as a com b ina tion  o f iso la ted  residua l 
eddies and a cons tan t flow  th rough the  sea or 
basin (Ro b in s o n , 1983). In many s tud ies the  on ly 
way to  model the cons tan t flow  th rough  the  area 
is to  im pose residua l boundary co n d ition s  at the 
open boundaries o f the region under s tudy, 
because a tida lly-d riven th rough -flow  o ften  
depends on co n d ition s  ou ts ide  the region o f in 
te rest, w h ich  thus determ ine the open boundary 
co n d ition s  (Pr a n d l e , 1978). An im portan t advan
tage o f the  W adden Sea model in s tudy ing  
residua l flow s  is th a t the open boundaries are 
loca ted in the  open sea, where the in fluence  of 
the in and o u tflo w  th rough the  tid a l in le ts  is 
neg lig ib le . Because no residual e leva tions have 
been im posed on these open boundaries, con 
s tan t flow s th rough  the in le ts  and between tida l 
basins are in te rna lly  driven by the tide . Therefore 
specia l a tten tion  w ill be paid to  th is  part o f the 
res idua l flow  fie ld  (and the residual surface 
elevation), even though the assoc ia ted  residual 
ve lo c itie s  are o ften  one order o f m agn itude less 
than the residual eddy ve loc ities .

3.2. DEFINITIONS 

T ida l mean qu a n titie s  are de fined as fo llow s: 

mean w ater level
VzT

< f > = —  Í H f ) d t  (11)
T  _  1 /2  T

mean ve loc ity

1 VzT
< u > = —  Í u ( t ) d t  (12)

T  _  i/ 2 T
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mean transport

V iT
< U > = —  J 

T  - V i T

mean transpo rt ve loc ity

u( t ) - (H +  m d t  (13)

< U  T >  =
< U  >

V i T
i  (H + m  dt

(14)

T -  V i T

mean stream  fu nc tion  ÿ  (m, n) 
in w h ich :

< U  (m, n )>  =~ ^~  ancl <  V (m, n )>  =  -  —

Averaging has been perform ed over a period of 
12.5 h (7), the basic period in the boundary co n d i
tions . It should  be sta ted  here tha t a ll these 
residual qu a n titie s  have been ca lcu la ted  in a 
Eulerian way, so tha t they canno t be used d ire c t
ly fo r Lagrangean in te rp re ta tions  such as 
residual transport of d isso lved m ateria l. For in 
stance, the mean transport ve loc ity  (14) is o ften  
in te rpre ted  as the Lagrangean residual ve loc ity , 
w h ile  th is  is on ly  the  case fo r s low ly  varying one
d im ensiona l ve loc ity  fie lds  (Z im m e r m a n , 1979; 
v a n  de  K r e e k e  & C hiu, 1981). In areas like  the 
W adden Sea, w ith  a large spa tia l va ria b ility  in the 
Eulerian ve loc ity  fie ld , Lagrangean res idua l p ro
perties can on ly  be de term ined by using the tim e- 
dependent ve loc ity  fie ld  to fo llo w  d isp lacem en ts  
o f w aterm asses. Th is w ill be the sub ject of a 
subsequent paper.

3.3. RESULTS

3.3.1. MEAN WATER ELEVATION

M odel resu lts  concern ing  mean w ater-leve ls on 
tida l fla ts  are not phys ica lly  m ean ing fu l because 
o f the  specia l trea tm en t o f these po in ts  during 
the s im u la tio n  o f the ir dry ing. The consequence 
is tha t res idua l w ater e leva tions are only 
presented fo r the channe ls in the model area.

In Figs 10a to c res idual levels along the axis 
o f the  m ain channel o f each tid a l basin are drawn 
as a func tion  o f the d is tance  along the  channel 
axis. In Fig. 10c it was poss ib le  to  com bine in 
one p ic tu re  the residual levels in the  main chan-
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Fig. 10. Residual water elevations along the axes of the 
main basin channels in the tida l basins (mm) as a func
tion of the d istance from the seaward end of the inflow 
region. The locations of these axes are indicated in (d). 
(a) Eierlandse Gat; (b) Borndiep; (c) Marsdiep and Vlie 

basins.
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Fig. 11. Isolines of residual elevations in the area near 
the Zeegat van Vlie (intervals 10 mm).

neis of the M arsdiep and V lie  basin, because of 
the open connection  between the tw o  basins. 
The drop o f the  levels in the  in flow  area of all in 
le ts and the  ris ing  in the basins, w ith  larger gra
d ien ts  in the sm a lle r basins, are ch a rac te ris tic  
fea tures. Fig. 11 show s th is  phenom enon in more 
de ta il in a map o f iso lines o f the residual level in 
the  area near the Zeegat van V lie (in terva ls o f 10 
mm). Tw o-d im ensional ch a ra c te ris tics  o f the 
d is tr ib u tio n  of mean w ater-levels are d iscussed 
in more de ta il in section  3.4.

The com puted res idua ls at Den Fielder ( - 3 .9  
cm) and Flarlingen ( + 1.8 cm) agree w ith  observa
tions. In the  “ G e tija tla s  voor Nederland, 1986”  
residua l levels of -  3.9 cm and + 1.8 cm, respec
tive ly , are m entioned fo r these s ta tions . These 
levels have been determ ined by ana lys ing  12 
years ’ records of water-levels.

3.3.2. MEAN VELOCITIES

For spa tia l c la rity  only a n in th  (every 3rd grid 
po in t in both d irec tions) of the com puted mean 
transpo rt ve loc ities , < tT r >  (eq. 14), in the model 
area is m apped in Fig. 12. The mean transport 
ve loc itie s  near the open boundaries are not 
phys ica lly  m ean ing fu l because they are induced 
by the  specia l trea tm en t o f the  advective term s 
at the open boundaries (St e l l in g , 1984). C om 
pared to  resu lts  o f m ode lling  stud ies in o ther 
estuaries  (O ey  et at., 1985; T e e , 1976), Fig. 12

gives q u a lita tive ly  the same p ictu re . Residual ed
d ies dom inate  the  residual cu rren t fie ld  in the 
channe ls and near the tid a l in le ts . The exis tence  
o f m any of these tide-induced residua l eddies in 
th is  area is supported by fie ld  observa tions in the 
w estern W adden Sea (Z im m e r m a n , 1976b; de 
B o e r  e t al., 1986). A qua lita tive  com parison  of 
observa tions and com pu ta tions  show s tha t the 
o rien ta tion  of all observed eddies agrees w ith  
the  o rie n ta tio n  o f the com puted eddies. These 
eddies are induced by pronounced va ria tions  in 
channel geom etry and bottom  topography, 
w h ich , in the governing equations, increase the 
im portance  o f the advective term s. O ey  et al. 
(1985) have show n the s trong e ffe c t on the 
res idua l flow  pattern o f o m ittin g  the advective 
term s.

T ida l mean ve loc ities , < iT >  (eq. 12), in every 
grid po in t in the area near the Zeegat van het V lie  
are show n in Fig. 13a. On average the m agn itude 
o f the  residual ve loc ity  in these eddies varies 
from  about 0.10 m s - 1 in the tida l basin to  0.15 
m s -1  in the tid a l in let. Fig. 13b gives the mean 
transpo rt ve loc ities , < u  T>  (eq. 14), in the same 
region as in Fig. 13a. Solid  lines ind ica te  the 
iso lines  o f the ra tio  between the abso lu te  
m agn itude o f the mean transport ve loc ity  (eq. 14) 
and the  abso lu te  m agn itude o f the mean ve loc ity  
(eq. 12). A t firs t s igh t, F igs 13a and b look the 
sam e due to the dom ina tion  o f the residual ed
dies in the mean fie ld , w h ich  do not give much 
d iffe rence  in the o rien ta tion  and on ly s lig h tly  in 
the  m agn itude  o f the tw o  ve loc ities . The iso lines 
o f the ra tio  of the  m agn itude o f the tw o  ve loc ities  
in Fig. 13b ind ica te, however, tha t espec ia lly  o u t
s ide these eddies, where the mean ve loc itie s  are 
sm all, the d iffe rence  between the tw o  ve loc ities  
can be considerab le . For one-d im ensional m o
tion  th is  d iffe rence  is in a firs t app rox im a tion  
equal to  the tid a l mean o f t/ f/H  and is o ften  re fe r
red to  as the S tokes ve loc ity  (Z im m e r m a n , 1979; 
v a n  de K r e e k e  & C h iu , 1981). The m agn itude of 
th is  S tokes ve loc ity  depends s trong ly  on local 
w ater-depth and the phase d iffe rence  between 
tid a l w ater-leve ls and ve loc ities .

3.3.3. MEAN TRANSPORTS

Iso lines fo r the residua l stream  fu n c tio n  in the in 
te rio r o f the W adden Sea between the m ain land 
and the  is lands, ca lcu la ted  from  the  mean 
transpo rts  (eq. 15), are shown in Fig. 14 w ith  an 
in terva l between the iso lines  o f 200 m3s _1. This 
map c learly  show s th a t the  residua l transpo rt
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Fig. 12. Mean transport velocities, < u  T> ,  in every 3rd grid points.

fie ld  in the W adden Sea can be subdiv ided in to  
iso la ted  residua l eddies and a co n s ta n t flow  
th rough  the basins. Fig. 15, w h ich  gives a p ic tu re  
o f the area near the Zeegat van het V lie  w ith  
iso line  in te rva ls o f 250 m3s - 1, dem onstra tes 
th is  in more de ta il. The mean transports  
assoc ia ted  w ith  the eddies are m uch larger (one 
order o f m agnitude) than the cons tan t flow . The 
d iffe rences between the ^-va lues o f the 
m ain land and the  is lands, see Fig. 14, ind ica te  
the  tida lly-d riven ebb and/or flood surp lusses 
th rough the in le ts. It show s tha t the  largest 
th rough-go ing  volum e transpo rt takes p lace be
tween the tw o in te rconnected  main basins, and 
is d irected  sou thw ards from  the V lie  basin 
tow ards the M arsdiep basin. The associa ted

transport ve loc itie s  are very sm a ll (0(10— 2 
m s -1 )) in com parison w ith  the  tid a l ve loc ity  
am p litude  (0(1 m s -1 )) as w ell as w ith  the  
transpo rt ve lo c itie s  associa ted  w ith  the residual 
edd ies (0(10- 1 m s -1 )). Therefore it is d if f ic u lt  to 
support the com puted ebb and flood  su rp lusses 
w ith  m easurem ents. Furtherm ore, in rea lity  a 
mean sea-level g rad ien t in the N orth  Sea, a long 
the  open boundaries o f the  m odel, may poss ib ly  
in fluence  the  m agn itude  o f the  residua l volum e 
transpo rt. This poss ib le  externa l fo rc ing , com 
bined w ith  the dependence o f the residua l 
vo lum e transport on the  w ind  cond itions , com 
p lica tes  the de te rm ina tion  o f the tida lly-d riven 
part o f the res idua l vo lum e transport. Analyses 
o f a series o f curren t m easurem ents in the
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Fig. 13. (a) Mean velocities, < u  > , in the area near the 
Zeegat van Vlie.

(b) Mean transport velocities near the Zeegat van Vlie 
together w ith some isolines (0.5, 1. and 2.) of the ratio 
between the absolute values of the mean transport 
velocity and the mean velocity
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The values of the Isolines are 0.5 (---), 1.0 (--------- ) and 2.0

( - X - X ) .

Zeegat van het V lie  (de B o e r  e t al., 1986) ind ica te  
a s trong va ria b ility  in m agnitude and d irec tion  of 
th is  part o f the residual flow  fie ld  and suggest

tha t the to ta l residua l vo lum e transpo rt is co m 
posed o f a w ind-driven and a tida lly -d riven  part. 
However, com pared to the model resu lts  the  
sam e d irec tion  o f the  residua l vo lum e transport 
(southwards) Is found during periods w ith  weak 
w inds.

3.3.4. INFLUENCE OF TERMS IN THE TIDALLY- 
AVERAGED MOMENTUM EQUATIONS

In vecto r form  the governing tida lly-averaged 
m om entum  equa tion  reads:

< u - v u  >  +  < f  ( T  xt7 )>  +  < g v f >  +

(b) (c) (d)

— > — ►

+  <  9 u \ u \  > _ < v W * u  > =  o (16)
C2(H +  f)

(e) (f) (g)

in w h ich  as, in eqs. 11 to  15 <  >  stands fo r
averaging over a tida l cycle. The m agn itude  and 
d ire c tio n  o f a term  in a sp e c ific  grid po in t is 
de term ined in the same m anner as described in 
section  2.4. Averaging over a tida l cyc le  is per
form ed a fte r decom posing  a ll te rm s para lle l and 
pe rpend icu la r to  the dom inan t s tream line  at 
every ava ilab le  tim e leve l (interval 30 min.). In 
each grid po in t the dom inan t d irec tion  o f the 
tida l flow  is given by eq. (6); Fig. 7 gives the  local 
s- and n-axes para lle l and pe rpend icu la r to  the 
dom inan t s tream line  in ch a ra c te ris tic  grid po in ts  
in the ne ighbourhood o f the Zeegat van het V lie. 
In th is  section  the same grid po in ts  are used to  
d iscuss  the re la tive in fluence  o f all te rm s in the 
governing equation  (16) w hile , as in sec tion  2.4, 
the spa tia l d is tr ib u tio n  o f the m ost im portan t 
te rm s is shown fo r th is  area.

The error in the m om entum  balance, caused by 
the  sm all d iffe rences between the com puted 
m agn itude  o f the term s and the m agn itude  in the 
num erica l s im u la tion  (d iscussed in section  2.4), 
fo llo w s  again from  a sum m ation  o f the term s in 
eq. (16). Th is error (“ term  (g)” ) is neg lected in the  
d iscuss ion  because it is on ly  of im portance  in 
g rid  po in ts  where the  m agn itude o f the  
dom ina ting  te rm s is re la tive ly  sm all.

The m agn itude o f all te rm s in equa tion  (16) in 
the  cha ra c te ris tic  grid po in ts  is given in Fig. 16. 
A g lobal com parison o f Fig. 16 and Fig. 8, w h ich
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Fig. 14. Isolines of the residual stream function in the in terior of the western Wadden Sea (interval 200 m3s ~ 1)

gives the average m agn itude o f the same term s 
during  the ebb and flood  periods, show s tha t 
there is a larger spa tia l va ria b ility  in the 
m agn itude o f the dom inan t te rm s in the tida lly - 
averaged equations.

C om paring the re la tive in fluence  o f the term s 
in one grid po in t in the tida l and tida lly-averaged 
equa tions  show s tha t para lle l to  the  dom inan t 
s tream line  (s-axis) an im po rtan t s h ift takes 
p lace: the role of the  bo ttom  fr ic t io n  term  (e) 
decreases, w h ile  the role o f the Bernou lli term  (b) 
increases. P erpendicu lar to  the s tream line  the 
re la tive  in fluence  o f the co rio lis  term  is d im in ish 
ed. Thus, in a firs t app rox im a tion , the non-linear 
term  (b) is the fo rc ing  term  in the  mean sta te .

This term  is coun te rba lanced  by the  com b ina tion  
o f a residua l water-level g rad ien t and a residual 
b o tto m -fric tio n  term . In the  grid  po in ts  show n 
term  (d), due to  a residual w ater-level g rad ien t, is 
m uch larger than term  (e), due to  res idua l bo ttom  
fr ic tio n .

Iso lines fo r the  m agn itude  o f these te rm s are 
given in Fig. 17. In the  le ft-s ide term , (b), (d) and 
(e), para lle l to  the dom inan t flow  d irec tion , are 
show n, in w h ich  so lid  lines represent the iso lines 
(0.5-10“ 4m s “ 2, 1 -1 0 -4m s -2  and 1.5-10_4m s - 2) 
o f te rm s th a t are pos itive  in the loca l s -d irection , 
de term ined accord ing  equa tion  (6); and dashed 
lines represent the same range o f iso lines  acting  
in the oppos ite  d irec tion . In general, the  con-
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vergence o f the tida l curren ts  in the tid a l in le t 
causes the Bernou lli term  (b) to  be pos itive  in the 
in flow  region o f the tida l in le t and negative in the 
channe ls o f the basin. The consequence is tha t 
the  coun te rba lanc ing  residual water-level g ra 
d ien t induces a drop in the  residual w ater-level in 
the  tida l in le t (see Fig. 10). The spa tia l d is tr ib u 
tion  o f the m agnitude of the res idua l bottom - 
fr ic t io n  term  com bined w ith  the spa tia l d is tr ib u 
tion  o f term  (d) show s tha t in the sha llow er part 
o f the area the main balance is form ed by term  (d) 
and (e), w h ile  in the  deeper channels te rm s (b) 
and (d) dom inate.

On the right-hand side o f Fig. 17 the same 
te rm s perpend icu la r to  the dom inan t s tream line  
(in the  local n-d irection) are given. The range of 
the iso lines  fo r term  (b) and (d) is greater; iso lines 
are given fo r 1-10_4m s - 2 , 2 -1 0 -4m s - 2 and 
3-10_4m s -2 , w h ile  term  (e) has the  same range 
o f iso lines  as the range in the s-d irection . It 
show s tha t in the n-d irection  the  cen tr ifu g a l term

(b) has a large spa tia l va riab ility , re lated to  the 
geom etry of the  tid a l in le t and the  channe ls in 
the basin (see Fig. 7). This term  is coun te rba lanc
ed by a residua l water-level g rad ient, resu lting  in 
a ris ing /low ering  o f the res idua l water-level in the 
ou te r/inner bend o f a channel. The com bined e f
fec t o f the Bernou lli term  and the cen trifuga l 
term  on the  residua l levels in the  tida l in le t is 
c lea rly  re flected  in Fig. 11. The Bernou lli term  
lowers the residua l level in a re la tive ly  large 
region on both s ides of the in le t and induces a 
drop in the centre  of the  in le t. A cross in le t g ra
d ien t resu lts  from  the more loca lly  ac ting  cen
tr ifu g a l term , w hich causes a fu rthe r low ering  of 
the  residual levels near the is lands.

Sum m ariz ing, it can be sta ted  tha t in the  mean 
sta te , com pared to  the  tim e  varying sta te , local 
geom etry and bo ttom  topography have more in 
fluence  on the m agn itude and spa tia l va ria b ility  
o f the m ost im portan t te rm s in the  m om entum  
equa tions. Th is is re flected  in the  increased in-
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Fig. 16. Tidally averaged magnitude of the terms (in 
10~6m s~ 2) in equation (16) parallel (left-hand side) and 
perpendicular (right-hand side) to the dom inant 

stream line in the characteristic grid points.

la rger scale, between m easured and com puted 
g loba l tw o -d im ensiona l cu rren t fie ld s  and be
tw een the observed and s im u la ted  area o f emers- 
ed tida l fla ts . Averaging the com puted 
water-leve ls and curren t ve lo c itie s  over a tid a l cy 
cle show s th a t the tida lly -d riven  residua l curren t 
ve loc ity  fie ld  is com posed o f iso la ted  residua l 
eddies and a th rough-flow  between d iffe re n t 
basins. In the tida l in le ts  the residua l ve loc ities  
assoc ia ted  w ith  the eddies, o f w h ich  the o rie n ta 
tio n  is supported by m easurem ents, are one 
order o f m agn itude  larger than the residual 
ve lo c itie s  assoc ia ted  w ith  the th rough -flow . A 
drop in the res idua l e leva tions in the in flow  areas 
o f tida l in le ts  and a rise in the  in te rio r o f tida l 
basins are general fea tu res in a ll tida l basins.

R ew riting the  governing m om entum  equa tions 
in d ire c tio n s  para lle l and pe rpend icu la r to  the 
loca l dom inan t s tream line  and de te rm in ing  the 
m agn itude  o f each term  in som e ch a ra c te ris tic  
grid po in ts  show  th a t m orpho log ica l d iffe rences 
s trong ly  in fluence  the m agn itude  and re la tive  im 
portance o f m ost o f these te rm s. The advective 
term , decom posed in a B ernou lli a cce le ra tion  
para lle l and a cen tr ifu g a l acce le ra tion  perpen
d icu la r to  the local s tream line , is s trong ly  in 
creased by pronounced va ria tions  in channel and 
bo ttom  geom etry, w h ich  subsequen tly  in fluence  
the  m agn itude o f the  o ther term s.

Averaging these te rm s over a tid a l period 
show s th a t in the mean s ta te  the m ain ba lance is 
form ed by the  advective and w ater-level g rad ien t 
term . P erpend icu la r to the dom inan t flow  d ire c 
tion , the m agn itude  and spa tia l va ria b ility  o f both 
residual term s are larger than para lle l to  the 
dom inan t flow  d irec tion . Th is d iffe rence  is caus
ed by the high num ber o f curves in the  channels 
th a t cause a high spa tia l va ria b ility  o f the cen
tr ifu g a l term , w h ile  va ria tions  in the m agn itude  
o f the  cross section  o f the tid a l flow , responsib le  
fo r a Bernoulli acce le ra tion , are more gentle .

fluence  of the advective te rm s th a t drive the 
tid a lly  averaged fie ld .

4. CONCLUSIONS

S im u la tions  w ith  a tw o -d im ensiona l num erica l 
model o f the w estern Dutch W adden Sea, cover
ing fou r tida l basins and a part o f the ad jacent 
N orth Sea, show a good agreem ent between 
observed and com puted w ate r e leva tions, 
transpo rt rates th rough the  tida l in le ts , and, on a
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ABSTRACT

B enth ic phosphorus regenera tion  is an im por
tan t fa c to r in eu tro p h ica tio n  processes of 
sha llow  w ate r system s. In any eco log ica l m ode ll
ing approach o f such system s an adequate 
descrip tion  o f the  sed im ent-w a te r in te ra c tio n s  is 
necessary. W ith  th is  aim  a fa ir ly  s im p le  concep t 
w ith  a low  num ber o f variab les and param eters 
has been fo rm u la ted  and analysed. The m ost im 
po rtan t param eter regu la ting  the benth ic  
phosphorus fluxes is the D am köhler num ber (Da), 
w h ich  represents the  com b ined  e ffe c t o f the 
aerob ic firs t o rder adso rp tion /deso rp tion  rate K 
[T _1], the  oxygen pene tra tion  depth H [L] and the 
apparent d iffu s io n  c o e ff ic ie n t D [L2-T —1]: 
Da =  K-H2 D ~ i. For Da <0 .3  anaerobic processes 
dom ina te  P-fluxes across the sed im ent-w ater in 
terface, fo r Da >12 chem ica l tra n s fo rm a tio n s  in 
the aerob ic layer are the  m ost im portan t. The 
concep t is app lied  to  EMOWAD, an eco log ica l 
m odel of the w estern part o f the Dutch Wadden 
Sea.

In the sub tida l sed im ents  o f th is  estuary, Da is 
es tim ated  at 0.4 in sum m er and 5.8 in w inter. For 
the  in te rtid a l areas these num bers are 3.9 and 23, 
respective ly. A ccord ing  to  the m odel, ben th ic  
phosphorus fluxes are a lm ost absent in w in te r 
and reach values o f up to  1.75 m m o l-m _2-d -1 in 
summ er. A pprox im a te ly  70% of the o rgan ic  
phosporus com pounds reach ing  the  sed im ents 
is regenerated w ith in  the same year. The model 
resu lts  suggest tha t o rgan ic phosphorus ac
cum u la ted  in the  sed im ents during  the w in te r 
and spring  is released to the  w ater co lum n dur
ing the summ er. Part o f the  phosphates p roduc
ed by m inera liza tion  is re ta ined tem pora rily  in

the sed im ent due to  adso rp tion  to  the sed im ent 
partic les.

1. INTRODUCTION

In sha llow  w ate r system s the in te rna l nu trien t 
load ing  from  the sed im ent is o ften  an im portan t 
fa c to r In e u troph ica tion  processes. The 
favourab le  e ffe c ts  o f the reduction  o f external 
nu trien t inpu ts  may be coun te rac ted  by benth ic  
regeneration, p a rticu la rly  when the sed im ents 
have high nu trien t con ten ts . In m ost coasta l and 
estuarine  system s phosphorus does not lim it 
p rim ary p roduction , but even then the sedim ent- 
w a te r in te rac tion  may be an im po rtan t process. 
R u tg e r s  v a n  der  Lo e f f  (1980b) fo r exam ple 
found th a t the P-input from  the sea-floor o f the 
Southern B igh t o f the North Sea was o f the same 
order o f m agn itude  as the  co n tr ib u tio n s  from  
o the r sources. Ba l z e r  (1984) in the  Kiel B ight 
ca lcu la ted  tha t about 66%  o f the  o rgan ic  
phosphorus reaching the sed im en ts  returned as 
Inorgan ic phosphate  to  the w ate r co lum n, w h ile  
H o p k in s o n  (1987) reported a 40%  co n tr ib u tio n  o f 
the ben th ic  P-flux to  the annual requ irem ents o f 
the  pe lag ic p rim ary producers in the nearshore 
zone o f G eorg ia  B ight. It is obv ious th a t m odels 
concern ing  sha llow  w ate r ecosystem s m ust in 
c lude an adequate de scrip tio n  o f ben th ic  
regenera tion  processes.

S e d im e n t-w a te r in te ra c t io n s  and  the  p ro 
ce s s e s  in vo lve d  have been d is c u s s e d  e x te n s iv e 
ly . In s itu  s tu d ie s  w ith  b e n th ic  c h a m b e rs  
( E ld e r f ie ld  e t a l., 1981; K lu m p  & M a r te n s ,  1981; 
R u tg e r s  v a n  d e r  L o e f f  e t a l., 1981; C a l le n d e r  
& H a m m ond , 1982; F is h e r  e t a l., 1982; H a l l ,  
1984; SuNDBY e t a l., 1986) as w e ll as e x p e r im e n ts

'P ub lica tion  no. 20 o f the p ro ject "Eco log ica l Research o f the North Sea and Wadden Sea" (EON).
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using und istu rbed sed im ent cores (K a m p - 
N ie l s e n , 1974, 1975; Ho l d r e n  & A r m s t r o n g , 
1980; El d e r f ie l d  et al., 1981; v a n  L ie r e  & M u r , 
1982; K e l d e r m a n , 1984; v a n  Ra a p h o r s t  & 
B r in k m a n , 1984; Q u ig l e y  & Ro b b in s , 1986) 
reveal tha t the actua l P-regeneration is a fu n c 
tio n  o f the concen tra tion  in the overlying water, 
tem perature, pH, oxygen penetra tion  depth, 
m ine ra liza tion  rates, b io tu rba tion  and o ther m ix 
ing processes in the sedim ent, tu rbu lence  o f the 
overly ing water, and chem ica l ch a ra c te ris tics  of 
the sed im ent m ateria l. A ll these fac to rs  should  
to  som e exten t be inc luded in the  model fo r
m u la tions .

In the  lite ra tu re  many fo rm u la tio ns  fo r benth ic  
flu xes  may be found, ranging from  purely em
p irica l re la tionsh ips  (e.g. K a m p -N ie l s e n , 1980) to 
fo rm a l and theo re tica l m odels (e.g. A l l e r , 1980; 
B e r n e r , 1980; J a h n k e  e t al., 1982). The firs t ap
proach does not inc lude  any a p r io r i know ledge 
o f the processes a ffe c tin g  the actua l fluxes. It 
leads to  s im p le  expressions, but feed-back 
m echan ism s associa ted  w ith  the fac to rs  m en
tioned  above are lack ing . Moreover, by the ir 
nature the usefu lness o f these m odels is 
res tric ted  to the  sp e c ific  s itu a tio n  fo r w hich they 
have been derived and ca lib ra ted . The second ap
proach a im s at com ple teness. A ll the relevant 
subprocesses are described exp lic ite ly , g iv ing 
rise to  a large num ber o f s ta te  variab les and 
param eters. S ince fo r phosphorus there is a 
s trong  in te rac tion  between d isso lved com 
ponents and so lid  m ateria l, m ass ba lances have 
to  be set up fo r both phases. G enerally th is  
m eans tha t the resu lting  equa tions have to  be 
solved num erica lly  in a large num ber o f th in  sed i
m ent layers, m ostly  fo r sm all tim e-steps (Ka m p - 
N ie l s e n  et al., 1982). In an ecosystem  m odel of 
w h ich  the benth ic  regeneration m odule  is on ly a 
sm a ll part and where the period to  be s im u la ted  
is m ostly  in the order o f m onths to  years, both 
are undesirab le  features. Besides th is  draw back, 
appropria te  data  fo r the  ca lib ra tion  o f the 
m odels are absent in m ost cases, thus causing  
large unce rta in ties  in the s im u la tion  resu lts. A g
g rega tion  o f the essentia l processes to  a s im p le r 
approach is there fore  necessary. In fac t th is  may 
resu lt in a concep tua l model w ith  a low  num ber 
o f s ta te  variab les and param eters, in w h ich  on ly  
a lim ited  am ount o f a p r io r i know ledge o f the pro
cesses dom ina ting  the ben th ic  system  is in co r
porated.

In th is  paper such a s im p le  approach to  assess 
the  ben th ic  P-regeneration is presented and

analysed. The m odel, o r ig in a lly  developed fo r the  
sha llow  eu troph ic  Lake Veluwe, the  N etherlands 
(B r in k m a n  & v a n  Ra a p h o r s t , 1986), is app lied  
here w ith  som e m o d ifica tio n s  to  EMOWAD, a 
com p lex estuarine  ecosystem  model o f the  
w estern part o f the D utch W adden Sea 
(henceforth  ca lled  w estern W adden Sea). For th is  
ap p lica tio n  da ta  from  the lite ra tu re  are used to 
es tim a te  the  values o f the various param eters. A 
more e labora te  ca lib ra tion  w ill be presented 
elsewhere.

2. BASIC CONCEPTS

The ob jective  o f th is  m ode lling  approach is to  
s im u la te  ben th ic  fluxes, ra ther than concen tra 
tio n  g rad ien ts  in the pore w a te r o r in the  so lid  
phase. An opera tiona l desc rip tion  o f the 
d iagene tic  processes w ith in  the  sed im ent may 
be s u ff ic ie n t fo r th is  purpose. The basic fo rm u la  
fo r the P-flux J0 across the sed im ent-w ater in te r
face we use is:

J0 =  <p-Km-(C0 -  Cb) (1)

w here J0 has the d im ension  M L _2-T_1, <p is the  
vo lum etric  po ros ity  ju s t be low  the sed im ent- 
w a te r in te rface  [ - ] ,  Km is an overall m ass 
tra n s fe r c o e ff ic ie n t [L-T-1 ], C0 is the concen tra 
tion  in the overly ing w ater and Cb is a 
c h a ra c te ris tic  concen tra tion  in the  in te rs tit ia l 
w ater, both having the  d im ensions M L - 3 - Eq.(1) 
is a general linear expression fo r fluxes  across 
in te rfaces, w ell known from  chem ica l eng ineer
ing (e.g. B ir d  et al., 1960; L e v e n s p ie l , 1962; A r is , 
1975).

The requirem ents to the  model can be 
spec ified  by s ta tin g  tha t the param eters Km and 
Cb have to  be com puted properly. The use of 
eq.(1) is ju s tifie d  by the experim enta l resu lts  o f 
K e l d e r m a n  (1984), v a n  Ra a p h o r s t  & B r in k m a n  
(1984) and B r in k m a n  & v a n  Ra a p h o r s t  (1986), 
show ing tha t P-fluxes from  und istu rbed se d i
m ent cores were linearly  re la ted to  the  concen 
tra tio n  in the overly ing water. To inc lude  the 
d iagene tic  phenom ena m entioned in the in 
tro d u c tio n , eq.(1) should, however, be extended 
and fu rthe r de ta iled.

For th is  purpose the sed im ent is, like  in o ther 
regenera tion  m odels, (e.g. B il l e n , 1978; L ij k l e - 
m a  & H ie l t j e s , 1982; v a n  Ec k  & S m it s , 1986; 
K l a p w ij k  & S n o d g r a s s , 1986), schem atized in to  
d is tin c t layers (Fig. 1), in w h ich  the tra n s fo rm a 
tio n s  are aggregated to  s im p le  zero order or firs t
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order reactions, and in w h ich  the  param eters are 
treated as in d iffe re n t to  depth. O bviously th is  
s im p lific a tio n  m akes it im poss ib le  to  com pute  
the e ffec ts  o f ve rtica l g rad ien ts  o f e.g. pH, 
po ros ity , etc. It is fe lt, however, th a t the  p o s s ib ili
ty  o f de fin ing  d iffe re n t param eter values in the 
d is tin c t layers is enough fo r the  present purpose. 
S ince the adsorp tion  capac ity  o f the bo ttom  
m ateria l fo r phosphate is dependent on the  iron 
ox ida tion -s ta te , the sed im ent is d iv ided in to  an 
aerob ic layer in w h ich  Fe(lll) is present as s tro n g 
ly P-adsorbing Fe-oxyhydroxides, and an 
anaerob ic layer in w h ich  Fe(ll) is dom inan t. In the 
model a th ird  layer is inc luded to accoun t fo r 
phosphorus d e fin ite ly  buried in the  deeper sed i
ment. The general d iagene tic  equation  fo r 
d isso lved phosphorus in each layer may be fo r
m ulated as (B e r n e r , 1980):

(2 )

where C is the concen tra tion  in the pore w ater 
[M -L -3 ], t is tim e  [T], D is the  apparent d iffu s io n  
or d ispers ion  co e ff ic ie n t [L2-T —1], x is the  depth 
re la tive to  the sed im ent w a te r in te rface  [L], co is 
an advection param eter [L T -1 ], and ER denotes 
the sum of a ll reactions and tra n s fo rm a tio n s  a f
fe c ting  C [M -L- 3 -T -1 ]. To arrive at an equation  
equ iva len t to  eq.(1), eq.(2) is solved a n a ly tica lly  
fo r the  aerob ic layer, w h ile  the  concen tra tion  in 
the  anaerob ic layer (C,, Fig. 1), needed as a 
boundary co n d ition  at the aerob ic-anaerob ic in 
te rface , is treated as depth independent w ith in  
th is  layer. The flu x  of d isso lved phosphorus

overlying water

benthic
diatoms

adsorbedorganic aerobic layer
mineralization f

adsorbedorganic anaerobic layer
mineralization

deeper sediment

across th is  in te rface  (Jv  Fig. 1) is a lso 
ca lcu la ted  from  the ana ly tica l so lu tio n  o f eq.(2) 
fo r the  aerob ic layer.

In the  aerob ic zone the  reaction  term  ER con 
s is ts  o f phospha te  p roduction  due to  m ine ra liza 
tio n , reversib le  adsorp tion  on the  sed im ent 
pa rtic les , and of re la tive ly  s low  p re c ip ita 
tio n /d isso lu tio n  processes. S tr ic tly  speaking the 
P-uptake by ben th ic  d ia tom s shou ld  a lso be in 
c luded in E ft. In the  fina l ap p lica tio n  to 
EMOWAD, however, there is no d irec t in 
te rfe rence  between th is  uptake and the flux  J0. 
B enth ic prim ary p roduction  is assum ed to  take 
p lace on ly on em erged in te rtid a l fla ts . The P-flux 
across the  sed im ent-w a te r in te rface  is assum ed 
to  be im po rtan t on ly during subm ers ion  (Table 2). 
As a firs t app rox im a tion  m ine ra liza tion  can be 
trea ted  as a zero order process (i.e. independent 
o f C) p roducing  phosphate  hom ogeneously over 
the en tire  layer. A dso rp tion  is usua lly  assum ed 
to  proceed at an in fin ite  rate, thus  leading to  in 
s tan taneous e q u ilib ria  (cf. B e r n e r , 1980). For the 
present purpose a dynam ica l fo rm u la tio n  of the 
adso rp tion /deso rp tion  processes is more 
su itab le  (B r in k m a n  & v a n  Ra a p h o r s t , 1986), a 
s im p le  expression  being (A r is , 1975; Do m e n ic o , 
1977):

Pat/s =  - K - ( C - C ,eqi (3)

Fig. 1. Basic overview of the processes incorporated in 
the benthic phosphorus regeneration model. 

Pin = C + Pads. For further explanation see text.

where Rads denotes the  c o n tr ib u tio n  o f reversi
ble adsorp tion  to  ER  [M L - 3 -T-1 ], K is a firs t 
order ra te -constan t [T —1] and Ceq is the  adsorp 
tio n  equ ilib rium  concen tra tion  [M -L -3 ]. It should  
be noted tha t both K and Ceq depend on the 
phosphorus am ount adsorbed on the so lid  su r
faces, and w ill there fore  vary in tim e  and depth. 
For re la tive ly  th in  layers, eq.(3) may s till lead to 
accep tab le  resu lts  as long as in the actua l model 
s im u la tio n s  Ceq, using a su ita b le  iso therm , is 
com puted each tim e-step  from  the to ta l am ount 
o f ino rgan ic  phosphorus ava ilab le  fo r adso rp 
tion . In Fig. 1 th is  am ount is represented by the 
variab le  Pin and Pin1 fo r the aerob ic and the 
anaerob ic layer, respective ly. L inear adsorp tion  
iso therm s are used to ca lcu la te  Ceq in the 
aerob ic layer and the concen tra tion  C1 [M L -3 ] 
in the  anaerob ic layer:

Ce(J =  P /„- (1 + P C )- 1 ; C1 =  P/n)1- (1 + P C 1) - i  (4)

where PC and PC, are linear pa rtit io n  c o e ff i
c ien ts  (d im ensionless). In general PC >  PC,, 
leading to  m uch h igher co ncen tra tions  in the
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reduced zone than in the aerob ic layer. Eq.(3) 
may a lso be used fo r the fo rm u la tion  o f the 
p re c lp lta tio n -d lsso lu tio n  reactions, a lthough  in 
rea lity  the  k ine tics  o f these are ce rta in ly  more 
com plex. Anyhow, these s low  reactions like ly  do 
not dom inate  Eñ, and hence the use of eq.(3) fo r 
the overall chem ica l trans fo rm a tions  is probably 
ju s tifie d .

3. BENTHIC FLUXES J0 AND J :

In general the rates o f the processes concerned 
and the concen tra tion  In the overly ing w ater 
change s low ly  com pared to  the tim e needed to  
achieve steady sta te  p ro files  in the  pore water. 
Th is means th a t it is s u ff ic ie n t to  solve eq.(2) fo r 
pseudo s ta tiona ry  co n d ition s  (supported fu rthe r 
on). Assum ing a zero order phosphate p roduc
tio n  due to  m inera liza tion  Pm [M L ~ 3-T_1] and 
using eq.(3) fo r the chem ica l trans fo rm a tions , 
eq.(2) becom es:

n -  n  d2C dC „  ,r  r
e q ,) + P n

$ 0  =  <p-
K „-H

•(1 -  * b) =  y>-«-(1 -  * 0)

(B e r n e r , 1980). W ith  th is  assum ption  and the  
boundary co n d ition s

¥(0) =  1, * (1 )  =  * !  (9)

the  so lu tion  of eq.(7) and eq.(8) is:

$ 0 =  V
VDa

tanhVDa^ Da

e .

coshVD¿T

(10)

(5)

For convenience the equa tions are rendered 
d im ension less by se tting  ÿ  = C/C0 and \  =  x/H, 
where H Is the th ickness  o f the aerob ic layer, 
d im ension  L. The equations (1) and (5) thus 
become:

G raph ica l exam ples of th is  so lu tion  are 
presented in Fig. 2. In eq.(10) tw o  extrem es can 
be d is tingu ished . In the  firs t Da is sm all, i.e. 
there is no subs tan tia l adsorp tion  during the 
tim e  period needed to  d iffu se  over a d is tance  H. 
In o ther w ords, the  flu x  4>0 is m erely de term ined 
by the p roduction  due to m inera liza tion  and the  
d iffu s io n  from  the anaerob ic layer. In the o ther 
extrem e, Da is large and on ly a layer <  H ju s t 
below  the  sed im ent-w ater in te rface  is a c tu a lly  in 
volved in the benth ic  flux . In th is  case the 
chem ica l reactions and the m inera liza tion  rate 
are co n tro llin g  the ben th ic  flu x  J0, w h ile  the in 
fluence  o f the anaerob ic layer is un im portan t. 
M a them atica lly , both  extrem es read (Appendix 1, 
Fig. 2):

(6) Da <0.3 : <i>0 = ^(1  -  1/20 a - (11a)

° = w - pe^ - Da^ - ^ )+Q  ̂ (7)

where the d im ension less flu x  3>0 =  J0 H/(C0-D), 
the  param eter a is defined in eq.(6), the  Peclet 
num ber (Pe) is o¡-H/D and the  D am köhler num ber 
(Da) is K H 2ID. The physica l in te rp re ta tion  of 
these d im ension less num bers was d iscussed in 
de ta il by B ir d  et al. (1960) and Do m e n ic o  (1977). 
The term  Qa -  Pm H 2l(C0 D) denotes the d im en
s ion less P -production due to m inera liza tion , 
averaged over H, w h ile  the subscrip ts  0 ,b and eq 
have the same m eaning as before. The link  be
tw een eq.(6) and eq.(7) fo llo w s  from  F ick ’s firs t 
law :

In m ost s itu a tio n s  advection may be ignored

Da >12: 4>0 «  <p-\fDa-(1 -  * eq -  ) (11b)

From the exam ples given in Fig. 2, it may be con 
cluded th a t 4>0 decreases at increasing  values of 
Da. A t Da =  8 to 15, however, $ 0 increases again. 
The exp lana tion  o f th is  is s im p le . The e ffe c t of 
the  m inera liza tion  term  0 a as w ell as the e ffe c t 
o f the anaerobic layer on $ 0 is m ost im portan t at 
sm a ll Da-numbers. In Fig. 2 th is  can be seen by 
com paring  the curves 1 w ith  2, 3 w ith  6, and 5 
w ith  6. A t increasing  values o f Da the  abso lu te  
co n tr ib u tio n  o f both e ffec ts  to  4>0 decreases, 
w h ile  the chem ica l tra n s fo rm a tio n s  becom e 
more im portan t. At large values o f Da, 3>0 is m ost 
sens itive  to  'i'gg (com pare curves 1, 3 and 4). It 
shou ld  be noted th a t in case * eq =  1 (curve 4), 4>0 
app rox im ates 0 fo r large values o f Da. For t eq 
< 1 , $ 0 w ould turn in to  the oppos ite  d irec tion
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— <i>0 l<p

2 0 - -

1 5 -

20 -

15-

5 -

2 0 -

15-

10 -

5 -

Fig. 2. Examples of the solution expressed in eq.(10), 
the dim ensionless benthic flux -<t>0/̂ > as a function of 
the Danumber. The approximate so lutions for extreme 
Da-numbers (eqs. 11 and 11b) are presented by the 

dashed lines.
curve 1: ^ ,  = 3, e a =  10> ^ i  =  10i curve 2: Veq = 3, 
0 a = 2, * ,  =  10; curve 3: * e() =  2, 0 a = 1O, * ,  =  10; curve 
4: =  1, 0 a = 10, * ,  =  10; curve 5: * eq = 2,

= 2, 0 a = 2, * ,  =  10.
e q  -

0a = 2,
* ,  = 20; curve 6: * eq

This means tha t the e ffe c ts  o f the  anaerob ic 
layer on the flu x  can be id e n tified  by sub trac ting  
eq.(11b) from  eq.(10). Thus, when eq.(10) is re fo r
m ula ted  into:

e a
$ 0 =  W O a (1  - ^ eq— ñ a ~ - * a n ) (12)

* an com prises the  e ffe c t o f the  anaerob ic layer, 
and is given by:

*1 a
. / - I - *  e a \ .1 -  tanhVD a
( eq D a ’ tanh V o F

0=
e<7~t'~ D F ~ Ÿ l 

sinhVOcT
(13)

In eq.(12) the  in fluence  o f the anaerob ic layer is 
com pressed in to  one term  * a„. This perm its a 
d irec t com parison  between th is  co n tr ib u tio n  and 
the  chem ica l equ ilib rium  term  * eq and the e ffec t 
o f the m ine ra liza tion  processes Qa/Da. By tak ing  
the  lim it Da in eq.(13), it fo llo w s  im m ed ia te ly  
th a t * a„  approx im ates 0 fo r large values o f Da. 
Eq.(12) is equ iva len t to  eq.(6) w ith  a =  4 0 a  and 
* b =  * eq + Qg/Da + * a/J. This ana lys is  show s tha t 
the Dam köhler-num ber, expressing  the co m b in 
ed e ffe c t o f the  reaction  k ine tics , d iffu s io n  and 
the oxygen pene tra tion  depth, de te rm ines the 
ben th ic  flu x  <i>0 to  a large extent.

To set up a m ass ba lance fo r ino rgan ic  
phosphorus in the aerob ic layer (P/n), the  flu x  of 
d isso lved P across the aerob ic-anaerob ic in te r
face  d, (Fig. 1) has to  be ca lcu la ted  too. The ex
p ression fo r the  d im ens ion less  flux  
4>1 =  J r H/(C0-D) is ob ta ined by so lv ing  eq.(7) for 
the  firs t deriva tive  at X =  1:

4>1 =
¿ i

"ax
•VDa

\=  1 tanhVOa

■(* +  r  eq T

0a1 _  i t ____2-
0 3 t  | i eq Da
Da cosh \ÍDa

(14)

This equa tion  is com parable  to  eq.(10). For sm all 
values o f Da, eq. (14) is approx im ated  by:

^ ^ ■ ( 1 + % 0 3 - Ÿ ! )

from  the overly ing w a te r tow a rds  the sed im ent 
fo r large values o f Da. From Append ix 1 it fo llo w s  
th a t eq.(11b) is the general so lu tion  o f eq.(7) and 
eq.(8) in s itu a tio n s  w ith o u t an anaerob ic layer.

com parable  to eq.(11a). In the o ther extrem e, if 
Da is large

<t> y/Da-(*eq +  Qa/Da -  ^  ) ,
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com parable  to  eq.(11 b). A lso  fo r <!>, it may be 
conc luded  tha t the  Da-number is an im portan t 
param eter.

4. ANALYSIS OF SOME MODEL ASSUMPTIONS

The m ost general assum ptions  underly ing  the 
above model equa tions are d iscussed in de ta il 
by B e r n e r  (1980) and w ill not be trea ted  here. To 
check qu a n tita tive ly  the va lid ity  o f the  more 
sp e c ific  assum ptions fo r a p p lica tio n s  to the 
w estern W adden Sea, the relevant param eter 
values have to be estim ated . In Table 1 the orders 
o f m agn itude  are lis ted . It is obvious th a t the  ap
parent d iffu s io n  c o e ffic ie n t D in the sed im ents  of 
the w estern W adden Sea is much larger than the 
m o lecu la r one (approxim ate ly  6 -1 0 -10m2 s - 1), 
b io tu rba tion  and d ispers ion  due to  bo ttom  sw ell 
and tid a l curren ts  m ost like ly  being the  m ajor 
phenom ena (R u tg e r s  v a n  d er  Lo e f f , 1981). The 
value o f H, estim ated from  A n d e r s e n  & H e ld e r

(1987) is in accordance w ith  o ther m easurem ents 
in m arine and estuarine  sed im ents (e.g. 
Sçjrensen e t al., 1979 Re v s b e c h  et al., 1980; 
H e l d e r  & B a k k e r , 1985; J o r g e n s e n  & Re v s b e c h , 
1985).

4.1. NEGLECTING ADVECTION

In Append ix 2 it is shown tha t advection can be 
ignored because:

^ = c o 2-(K -D )-1«?4

A ccord ing  to  the param eter values lis ted  in Table 
1 th is  requ irem ent is fu lfille d .

4.2. STEADY STATE ASSUMPTION

To check the va lid ity  o f the s teady s ta te  assum p
tion  eq.(2) has to be solved dynam ica lly . From 
the  so lu tion  in Appendix 3 it is concluded tha t 
the  tim e  ta needed fo r the  concen tra tion  pro file  
in the  aerob ic layer to  adapt itse lf to  new co n d i
tio n s  in the  overly ing w ater is given by:

, = ______ 3______
3 ( K + tt2-D H ~ 2)

A ccord ing  to  the  param eter values lis ted  in Table 
1, ta is in the  order o f m inutes or hours (102 to  
104 seconds), on average abou t ha lf an hour. 
A lthough  som e flu c tu a tio n s  in C0 may occur on 
the  same tim e-sca le  or even faster, the  tim e  con 
s tan ts  o f the m ajor va ria tions  are o f the  order of 
at least days. Moreover, the fa s t flu c tu a tio n s  w ill 
genera lly  not be the  m ain ob jec t o f eco log ica l 
m odels like  EMOWAD. So the  conc lus ion  tha t 
the  steady s ta te  is a valid assum ption  seem s to 
be ju s tifie d .

4.3. NEGLECTING TRANSFER RESISTANCE IN 
THE BENTHIC SUBLAYER

S tric tly  speaking, in eq.(1) C0 is the concen tra 
tion  ju s t at the sed im ent-w ater in te rface . O nly if 
the res is tance aga inst m ass-transfer in the 
sub layer above the bo ttom  surface is low  com 
pared to the res is tance w ith in  the  sed im ent, may 
C0 be approxim ated by the bulk concen tra tion . 
However, m any recent papers (Sc h in k  & 
G u in a s s o , 1977; Bo u d r e a u  & G u in a s s o , 1982; 
S a n t s c h i e t al., 1983; H a l l , 1984; J o r g e n s e n  & 
R e v s b e c h , 1985; S u n d b y  e t al., 1986) ind ica te

TABLE 1
Order of magnitude of the parameters in the basic concept, 

‘ using the model outlined In the text and assuming H = 5-10-3  m.

param eter value reference

D 1 0 - 9 - 1 0 - 8  m 2.s - 1 R u t g e r s  v a n  d e r  L o e f f  (1981)
K o I -U O I GO C/5

I B r in k m a n  &  v a n  R a a p h o r s t  (1986) 
K e l d e r m a n  (1984) *

Km 10~6 - 10-5  m s -1 B r in k m a n  &  v a n  R a a p h o r s t  (1986) 
K e l d e r m a n  (1984) *

H 1 0 -3 -1 0 -2  m A n d e r s e n  &  H e l d e r  (1987)
CO 10 -9 -1 0 -1 0  m s - 1 v a n  d e r  G o e s  et al. (1980)
Pe 1 0 -5 - IO -3 ------
Da 1 0 -1 -10+1 ------
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tha t the res is tance  in the sub layer canno t a lw ays 
be ignored. W riting  Cov as the  concen tra tion  in 
the overly ing w ater fa r from  the  sed im ent-w ater 
in te rface  [M L -3 ] and Kms as the  m ass-transfer 
c o e ffic ie n t in the  sub layer [L -T -1 ], the flux  
across the  sub layer becom es Kms-(Cov-  C0). By 
se tting  th is  flu x  equal to  J0 (eq.1) it can eas ily  be 
show n tha t (cf. B ir d  e t al., 1960; L e v e n s p ie l , 
1962):

(15)

In case Kms >  <p-Km, eq.(14) is equ iva len t to  eq.(1) 
w ith  C0 = C OV, in the oppos ite  J0 = Kms-(Cov-  Cb).

The trans fe r across the  sub layer is a fu n c tio n  
o f the  hydrodynam ics near the  sed im ent surface. 
As in Bo u d r e a u  & G u in a s s o  (1982) Kms is 
estim ated  from :

Kma~r u . * c - ° * r (16)

in w hich the d im ens ion less  cons tan t 
7  = 0 .0 4 -0 .0 8 , the fr ic t io n  ve loc ity  u , in sha llow  
w a te r = 1 0 -2  m -s-1  and the S chm id t-num ber Sc 
is estim ated  at 102 to  103. Hence Kms is in the 
order o f 8-10-6  to  2-10-5  m -s - 1 . A ssum ing 
<f> =  0.5 fo r sandy sed im ents, Kms is app rox im a te 
ly 10 tim es larger than <p-Km (Table 1). The con 
c lus ion  is th a t the res is tance  in the sub layer w ill 
have on ly a m inor e ffe c t on the benth ic  P-fluxes, 
and hence eq.(1) may be app lied  w ith  C0 - C ov.

5. APPLICATION TO EMOWAD

5.1. AREA DESCRIPTION

The w estern W adden Sea is separated from  the 
rest of the W adden Sea by the tida l w atershed 
south  o f the is land o f T e rsche lling  (Fig. 3), and is 
connected to  the N orth Sea by tw o  m ajor tida l in 
le ts: M arsdiep south o f the  is land o f Texel and 
V lies troom  between the  is lands o f V lie land  and 
Tersche lling . The sm a ll in le t between Texel and 
V lie land is separated from  the  m ain part o f the 
w estern W adden Sea by a tid a l w atershed, and is 
of m inor im portance to  the system . The 
freshw a te r inpu t from  the ad jacen t Lake IJssel is 
m a in ly  d ischarged in to  the N orth Sea via the 
M arsdiep. The area is d iv ided in to  tw o m ajor 
basins: the M arsdiep-basin in the  w est and the 
V lie  basin associa ted  w ith  the  V lies troom  tida l 
in le t. The to ta l surface area o f the estuary is

Fig. 3. Map of the western part of the Dutch Wadden 
Sea. 1: Marsdiep basin, 2: Vlie basin. — Tidal 

watershed.

1415-106 m2 (32% in te rtida l, 53% sub tida l, 15% 
tid a l channels). The mean depth is app rox im a te ly  
3.3 m.

5.2. RELEVANT CHARACTERISTICS OF 
EMOWAD

For the basic s truc tu re  o f EMOWAD, i.e. an ex
tended form  o f an ecosystem  m odel derived fo r 
the  Ems Estuary, see Ba r e t t a  & R u a r d ij  (1988). 
P rinc ipa lly  the EMOWAD m odel expresses all 
b iom asses and tra n s fo rm a tio n s  in te rm s of 
o rgan ic  carbon. N u trien ts  (P and Si; N is not in 
c luded) are m odelled on ly  in so fa r as they a ffe c t 
prim ary p roduction . The w estern  W adden Sea is 
d iv ided in to  12 com partm en ts  to  perm it the in c lu 
s ion o f la te ra l va ria tions  (see v a n  D u y l  & K o p  
(1988) and V e l d h u is  e t al. (1988)). In each com 
partm ent three d iffe re n t areas are d is tingu ished : 
channel beds, sub tida l areas, and in te rtid a l fla ts  
(Table 2).

The ben th ic  P-regeneration is com puted  acco r
d ing to  the concep t ou tlined  in the  previous sec
tions. The lower boundary o f the  anaerob ic layer 
(Fig. 1) is set at 0.3 m below  the sed im ent-w a te r 
in te rface . F irst, each tim e-step  a m ass balance is 
set up to  ca lcu la te  in both  the aerob ic and the

TersChellint

Lake IJssel
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TABLE 2
Definitions and main properties of the benthic areas in the EMOWAD model.

channel beds defin ition:
properties:

level > 5  m below Mean Low Tide Level (MLTL) 
chem ically and bio log ica lly inert, hence no P-regeneration

subtidal areas defin ition:
properties:

MLTL > leve l ^ 5  m below MLTL
submerged, no benthic primary production, P-regeneration 24h 
per day

in tertida l fla ts defin ition:
properties:

level >  MLTL
emerged during a part o f the day, benthic primary production 
only while emerged, P-regeneration only while submerged

anaerob ic layer the to ta l am ount o f inorgan ic  
phosphorus ava ilab le  fo r adso rp tion /deso rp tion  
(Pjn and P/nj  respectively). Next the P-flux across 
the sed im ent-w ater in te rface  is ca lcu la ted  from  
eq.(12), see Appendix 4. The depth of the aerob ic 
layer H, as well as the  apparant d iffu s io n  c o e ff i
c ien t D, is ca lcu la ted  each tim e-step. The main 
concep ts  on th e ir ca lcu la tio n  are lis ted  in Table 
3, fo r de ta ils  see B a r e t t a  & R u a r d ij  (1988).

The order o f m agnitude o f K is m entioned in 
the  previous section : 10 -3  to  10-4  s - 1 , in 
EMOWAD K =  3 .5 -1 0 -4 s - 1 =  30 d a y - 1 fo r both 
the  sub tida l and the in te rtida l sed im ents. 
Together w ith  the typ ica l va lues fo r the oxygen 
pene tra tion  depth H and fo r the d iffu s io n  c o e ff i
c ien t D (lis ted in Table 3), th is  resu lts  in Da- 
num bers ranging from  0.4 and 3.9 in sum m er to 
5.8 and 23 in w in te r fo r the sub tida l and the  in te r
tid a l areas, respective ly. The pa rtition  co e ffic ie n t 
PC is estim ated at 750, again fo r both sed im ent 
types. This value is in accordance w ith  the  ex
perim enta l resu lts  o f B r in k m a n  & v a n

Ra a p h o r s t  (1986) fo r Lake Veluw e sed im ents. 
PC-i is estim a ted  at 2.5, in accordance w ith  the 
data  given by K r o m  & B e r n e r  (1980).

5.3. RESULTS AND DISCUSSION

The m odel was run th roughou t 1986. In Fig. 4 
som e resu lts  are presented fo r com partm en t 10 
in the cen tra l part o f the  V lie basin. The tid a l fla ts  
o f th is  com partm en t are subm erged fo r approx
im a te ly  75% o f the day; hence in these areas the 
da ily  averaged trans fe r co e ffic ie n ts  and release 
rates are app rox im a te ly  a fa c to r 0.75 low er than 
the  m om entary rates. The s im u la ted  fluxes  are 
w ith in  the  range tha t can be obta ined  from  the 
references m entioned in the in troduc tion . In 
com parable  in te rtid a l sed im ents o f the Ems Es
tuary  R u tg e r s  v a n  d er  Lo e f f  e t al. (1981) 
m easured fluxes between 0 and 1 
m m o l-m -2- d - 1 in w in te r and sum m er, respec
tive ly . The s im u la ted  values o f the mass trans fe r 
c o e ff ic ie n t Km (Fig. 4b) are in agreem ent w ith  the

TABLE 3
Concepts and main properties of d iffusion, oxygen penetration depth, and Da-numbers in the EMOWAD model.

concept properties

apparent d iffusion- Determined by storm-induced m ixing, tida l pumping, bioturbation and bio-irrigation
coe ffic ien t D by deposit feeders, suspension feeders, meiobenthos and epibenthos. 

Typical values: 2 .1 0 -8 m _ 2 s in summer 
6.10-9  m _2-s in w inter

oxygen penetration Determined by oxygen production by benthic diatoms, consum ption due to
depth H m ineralization in the aerobic layer, by sulphide oxidation at the aerobic-anaerobic 

interface, and by the capacity to match the oxygen demand by d iffus ion across the 
sediment water interface.
Typical values: 5.10~3 to 10.10-3  m (subtidal)

15 .10-3 to 20.10.~3 m (intertidal)
(summer and winter, respectively)

Da-numbers subtidal: 0.4 (summer), 5.8 (winter) 
in tertida l: 3.9 (summer), 23 (winter)
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experim enta l data o f B r in k m a n  & v a n  
Ra a p h o r s t  (1986) fo r Lake Veluw e and those of 
K e l d e r m a n  (1984) fo r Lake Grevelingen (0.02 to
0.10 m -d -1 ). U n fo rtuna te ly  there are no data at 
hand to com pare these s im u la tio n  resu lts  w ith  
experim enta l data  ob ta ined in the  W adden Sea. 
The d iffe rences In the  Da-num bers (Table 3) are 
d ire c tly  re flected  in the  co n tr ib u tio n s  to  Cb (Fig. 
4c). In w in te r Da is large and fo r the  in te rtid a l 
areas eq.(11b) app lies. In th is  period Ceq is the 
dom ina ting  co n tr ib u tio n  to  Cb. In sum m er the 
o ther fac to rs  becom e m ore im portan t. In the sub 
tid a l sed im ents Da then becom es very sm all and 
consequen tly  the c o n tr ib u tio n  from  the 
anaerob ic layer is m ost im po rtan t during  th is  
tim e  o f the  year. A t the  end o f March Ceq in 
creases due to  the  m ine ra liza tion  of o rgan ic  
phosphorus com pounds accum ula ted  in the 
sed im ents during the preceding m onths. In early 
sum m er there is a s trong decrease in Ceq, and 
hence a lso in Pin. This m eans th a t phosphorus 
accum ula ted  in w in te r and spring  is re leased in 
sum m er. The s im u la tion  resu lts  suggest a net 
load ing  o f the sed im ents  w ith  phosphorus in 
w in te r and a net release to  the  w ater co lum n in 
June and July. This pa tte rn  is in agreem ent w ith  
the  data o f Po s t m a  (1954) and D e J o n g e  & 
Po s t m a  (1974). From the  occurrence  o f spring 
m in im a and sum m er m axim a in the  co n ce n tra 
tio n s  o f phosphorus com ponen ts  in the  w ater 
co lum n o f the W adden Sea, they concluded th a t 
o rgan ic  phosphorus is m inera lized and released 
as ino rgan ic  phosphates during the sum m er. The 
m odel resu lts  suggest th a t part o f these 
phosphates are adsorbed to  the sed im ent par
tic le s , and thus are re ta ined tem po ra rily  w ith in  
the sed im ent.

The cha ra c te ris tic  ben th ic  concen tra tion  
c b  =  c e q  +  p m / K + c a n  (eq.(A8), Append ix 4) 
averaged over the period O ctober-M arch is co m 
puted by the model at 3.4 and 3.1 m m o l-m -3  fo r 
the sub tida l and in te rtid a l areas, respective ly. 
The correspond ing  values fo r spring  and sum m er 
(April to  Septem ber) are 9.3 and 4.5 m m o l-m -3  
respective ly . These resu lts  are in fa ir ly  good 
agreem ent w ith  the da ta  o f Ru tg e r s  v a n  der  
Lo e f f  (1980a). In the  upper cm o f the sed im ent of 
sub tida l area in the w estern W adden Sea he 
observed P -concentra tions in the pore w a te r < 10  
m m o l-m - 3 . Only during  A ugust and Septem ber 
d id he m easure co ncen tra tions  between 10 and 
20 m m o l-m - 3 . Data from  4 o ther loca tions  in the 
w estern W adden Sea (v a n  Ra a p h o r s t  & 
K l o o s t e r h u is , unpub lished resu lts  fo r 1987) in-
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Fig. 4. Results of the standard s im ulation for com part
ment 10 In the Vile basin. A: f lu x - p - J 0
(m m ol-m -2 -d-1 ), B: transfer coe ffic ien t p-^-Km
(m-d-1 ), C: contribu tions to the characteristic benthic 
concentration Ceq (m m ol-m -3 ): chem ical equilibrium
concentration Ceq (------- ), m ineralization term Pm/K
(------ ) and the contribu tion from the anaerobic layer
Can (......). The factor p denotes the fraction of the day
the areas are submerged. Subtidal: p = 1, in tertidal: 

p = 0.75.
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Fig. 5. Dissolved phosphate concentrations In com part
ment 10 of the Vlie basin (1986). (------ ) sim ulation; (□ )
fie ld  observations (d ata  ob ta ined  from  V e ld h u is  e f a/., 

1988).

d ica te  phosphate concen tra tions  in the pore 
w a te r o f the upper 5 mm of in te rtid a l sed im ents 
between 1 and 3 m m o l-m -3  in w in ter, and be
tw een 2 and 5 m m o l-m -3  in sum m er, respec
tive ly.

The model p red icts  too  low phosphate concen
tra tio n s  in the  overly ing w ater (Fig. 5). C onse
quently , the  flux  driv ing  force Cb - C 0 is too  
large, leading to  too large fluxes. The d iscrepan 
cy between fie ld  da ta  and s im u la tio n s  is pro
bably due to  the absence o f ano ther nu trien t 
than P or Si p o ten tia lly  lim itin g  prim ary p roduc
tion  in the EMOWAD m odel. For instance, in 
o rgan ic n itrogen concen tra tions  are low  from  
June to  Septem ber ( V e l d h u i s  e t al., 1 9 8 8 )  and 
may lim it prim ary p roduction  during  tha t period. 
Fig. 6 show s the im pact o f benth ic  regeneration 
on three eco log ica l variab les o f com partm en t 2 
in the  M arsdiep basin and com partm ent 1 0  in the

Fig. 6. April-September averaged values separately for 
com partm ents 2 and 10 of (top) Chl-a (mg-m-3 ), (m id
dle) pelagic Bio logical Oxygen Consumption (BOC, 
g 0 2-m -3 -d-1 ) and (bottom) pelagic bacterial produc
tion (PRDM, mgC-m-3 -d-1 ). (left): sim ulation including 
benthic regeneration, (right): s im ulation w ithout ben
th ic  regeneration. Bars denote sim ulation results.
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(☆ ☆) indicate mean fie ld observations in the two tota l 
basins, (★ ★ ) for com partm ent 10 In the Vlie basin 
(1986). Chl-a from V e ld h u is  et al. (1988), BOC and 

PRDM from va n  D u y l  & Kop (1988).
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Vlie basin. In Fig. 6a s im u la tio n s  are show n fo r 
the  standard m odel inc lud ing  ben th ic  regenera
tion . The resu lts  presented in Fig. 6b are o b ta in 
ed by sw itch in g  o ff the  regeneration m odule. 
Field observa tions from  both basins are given fo r 
com parison . R egeneration a lm os t doub les the 
s im u la ted  sum m er averaged Chl-a concen tra 
tions , as w ell as the  pe lag ic  B io log ica l Oxygen 
C onsum ption  (BOC) and the pe lag ic bacteria l 
p roduction  (PRDM). As w ith  the fin d in gs  of 
R u t g e r s  v a n  d e r  L o e f f  (1980b), B a l z e r  (1984) 
and H o p k i n s o n  (1987) fo r o the r areas, the con 
c lus ion  seem s ju s tif ie d  th a t ben th ic  regenera
tio n  p lays an im po rtan t ro le in the w estern 
W adden Sea too.

The model com putes a yearly averaged flu x  of 
app rox im a te ly  0.6 and 0.2 m m o l-m - 2 -day-1  fo r 
in te rtida l and sub tida l sed im ents, respective ly. 
Taking in to  accoun t the  to ta l surface  areas, the 
correspond ing  gross in te rna l load ings fo r the 
w estern W adden Sea may be estim a ted  at 90 and 
435 km o l-d - 1 . The m odel a lso ca lcu la tes  th a t on 
average 134 km o l-day-1  are deposited  on the 
tid a l f la ts  as o rgan ic phosphorus, w h ile  573 
km o l-d -1  reach the  su b tida l sed im ents. The an
nual mean ben th ic  regeneration e ffic ie n cy  is ap 
p rox im a te ly  70%  in both in te rtid a l and sub tida l 
areas. This e ffic ie n cy  does not d iffe r  much from  
th a t m entioned by B a l z e r  (1984) fo r the Kiel 
B ight. In 1986 the to ta l phosphorus inpu t from  
the freshw ate r sources to  the  estuary was 350 
km o l-d - 1 . The to ta l benth ic  regeneration as 
com puted by the model is o f the  same order o f 
m agn itude  (525 km o l-d -1 ). The net accum u la tion  
in the  sed im ents being 182 km o l-d - 1 , the 
average ou tp u t to  the N orth  Sea becom es 
3 5 0 -  182 = 168 km o l-day- 1 . Hence accord ing  to 
the  m odel, accum u la tion  and o u tpu t to the  N orth 
Sea are o f equal im portance. These figu res again 
dem onstra te  the  po ten tia l im pact o f ben th ic  ex
change processes on the phosphorus budget of 
the  w estern W adden Sea.

6. CONCLUSIONS

The s im p le  model based on eq.(1), eq.(2) and 
eq.(3) perm its  the assessm ent o f the phosphorus 
regeneration in a com p lex ecosystem  m odel like 
EMOWAD. In the  m odel the  Da-num ber is the 
m ost im portan t param eter. In system s where Da 
is large (>12), chem ica l processes in the aerob ic 
layer dom ina te  over m ine ra liza tion  and d iffus ive  
transpo rt from  the  anaerob ic zone. If Da is sm all 
(<0 .3), adsorp tion  o f phosphorus to  the sed i

m ent pa rtic les  is less im portan t and m ine ra liza 
tio n  and d iffu s io n  from  the anaerob ic layer 
de te rm ine  the  ben th ic  P-flux. In the  sed im ents  of 
the  w estern W adden Sea Da varies between 0.5 
in the  sub tida l areas in sum m er, and 23 in the in 
te rtid a l areas in w in ter.

A p p lica tio n  o f the  m odel to  EMOWAD reveals 
tha t app rox im a te ly  70% o f the annual am ount of 
phosphorus reaching the sed im ents  is 
regenerated and released to  the overly ing water. 
A cco rd ing  to  the  m odel, o rgan ic  phosphorus 
com ponents  accum ula ted  in the  sed im ents  du r
ing the w in te r and spring  are m inera lized and 
released to  the  w ate r co lum n during  the sum m er. 
A part o f the  inorgan ic  phospha te  produced by 
m ine ra liza tion  is re ta ined tem pora rily  in the 
sed im ents  due to  adsorp tion  processes. The in 
te rna l load ing  of the w estern W adden Sea is of 
the  sam e order o f m agn itude  as the external 
phosphorus inputs.
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APPENDIX 1.
S o lu tions  fo r extrem e Da-numbers.

In case of sm all Da-numbers the  firs t order term  In eq.(7) may be neglected. N eg lec ting  the  advection  
term  too, eq.(7) becom es:

W ith  the boundary co n d ition s  given in eq.(9) the so lu tion  o f eq.(8) and eq.(A1) is:

* o =  v -(1 -% 0 a -*1)

(A1)

(A 2)

In fa c t th is  is the so lu tion  to  the s itu a tio n  w ith o u t any (firs t order) chem ica l reaction . The expression 
fo r the o ther extrem e (Da large), given in eq.(11b), can be obta ined  d irec tly  from  eq.(10) tak ing  the  ex
trem e lim it Da This extrem e may be in te rpre ted  as the  so lu tion  to  s itu a tio n s  w ith o u t an 
anaerob ic layer, w h ich  may be dem onstra ted  by tak ing

* ( 0) =  1; (A3)

as boundary co n d ition s  instead o f eq.(9), and subsequen tly  so lv ing eq.(7) and eq.(8).

The general so lu tion  o f eq.(7) is
0

ÿ  =  'I' +  —=r—~ + A e f*ix +  ß -e ^x e<? Da

where

F1>2 -
P e ± V  (Pe2 +  4Da)

APPENDIX 2. 

N eg lecting  advection.

(A4)

and where A, B are in teg ra tion  constan ts . From the expression fo r /¿1>2 it im m ed ia te ly  fo llo w s  tha t 
Pe2Pe may be ignored if -=—« 4 .
Da
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APPENDIX 3.

A dap ta tion  tim e.

W riting  the  d im ension less tim e t =  ignoring  advection , and su b s titu tin g

©a
{  =  * -  Ÿe<i - ~ D â ’ ect-(2) becom es:

l = f - - D a î  ,A5>

If the  steady s ta te  so lu tion  o f eq.(7) is taken as the  in itia l co n d ition , say f(\), and if g(\)  is the  new
pro file  a fte r chang ing  the boundary cond ition  at r  =  0, the so lu tion  o f eq.(A5) takes the  form :

oo

£(X, r) = g  (X) + X) bn 'e xp [~  (Da +  n2-ir2) .r]s in(/M r-X) (A6a)
n = 1

and

[f(\) -  g(X)]-sin(n-rr-X) -d \  (A6b)

The second term  in eq.(A6a) fu lly  describes the  trans ien t s ta te  o f £ and thus o f Ÿ and C. The dynam ics 
are de term ined by the exponentia l term s. The tim e  needed fo r the concen tra tion  p ro file  to  adapt to 
the  new co n d itions  is de fined by £ (X ,tJ < 0.05 £(X,0). Taking as c rite rion  the  firs t term  in the  series of 
eq.(A6a), it fo llo w s  tha t r a  =  3l(Da + i r 2) .  Again tw o  extrem e cases are possib le . If Da > i r 2, Ta  =  3tDa 
and hence, by su b s titu tin g  the d e fin itio n s  o f Da and r, the “ rea l-tim e”  cons tan t fo r adap ta tion  
ta = 3/K. In th is  s itu a tio n  d iffu s io n  does not a ffe c t ta. On the o ther hand, if Da«7r2: r a = 3-7r- 2  and 
ra = 0.3 H 2/D, independent o f K. In the  in te rm ed ia te  s itu a tio n

, = ______ 3______
a ( K + tt2- D H -2 )

APPENDIX 4.
Input to  s im u la tions .

In eq.(12) the P-flux across the sed im ent-w ater in te rface  is given in d im ension less form . In the actua l 
m odel eq.(1) is used. From the d e fin itio n s  o f the various d im ension less te rm s it fo llo w s  th a t eq.(1) 
is equ iva len t to  eq.(12) w ith :

J0 =  ^ 0 D C 0 H - 1 (A 7)

A na logously, J^ =  ^yD -C 0- H - ' i . A ll concen tra tions  fo llo w  from  m u ltip lica tio n  o f w ith  C0:

It shou ld  be noted tha t the con tr ib u tio n  o f the  m ine ra liza tion  rate Pm to  the  concen tra tion  Cb is given 
by the ra tio  between th is  rate and the  firs t order adso rp tion  rate K.
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ABSTRACT

Dissolved nutrient concentra tions (Si, P, N), algal 
biom ass (separated into d iatom s and micro- 
flagellates), and total prim ary production were  
determ ined in 1986 during 7 cruises in both the  
inner and outer parts of the estuary of the  
western W adden Sea. The biom ass data, o b ta in 
ed a fte r converting cell biovolum e and cell 
counts into carbon, w ere com pared w ith those  
sim ulated  by a tw o-d im ensional m ultitroph ic  
ecosystem  model.

The general pattern of the succession of algal 
species w as the sam e for all com partm ents: a 
bloom  of d iatom s in early spring fo llowed by one 
of m icroflage llates, predom inantly the colonial 
alga Phaeocystis pouchetii. Throughout the year 
the biom ass of the two algal groups d iffered b e
tw een inner and outer com partm ents of the es tu 
ary. In spring the carbon biom ass of the  
m icroflage llates in the com partm ents bordering  
on the North Sea exceeded that of the inner com 
partm ents by a fac tor of 2. The reverse was found  
for the d iatom s in summer.

A reasonable fit betw een the field data and 
sim ulated  data was only obta ined  in spring; large  
differences were found for the sum m er period. 
During that period an extensive d iatom  popula
tion characterized by a low prim ary production  
was observed, w hich did not correspond w ith the  
m odel s im ulation.

Possible factors causing the d ifferences be
tw een observed and sim ulated  data, such as 
nutrient regeneration, were analysed.

1. INTRODUCTION

The Dutch W adden Sea Is characterized by a 
com plex tid a l system  (Fig. 1). It co n s is ts  of 
various basins separated by sha llow  areas and 
each w ith  a d iffe re n t inpu t o f freshw a te r and 
seawater. One o f the system s, the Em s-Dollard 
estuary, has been the sub jec t o f a de ta iled  s tudy 
resu lting  in a m u ltitro p h ic  ecosystem  model of 
th is  area ( B a r e t t a  et al., 1988). This model 
enables us to  com b ine  and im prove our 
know ledge o f the  p a rtit io n in g  o f carbon over 
various sta te  variab les and o f the carbon flow  be
tw een various troph ic  levels o f the  food web.

S ince the Em s-Dollard is on ly  a part o f the 
W adden Sea, it was o f in te rest to  investiga te  
w hether or not th is  model cou ld  be used, w ith  or 
w ith o u t adap ta tion , fo r ano ther area such as the 
western W adden Sea. A re s tric tio n  was tha t 
m o d ifica tio n s  o f the o rig ina l Em s-Dollard model 
shou ld  be kept at a m in im um . N evertheless 
several adap ta tions  were necessary because o f 
spa tia l d iffe re n tia tio n  and d iffe re n t m or
pho log ica l param eters. In co n tra s t to the Ems- 
Dollard estuary, the w estern W adden Sea has d if 
fe rent freshw a te r sources and tw o  main 
seaw ater in le ts  (Fig. 1). A m ore de ta iled  d e scrip 
tion  o f th is  area is given by R i d d e r i n k h o f  (1988).

The phy top lank ton  p rim ary p roduction  and 
species com pos ition  o f the  w estern W adden Sea 
has been the sub jec t o f a de ta iled  long-term  
s tudy. The M arsd iep area, one o f the tida l in le ts  
from  the N orth Sea, has been s tud ied  in tens ive ly  
over the  last tw o  decades by C a d é e  (1986a and

'P ub lica tion  no. 23 o f the pro ject "Eco log ica l Research o f the North Sea and Wadden Sea”  (EON).
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Fig. 1. Location of Ems-Dollard (A) and western Wadden Sea (B) estuary in the northern part of the Netherlands: 
Map of the western Wadden Sea, location of the com partm ents, of tida l in lets and freshwater inlets.

b). He showed tha t the increasing eu troph ica tion  
o f the coasta l North Sea zone resu lted in a con 
s iderab le  increase in phy top lankton  cell 
num bers and consequently  prim ary p roduction . 
Th is increase in the  b iom ass of phytop lankton  
appeared to be the resu lt o f a se lective  increase 
in the dens ity  o f m ic ro flage lla tes . In con trast, 
ce ll num bers o f the d ia tom s rem ained more or 
less cons tan t (C a dé e , 1986b).

Detailed da ta  fo r o ther parts o f the w estern 
W adden Sea are not availab le. Th is raised the 
question  w hether the phy top lankton  dynam ics in 
the  M arsdiep in le t are representative of the 
w hole  w estern W adden Sea. This question  was 
exam ined by com paring  new data sets o f various 
param eters, inc lud ing  phy top lankton  prim ary 
p roduction  and com pos ition , o f several loca tions  
in the  w estern W adden Sea. These fie ld  data 
were a lso com pared w ith  those generated by the 
prim ary producers of an ecosystem  model o f the 
w estern W adden Sea.

A cknow ledgem en ts .— The authors w ish to  thank 
W.W.C. G ieskes fo r his com m ents on earlie r 
d ra fts  and R. Jal in k fo r draw ing some o f the 
figures.

2. MATERIAL AND METHODS

2.1. DESCRIPTION OF THE AREA

A deta iled  descrip tion  of the m orpho logy of the 
w estern W adden Sea is given by R id d e r in k h o f
(1988). The area is characterized by the  presence 
o f tw o  main channel system s fo r each basin, 
each w ith  its  own seaw ater in le t (Fig. 1.). The

average tid a l range is -1 .5  m. On the  southern 
side the w estern W adden Sea is bordered by a 
dyke w ith  tw o  s lu ices  tha t a llow  fresh w ater to 
enter from  Lake IJssel (Kornwerderzand and Den 
Oever). M ost o f the w ater o f Lake IJssel 
o rig ina tes  from  the nu trien t-rich  river Rhine. As a 
resu lt o f th is  freshw ate r d ischarge the sa lin ity  
ranges from  30 at the seaside dow n to  10 near 
the  freshw a te r in lets.

For the  m odel, the  M arsdiep basin was d iv ided 
in to  7 com partm en ts  (nos. 1-7), w h ile  the 
V liestream  basin had 5 com partm en ts  (nos. 8-12). 
The average w a te r vo lum e of the M arsd iep area 
is -1 .5  tim es larger than th a t o f the V liestream  
basin. On the  o ther hand, the surface o f tida l 
f la ts  in the  la tte r area is - 4 0 %  o f the  surface, 
w h ile  fo r the M arsdiep th is  is on ly 16%.

2.2. WATER SAMPLING AND CHEMICAL 
MEASUREMENTS

A to ta l o f 7 cru ises were carried ou t during 1986 
w ith  the  R.V. “ H e ffe sa n t” . Sam ples were taken at 
fixed  pos itions  in the fo llo w in g  com partm ents : 1, 
4, 5, 6, 8, 9, and 10. On tw o  la te r occas ions, in 
April and June 1987, the  tid a l va ria tion  o f several 
param eters was investigated  at a fixed  anchor- 
s ta tion  in com partm ent 10. Furtherm ore, three 
cru ises were made in 1987 w ith  the R.V. 
“ H o lla n d ”  in the  North Sea, in an area bordering 
on the tida l in le ts  of the w estern W adden Sea, to  
com pare the nu trien t dynam ics in the tw o  areas. 
For all chem ica l and prim ary p roduction  
m easurem ents w ater sam ples were co llec ted  
w ith  e ithe r a m em brane pum p or a bo ttle  (30 
dm 3) at a depth o f - 1 .5  m. Subsam ples fo r
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p igm ent-ana lys is  were filte red  over W hatm an 
GF/C; these filte rs  were im m ed ia te ly  frozen until 
ana lys is  in the  labora to ry  by m eans of the HPLC 
techn ique. The m ethod used is based on those of 
M a n t o u r a  &  L l e w e l l y n  (1983) and G ie s k e s  & 

K r a a y  (1986).
U nfilte red  sam ples and filtra te s  (0.45 pm m em 

brane filte rs ) were co llec ted  fo r nu trien t ana lys is . 
These sam ples were analysed w ith  a Techn icon 
A uto  Analyzer fo r ino rgan ic  phosphate, am 
m onia, n itra te  and s ilica te  acco rd ing  to standard 
m ethods as used by the  T ida l W aters D ivision 
(DGW) in th e ir m on ito ring  program m e.

Sam ples fo r the id e n tifica tio n  o f 
phy top lank ton  species com pos ition  were 
preserved w ith  Lugols so lu tion  buffered w ith  
N a -  acetate . Cell coun ts  were carried  ou t a fte r 
sed im en ta tion , as described by V e ld h u is  et al.
(1986). P hytop lankton  b iom ass was determ ined 
by es tim a ting  cell num ber and cell b iovo lum e of 
the dom inan t species in preserved sam ples fo r 
each sam pling  date.

The carbon con ten t o f d ia tom s and o ther 
phy top lank ton  (predom inan tly  m ic ro flage lla tes ) 
was estim ated by the fo llo w in g  equations 
( E p p le y  et al., 1970).

10log C = 0.76 (10log V) -  0.352 (for d ia tom s)

10log C = 0.94 (10log V )-0 .6 0
(for m ic ro flage lla tes)

In w hich
V = m e a n  vo lum e of each species in pm3 
C = mean carbon co n te n t o f each species in pg 

per cell.

2.3. ALKALINE PHOSPHATASE ACTIVITY

Assays on the a lka line  phosphatase a c tiv ity  
(APA) o f the  phy top lankton  were carried ou t as 
described in V e ld h u is  et al. (1987). These 
m easurem ents were conducted  on ly in 1987 to  
investiga te  w hether phy top lank ton  was 
phosphorus lim ited  in ce rta in  parts of the N orth 
Sea or w estern W adden Sea.

2.4. PRIMARY PRODUCTION

P hytop lankton  prim ary p roduction  was 
m easured accord ing  to  the m ethod used by 
C a d é e  & H e g e m a n  (1974). This enables us to 
make a d irec t com parison w ith  earlie r data  from  
the  same area. T rip lica te  60 cm 3 subsam ples in

screw -cap bo ttles , 2 lig h t and 1 dark, were in 
cubated in a ro ta ting  w ater-coo led in cu b a to r fo r 
- 3  h. To each bo ttle  2.5 pC\ o f N aH 14C 0 3 was 
added. The sam ples were incubated at am b ien t 
tem pera ture  ± 1 °C . L igh t was provided by 
flu o rescen t lam ps (Philips TLF no. 33) w ith  an ir
rad iance o f 0.23 J -cm - 2 -s _1. F iltra tio n  and 
coun ting  procedures were the sam e as described 
ea rlie r by V e ld h u is  et al. (1986). The da ily  p rim ary 
p roduction  was ca lcu la ted  by the  fo llo w in g  em 
p irica l fo rm ula : (after C a d é e  & H e g e m a n , 1974, 
cf. C o l i j n  et al., 1983).

P =  1/2 Pi■ E■ D (mgC m - 2 - d - 1)

P¡ = mean incuba to r prim ary p roduction  (in mg 
C -m -3-h ~ 1)

E =  depth o f eupho tic  zone, taken as 3 tim es the  
Secchi d isc  depth  (in m)

D = da ily  ligh t period (in h-d —1)

2.5. PHYTOPLANKTON CARBON MODEL

The m a them atica l ecosystem  m odel used in th is  
s tudy to  com pare our data  set o f p rim ary p roduc
tion  and carbon con ten t o f the  phy top lank ton  is 
a m o d ifica tio n  o f the Em s-Dollard ecosystem  
m odel ( B a r e t t a  e t al., 1988). The curren t s ta te  
variab les and the fluxes o f the pe lag ic part o f the 
model are partly  described by C o l i j n  et al.
(1987). Except fo r the convers ion  o f the o rig ina l 
one-d im ensiona l Ems-Dollard m odel in to  a two- 
d im ensiona l version, the  section  o f the  m odel 
describ ing  prim ary producers has not been 
changed essen tia lly .

3. RESULTS

3.1. ANNUAL VARIATION IN NUTRIENT 
CONCENTRATION, ALGAL BIOMASS AND 

PRIMARY PRODUCTION

Fig. 2 show s the  annual va ria tion  o f the mean 
w ater tem pera ture  and da ily  irrad iance 
(m easured at Den Helder, Fig. 1). During the 
w in te r o f 1986 cons iderab le  parts  o f the tida l 
f la ts  were covered w ith  ice, resu lting  in low  w ater 
tem pera tures in February. The to ta l d ischarge of 
nu trien ts  (s ilica te  and phosphate) varies w ith  the  
season, w ith  low  values in sum m er (v a n  d e r  

V e e r  et al., unpubl. ms.). A ll but the  entire  
d ischarge  o f fresh w ate r enters the M arsdiep 
basin ( R id d e r in k h o f ,  1988). M ixing and transport 
processes d is tr ib u te  the  freshw ate r nu trien t load
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Fig. 2. Model s im ulations (lines) and measured data 
(symbols, mean of com partm ents visited) of annual 
changes in temperature (top) and measured daily irra

diance (bottom).

over the  en tire  M arsdiep basin. An e ffe c t of th is  
nu trien t-rich  freshw ate r d ischarge is th a t the 
nu trien t levels o f the  com partm ents  bordering on 
the freshw ate r in le ts  (com partm ents 4 and 5) 
were s lig h tly  h igher (Fig. 3) than in those a d ja 
cent to  the North Sea (com partm ents 1 and 6).

In spring the s ilica te  and phosphate concen
tra tions , m easurem ents as w ell as model s im u la 
tions , declined concu rren tly  (Fig. 3a and b). This 
decrease was accom panied by an increase in 
a lga l b iom ass (Fig. 4, 5). In con trast, the 
decrease in inorgan ic  n itrogen seemed 
som ew hat delayed (Fig. 3c). The observed and

s im u la ted  da ta  fo r s ilica te  m atched not on ly  in 
spring  but a lso in sum m er (Fig. 3b). In con tras t, 
from  June onw ards the measured data  o f phos
phate were m uch higher than the model s im u la 
tions  (Fig 3b). In the fo llo w in g  autum n and 
w in te r, data m atched again.

F igs 4 and 5 show several m easured and 
s im u la ted  phy top lankton  param eters o f the  inner 
and outer com partm en ts  o f the M arsdiep and 
V lies tream  basin. The h ighest measured values 
in ch lo rophy ll a were observed in May/June. In 
con tras t to  the V liestream  basin, fo r many co m 
partm ents  in the  M arsdiep basin these high 
ch lo rophy ll a values were re lated to the  presence 
o f d ia tom s. M ic ro flage lla te  b loom s were a lw ays 
found a fte r the  d ia tom  bloom s.

Inner and ou te r com partm ents  d iffe red  in the 
observed carbon b iom ass o f both a lga l groups 
over the  seasons. A firs t d iffe rence  was found fo r 
the  m ic ro flage lla te  popu la tion  in spring when 
the  carbon b iom ass values in the ou te r co m p a rt
m ents exceeded those o f the  inner com part
m ents cons iderab ly  (Figs 4c, 5c). A second 
d iffe rence  was found in May and June (F igs 4b, 
5b); during th a t period the carbon b iom ass 
values of d ia tom s in the  inner com partm ents  
were h igher than those o f the ou te r co m 
partm ents.

A com parison o f fie ld  data  w ith  m odel s im u la 
tions  show s th a t they were not a lw ays in agree
ment. The m ost d is tin c t d iffe rence  was found in 
sum m er when fie ld  observa tions showed the 
presence o f a dense d ia tom  bloom  in all com 
partm ents , w h ich  was not s im u la ted  by the 
model.

Measured values fo r phy top lank ton  prim ary 
production  and those pred icted  by the  model 
were on ly s im ila r in spring . Values m easured in 
sum m er were a lw ays low er than the s im u la ted  
p roduction  rates: s lig h tly  lower fo r the inner co m 
partm ents, but up to  8 tim es lower fo r the  ou ter

TABLE 1
Annual primary production of the Marsdiep area, in g C m -2 . y - 1.

Year Prim. prod. Reference Remarks

1963/65 170 POSTMA & ROMMETS, 1970
1972/73 200 C ad ée  & H eg em an, 1974
1974 145 C adée & H eg em an, 1979
1981/82 260-340 C adée, 1986a lower value after discarding extreme (high) 

value in August
1986 303 th is study measurements, extrapolated over the year 

(Fig. 4D).
1986 453 th is study model sim ulation.
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organic phosphate, (B) s ilica te  and (C) nitrogen (N 03 + N 02, only measured data) 
of a series of selected com partm ents representing the Inner and outer com part
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Fig. 4. Annual d istribu tion of (A) Chi. a (only measured data), model s im ulations 
(lines) and measured data (symbols) of carbon content of (B) diatoms, (C) 
m icroflagellates and (D) phytoplankton primary production for the outer com part
ments of Marsdiep and Vliestream basins. Compartment numbers are indicated in

brackets (see Fig. 1).

com partm ents . C onsequently, fo r m ost o f the 
com partm ents  the measured annual prim ary pro
duc tion  values were lower than those s im u la ted  
by the model (Fig. 6). Model s im u la tions  
dem onstra ted  a decreasing trend from  the outer 
tow ards the  inner com partm ents  of both basins. 
However, the m easurem ents did not com p le te ly  
con firm  th is  trend.

A com parison w ith  earlie r observa tions in the  
tida l in le t o f the M arsdiep area show s tha t the 
measured annual prim ary p roduction  in 1986 was 
not d iffe re n t from  the one ca lcu la ted  fo r 1981/82 
(C a d é e , 1986a, Table 1). On the o ther hand, the 
annual prim ary p roduction  generated by the

m odel fo r 1986 ind ica ted  an enhancem ent in the 
p roduction  by -5 0 %  com pared w ith  1981/82.

3.2. TIDAL VARIATION IN ALG AL BIOMASS 
AND PRIMARY PRODUCTION

Fig. 7 show s th a t nu trien t concen tra tion  and 
several param eters re lated to  the phy top lank ton  
varied cons iderab ly  over the tide. E specia lly  in 
June the  varia tion  in phosphate and n itrogen 
concen tra tion  was large, w ith  nu trien t levels 
ranging from  lim itin g  to  non -lim iting  co n d ition s  
fo r the phy top lank ton  w ith in  one tide . P rim ary 
production  varied concu rren tly  w ith  the a lga l ce ll
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num bers. The varia tion  o f these param eters 
am ounted to a fa c to r of 2 to 3. D iffe rences in the 
va ria tion  in cell num bers o f both a lgal groups, 
d ia tom s (w ith a cell b iovo lum e o f 1000 /¿m3 or 
less) and m ic ro flage lla tes  (p redom inan tly  Phaeo
cys tis ) appeared to  be rem arkab ly sm all. To be 
precise, the  m easurem ents o f a lga l b iom ass and

prim ary p roduction  shou ld  be corrected  fo r the 
tide  (the model s im u la tes  a mean value during 
ha lf tide). The cu rren t observa tions over 2 com 
p le te  tida l cyc les ind ica te  tha t in an extrem e 
case the  fie ld  data  o f 1986 w ould vary at m ost by 
a fa c to r of 2.
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Fig. 5. As Fig. 4, but for inner com partm ents. (Note d iffe rent scales.)a
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4. DISCUSSION

By use o f a m u ltitro p h ic  ecosystem  m odel, com 
plex re la tions and fluxes between parts o f the 
m arine coasta l foodw eb can be s tud ied . M odels 
have a lso received cons iderab le  a tten tion  as 
poss ib le  too ls  fo r improved m anagem ent and en
v ironm enta l p ro tection . As the resu lts  o f the 
s im u la tio n s  o f the ecosystem  model have been 
d iscussed  in various papers (v a n  D u y l  & K o p , 
1988; v a n  R a a p h o r s t  et al., 1988), we w ill con 
cen tra te  on a few de ta ils  o f phy top lankton , 
p rim ary p roduction  and species com pos ition . 
Specia l em phasis w ill be placed on the absence 
o f the sum m er d ia tom  popu la tion , the low 
prim ary production  o f these algae as w ell as the 
apparent absence o f nu trien t lim ita tion .

4.1. FACTORS AFFECTING PHYTOPLANKTON 
BIOMASS AND PRIMARY PRODUCTION

In a recent paper C a d é e  (1986a) sum m arized the 
recurrent succession  o f d ia tom s and 
m ic ro fla g e lla te s  (2 to  3 tim es a year) o f the tida l 
in le t o f the M arsdiep basin (com partm ent 1), over 
a 16-year period. The year-to-year va ria tion  in cell 
num bers can be considerab le . The model s im u la 
tion  (Fig. 8) o f the carbon b iom ass of d ia tom s 
(PDIA) and m ic ro flage lla tes  (PFLG) show s a pa t
tern ra ther s im ila r to tha t fo r cell num bers of 
C a d é e  (1986a), except fo r the absence o f a sum 
mer peak of d ia tom s. Our fie ld  da ta  showed a 
s im ila r trend, but a lso  w ith  the exception  o f the 
high sum m er values. M inor d iffe rences between

fie ld  data  and model s im u la tion  in peak values of 
b iom ass or onset o f g row th  may be partly  due to 
sam p ling  frequency. S ince th is  was on ly once a 
m onth and phy top lank ton  peaks can be very 
sharp (C a d é e , 1986b), the actua l onset o r true 
peak values are not known precise ly. However, 
as fa r as the sum m er s itu a tio n  is concerned the  
cu rren t s ta te  o f the m odel large ly 
unde restim ates phy top lankton  b iom ass.

D iffe ren t param eters can be used to  es tim a te  
phy top lank ton  b iom ass (Fig. 9). A d ire c t conver
s ion o f ch lo rophy ll a or ce ll num ber in to  
phy top lank ton  carbon b iom ass h igh ly  depends 
on the ce llu la r carbon or ch lo rophy ll a con ten t, 
w h ich  m ust be cons tan t over the w hole g row ing 
season. H igh values o f ch lo rophy ll a o ften  co r
responded on ly w ith  high num bers o f d ia tom s. 
Th is im p lies  th a t the ce llu la r ch lo rophy ll a con 
ten t o f both algal g roups (d ia tom s and 
m icro flage lla tes ) varies. Therefore, the  use of 
th is  param eter to  es tim ate  the phy top lank ton  
carbon b iom ass o f m ixed algal popu la tions, as in 
our case, w ould  not be re liab le . Moreover, w h ile  
the average ce llu la r b iovo lum e o f the flage lla tes  
rem ains more or less cons tan t, tha t o f the  
d ia tom s changes cons iderab ly  over the season. 
Hence, the  use o f a s ing le  value fo r the  conver
s ion o f ce ll num ber in to  carbon b iom ass w ill a lso 
resu lt in e ithe r an over or underestim ation  o f the  
p hy top lank ton  carbon b iom ass (cf. B a n s e , 1977). 
The present m ethod to es tim a te  phy top lank ton  
carbon b iom ass solves these prob lem s and is 
p robab ly more accura te  because it inc ludes the 
va ria b ility  in ce llu la r carbon con ten t caused by 
d iffe rences in cell size of the various species at 
each sam pling . However, th is  m ethod is tim e- 
consum ing  and lim its  the  num ber o f sam ples 
th a t can be inspected.

4.2. DISCREPANCIES BETWEEN FIELD DATA AND 
MODEL SIMULATION

The reasons fo r the absence o f a sum m er d ia tom  
popu la tion  in the model s im u la tion  may be 
diverse, e.g. a high grazing pressure by 
(m icro)zooplankton or the  reduction  o f g row th  
rate as a resu lt o f the s im u la ted  nu trien t lim ita 
tion  in sum m er (Fig. 3). The e ffe c t o f nu trien t 
s tress (MINU) on the carbon a ss im ila tio n  rate of 
phy top lank ton  in the  m odel is show n in Fig. 10. 
Th is fa c to r (MINU a lw ays ^ 1 )  expresses the 
reduction  o f the carbon a ss im ila tio n  rate, due to  
n u tr ien t stress, as com pared w ith  non-lim ited  
co n d ition s . In m ic ro flage lla tes  (PFLG) th is  MINU
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fa c to r is only the e ffe c t o f phospha te  (M IP04) 
shortage. In d ia tom s (PDIA) there  is an extra  e f
fe c t o f s ilica te  (M iSI) lim ita tio n . Fig. 10 ind ica tes  
tha t in sum m er the reduction  o f the m odel 
s im u la tio n  of the  carbon a ss im ila tio n  rate is

p redom inan tly  due to  phospha te  shortage. The 
a ss im ila tio n  rate o f d ia tom s, however, is fu rthe r 
reduced as a resu lt o f s ilica te  lim ita tio n ; 
moreover, the ir p h o tosyn the tic  response is lower 
at the  high sum m er tem pera tures. A fu rthe r d if-
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Fig. 8. Model Simulation of annual variation of biomass 
of diatom s (PDIA, fu ll line) and m icroflagellates (PFLG, 

interrupted line) for 1986.

fe rence between the  tw o  a lga l groups is the loss 
o f new ly produced phytop lankton  caused by 
predation . In the cu rren t s ta te  o f the  model the 
grazing pressure by m lcrozoop lankton  on

d ia tom s is re la tive ly  high. U ltim a te ly , the  overall 
e ffe c t o f all se lective  losses is th a t the increase 
in d ia tom  b iom ass is too  low to produce a se
cond b loom  in sum m er. Further s tudy m ust focus 
on the  s im u la tio n  o f the grow th  ch a ra c te ris tics  
o f sum m er d ia tom s, as opposed to  spring 
d ia tom s, as w ell as on the  regeneration of 
nu trien ts  during tha t period.

The ac tua lly  observed sum m er values o f in 
o rgan ic phosphate (Fig. 3) suggest th a t th is  
n u tr ien t does not lim it phy top lankton  grow th . To 
study the lim itin g  e ffe c t o f phosphate, the 
a lka line  phosphatase a c tiv ity  (APA) of 
phy top lank ton  in the w estern W adden Sea and in 
the  N orth Sea was assessed in the  spring  and 
early sum m er o f 1987 (Fig. 11, Table 2). A high 
APA is an ind ica tion  o f phosphate shortage 
(P e r r y , 1972; C e m b e l l a  et al., 1983; R iv k in  & 
S w if t , 1985; V e l d h u is  et al., 1987). Table 2 show s
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Fig. 10. Phytoplankton carbon assim ila tion reducing 
factor M IP04 (coarse shading): effect of phosphate 
lim ita tion ; MISI (fine shading): effect of s ilica te  lim ita 
tion. Actual carbon assim ila tion rate = potentia l car

bon assim ila tion rate- (M IP 04+  MISI).

tha t few trends are clear. The APA of 
phy top lank ton  in the N orth Sea ad jacen t to  tida l 
in le ts  is high th roughou t the sum m er (cf. 
V e l d h u is  e t at., 1987). In con tras t, phy top lank ton  
in com partm en t 10 of the w estern  W adden Sea 
hard ly exh ib its  APA, con firm ing  ea rlie r s tud ies 
carried out in com partm en ts  1, 2 and 3 between 
March and Ju ly  1985 (Adm iraa l, pers. comm.). 
Table 2 show s tha t phy top lank ton  in the w estern 
W adden Sea was not phospha te  lim ited  tha t 
sum m er. Therefore, the  s im u la ted  phosphate 
lim ita tio n  by the model does not re flec t the  ac 
tua l sum m er s itu a tio n  in the fie ld . But then the 
m odel does not inc lude  n itrogen, and concen tra 
tio n s  o f th is  nu trien t are som etim es re la tive ly  
low  and poss ib ly  lim itin g .

The o rig in  of the high sum m er values fo r phos
phate is s til l a m atte r o f controversy (P o s tm a ,  
1954; 1981; v a n  d e r  V e e r  e l at., 1988). The 
d ischarge o f nu trien t-rich  fresh w ater from  Lake 
IJssel seem s to  be a fa c to r o f im portance  (Fig. 2), 
bu t p redom inan tly  fo r the  M arsdiep basin (R id - 
d e r i n k h o f ,  1988). However, th is  d ischarge  of 
nu trien ts  by the s lu ices  is inc luded in the m odel.

In s itu  regeneration o f nu trien ts  in the pe lagic 
and benth ic  system s may be a m ajor source  of

N o rth  S ea

T he  N e th e rla n d s

Fig. 11. Map showing location of sam pling stations in 
North Sea, near tida l water in lets and position of sta
tion in com partm ent 10 of the western Wadden Sea.

TABLE 2
Chlorophyll a concentrations (in /¿g-dm*3), P 04 con
centration (in /iM) and alkaline phosphatase activ ity 
(APA, in nM-Pyig Chl.a-h) of two sta tions near tida l in let 
of the Marsdiep, three near Vliestream inlet and of an 
anchored station in com partm ent 10; '  highest and 

lowest value over 24-h measurement.

Date station no.

23/24 Febr 1987 26 27 28 29 30

Chi a 0.21 0.40 0.10 2.38 1.63
P 04 0.61 1.45 1.35 1.94 0.96

APA <0.02 <0.02 <0.02 <0.02 <0.02

18/19 May 1987
Chi a 1.28 13.22 22.21 64.93 11.36

P 04 0.16 0.13 0.35 0.16 0.19
APA 1.74 5.45 2.34 0.89 3.18

20/21 Juli 1987
Chi a 2.47 3.27 11.70 14.18 9.97

P °4 0.35 0.35 0.64 1.16 1.00
APA 7.65 0.76 0.18 0.06 0.08

Compartment 10

6/7 April 1987
C h ia  4.2-19.9*

P 04 0.6- 1.42*
APA <0.02*

1/2 June 1987
C h ia  4.3-21.1*

P 04 0.4-1.92*
APA 0.08-0.12*
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nu trien ts  fo r phy top lank ton  ( H e ld e r  e t a l., 1983; 
Y a m a ta  & D ’E lia ,  1984; D e g o b b is  e t a l., 1986; 
H o p k in s o n , 1987). On an annual base sed im ent 
e fflu xes  are found to exceed the a lloch tonous 
supp ly  o f nu trien ts, up to a fa c to r of 2 to  7.5 
(Y a m a ta  & D ’E lia ,  1984). H o p k in s o n  (1987) 
estim ated  th a t the ben th ic  e fflu x  o f phosphate  
can con tr ibu te  up to  40% of the annual phos
phate load. Recent estim ates show  tha t th is  
percentage is - 7 0  fo r the w estern W adden Sea 
(van  R a a p h o rs t  e t a l., 1988). The model does not 
inc lude  th is  apparently  im portan t phosphate 
source in sum m er. This may be the exp lana tion  
o f the d iffe rences between m easured and 
s im u la ted  data during  tha t period.

In sum m er phy top lankton  seem s to  be 
characterized by a low  a ss im ila tion  rate (low  P/B 
ratio). Possib le a rt ifa c ts  tha t m ight a ffe c t 
p rim ary p roduction  (S h a rp , 1977; M a g u e  e t a l., 
1980) have been reduced as much as possib le . 
A lso, increased excre tion  due to  nu trien t stress, 
w h ich  can accoun t fo r up to  60% o f the to ta l ca r
bon fixed (S h a rp , 1977; L a n c e lo t ,  1983), is 
un like ly . Excretion percentages o f - 2 5  have 
been estim ated fo r another part of the  W adden 
Sea, the Ems-Dollard estuary ( C o l i jn ,  1983) and 
coasta l zone o f the ad jacen t N orth Sea 
(V e ld h u is  e t a l., 1986). M ic roscop ic  observa tion  
may exp la in  th is  low P/B ratio . In fresh ly  c o l
lected m ateria l 5%  o f the dom inan t d ia tom  
spec ies (R h izoso le n ia  d e lic a tu la )  was in fected  
w ith  a pa ras itic  d ino flage lla ta , but a fte r - 2 4  h up 
to  80%  showed an in fec tion . Because incubation  
fa c ilit ie s  were not present on board, the incuba 
tion  experim ents were carried ou t on shore, 12 to 
24 h a fte r sam pling. A lthough  the role o f th is  in 
fec tion  in phy top lankton  a ss im ila tion  rates is 
unknown, it m igh t occas iona lly  resu lt in a s ig n if i
can t reduction  of p a rticu la te  carbon fixa tion .

In conc lus ion : the  ecosystem  model in its  cu r
rent s ta te  gives a fa ir  descrip tion  o f the 
phy top lank ton  s ta te  variab les and prim ary pro
duc tion  in spring. Great im provem ent o f the 
m odel is desired fo r sum m er cond itions . 
D iscrepancies between m easurem ents and 
s im u la tion  are not on ly due to a rtifa c ts  o f the 
m easurem ents but a lso the m athem atica l 
desc rip tion  o f nu trien t regeneration needs to  be 
im proved.
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ABSTRACT

To contribute to the validation of a recently  
developed ecosystem  model of the w estern W ad
den Sea (EO N, 1988), data  on bacteria l b iom ass  
and production were acquired. Seven field  s ta 
tions, spread over the tw o m ain basins of the es 
tuarine system , were sam pled m onthly in 1986. 
Between these basins s ig n ifican t d ifferences  
were found in counts, biovolum e, b iom ass and  
production of bacteria (m easured by the 3H- 
thym idine m ethod) w ith  consistently  higher 
m ean values of bacteria l variables in the Vlie  
basin. Bacterial production rates of 2 to 175 mg 
C- m “ 3- d _1 were obta ined  for the V lie basin, 
w ith  an annual production of 10 to 11 g C- m - 3 , 
w hile the production in the M arsd iep  basin did 
not exceed 45 mg C m -3  -d _1, w ith  an annual 
production of 3 g C m - 3 . B acterial biom ass  
varied over the year from 2 to 140 mg C m -3  in 
the study area, w ith  a m ean b iom ass of 39 mg 
C -m -3  in the Vlie basin and 23 mg C m -3  in the  
M arsdiep basin. Bloom s of bacteria  occurred in 
M ay and July-August. S patia l and tem poral flu c 
tuations in bacterial variables are discussed, 
tak ing  into account d ifferen t environm ental fa c 
tors and the availab ility  of food for bacteria in 
relation to transport and exchange of w ater 
m asses betw een the two basins and the North  
Sea. Results are com pared w ith  the results as 
sim ulated  by the ecosystem  m odel.

1. INTRODUCTION

Though the D utch W adden Sea has been, and 
s till is, the sub ject o f extensive b io log ica l 
s tud ies (for a review see W o l f f , 1983), lit t le  
research has been done on the d is tr ib u tio n  and

role o f bacte ria  in the  system . A tte m p ts  to  quan
t ify  m ic rob ia l p rocesses and m ine ra liza tion  rates 
in the  W adden Sea were m ade on the  basis of 
ATP and ETS m easurem ents (Vo s j a n , 1982; Vos- 
JAN & T h y s s e n , 1978), su lphate  reduction  
es tim a tes  (G r o e n e n d a a l , 1975) and oxygen co n 
sum ption  (v a n  Es, 1982; de  W il d e  & B e u k e m a , 
1984; V o s j a n , 1987). However, re la tions  between 
these m easurem ents and bac te ria l a c tiv itie s  are 
s til l unclear. Im provem ents in m icroscopy and 
chem ica l techn iques have resu lted in bacteria- 
sp e c ific  m ethods fo r m easuring b iom ass of 
bacte ria  and p roduction  o f he te ro troph ic  
bac te ria l popu la tions . The d irec t-coun t te ch n i
que fo r the  de te rm ina tion  of b iom ass (e.g. H o b - 
b ie  e t al., 1977) has a lready found w ide 
a p p lica tio n  (v a n  Es & M e y e r -R e il , 1982), and it is 
genera lly  recognized tha t th is  m ethod now 
renders the  m ost re a lis tic  es tim a te  of num bers 
and b iovo lum es o f bac te ria  in na tura l en
v ironm ents  (F u h r m a n , 1981). W ith  m ethods fo r 
m easuring p roduction  o f bac te ria  more scep 
tic ism  is ju s tifie d . M ost w ide ly  used and already 
tho rough ly  tested  is the 3H -thym id ine  m ethod 
(F u h r m a n  & A z a m , 1980, 1982). C onversion fa c 
to rs  as w ell as the  degree of p a rtic ip a tio n  o f the 
3H -thym id ine  in the inco rpo ra tion  of bacte ria l 
DNA have been the sub jec t o f am ple d iscuss ions  
(M o r ia r t y  & Po l l a r d , 1981; B e l l  et al., 1983; 
M o r ia r t y , 1984; Po l l a r d  & M o r ia r t y , 1984; 
R ie m a n n  & Son  Derg  a a r d , 1984; B e l l , 1986; 
Ro b a r t s  et al., 1986 B e l l  & A h l g r e n , 1987; 
R ie m a n n  e t a i ,  1987). It is genera lly  agreed upon 
th a t fo r every new environm ent the m ethod 
shou ld  be subm itted  to  a num ber o f tes ts  before 
standard m easurem ents are made. Provided 
such co n d ition s  are met, the thym id ine  m ethod 
is at present the best m ethod ava ilab le  fo r deter-

* Publication no. 27 o f the p ro jec t “ Ecological Research o f the North Sea and Wadden Sea“  (EON).
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m in ing  bacte ria l p roduction  (M o r ia r t y , 1986) 
and was acco rd ing ly  adopted in the present 
s tudy.

The aim  o f the s tudy  was to map reg ions o f the 
w estern W adden Sea w ith  respect to  d is tr ib u 
tio n a l and seasonal pa tte rns of bacte ria l b io 
m ass and p roduction , and to  gain ins igh t in to  the 
ro le o f bacteria  in the system . Data were required 
fo r the va lida tion  of a recently  developed 
ecosystem  model o f the  w estern W adden Sea. To 
assess the q u a lity  o f the  ecosystem  m odel in 
p red ic ting  bac te riop lank ton  dynam ics, fie ld  data  
are com pared w ith  s im u la ted  values.

A cknow ledgem en ts .— We express our thanks to 
the  crew  o f the MS “ H e ffesan t”  (R ijksw aterstaa t, 
H arlingen) fo r our p leasant s tay on board and fo r 
th e ir co n tr ib u tio n  to  the sm ooth progress o f the 
fie ldw ork . Thanks are due to  H.J. L indeboom ,
H.W. van der Veer, M.J.W. V e ldhu is  and J.H. V os
jan  fo r c r it ic a lly  reading the  m anuscrip t.

2. MATERIAL AND METHODS

2.1. AREA DESCRIPTION

The w estern W adden Sea is a rb itra rily  bordered 
in the NE by the tid a l w atershed between the 
is land o f Tersche lling  and the m ain land. Two 
m ain tid a l basins are d is tingu ished , the 
M arsdiep basin in the  w est and the  V lie basin in 
the  northeast. These basins are connected by 
“ deep”  tida l channels. A th ird  basin, associa ted

Terschelling
NORTH SEA

Vlieland*

0 25Texel

Kornwerderzand

> VDen Helder/
Den Oever

LAKE IJSSEL

Fig. 1. Map of the western Dutch Wadden Sea with 
com partm ent division and location of field stations.

w ith  the  tid a l in le t between the is lands o f Texel 
and V lie land, is separated from  the  la tte r basins 
by tida l w atersheds. C onsequently , it is o f 
lim ite d  im portance  in the w a te r exchange be
tw een these basins and the N orth Sea and was 
the re fo re  excluded in th is  study.

The surface areas o f the M arsdiep basin 
am ount to  742.5-106 m2 and 672-106 m2 fo r the 
V lie  basin, w ith  w ater vo lum es of 2893-106 m3 
and 1771-106 m3 and mean dep ths o f 3.9 and 2.6 
m, respective ly. The m ain source o f freshw a te r 
d ischarge  in the w estern W adden Sea is Lake 
IJssel. In 1986 a to ta l o f 15524-106 m3 was 
d ischarged, viz. 6037-106 m3 at Kornwerderzand 
and 9487-106 m 3 at Den Oever. The loca tion  of 
s lu ices  and the  d iv is ion  o f the w estern W adden 
Sea in to  com partm en ts  as used in the 
ecosystem  model are given in Fig. 1. C om part
m ents 1 to  7 belong to  the  M arsdiep basin and 8 
to  12 to  the V lie  basin (EON, 1988).

2.2. SAMPLING

Seven sam pling  s ta tio n s  (4 in the  M arsdiep 
basin: T4, T13, D3 and D25; 3 in the V lie  basin: 
VL1, BS1 and B23) were se lected  in the study 
area and it was assum ed tha t they represented 
the  various w a te r m asses in the  headw aters in 
accordance w ith  area coverages in the tw o  
basins (see Fig. 1). A ll s ta tio n s  were sam pled 
once a m onth (February excepted). Each sam ple 
cons is ted  o f surface w ater pum ped in to  a 
30-dm3 g lass ja r w ith  a m em brane pum p over a 
d is tance  o f -2 0 0  m. In th is  way m ixed w ater 
sam ples were ob ta ined. The sam ples were s t ir 
red and subsam ples were taken im m edia te ly . 
Sam ples in the V lie basin were a lw ays taken d u r
ing the flood tide  and in the M arsdiep basin dur
ing the ebb tide  or at HW. Each m onth the 
consecu tive  sam pling  s ta tio n s  were sam pled at 
app rox im a te ly  s im ila r tida l phases.

From January to  A ugust sam ples fo r bacteria l 
p roduction  m easurem ent were kept on ice in 
5-dm3 g lass ja rs  in darkness fo r up to  8 h, 
because there were no fa c ilit ie s  on board to  w ork 
w ith  rad ioactive  isotopes. A fte r A ugust we in 
cubated sam ples on board. Paralle l m easure
m ents were then carried out to  assess the  e ffe c t 
o f conserva tion  on ice on bacte ria l p roduction  
rates. Besides sam ples fo r bacte ria l b iom ass 
and p roduction , w ater sam ples were taken fo r 
m easuring b io log ica l oxygen consum ption  
(BOC-,), tem perature, sa lin ity  and suspended 
m atter.
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2.3. BACTERIAL BIOMASS

N um bers and b iovo lum e o f bacte ria  were de te r
m ined by ep ifluo rescence  m icroscopy of 
acrid ine  orange-sta ined sam ples, co llec ted  on 
0.2 um po lycarbona te  filte rs  (H o b b ie  et al., 1977; 
Z im m e r m a n  et al., 1978). C oun ting  and m easur
ing were carried ou t w ith  a Zeiss ep ifluorescene  
m icroscope  fitte d  w ith  ob jective  Plan 
A pochrom at *63/1.4, ocu la rs  o f *10 and O ptovar 
*2. Ten to  tw en ty  random ly chosen fie ld s  con 
ta in ing  toge the r -2 0 0  ce lls  were coun ted . A p
p rox im a te ly  100 ce lls  per f i lte r  were sorted in to  
13 size c lasses and equ iva len t vo lum es were 
ca lcu la ted . To convert b iovo lum e in to  bacte ria l 
carbon, a fa c to r of 1 -10 —13 g C /x m -3 was used 
accord ing  to  R u b le e  et al. (1978).

2.4. BACTERIAL PRODUCTION

The inco rpo ra tion  o f 3H -thym id ine  in to  co ld  TCA- 
p rec ip ita ted  m ateria l was m easured essen tia lly  
accord ing  to F u h r m a n  & A z a m  (1980, 1982). 
Sam ples o f 65 cm 3 w ate r were incubated in 
100-cm3 serum bo ttle s  in the dark at in  s itu  tem 
perature w ith  5 nm ol d m -3  o f 3H -thym id ine  w ith  
a sp e c ific  a c tiv ity  o f 40 to  60 C i-m m o l-1  (Amer- 
sham). Th is concen tra tion  m ax im a lly  labe lled 
the  m acrom o lecu les in an inco rpo ra tion  experi
ment w ith  various con ce n tra tio n s  of tr it ia te d  
thym id ine  (Fig. 2). Incuba tion  tim es ranged from

3H-THYM1DINE C0NC. (NMOL. L ' 1)

Fig. 2. Effect of increasing 3H-thym idine concentration 
on the rate of 3H-thymidine incorporation.

10 to  60 m in and tim e  courses were perform ed 
ro u tin e ly  to  check linearity . Subsam ples o f 10 
cm 3 were taken and s topped at 0, 10, 20, 30, 40 
and 60 m in, respective ly. D up lica te  incuba tions  
genera lly  showed iden tica l rates o f 3H -thym id ine 
inco rpo ra tion . The rate of thym id ine  inco rpo ra 
tion  in to  TC A -precip ita ted  m ate ria l was co n 
verted in to  bacte ria l p roduction  by assum ing 
th a t 1.7-1018 ce lls  were produced per m ole 
th ym id in e  incorpora ted  acco rd ing  to  F u h r m a n  & 
A z a m  (1980). This convers ion  fa c to r was verified  
by A d m ír a a l  et al. (1985) in the  Ems estuary (part 
o f the eastern D utch W adden Sea) and as such 
app lied  fo r th is  study.

2.5. OXYGEN CONSUMPTION

As an index o f overa ll he te ro troph ic  a c tiv ity  
oxygen consum p tion  was measured. Four 
ca lib ra ted  oxygen bo ttles  o f ca. 100 cm 3 were 
fille d  w ith  w ater; 2 bo ttles  were im m ed ia te ly  f ix 
ed and 2 b o ttle s  incubated in the  dark fo r 24 h at 
in  s itu  tem pera ture  before fixa tio n . Oxygen con 
cen tra tions  were de term ined by W ink le r titra tio n  
acco rd ing  to  S t r ic k l a n d  & Pa r s o n  (1972). A car- 
bom oxygen ra tio  o f 0.30 w as app lied , an in 
te rm ed ia te  value between the  ra tios  of S eper s

(1981) o f 0.29 and o f H a r g r a v e  (1973) o f 0.32. The 
a c tiv ity  resp ira tion  o f bac te ria  was derived from  
the  p roduction  as m easured w ith  3H -thym id ine. 
A bac te ria l a ss im ila tio n  e ffic ie n cy  o f 30%  was 
assum ed w ith  a grow th  e ffic ie n cy  o f 25% . These 
are reasonable mean annual values, cons idering  
the  e ffic ie n c ie s  de term ined in Dutch and Belg ian 
coas ta l w aters (A d m ír a a l  e t al., 1985; La a n - 
b r o e k  e t al., 1985; La a n b r o e k  & V e r p l a n k e , 
1986; B il l e n  & Fo n t ig n y , 1987).

2.6. SUSPENDED MATTER

Suspended m atte r in the w a te r co lum n was 
determ ined by filte rin g  a known q u a n tity  o f w a te r 
over a prew eighed 0.45-/tm m em brane fi lte r  (Sar
torius). A fte r w ash ing  w ith  d is tille d  w ater, filte rs  
were dried and w eighed. The d iffe rence  in w e igh t 
is a ttr ib u te d  to  suspended m a tte r representing 
organ ic  and ino rgan ic  m a tte r >0 .45  /tm.

2.7. ECOSYSTEM MODEL

A system -w ide eco log ica l m odel has recently  
been developed fo r the w estern Dutch W adden 
Sea (EON, 1988). It is a d e te rm in is tic  com part
m ent m odel w ith  12 sp a tia lly  d iv ided com part-
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m ents (Fig. 1) describ ing  in equa tions the 
c ircu la tio n  o f com ponents  and the  b io log ica l 
processes in te rm s o f carbon in the  w estern 
Dutch W adden Sea. The model cons is ts  o f 
several subm ode ls such as the pe lagic, epiben- 
th ic  and ben th ic  subm odels. Its s truc tu re  was 
adopted from  the  Ems estuary ecosystem  model 
ex tens ive ly  described by B a r e t t a  & R u a r d ij  
(1988) and extended where necessary to  meet hy
drog raph ica l co n d itions  in the  w estern Dutch 
W adden Sea (EON, 1988) d iffe re n t from  those of 
the Ems estuary. For the w estern Dutch W adden 
Sea the model was extended w ith  a sub tida l sub
m odel and nu trien t recycling  (EON, 1988; v a n  
Ra a p h o r s t  et al., 1988). The exchange c o e ff i
c ien ts  between com partm ents  were ca lcu la ted  
from  the resu lts  of a 2 -d im ensional num erica l 
transpo rt model (R id d e r in k h o f , 1988).

In the pe lagic subm odel 7 g roups o f o rgan ism s 
are d is tingu ished . For each group grow th , con 
sum ption , resp ira tion , excre tion  and m o rta lity  
are m odelled. In S c h r ö d e r  et al. (1988) the 
bacte ria l part o f th is  model is exp la ined. They 
d iscuss  the  d iffe re n t equa tions representing the 
s ta te  and rate variab les o f pe lag ic bacte ria  one 
by one. The m ost im portan t equation  is repeated 
below, w ith  w h ich  bacte ria l b iom ass is 
ca lcu la ted  in tim e  steps o f one day:

(5PBAC 
ôt ~

PBAC + m M - r s M - f lM E - f lM D - f lM 3 - f lM 8 ,  

in w h ich
Ô PBAC =  change in bacte ria l b iom ass in mg

C m - 3

mM =  uptake o f o rganic m atte r in mg C m ~ 3

rsM = resp ira tion  in mg C m - 3

f1ME =  consum ption  by m icrozoop lankton  in
mg C -m ~ 3

fIM D = m o rta lity  inc lud ing  excre tion  in mg
C m - 3

flM 3 = sed im en ta tion  of pe lag ic  bacteria
becom ing ben th ic  bacte ria  in mg
C -m - 3

f IM 8 =  sed im en ta tion  of pe lag ic bacteria
becom ing o rgan ic m atte r in mg C -m - 3

The d iffe re n t com ponents in the equation  are fu r
the r e luc ida ted  by Sc h r ö d e r  et al. (1988), where 
they d iscuss  the a va ila b ility  o f food to  bacteria  in 
re la tion  to  m axim um  grow th rates. In add iton , 
they tested  the se ns itiv ity  o f the Ems estuary

m odel to  changes in a ss im ila tio n  e ffic ie n c ie s  of 
bac te ria  and in food supply. The model gave a 
sa tis fa c to ry  s im u la tio n  o f the role o f bac te ria  in 
th is  system  as known at present; hence the 
bac te ria l part was app lied  unchanged fo r the 
ecosystem  model of the  w estern Dutch W adden 
Sea.

The model was run fo r 1986 w ith  the proper 
boundary co n d itions  to  com pare the values 
s im u la ted  by the model in the w estern D utch 
W adden Sea w ith  fie ld  da ta  co llec ted  in 1986 and 
to  assess the usefu lness o f the  m odel in carbon 
budget stud ies. In add ition , the model was used 
to  ca lcu la te  the  prim ary p roduction  in the w ater 
co lum n.

3. RESULTS

3.1. TIDE TEMPERATURE AND SALINITY

Field da ta  were not corrected  to  mean tid a l con 
d itio n s . T idal va ria tions  in bacte ria l variab les 
m easured in Septem ber 1986 and A pril-June 1987 
in the  V lie  basin d id no t show  s im ila r tida l p a t
te rns. Patterns appear to  vary seasona lly  (own 
observations). For th is  s tudy it is assum ed th a t 
on a w hole-year basis the  flood  curren t on a par
t ic u la r loca tion  is as rich and productive  in 
bac te ria l variab les as the HW turn o f the  tide  and 
the  ebb current.

The mean w ater tem pera ture  curve o f the  
w estern W adden Sea fo r 1986 is given in Fig. 3. 
The tem pera ture  range covered by the d iffe re n t 
s ta tio n s  on consecutive  sam p ling  dates is a lso 
show n. In February the cru ise  was cance lled  due

2 0 -

18-

1 6- /  \
„ 1 4- J  \
o  jf
— 1 2 -

Fig. 3. Changes in the mean water temperature of the
western Dutch Wadden Sea in 1986. Temperature range

of the stations visited is given by a vertical bar.
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to  lee fo rm a tion  in the W adden Sea. W ater 
tem pera tu res o f 0 to  -1 .5 ° C  occurred  (not in 
d ica ted  in Fig. 3).

S a lin itie s  at the sam p ling  s ta tio n s  varied from
31.5 in the  tid a l in le ts  to  18.0 at the onshore ends 
o f the transects , w ith  the V lie  basin more sa line  
than the M arsd iep basin. The low est s a lin itie s  in 
both  basins are re lated to  m axim a in freshw ate r 
d ischarge  th rough  the s lu ice  at Kornwerderzand 
in January. The s ta tio n s  here dem onstra ted  the 
la rgest am p litudes in sa lin ity  (BS23: 18.2 to  32.2; 
D25: 18.0 to  27.7). The s a lin itie s  at the  o ther s ta 
tions  genera lly  d id  not drop be low  24.

3.2. BACTERIO PLANKTON

B acteria l abundance varied between 0.2-109  and 
9.4-109  ce lls -d m - 3  and showed the greatest 
am p litude  in the tid a l in le ts  (Fig. 4). Deeper in the 
estuary m oderate seasonal flu c tu a tio n s  were
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Fig. 4. Variation in abundance of bacterioplankton (in
109-dm-3 ) during 1986 in the Marsdiep basin (top), Vlie-

basin (bottom).

found in num bers o f bacte ria . Two separate 
bac te ria l b loom s occurred  in the  M arsd iep basin 
and in the  V lie  basin: in May and Ju ly-A ugust. In 
the  tid a l in le ts  the spring  b loom  was m ost con 
sp icuous, w h ile  the sum m er m axim a were 
re la tive ly  more pronounced deeper in the  e s tu 
ary. In the M arsdiep basin the spring  peak ap 
peared in a la ter phase than in the  V lie  basin. The 
mean num ber o f b a c te r ia d m - 3  was h igher in 
the V lie  basin than in the M arsd iep basin (Sign 
tes t, p =  0.033).

Cell vo lum es o f bacte ria  in the  w estern  W ad
den Sea varied between 0.06 and 0.17 ^m 3, w ith  
a tendency tow ards larger ce ll vo lum es in March 
and May-June than in the rest o f the year (Fig. 5). 
The mean ce ll vo lum e in the V lie  basin was larger 
than  in the  M arsdiep basin (Sign test, p =  0.033). 
The to ta l b iom ass o f the popu la tion  o f bacteria  
varied between 2 and 140 mg C m - 3 , w ith  a 
mean b iom ass in the V lie  basin o f 39 mg C m - 3  

and 23 mg C m - 3  in the M arsdiep basin (Fig. 6 ). 
The seasonal pattern rough ly re flec ted  flu c tu a -
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Fig. 5. Variation in biovolume (in ^m3) per cell during 
1986 in the Marsdiep basin (top), Vlie-basin (bottom).
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Fig. 6. Variation in bacterial biomass (in ng C d m -3 ) 
during 1986 in the Marsdiep basin (top), Vlie basin (bot
tom), using a conversion factor of 1 -10—13 g C ^ m -3 .

tio n s  o f the  bacteria l num bers in spring  and early 
sum m er (the May peak in the tida l in le t o f the 
M arsdiep basin excepted), but from  then on
w ards pa tte rns were d iffe re n t (F igs 4 and 6 ). 
Mean ce ll vo lum es were re la tive ly  sm all in th is  
period and depressed the  b iom ass to  values on ly 
2 to  3 tim es h igher than w in te r values. Mean b io 
m ass was s ig n ifica n tly  h igher in the V lie  basin 
than in the M arsdiep basin (Sign test, p =  0.033).

C onservation o f w ater sam ples on ice fo r 
longer than 4 h reduced the thym id ine  inco rpo ra 
tion  rate by approx im ate ly  35%  (± 1 5 % ). This 
fa c to r was derived from  para lle l m easurem ents 
o f in co rpo ra tion  rates conducted from  
Septem ber th rough Decem ber in sam ples kept 
on ice fo r 1 to  8  h and from  d irec t incubations . 
W here app licab le , data were co rrected  a cco r
d ing ly.

The rate o f 3 H -thym id ine  inco rpora tion  in cold 
TC A -inso lub le  m ateria l showed a consp icuous

am p litude  (0.1 to  7 nm ol thym id ine  d m - 3 - d - 1) in 
the V lie  basin (Fig. 7). S ta rting  at in s ig n ific a n t 
w in te r values an abrupt increase in the  rate to  
m axim a in May was recorded, w ith  the h ighest 
value in the  V lie  basin tid a l in le t (VL1) and 
g radua lly  low er m axim a deeper in the estuary. 
The oppos ite  pattern  was found fo r the  data c o l
lected in A ugust. In general, va lues in the 
M arsdiep basin stayed w ell be low  the  values 
recorded in the V lie  basin, bu t s til l show ed a 
30-fold va ria tion  in inco rpo ra tion  rates o f 0.07 to  
2 nm ol th y m id in e d m - 3 d _1. Mean values per 
sam p ling  date o f the V lie  basin  were s ig n if ic a n t
ly h igher than those o f the M arsdiep basin (Sign 
test, p =  0.006). Furtherm ore, in both 
bas ins s ig n if ic a n t co rre la tions  were found  be
tw een bacte ria l abundance and 3 H -thym id ine  in 
co rpo ra tion  (Spearman rank co rre la tion  
co e ffic ie n t, denoted as rs : r s = + 0 .5 6 , n =  42, 
p<0 .01 , M arsdiep basin; rs = +0.36, n =  33, 
p <0.05, V lie  basin).
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Fig. 7. Variation in the rate of 3H-thymidine incorpora
tion (in nmol-dm-3 -d-1 ) during 1986 in the Marsdiep

basin (top), Vlie basin (bottom).
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D isagreem ents in the  pa tte rns o f thym id ine  in 
co rpo ra tion  rate and p roduction  are due to  va ria 
tio n s  in mean b iovo lum e per ce ll. The p roduction  
varied between 2 and 175 mg C m - 3 d - 1  in the 
V lie basin and between 2 and 45 mg C m - 3 d - 1  

in the  M arsdiep basin (Fig. 8 ), w ith  annual p ro 
d u c tio n s  o f 10 and 3 g C -m - 3 -y - 1 , respective ly. 
The p roduction  in the  V lie  basin was s ig n if ic a n t
ly h igher than  in the  M arsdiep basin (Sign test, 
p =  0.006). Bacteria l b iom ass w as s ig n if ic a n tly  
corre la ted  w ith  p roduction  in both basins 
(rs = +0.54, n =  42, p<0 .01 , M arsdiep basin; 
rs = +0.38, n = 33, p<0 .05 , V lie  basin).

3.3. OXYGEN CONSUMPTION

V aria tions  in dark oxygen consum ption  broadly 
fo llow ed  the  tem pera ture  curve. M axim a in 
oxygen consum ption  were m easured in May in 
the  V lie  basin (1.68 mg 0 2 .d m - 3 d -1 ) and in 
June in the M arsd iep basin (1.14 mg
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Fig. 8. Variation in the rate of bacterial production (in
nQ C -dm -3-d-1 ) during 1986 in the Marsdiep basin

(top), Vlie basin (bottom).

0 2 d m ~ 3 d - 1 ) and coincided w ith peaks in the  
phytoplankton density (see V e ld h u is  et at., 
1988).

The a c tiv ity  resp ira tion  o f bac te ria  varied 
rough ly betw een 2 and 500% o f the  to ta l resp ira 
tio n , but was nevertheless s ig n if ic a n tly  co r
re la ted w ith  the oxygen consum ption  
(rs = +0.46, n =  75, p<0.01). In May and June 
respective ly , the a c tiv ity  resp ira tion  am ounted to 
ca. 16 and 12% in the  M arsdiep basin and to  70 
and 36%  in the V lie  basin. Scores exceeding 
100% occurred  p redom inan tly  in O ctober, 
Novem ber and December.

3.4. SUSPENDED MATTER

Suspended m a tte r loads were m easured at d if 
fe ren t tim es in the tide  at the  consecu tive  sam p l
ing s ta tions . Because tida l va ria tions  in 
suspended m atte r are o ften  large in the W adden 
Sea (P ostm a, 1982; Cadée, 1982), va lues o f d if 
fe ren t s ta tio n s  canno t be com pared q u a n tita tive 
ly. In the V lie  basin 10 to  280 mg D W d m - 3  was 
m easured during  the flood, w ith  m axim a in the  
tid a l in le t in M arch and deeper in the  estuary in 
A ugust, O ctober and December. Resuspension 
o f sand gra ins probab ly con tr ib u te d  to  these 
high values. No co rre la tions  were found between 
suspended m atte r and bacte ria l param eters in 
the  V lie  basin. In the M arsdiep basin  values rang
ed from  10 to  100 mg DW -dm - 3  during  high tide  
and the ebb. M axim a were recorded in January 
and M arch. Suspended m atte r was found to  be 
negative ly  corre la ted  w ith  bac te ria l abundance, 
b iom ass, and p roduction , respective ly, 
(rs = -0 .3 8  to  -0 .4 1 , n = 42; p<0.02).

3.5. VALIDATION OF THE ECOSYSTEM MODEL OF 
THE WESTERN DUTCH WADDEN SEA

R esults of the eco log ica l m odel (F igs 9, 10 and 
11) of the w estern W adden Sea are com pared 
w ith  fie ld  data o f b iom ass, p roduction  of 
bac te riop lank ton  and m easured BOC., values. 
The resu lts  are given on ly o f the com partm en ts  
fo r w h ich  fie ld  da ta  are ava ilab le . F ield data  and 
s im u la ted  graphs o f respective  com partm en ts  
are p lo tted . The degree o f f it  o f the  s im u la tion  
and the fie ld  da ta  is expressed in C-values, the 
average value o f 2  d iffe re n tly  ca lcu la ted  devia
tion  values and a value o f co rre la tion  (S tro o ,  
1986). C-values grade linearly  from  1 to  10, w ith  a 
be tte r f i t  as C-values are higher.

Field da ta  o f bac te ria l variab les and BOC-,
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broadly m atched the m odel s im u la tio n s  (C- 
va lues varied between 5.6 and 7.2 fo r bacteria l 
variab les, see Figs 9 and 10; and between 7.1 and
8.5 fo r BOC-,, Fig. 11). The s im u la ted  onsets of 
bac te ria l b loom s and BOC., in spring agreed w ith  
fie ld  da ta  but the  dec lines set in too  late (Oc
tober). The large flu c tu a tio n s  in bacteria l 
variab les measured from  March un til Septem ber 
were not re flec ted  by the  m odel. The model did 
no t accu ra te ly  s im u la te  o sc illa tio n s  in the sm all 
food web, w h ich  can be cons iderab le  in 
e u troph ic  coasta l w aters (A n d e r s o n  & 
S çjrensen , 1986).

The mean order o f m agn itude o f s im u la tio n s  
com pared to  fie ld  data  was genera lly  good. It 
w as s lig h tly  be tter in the  V lie basin than in the 
M arsdiep basin, though w ith  larger d isagree
m ents between fie ld  da ta  and correspond ing

s im u la ted  values per sam pling  date (F igs 9, 10 
and 1 1 ).

The q u a lity  o f the  model w ith  respect to  the  
seasonal pa tte rns of bac te ria l variab les and 
BOC, is judged on the basis o f the co rre la tion  
c o e ff ic ie n t r and s lope com ponent SC (St r o o ,
1986). O verall annual pa tte rns in b iom ass were 
best s im u la ted  in the com partm en ts  1, 4, 5 and 6  

(r =  0.70, 0.73, 0.65, 0.79, respective ly) and 
para lle lled  by pa tte rns in the bacte ria l p roduc
tion  w ith  best f its  in the  sam e com partm en ts  
(r =  0.75, 0.81, 0.79, 0.90, respectively).

S im ula ted  mean annual va lues o f b iom ass, 
p roduction  and BOC, are show n fo r a ll com pa rt
m ents separa te ly  in Fig. 12a, b and c, w ith  the an
nual m eans based on fie ld  m easurem ents 
p lo tted  in. H igher mean annual values were 
genera lly  found deeper in the  estuary, in w h ich
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Fig. 9. Model sim ulations of the biomass of bacterioplankton (PBAC) in each of the 7 com partm ents 1, 4, 5, 6, 8, 
9, 10 (lines) and field data (symbols) In C d m -3  in 1986.
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Flg. 10. Model sim ulations of the bacterial production of heterotrophic bacteria (PRDM) In each of the 7 com part
ments 1, 4, 5, 6, 8, 9, 10 (lines) and fie ld data (symbols) in C-dm ~3-d-1 in 1986.

respect the  s im u la tion  is in accordance w ith  the 
m easured data. But the  s im u la ted  values of 
bacteria l b iom ass and p roduction  in the 
M arsdiep basin (Fig. 12a and b) have been 
overestim ated by the  m odel, -1 .5 -  and 2-fold, 
respective ly. In Table 1, m odel ou tp u ts  on an an 
nual basis are show n w ith  measured data and 
give a survey o f the d iscrepancy in fie ld  data  and 
s im u la ted  data.

4. DISCUSSION

4.1. METHODOLOGICAL CONSIDERATIONS

At present, several d ilem m as are faced by 
m icrob ia l eco log is ts , w ho require  abso lu te  
values o f bacteria l param eters in C -flux stud ies, 
as to  w h ich  conversion fac to rs  are to  be used.

B iovo lum e-to-b iom ass convers ion  fac to rs  of 
bacte ria  vary in the lite ra tu re  from  0.87 to
5.6-10 - 1 3  g C - itm - 3  (F e r g u s o n  & R u b l e e , 1976; 
B r a t b a k , 1985). R ecently an increasing  am ount 
o f evidence has been pub lished th a t conversion 
fa c to rs  have been underestim ated  in the  past by 
a t least 3 tim es (B r a t b a k  &  D u n d a s , 1984; B r a t 
b a k , 1985; B j ç ir n s e n , 1986; L e e  &  F u h r m a n ,
1987). In th is  ligh t the  value of the b iovo lum e-to- 
b iom ass conversion used in th is  s tudy is conse r
vative, 1 -10— 1 3  g C ytm - 3  (R u b l e e  e t al., 1978). 
However, N a g a t a  (1986) de term ined the C- 
con ten t o f natura l p lank ton ic  bacte ria  by a d if 
fe ren t m ethod and arrived at values com parable  
to  the value we applied.

The thym id ine  convers ion  fa c to r we used,
1.7-101 8  bac te ria l ce lls  form ed a fte r inco rpo ra 
tion  o f 1 Mol thym id ine  in co ld  TCA inso lub le
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Fig. 11. Model s im ulations of the oxygen consum ption (BOC,) of the water column in each of the 7 com partm ents 
1, 4, 5, 6, 8, 9, 10 (lines) and fie ld data (symbols) in mg 0 2 d m ~ 3-d~ 1 in 1986.

m ateria l, has been determ ined on ly  once w ith  a 
bacte ria l popu la tion  from  the  tida l in le t o f the 
Ems estuary (A d m íra a l et al., 1985). A s im ila r 
convers ion  fa c to r was derived by B il le n  & Fon- 
t ig n y  (1987) in the Southern B igh t o f the North 
Sea. Th is fa c to r a lso f its  in the range o f 1.1 to 
1 0 -1 0 1 8  de term ined on the basis o f an array of 
experim ents w ith  m arine bacte ria l popu la tions  
o f the  N orth Sea, w hich dem onstra ted  the con 
s is tency  o f th is  fa c to r w ith  d iffe re n t m edium s, 
tem pera tu res or generation tim es ( 1  to  2 0 0  h) 
(R iem ann e t at., 1987).

4.2. SEASONAL VARIATIONS

The m icrob ia l d is tr ib u tio n  and dynam ics in the 
western W adden Sea exh ib ited  s im ila ritie s  to  the

Ems estuary in the eastern Dutch W adden Sea. 
P a rticu la rly  the seasonal pattern o f bac te ria l 
abundance and b iom ass agreed w ith  pa tte rns 
found  in the headw ater o f the Ems (A d m íra a l et 
al., 1985). The seasonal va ria tion  o f bacte ria  in 
the  w estern W adden Sea was characterized by a 
sequence o f bacte ria l b loom s from  M arch un til 
Septem ber, represented by cons iderab le  f lu c tu a 
tio n s  in bacte ria l abundance (0.7 to  9.4-109  

ce lls  d m - 3) and b iom ass (0.8 to  137 hq C d m - 3). 
P rom inent peaks occurred in May and July- 
A ugust, w h ich  co inc ided  w ith  m axim a in 3 H- 
thym id ine  inco rpora tion  rates (up to  7 
n m o l-d m - 3 - d - 1) and p roduction  (up to  175 ^g 
C d m - 3  d - 1), w ith  genera tion  tim es o f - 1 2  to  20 
h in the V lie  basin. P roduction  m axim a in the  
M arsd iep basin occurred in June-Ju ly (2 nmol
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BOC, in mg 0 2-dm -3 -d-1 (right) in the com partm ents 1 to 12, respectively in 1986. Mean annual values of field

data are also given (symbols).

th y m id ¡n e -d m - 3 - d - 1; 45 mg C -d m - 3 -d _1), w ith  
generation tim es o f ~ 2 0  to  50 h.

The range o f bacte ria l num bers (0.23 to  9.4-109  

c e lls -d m -3 ) and b iom ass (2.1 to  137 ^g C d m -3 ) 
in the w estern W adden Sea is com parable  to tha t 
found in the Ems estuary (A d m ír a a l  et al., 1985), 
though w ith  m axim um  production  rates tw ice  as 
h igh. The mean annual p roduction  m easured in 
the V lie  basin (10 to  11 g C -m - 3 -y ~ 1) was prac
tic a lly  equal to  w hat was m easured in the Ems- 
D ollard in 1982 (9 g C m _ 3 y _1) (ibid). This is 
more than 3 tim es h igher than the  annual p roduc
tion  m easured in the  M arsdiep basin (3 g 
C -m - 3 -y ~ 1). Our 3 H -thym id ine  inco rpora tion  
rates com pare  favourab ly w ith  those reported by 
D u c k l o w  (1982), F u h r m a n  & A z a m  (1982), 
N e w e l l  & F a l l o n  (1982) and Ru b l e e  (1984) in 
coasta l and estuarine  w aters. In con tras t, our 
m axim um  values were up to  1 2  tim es h igher than 
those  recorded by La a n b r o e k  et al. (1985) in the 
Dutch Eastern S che ld t basin.

4.3. LATERAL VARIATIONS

Seasonal pa tte rns o f bac te ria l param eters varied 
by s ta tion . A long the onshore -o ffshore  transec t 
In headwaters, large and sys tem a tic  la te ra l va ria 
tions  in bacte ria l abundance, b iom ass and p ro 
d u c tio n  were found in the  w estern W adden Sea. 
S ta tions  deeper in the estuary show ed m axim a in 
sp ring  and sum m er. P ronounced sum m er m ax
im a were restric ted  to  the onshore  end o f the 
transec ts  and were absent in the  tid a l in le ts . Dur
ing the  sum m er, food supp ly  to  bac te ria  was ap
paren tly  g rea ter here than in the  tid a l in le ts . This 
canno t be d ire c tly  related to  the d ischarge  of 
o rgan ic  m a tte r as th is  is neg lig ib le  during  the 
sum m er m onths. We suggest tha t h igher sum 
m er tem pera tures enhance the  bac te ria l ac tiv ity , 
w h ich  resu lts  in h igher p roduction  rates. This 
process is supposed to  p lay a more im portan t 
ro le at the  onshore ends of the transec ts , where 
sed im en ta tion  genera lly  overrides erosion (due
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TABLE 1
Synoptic view of the sim ulated values by the model and the fie ld data. Mean values of fie ld data are calculated 
for the com partm ents 1, 4, 5, 6, 8, 9,10 and not extrapolated to the tota l surface area of the western Wadden Sea. 
The % respired of the gross primary production is added to column B. The % of the to ta l respiration which is 
respired by bacterioplankton (..%) and the total uptake by bacteria of the primary production Is added to 
column C (assim ilation effic iency of 30%; growth effic iency of 25%; restresplration of bacterial biomass and the 
contribu tion of allochthonous organic m atter to bacterial biomass production are neglected in the calculation). 
Mean depths of the defined areas are also given.
'T o ta l dark respiration = 6 0 0 , 0.30,
1*Derlved from V e l d h u is  et al. (1988) and increased w ith  25% to include exudates (Veldhuis, pers. comm.). 
2*Biovolume-to-biomass conversion factor T 1 0 _l3g C-jim -3  (R u b l e e  et al., 1978).
3*B iovo lum e-to -b lom ass conversion fa c to r 3 .8 -1 0 ~ 13g C y im - 3  (L ee  & F u h r m a n , 1987).

A.
Gross primary  

production  
g C m ~ 2 y - 1

B.
Total dark 

resp ira tion *

C.
Bacterial biomass 

production
Mean annual 

bacteria l biomass 
mg C m ~ 2

sim u- measured sim u- measured sim ulated measured simu- measured
la ted

) .
la te d

2* 3*
la ted

2* 3*

western
Wadden Sea 
(d =  3.30 m)

Marsdiep-

341 253 156
(46%)

186
(74%)

26.2 
(47%) 
-31 %-

26.4
(40%)
-42%-

100.3
(151%)
-159%-

127 130 494

basin
(d =  3.90 m)

330 281 166
(50%)

205
(73%)

26.9
(45%)
-33%-

16.5
(23%)
-23%-

62.7
(86%)
-89%-

148 122 464

Vlie-basln 
(d =  2.64 m)

354 215 145
(41%)

165
(77%)

25.2
(49%)
-29%-

36.8
(62%)
-68%-

139.8
(237%) 
-261 Vo

104 137 521

to  low er cu rren t ve loc ities), than at the tida l in le t.
Mean annual values of bacte ria l abundance, 

b iom ass and p roduction  were h igher deeper in 
the estuary than in the  tid a l in le ts . This is a lso 
co rrec tly  s im u la ted  by the model (see Fig. 12a 
and b). In the tida l in le ts  consp icuous m axim a in 
bacte ria l abundance and b iom ass were 
res tric ted  to  the spring . The May b loom s of 
bacteria  in the tida l in le ts  exceeded those 
deeper in the  estuary. C om parable g rad ien ts 
have been found in the Ems estuary (A d m íra a l et 
al., 1985). The in s tiga tion  o f the bacte ria l spring 
b loom  In the  estuary m igh t be re lated to  
phy top lank ton  b loom s, w hich com e from  the 
N orth  Sea and spread up the estuary. A rgum ents 
to  support th is  view are presented by V e ld h u is  et 
al. (1986), w ho found a strong increase in the 
bac te ria l abundance in the Dutch coasta l w aters 
in April 1984. Its peak occurred In May (2 to 
1 0 -1 0 9  ce lls  d m -3 ) sho rtly  a fte r the  increase and 
m axim um  o f the  ch lo rophy ll a concen tra tion , 
p redom inan tly  represented by the haptophycean

phytop lank ton  alga P haeocystis  p o u ch e tii. The 
assoc ia tion  o f phy top lankton  and bacteria  im 
p lica tes  th a t bacteria l b loom s, ana logous to 
phy top lank ton  b loom s (C o li jn ,  1983; G ieskes & 
K ra a y , 1975; Cadée, 1986), develop ea rlie r in 
c learer o ffsho re  w aters o f the N orth  Sea than in 
the  more tu rb id  estuarine  w aters o f the W adden 
Sea. C onsequently , in spring  bacte ria l b loom s 
appear la te r in the  estuarine  w aters than in the  
N orth Sea (shortly a fte r the drop in suspended 
m a tte r in April).

In the V lie basin ch lo rophy ll a (m easured syn
ch ronous ly  from  March to  Septem ber, see 
V e ld h u is  et al., 1988) was found to  be 
s ig n if ic a n tly  corre la ted  w ith  bacte ria l abun
dance (rs = +0.47, n = 21, p<0.05), b iom ass 
(rs = +0.75, n = 21, p<0.01), and p roduction  
(rs = + 0 .5 3 , n = 21, p<0 .02) respective ly . These 
co rre la tions  em phasize the  c lose  re la tion  w h ich  
apparen tly  existed between bacte ria  and 
phytop lank ton  in the V lie  basin. C lose coup ling  
o f bacte ria l param eters and phytop lank ton  has
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also been dem onstra ted  in the Southern B igh t o f 
the  North Sea (L a n c e lo t  & B i l le n ,  1984; B il le n  
& F o n tig n y , 1987) and In the  Eastern S che ld t 
(L a a n b ro e k  et al., 1985) as w ell as in o ther 
aqua tic  environm ents (F u h rm an  et al., 1980; 
M a lo n e  et al., 1986; Simon & T i lz e r ,  1987). More 
and more evidence is com ing  up tha t such co r
re la tions  are to  be a ttr ib u te d  to the  rapid con 
sum ption  by bacte ria  o f a lga l exudates and 
o rgan ic  com pounds released during  the lys is  o f 
a lga l ce lls  (L a a n b ro e k  et al., 1985; B il le n  & F o n 
t ig n y , 1987; F u h rm an , 1987). In the  M arsdiep 
basin ch lo rophy ll a was not found to  be 
s ig n if ic a n tly  corre la ted  (p>0.05) w ith  bacte ria l 
abundance (rs = - 0 .0 5 ,  n =  27), b iom ass 
(rs = +0.36, n =  27), 3 H -thym id ine  inco rpora tion  
rate (rs = - 0 .0 1 , n =  28) and p roduction  
(rs = + 0 .1 9 , n =  28), respective ly. The high 
num bers of bacteria  recorded in the M arsdiep 
basin in May (9.4-109  ce lls -d m - 3 ) d id not co in 
cide  w ith  high bac te ria l p roduction  ra tes and 
were poss ib ly  im ported  from  the N orth Sea. In 
Dutch coasta l w aters near the M arsdiep, on May 
15 1984, A dm iraa l (unpubl. resu lts) found 6.4-109  

ce lls -d m - 3  w ith  a p roduction  o f - 7 5  /¿g 
C d m - 3 -d - 1 in the P haeocystis  p o u ch e tii 
phy top lank ton  spring  b loom . P ossib ly, bacte ria l 
p roduction  in the M arsd iep tid a l in le t was only 
recen tly  uncoupled from  ch lo rophy ll a due to an
tib a c te ria l agents (such as a c ry lic  acid), w h ich  
are associa ted  w ith  P haeocystis  b loom s and in 
h ib it bacte ria l p roduction  (E b e r le in  et al., 1985).

Absence o f coup lings  between bacte ria l 
param eters and phytop lank ton  has a lso been 
observed in o ther estuarine  environm ents  
(A lb r ig h t ,  1983; D u c k lo w  & K irc h m an , 1983). 
A lloch tonous  o rgan ic m a tte r supp ly can override 
such a coup ling  and provide the p rom inent food 
supp ly fo r the bacteria .

4.4. DISSIMILARITIES BETWEEN THE MARSDIEP 
BASIN AND THE VLIE BASIN

The d iffe rence  in the  dynam ics and d is tr ib u tio n  
o f bacte ria  between the tw o  basins is 
rem arkable. In the  V lie  basin s ig n if ic a n tly  h igher 
mean values fo r bac te ria l param eters were 
recorded than in the M arsdiep basin (Sign tests,
0 .0 0 6 ^ p <0.033). The bac te ria l p roduction  in the 
V lie basin was, on m ost sam p ling  dates, 2 to  10 
tim es h igher than the p roduction  in the M arsdiep 
basin. P a rticu la rly  the drop in p roduction  be
tween the s ta tio n s  BS 1 or BS23 and D25 in May 
and A ugust was spec tacu la r (149.3 /¿g

C d m - 3 -d - 1 and 106.2 Mg C d m - 3 -d - 1 a t BS1 
and BS23 in the V lie  basin, respective ly , to  13.5 
ng C -d m - 3 -d _ 1  at D25 in the  M arsdiep basin).

These d iffe rences  are too  large to  be ascribed 
to  the d iffe re n t tida l phases in w h ich  
m easurem ents were conducted . T ida l va ria tions  
in bac te ria l a c tiv ity  were found to  be con 
s iderab le , pa rticu la rly  when bacte ria l a c tiv ity  
w as high. However, standard  dev ia tions  o f mean 
tida l bacte ria l p ro d u c tiv ity  did not exceed 50%  in 
the  V lie  basin (own observations). We expect 
tida l va ria tions  in the  headw ater of the M arsdiep 
basin to  be sm a lle r than in the V lie  basin, 
because in te rtid a l f la ts  are less extensive here 
and are loca ted at g rea ter d is tances  from  the 
sam pling  s ta tions . As a consequence, resuspen
s ion of bo ttom  sed im ents  w ill p lay a more 
res tric ted  ro le in the surface w aters, a lso due to  
the  greater mean depth of the com partm en ts  in 
the  M arsdiep basin than in the  V lie  basin.

The m uch h igher overall bac te ria l p roduction  
in the  headw aters of the V lie  basin was not ex
pected, cons idering  the im port of large am ounts 
o f o rgan ic  m atte r (133-109 g C y _ 1  in 1986; 
A nonym us, 1986a and b) and nu trien ts  (van d e r  
V e e r et al., 1988) from  Lake IJssel in to  the 
M arsdiep basin. In add ition , the advective 
transpo rt from  the  M arsd iep basin in to  the V lie  
basin is lim ited  by the purported rest transpo rt of 
w a te r from  the  V lie  basin to  the  M arsd iep basin 
(R id d e rin k h o f, 1988). This im p lica te s  tha t p rac
tic a lly  a ll m ateria l d ischarged  from  Lake IJssel is 
con ta ined  in the  M arsdiep basin, so we assum ed 
tha t th is  a llo ch tonous  C source  w ou ld  resu lt in 
an enhanced p roduction  o f bac te ria  in the 
M arsdiep basin. However, no pos itive  co rre la 
tio n s  were found (p >0.05) between the  d ischarge 
of lab ile  o rgan ic  C (LOC) (Fig. 13) at Den Oever 
and Kornwerderzand and bac te ria l param eters 
(bacteria l abundance, b iom ass, 3 H -thym id ine  in 
co rpo ra tion  and p roduction  at s ta tio n s  D3, D25 
and BS1 and BS23 ( - 0 . 7 0 ^ r s <  +0.10, n = 10 or 
11)). The fra c tio n  o f the to ta l o rgan ic  m atte r 
d ischa rge  co n s is tin g  o f lab ile  o rgan ic C was 
derived from  EON (1988), where it is de fined as 
co n s is tin g  p redom inan tly  o f eas ily  degradable 
DOM released by freshw a te r o rgan ism s suppos
ed to des in tég ra te  sho rtly  a fte r being in troduced 
in to  the sa line  W adden Sea. A pparen tly  the 
d irec t a va ila b ility  o f th is  o rgan ic  m atte r to  the 
bacte ria  at the fie ld  s ta tio n s  is lim ited .

Given the large d iscrepancy in p roduction  be
tween the tw o basins, it is rem arkable tha t 
bacte ria l abundance and b iom ass in the
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Fig. 13. Variations in tota l discharge of labile organic carbon (PLOC) in 1986 at Den Oever (TY3PLOC) and at Korn
werderzand (TY5PLOC) in mg C, based on measurements.

M arsdiep basin were on ly  s lig h tly  low er in mean 
values than in the V lie  basin w ith  broadly s im ila r 
seasonal flu c tu a tio n s . Apparently  only the share 
o f thym id ine-active  bacte ria  in the popu la tion  
dropped. This drop m igh t be caused by a con
siderab le  d ilu tio n  o f p roductive  w aters w ith  less 
productive  w aters and/or by the  food supp ly to 
bacte ria  dec lin ing  from  the  V lie  basin tow ards 
the M arsdiep basin.
— a. D ilu tion  hypothesis:
The cum ula ted  annual freshw ate r d ischarge in 
1986 in to  the M arsdiep basin was 5 tim es larger 
than the volum e o f th is  basin. The largest 
d ischarges took  p lace from  Novem ber through 
January and in A pril. It was tested by com paring  
bacte ria l param eters w ith  the d ischarge regim e 
how the d ilu tio n  o f W adden Sea w ater w ith  fresh 
w a te r d ischarged th rough the s lu ices at Korn-

werderzand and Den Oever on the  day preceding 
the  sam pling  date a ffected  the  sam p ling  s ta 
tions  D3, D25, BS1 and BS23. The bacteria l p ro 
duc tion  at D25 and D3 was negative ly  corre la ted  
w ith  the d ischarge regim e of the s lu ice  at Korn- 
w erderzand (D25: rs =  -0 .7 4 , n = 10, p<0.01 and 
D3: rs =  -0 .5 8 , n =  11, p<0 .1 ). Such s trong and 
s ig n if ic a n t co rre la tions  were not found fo r the 
o the r s ta tio n s  (BS23: rs = -0 .4 2 , n =  11, p >0.1 ; 
BS1: rs = - 0 .3 5 ,  n =  11, p>0 .1 ). The d ischarge 
m igh t d ilu te  the food supp ly  o f bacte ria  at D25 
and D3 d irec tly  or reduce it in d ire c tly  by 
negative ly  a ffe c tin g  the in  s itu  p roduction  o f 
bacte ria l food (due to  lowered sa lin ities ). On the 
o the r hand, bacte ria l abundance was not 
s ig n if ic a n tly  d ilu ted  at these s ta tio n s  by the 
d ischarge  (D25: rs =  -0 .4 3 , n = 11, p>0 .1  and D3: 
rs =  -  0.05, n =  11, p>0.1). This m igh t be e xp la in 
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ed by assum ing th a t part o f the bacte ria  im 
ported in to  the  W adden Sea from  Lake IJssel 
rem ained in tact, but were m e ta b o lica lly  inactive  
and as such only con tribu ted  to the abundance 
and not to  the p roduction  o f bacteria . It is w ell 
known tha t bacteria  present in dom estic  sewage 
can survive the  sa lin ity  shock a fte r in troduc tion  
in the m arine environm ent bu t refra in from  pro
ducing.
— b. Food dep le tion  hypothesis:
The rest transpo rt from  the  V liega t to  the 
M arsdiep exceeds the  annual freshw a te r 
d ischarge  by - 2  tim es in the  absence of w ind- 
driven w ater transpo rt (R id d e rin k h o f, 1988). This 
means th a t up to 800 m 3 -s - 1 (dependent on the 
am ount o f freshw a te r d ischarge) is transported  
from  the V lie  basin in to  the  M arsdiep basin. W ith 
the transport, bac te ria  and phytop lankte rs  are 
washed in to  the M arsdiep basin, w h ich  exp la ins 
the s im ila r seasonal pa tte rns in bacte ria l abun
dance o f basins. However, the  c lose  coup ling  of 
bacte ria  and phytop lank ton  d isappeared in the 
M arsdiep basin. It is possib le  tha t 
phytop lankte rs  s ink  ou t on the th resho ld  of 
basins and in the broader tid a l channe ls in the  
M arsdiep basin and/or are heavily cropped over 
the  extensive m ussel cu ltu res  (M ytilis  edulis) 
present in the  inner com partm en ts  o f the 
M arsdiep basin (de W ild e  & Beukem a, 1984). 
Cadée & Hegem an (1974) suggested tha t the con 
sp icuous drop in cho rophy ll a in the  w ater c o l
umn they found over a m ussel cu ltu re  in the 
w estern W adden Sea cou ld  be a ttr ib u te d  to  co n 
sum ption  by m ussels. It shou ld  be investigated , 
however, if m ussels in the  w estern W adden Sea 
com pete  fo r food w ith  bac te riop lank ton , in d ire c t
ly via the  in take o f phy top lank ton  and d irec tly  via 
the in take o f DOM (S ieb ers  & W in k le r ,  1984), 
and if consum ption  o f bac te riop lank ton  by 
m usse ls in the  w estern W adden Sea plays a role 
o f s ign ificance .

On the  basis o f the present know ledge o f the 
role o f bacte ria  in the ecosystem  no decis ive 
answ er can be given fo r the  d iffe rences observed 
between M arsdiep and V lie  basins. More 
research is required to  solve th is  enigm a.

4.5. MODEL VALIDATIONS

In the m odel, b iom ass and p roduction  o f bacteria  
are d e te rm in is tica lly  ca lcu la ted  from  the am ount 
o f C ava ilab le  fo r uptake and the  am ount of C 
already fixed in bacte ria l b iom ass w ith  a co n 
s ta n t a ss im ila tion  e ffic ie n cy  o f 30% , a grow th

re s tric tion  by se tting  a m axim um  uptake rate 
w h ich  is tem pera ture  dependent and a 2 0 % m or
ta lity  (S c h rö d e r  et al., 1988). This im p lies  tha t 
bacte ria l b iom ass and p roduction  in the model 
are de term ined independent o f b iovo lum e-to- 
b iom ass and thym id ine  convers ion  facto rs , 
w h ich  m akes our fie ld  da ta  pre-em inently 
su itab le  fo r va lida tion . The in it ia l va lues of b io 
m ass and p roduction  in January 1986 have been 
generated by a 6 -year run o f the model preceding 
1986.

S im ula ted  va lues broadly corresponded w ith  
fie ld  da ta  o f bacte ria l b iom ass, p roduction  and 
BO C ^ In the M arsdiep basin pa tte rns were be t
te r s im u la ted  than in the V lie  basin, w here the 
March peak o f bacte ria l b iom ass was m issed by 
the m odel. The increase o f d ischarged  lab ile  
o rgan ic  m a tte r in Septem ber/O ctober from  Korn- 
werderzand and Den Oever (Fig. 13) con tribu ted  
to  the  consp icuous peaks s im u la ted  in the  com 
partm ents  4, 5 and 10 (F igs 9, 10 and 11), but was 
not re flec ted  by the fie ld  da ta  o f bacteria l 
variab les and BOC.,. The fa te  of a llo ch tonous  
m ateria l in the estuary is s till poorly  understood. 
The order o f m agn itude o f s im u la tio n s  of 
bacte ria l variab les was qu ite  good w ith  the C 
convers ion  fa c to r o f 1 -1 0 - 1 3  g C /tm  ~ 3  app lied  in 
th is  research. Th is im p lica te s  th a t the  s im u la 
tio n s  w ould  have been - 3 .5  tim e s  too  low  if b io 
m ass and p roduction  rates had been ca lcu la ted  
accord ing  to  b iovo lum e-to-b iom ass conversion 
fac to rs  now in use {e.g. 3.8-10 - 1 3  g C./¿m~3; Lee 
& F u h rm an , 1987). If so, the  role o f bac te ria  in 
the  m odel is underestim ated and shou ld  receive 
more a tte n tio n . However, w ith  th is  conversion 
fa c to r the a c tiv ity  resp ira tion  o f bac te ria  in the 
w a te r co lum n exceeds the to ta l dark resp ira tion  
and the to ta l uptake o f o rgan ic  m a tte r by 
bacte ria  exceeds prim ary p roduction  (Table 1). 
Mean a ss im ila tio n  and grow th  e ffic ie n c ie s  of 
pe lag ic bacte ria  m igh t be h igher than 30 and 
25% , respective ly. G row th e ffic ie n c ie s  as high 
as 80% have been reported by am ong others 
Hoppe (1978), B il le n  (1984) and W ill ia m s  (1984).

The d is s im ila r it ie s  in bacte ria l variab les be
tween the com partm en ts  and the  tw o  basins 
were not re flec ted  by the model (see Fig. 12a and 
b and Table 1). The m odel overestim ates 
bacte ria l b iom ass and p roduction  in the  
M arsdiep basin. The inpu t o f a llo ch tonous  C in 
the M arsdiep basin was assum ed to  enhance the 
bac te ria l p roduction  and increase the  b iom ass in 
th is  basin, but apparen tly  th is  does not happen. 
The fa te  o f th is  m ateria l in the w estern W adden
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Sea needs fu rthe r research. In the V lie  basin the 
m odel s lig h tly  underestim ates the bacte ria l 
variab les (Fig. 12a and b), pa rticu la rly  the 
bac te ria l p roduction  in the  com partm ents  8  and 
10. Th is m ight be traced back to underestim ation  
o f the carbon flo w  from  phytop lank ton  to 
bacteria . In the model the bacte ria  consum e 
-3 0 %  o f the gross prim ary p roduction  w h ile  in 
the V lie  basin (fie ld data) th is  w as more than 
tw ice  as m uch (6 8 % , Table 1). The c lose  coup ling  
between Chl-a and bacte ria l variab les found in 
th is  basin m igh t be an ind ica tion  o f enhanced 
trans fe r o f energy from  phytop lank ton  to 
bacte ria  as com pared to a s itu a tio n  in w h ich  th is  
coup ling  is absent, such as in the  M arsdiep 
basin. The model resu lts  em phasize our poor 
understand ing  o t the  dynam ics in and the nature 
o f the troph ic  re la tionsh ips  between bacte ria  
and phytop lankton .

5. CONCLUSIONS

The M arsdiep basin d iffe rs  cons iderab ly  from  the 
V lie  basin p a rticu la rly  In bacte ria l ac tiv ity , w ith  a 
s ig n if ic a n tly  lower p roduc tiv ity  in the M arsdiep 
basin than in the V lie  basin. The bacteria l 
d is tr ib u tio n  and dynam ics in the V lie basin were 
more s trong ly  in fluenced by the N orth Sea than 
in the M arsdiep basin, pa rticu la rly  in spring . A 
c lose  coup ling  of bacteria  and ch lo rophy ll a ex
isted in the V lie  basin but was absent in the 
M arsdiep basin. A lloch tonous organic m atte r 
o rig ina ting  from  Lake IJssel was not d ire c tly  
ava ilab le  to  bac te riop lank ton  in the  headwaters. 
The ecosystem  model produced fa ir  s im u la tio n s  
o f the  oxygen consum ption  rate and its seasonal 
va ria tions. The qua lity  o f the model in s im u la ting  
bac te ria l variab les is reasonable cons idering  the 
m ain trend in the seasonal pattern, but it fa ils  to 
s im u la te  the  proper tim ing  and am p litude  of 
separate  m ajor flu c tu a tio n s . A ccord ing  to  
b iovo lum e-to-b iom ass conversion fac to rs  now in 
use the model underestim ates the  flow  of 
o rgan ic  carbon to bacteria  and the ir s tand ing  
s tock. Im provem ents o f the model should  con 
cern a recons idera tion  o f the troph ic  re la tions 
between phy top lankton  and bacteria , and an ad
ju s tm e n t o f the a va ila b ility  o f a llo ch thonous  
organ ic carbon from  Lake IJssel fo r pe lag ic 
bacteria .
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ABSTRACT

From 1974 to 1977 a study was m ade of the abun
dance and the d istribution of the Zooplankton  
species of the Ems estuary (The N etherlands and  
the Federal Republic of Germ any), an area of 
about 500 km 2 w ith extensive tidal flats.

The m ost im portant com ponent of the Zoo
plankton consisted of holoplankton ic ca lanoid  
copepods w ith , during the sum m er, a s ignificant 
contribution  of m eroplankton, m ain ly consisting  
of polychaete and cirripede larvae. Zooplankton  
abundance showed a m arked seasonality, w ith  a 
pronounced spring peak and a sm aller late sum 
m er/autum n peak. In the low sa lin ity  area the  
spring bloom  was dom inated  by Eurytemora a f 
finis, w hich persisted in the sa lin ities  below  S =  5 
upriver during the w hole year. In the polyhaline  
area Acartia bifilosa  was the m ain com ponent of 
the spring bloom . The late sum m er m axim um  
from  August to O ctober was dom inated  by Acar
tia tonsa  in the meso- and polyhaline area and by 
A. discaudata  and Centropages ham atus  in the  
euhaline part of the estuary bordering on the  
W adden Sea proper. The num ber of abundant 
(> 1 0 0 0  ind m -3 ) species increased from the in
ner, fresher part of the estuary tow ards the W ad
den Sea but, except for April, average  
Zooplankton density in sa lin ities  <18  w as sim ilar 
(2768 ind -m -3 ) to the density in sa lin ities  >18  
(2817 in d -m -3).

The d istribution patterns show that there are 
only a few  autochthonous species and that the  
m ajority of species is a llochthonous and pene
trates more or less deeply into the estuary from  
the W adden Sea and North Sea, varying w ith spe
cies and season.

1. INTRODUCTION

This s tudy  describes the abundance and the d is 
tr ib u tio n  of the m ost com m on Zooplankton popu
la tions  in the Ems Estuary on the border o f the 
N etherlands and the Federal R epublic o f G erm a
ny (Fig. 1). A g lobal desc rip tion  o f the  ecosystem  
o f the estuary is given in G o rd o n  & B a r e t t a
(1982).

The Zooplankton o f the  Ems estuary had not 
been s tud ied  extensive ly before. S to c k  & de Vos  
(1960) took  a num ber o f sam ples during the sum 
mer o f 1954 and enum erated the species found. 
K ü h l & M an n  (1968) surveyed the  p lankton  in 
1951, using a H elgo land egg-net. They d id  not 
d is tin g u ish  between the d iffe re n t copepod spe
cies bu t gave re la tive abundances o f a num ber of 
Zooplankton groups along the  lo ng itud ina l axis 
of the estuary.

The present s tudy is the firs t q u a n tita tive  exa
m ina tion  of Zooplankton in the Ems Estuary. The 
Zooplankton o f o the r es tuaries  bordering the 
German and the  Southern B igh ts  o f the North 
Sea has received more a tte n tio n . B a k k e r & de 
P auw  (1975) com pared the Zooplankton assem 
b lages o f Lake Veere and the  W estern S cheld t 
estuary. K ü h l & M an n  (1968) gave data  on the 
p lankton  o f the Ems estuary, and H ic k e l (1975) 
s tud ied  species com pos ition  and b iom ass o f the 
m esozoop lankton  near Sylt, von V a u p e l-K le in  & 
W e b e r (1975) s tud ied  the  d is tr ib u tio n  o f Euryte
m ora a ff in is  in the  w estern W adden Sea in re la ti
on to  sa lin ity . Redeke (1934) d iscussed  seasonal 
success ion  o f A cartia  tonsa and  A. b ifilo sa  in 
D utch b rackish  w aters. W ib a u t-Is e b re e  M oens  
(1954) described the changes in p lankton  com po
s itio n  fo llo w in g  the tra ns fo rm a tion  o f the brac-

* Publication no. 15 o f the pro ject “ Ecolog ical Research North Sea and Wadden Sea" (EON).
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kish Zuiderzee in to  a freshw ate r lake, Lake 
IJssel.

Many authors (e.g. K e t c h u m , 1954; J e f f r ie s , 
1962; Ro g e r s , 1940; B a r l o w , 1955) have s tre s 
sed the Im portance o f estuarine  c ircu la tio n  in de
te rm in ing  d is tr ib u tio n  and abundance o f the 
Zooplankton w ith in  an estuary. The spa tia l d is tr i
bu tion  o f p lank ton ic  o rgan ism s in an estuary is 
to  a large exten t determ ined by physica l proces
ses, such as m ixing and flush ing . Ru a r d ij  (1981) 
ca lcu la ted  an average residence tim e of 38 days 
a t the  average sum m er d ischarge of the Ems Ri
ver o f 56 m 3 -s ~ 1. Seasonal va ria tions  in the 
freshw a te r d ischarge from  the Ems and the 
W esterw o ldsche Aa change both the  flush ing  ra
te and the sa lin ity  d is tr ib u tio n  th roughou t the 
estuary. In general, isoha lines lie fu rthe r ou t in 
w in te r and spring (Fig. 1b), when freshw ate r d is 
charge is high, and fu rthe r inw ards w ith  the  lo 

w er d ischarges o f sum m er and autum n (Fig. 1a). 
It is d iff ic u lt to  describe p lankton  com pos ition  
and d is tr ib u tio n  in term s o f geograph ica l lo c a ti
on because o f the con tinuous m ovem ent o f the  
estuarine  w ater masses, w h ich  is m ain ly  tida l, 
bu t a lso has com ponents  due to  seasonal va ria ti
ons in freshw ate r d ischarge  and an irregu la r 
com ponen t due to  sto rm y w eather. We there fore  
tried  to  find  a more su itab le  fram e of reference 
w h ich  does not depend on loca tion  but on the  
com pos ition  o f the w ater mass surrounding  the  
p la nk ton ic  organ ism s. Because estuarine  w ater 
is a m ix tu re  o f freshw ate r and seawater, sa lin ity  
re flec ts  the re la tive  con ten ts  o f both com po
nents. It is a conserva tive  property and governs 
the d is tr ib u tio n  of estuarine  species (G u n t e r , 
1961), so it should  be a usefu l d e sc rip to r o f sp a ti
al d is tr ib u tio n  pa tte rns o f estuarine  p lankton.

BORKU
EMDEN

DELFZIJI

BORKUM
EMDEN

20% o

15%0DELFZIJI

Fig. 1. Map of the Ems estuary, w ith inset indicating its location in the Wadden Sea. 
The isohalines in (a) indicate the sa lin ity d is tribu tion  in the estuary in a period of 
low freshwater discharge (summer) at high water. In (b) the sa lin ity d istribu tion  in 

a period w ith high freshwater discharge is indicated.
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2. MATERIAL AND METHODS

2.1. THE EMS ESTUARY

The estuary investigated  occup ies  an area of 
about 500 km 2. The estuary has a tida l am p litude  
ranging from  2.25 m near the is land o f Borkum  in 
the ou te rm ost part o f the  estuary to  3 m at N ieuw 
S ta tenzijl in the inner part (Fig. 1). M axim um  cu r
rent ve loc ity  in the channe ls is about 1.5 m s - 1  

and the tid a l excurs ion  is som e 10 km. D o rre -  
s te in  (1960) gave a de ta iled  trea tm en t o f the hy
d rograph ica l features.

The main freshw a te r source o f the estuary is 
the river Ems, w h ich  has a mean d ischarge of 70 
m 3 -s _1, w ith  m onth ly  m eans ranging from  114 
m 3 -s _ 1  in February to  34 m3  s _ 1  in Septem ber. A 
secondary freshw ate r source  loca ted at N ieuw 
S ta tenzijl has a long-term  mean d ischarge  of 
about 1 0  m 3 -s - 1 , w ith  m on th ly  m eans ranging 
from  30 m 3 -s ~ 1 in w in te r to  4 m 3 -s - 1 in sum m er. 
Th is source on ly d ischarges during low  tide, be
ing a cana l-lock w ith  se lf-c los ing  doors. The Ems 
estuary is w e ll-m ixed, show ing no s ig n ifica n t 
s tra tif ic a tio n  even in extrem e sum m er co n d i
tions. However, the inner part o f the  estuary, the 
D ollard, should poss ib ly  be considered pa rtia lly  
m ixed (H e ld e r  & R u a rd ij, 1982).

2.1.1. SAMPLING

D uring a three-year period qu a n tita tive  Zoo
plankton  sam ples were taken th roughou t the 
Ems estuary w ith  high speed p lankton  sam plers. 
The sha llow  areas of the estuary were sam pled 
a t h igh tide  w ith  a sm a ll high-speed p lankton  
sam pler, to  es tab lish  w he ther the p lankton  over 
the  tid a l fla ts  is d iffe re n t from  the p lankton  in the 
channels. Sam pling  in the  channe ls  was done 
w ith  a m od ified  G u lf-Ill p lankton  to rpedo (G eh r- 
in g e r , 1962) w ith  a m outh -d iam ete r o f 19 cm. 
D irectly  behind the m outh a General O ceanics 
2030 flow m ete r was m ounted. A M onodur c y lin 
d rica l net w ith  200 ^m m eshes was used. The 
sam pler used in the  sha llow  w ater over the tida l 
f la ts  had a m outh-d lam eter o f 7 cm , a 200 /¿m net 
and was fitte d  w ith  a General O ceanics 2030 
flow m e te r too.

To perm it d irec t ca lcu la tio n  o f the sam pled 
vo lum e from  the flow m e te r readings, the  in take 
tube o f the G u lf-Ill was m od ified  by extend ing  it 
inw ards, so tha t it ended righ t in fron t o f the 
flow m ete r, w h ich  was m ounted cen tra lly  in the 
net. Th is way the  flo w m e te r was in the main flow  
w ith o u t ob s tru c tin g  it. The vo lum e thus  sam pled 
is equal to  the surface area o f the in take tim es 
the length o f the w a te r co lum n draw n th rough  
the  in take (which is given by the flow m e te r 
reading). For the  sm all sam p le r it was not poss i
ble to  ca lcu la te  the sam pled vo lum e d ire c tly  
because o f the d iffe re n t geom etry o f the in take 
and the re la tive pos ition  o f the  flow m e te r in the 
sam pler. Instead, the  sm a ll sam pler was 
ca lib ra ted  in d ire c tly  by m ounting  it on the large 
one and tak ing  a num ber o f sam ples (n =  15) w ith  
th is  com b ina tion . S ince d e tr itu s  can be expected 
to  have no avo idance behaviour, and the  am ount 
o f d e tr itu s  is assum ed to be representa tive  o f the 
vo lum e sam pled by the  sm all sam pler, we were 
able to ca lcu la te  the re la tion  between flow m ete r 
reading and sam pled vo lum e fo r the  sm all 
sam p le r w ith  the am ount o f d e tr itu s  taken by 
both sam plers as un it o f com parison . If th is  
c a lcu la tio n  o f vo lum e sam pled (based on the co r
respondence between the  am ount o f d e tr itu s  and 
the volum e sam pled) was correct, there shou ld  
be no s ig n if ic a n t d iffe rence  in Zooplankton den
s itie s  between the  large and the sm all sam pler 
fo r these paired sam ples. A cco rd ing  to  a paired 
T-test (S o k a l & R o h lf ,  1981) the  null hypothesis 
o f no d iffe rence  between the  large and sm all 
sam plers cou ld  not be re jected (P =  0.22). A 
de ta iled  com parison  o f sam ples from  over the  
tid a l f la ts  w ith  sam ples from  the  nearest tida l 
channe ls show ed th a t the Zooplankton co m p o s i
tio n  was not s ig n if ic a n tly  d iffe re n t (van  
S p lu n d e r , 1976). Therefore, the  sam ples from  
the  tw o areas were pooled.

Both the sam p ling  in the  channe ls  and over 
the tida l fla ts  was done at app rox im a te ly  m id 
depth , w ith  a tow ing  speed o f 2.5 m -s ~ 1 (5 knots) 
and a du ra tion  o f about 10 m in. Th is m ethod was 
adopted because the w inch  ava ilab le  at the  s ta rt 
of the sam p ling  program m e did not a llow  tak ing  
doub le -ob lique  hauls. However, the Ems-Dollard 
being a w e ll-m ixed estuary, th is  m ethod was ex
pected to  yie ld  sam ples representa tive  o f the 
w hole  w ater co lum n. During the survey period, 
from  1974 to  1977, 376 sam ples were taken 
th roughou t the  estuary, inc lud ing  the  river Ems, 
a t in te rva ls o f about five weeks. Because the 
large sam ple r had a depressor extend ing  1 m
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below  the  intake, it was not poss ib le  to  sam ple 
w ith in  1 m o f the bo ttom .

2.1.2. ABIOTIC PARAMETERS

During the sam p ling  the  fo llo w in g  param eters 
were m easured:
— pH, w ith  an Orion 601 pH m eter w ith  au tom a tic  
tem pera ture  com pensation  and an accuracy o f 
0.05 pH un its.
— S a lin ity , w ith  a S w itchgear SW5 conductiv ity - 
m eter having an accuracy o f 0.1 S. 
— Tem perature, w ith  the  coup led  th e rm is to r of 
the same S w itchgear m eter having an accuracy 
o f 0.1 °C.
— D uration o f haul, in seconds. Because o f the 
co n s ta n t sh ip ’s speed th rough the water, th is  
enabled us to check the se n s itiv ity  o f the 
flow m e te r readings to  c logg ing  o f the  nets. 
— W ater depth in m. G eographica l loca tion : 
channel name, nearest buoy.
— Date and tim e o f day.

2.1.3. TREATMENT OF THE SAMPLES

Sam ples were preserved in a 4%  
C a C 0 3-buffered fo rm aldehyde so lu tion . Due to 
the  high d e tr itus  con ten t o f the sam ples (usually 
abou t ten tim es as m uch d e tr ita l m ateria l as 
p lankton), it was necessary to  separate  the tw o 
frac tions . We did th is  w ith  a m od ified  version of 
the  separation m ethod o f de Jo n ge & Bouw m an  
(1977). The w hole sam ple was pre-rinsed w ith  
dem inera lized w ater to  remove sa lts  and fo r
m aldehyde. Then the sam ples were put in 600 
cm 3  ce n tr ifug ing  beakers con ta in ing  a so lu tion  
o f 25% Ludox-TM, a s ilica so l, and cen trifuged  at 
2000 rpm fo r 10 min in a Heraeus C hris t 
M acrofuge. This resu lted in a separa tion  of the 
de tritus /sed im en t fra c tio n  and the  p lank ton ic  
frac tion , the de tritus  s ink ing  to  the bo ttom , the 
p lankton  flo a tin g  on top. The p lankton  was then 
s iphoned o ff and rinsed w ith  fresh w a te r to  
remove Ludox. The percentage o f recovery o f the 
Zooplankton frac tion  was dependent on the 
dom inan t type of de tr itu s  present. If th is  was 
filam en tous  m ateria l, recovery was reduced to  
abou t 70% . In those cases, repeated ly c e n tr ifu g 
ing sm a lle r am ounts o f sam ple resu lted in in 
creases in recovery to  sa tis fa c to ry  values of 
abou t 90% . The recovery was determ ined by 
coun ting  the zoop lankters in the de tr itu s  frac tion  
o f a num ber o f sam ples. C om parison o f species 
co m p o s itio n  and num bers o f ind iv idua ls  w ith

those o f the clean Zooplankton fra c tio n  o f the  
sam e sam ples showed tha t recovery ranged be
tw een 90%  and 99% o f the to ta l present. There 
were no s ig n if ic a n t d iffe rences in com pos ition  
between the p lankton  re ta ined in the d e tr ita l 
fra c tio n  and the p lankton  fra c tio n  itse lf. 
Therefore, any p lankton  re ta ined in the d e tr itu s  
resu lts  in low ering  the  ca lcu la ted  abundance, 
but does not in fluence  the frequency d is tr ib u tio n  
o f the  species.

2.1.4. SUBSAMPLING AND COUNTING

A fte r ce n tr ifu g in g  and rins ing , the  sam ples were 
sieved over a 2  mm mesh sieve to  separate 
m ysids, shrim ps, larval fishes, am phipods, 
c tenophores etc. from  the sm a lle r Zooplankton. 
Th is large fra c tio n  was counted under a d isse c t
ing m icroscope  (Zeiss 4B). The rem ain ing, 
sm a lle r fra c tio n  was put in to  a m easuring 
cy linde r and le ft to  se ttle  fo r 24 h. A fte r se ttlin g , 
se ttled  volum e was noted and to ta l vo lum e in the 
cy linde r ad justed  to  4 tim es se ttled  volum e. 
From th is  volum e a subsam ple  o f 0.1 cm 3  was 
taken w ith  an Eppendorf p ipe tte  under co n 
tin u o u s  s tirr in g . The ad jus tm en t to  fo u r tim es 
se ttled  volum e of the sam ple was chosen to  ob 
ta in  a num ber o f around 50 zoop lankte rs  in the 
subsam ple. Th is num ber was chosen to  reach a 
com prom ise  between coun ting  e ffo rt and a b ility  
to  de tec t rarer species. C ounting  was done on a 
P ro jectina  BK-13 p ro jec ting  m icroscope.

To gain ins igh t in to  the errors inherent to  the 
subsam pling  and coun ting  procedures, a num ber 
o f sam ples were subsam pled and counted by d if 
fe ren t people and the  resu lts  com pared. The d if
ferences between resu lts  from  the same 
subsam ples were on average around 2 % and 
never larger than 3% . To tes t subsam pling  error, 
the  coun te rs  were asked to  coun t d iffe re n t 
sam ples w h ich  were ac tua lly  subsam ples from  
the  same source. D iffe rences between these 
coun ts  were again around 2.5% . S ubsam pling  
and coun ting  errors were, there fore , in the  w ors t 
case app rox im a te ly  5% .

3. RESULTS

3.1. ORGANISMS ENCOUNTERED

W ith in  the ho lop lank ton  the m ost abundant 
g roups were the Copepoda, ca lano id  and harpac- 
tico id , fo llow ed  by the M ysidacea. M erop lankton
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m ain ly  occurred as po lychae te  and c irrlpede  
larvae.

Table 1 gives the average m on th ly  abundance 
o f each species or taxonom ica l group in 
s a lin itie s  below  18. Table 2 g ives these values fo r 
the s a lin itie s  above 18. Th is d iv is ion  has been 
chosen because it is the  d iv is ion  between 
m esoha lin icum  and po lyha lin icum  as given by 
R e d e k e  (1932) and m akes good sense b io lo g ica l
ly, as is shown fo r th is  estuary in B a r e t t a  (1981).

In Tables 3 and 4 the  sam ples have been ag 
gregated in sa lin ity  groups o f 5 S un its  each and 
accord ing  to  sam p ling  m onth, resu lting  in 1 2  

(m onths) tim es 7 (sa lin ity  groups) ce lls  in each of 
the tab les. Table 3 gives the  num ber o f sam ples 
con ta ined  in each ce ll. Tables 4a to n give the 
d is tr ib u tio n  of the frequen tly  occurring  ta x 
onom ica l u n its  a long the  sa lin ity  g rad ien t 
th roughou t the  year. Abundance has been ex
pressed as the base ten loga rithm  o f the  sum 
to ta l o f adu lts  and copepod ites  III to  V, averaged 
over a ll sam ples in each ce ll.

3.1.1. COPEPODA CALANOIDA

O f the ca lano id  copepods the  genus A cartia  is 
the m ost s trong ly  represented w ith  fou r species: 
A. b ifilo sa , A. c lausi, A. d iscauda ta  and A. tonsa. 
O f these 4 species A. b ifilo sa  and A. tonsa  co n 
tr ib u te  m ost in te rm s o f num erica l abundance. 
The fo llo w in g  genera are on ly represented by one 
species each: C entropages ham atus,
Eurytem ora a ffin is , P araca lanus parvus, 
P seudocalanus  sp. and Temora lo n g ico rn is .
— Eurytem ora a ff in is  Poppe, 1880 is perennia l in 
the  sa lin ity  range 0-15 (Table 4a). It is m ost abun
dan t in w in te r and spring . In w in te r it occurs 
th roughou t the sa lin ity  range 0-30. As the season 
progresses the occurrence o f E. a ff in is  g radua lly  
becom es m ore res tric ted  to  lower sa lin itie s  un til 
it is a lm os t to ta lly  con fined  to  s a lin itie s  below  15 
in sum m er. From Novem ber on, E. a ff in is  again 
expands in to  the h igher sa lin itie s .
— A cartia  tonsa  Dana, 1848, occu rs  during  m ost 
o f the year at s a lin itie s  between 20-25 (Table 4b).

TABLE 1
Abundance ( in d m -3 ) of Zooplankton in the Ems estuary in sa lin ities below 18. Numbers rounded to nearest in

teger. Abundances between 0 and 0.5 given as +

Month Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov Dec
No. o f sam ples -  14 10 25 30 4 14 9 2 10 3 15 4
Species nam ei

Eurytemora affin is  
Acartia tonsa 
Acartia b ifilosa  
Acartia discaudata  
Acartia c lausi 
Acartia  spec. 
Centropages hamatus 
Pseudocalanus spec. 
Temora longicorn is  
Paracalanus parvus 
Harpacticoida 
Neomysis in teger 
Mesopodopsis slabberi 
Praunus flexuosus 
Larval mysids 
Cirripeda nauplii 
C irripeda cyprids 
Carcinus larvae 
Amphipoda 
Cumacea 
Polychaeta larvae 
Lanice  spec, larvae 
Nematoda 
Ctenophora 
Sagitta setosa 
Pisces juveniles

4682 3220 2093 10948
0 0 0 290

18 63 623 3861
0 0 3 1
0 0 0 0

211 56 124 969
0 1 1 64
4 37 23 112
0 5 0 32
5 0 9 9

63 37 19 409
2 + 3 +
0 + + 3
0 0 0 0
0 0 0 0
0 4 17 220
0 0 4 13
0 0 0 +

+ + + 5
0 0 0 0
0 90 21 1094
0 0 0 17
0 0 0 30
0 0 0 0
0 0 1 5
0 0 0 +

1489 3720 160 158
+ 10 53 2578

273 143 176 0
0 0 0 0

16 0 0 0
+ 33 16 645
0 + 3 0
0 0 0 0
0 115 0 0
0 0 0 0

40 47 29 822
0 42 13 0

74 32 7 20
+ + 0 0
40 24 8 0

0 46 26 0
0 14 947 63

+ 0 5 0
0 5 9 0
0 0 0 0

28 70 4 0
0 0 6 0
0 0 68 63

+ + 2 0
+ + 4 0
+ + + 0

2223 56 1164 462
1815 32 6 6

0 0 1 0
98 0 + 0

0 0 0 0
94 2 12 +

9 1 4 3
0 0 + 5
1 0 25 6
0 0 + 0

166 4 280 0
9 0 6 0

78 0 0 0
0 0 0 0

25 1 0 0
0 75 42 0

77 0 176 0
0 0 0 0
0 0 3 0
0 5 0 0

12 0 85 4
0 0 0 0

12 0 249 0
0 0 0 0
0 0 + 0
0 0 0 0
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TABLE 2
Abundance ( in d m -3 ) of Zooplankton in the Ems estuary in sa lin ities over 18. Numbers rounded to nearest in

teger. Abundances between 0 and 0.5 given as +

Month
No. o f sam ples-» 
Species nam ei

Jan
5

Feb
12

Mar
13

Apr
25

May
13

Jun
8

Jut
36

Aug
10

Sep
32

Oct
32

Nov
22

Dec
11

Eurytemora affin is 1211 83 99 67 23 5 36 6 7 9 96 35
Acartia tonsa 0 13 13 263 11 3 240 281 1373 146 62 31
Acartia b ifilosa 314 528 2322 3388 3288 107 21 74 + 21 189 225
Acartia discaudata 0 3 0 18 3 0 + 174 248 973 5 1

Acartia c lausi 0 + 0 100 19 126 434 21 15 49 49 +
Acartia spec. 46 113 318 454 14 76 271 198 141 272 115 33
Centropages hamatus 14 11 11 106 132 91 190 219 143 641 87 5
Pseudocalanus spec. 300 117 119 457 19 0 0 40 + 1 151 11
Temora longicornis 29 41 8 240 337 55 567 4 77 18 389 14
Paracalanus parvus 0 8 1 28 137 4 7 48 17 103 120 0
Harpacticoida 182 6 5 220 47 3 9 557 475 2843 143 60
Neomysis integer 1 + + 0 5 + 23 3 1 1 + 0
Mesopodopsis slabberi 1 + 1 + + 12 14 18 52 8 1 0
Praunus flexuosus 1 + 1 + + 0 + + + 2 + 0
Larval mysids 0 0 + 0 5 1 2 21 61 1 0 +
Cirripeda nauplii 0 0 15 288 403 1427 929 96 3 274 0 0
Cirripeda cyprids 0 6 0 27 20 1938 0 177 600 671 0 0
Carcinus larvae 0 0 0 0 3 1 0 1 1 4 0 0
Amphipoda 0 0 0 0 1 330 5 3 3 3 0 0
Cumacea 0 0 0 0 14 0 0 0 0 0 0 0
Polychaeta larvae 0 85 126 238 310 220 51 59 39 236 0 5
Lanice spec, larvae 0 0 0 8 + 95 0 + 0 28 0 0
Nematoda 0 + 2 0 0 71 0 5 0 0 0 0
Ctenophora 0 0 0 + 0 4 1 0 + 2 0 0

Sagitta setosa 0 0 1 + + 4 0 2 2 3 0 0
Pisces juveniles 0 0 0 0 1 1 0 2 + + 0 0

M axim um  abundance occurs during Septem ber, 
when it is com m on th roughou t the estuary. Its 
m ain period of abundance is in sum m er and 
autum n.
— A cartia  b ifilo sa  (G iesbrecht, 1884) is a typ ica l 
w in te r-sp ring  species occuring  in all sa lin itie s  
between 0 and 35 during th is  period (Table 4c). In 
sum m er its  occurrence is res tric ted  to  sa lin itie s  
between 15 and 30. It does not occur at a ll in 
Septem ber. From O ctober on, it re-estab lishes 
itse lf, s ta rting  from  ou ts ide  the estuary and s lo w 
ly pene tra ting  fu rthe r inward.
— A cartia  d iscauda ta  (G iesbrecht, 1882) is an 
autum n species tha t is m ost success fu l in 
sa lin itie s  over 30 (Table 4d). It penetra tes fa r
th e s t in to  the  low er sa lin itie s  in Septem ber. It re
m ains in the estuary in to  December at sa lin itie s  
over 30.
— A cartia  c la u s i G iesbrecht, 1892 in th is  area is 
a sum m er- autum n species (Table 4e). It is not 
very com m on in the Ems estuary, on ly reaching 
dens ities  >1000 m - 3  in Ju ly  at sa lin itie s  >30 . In 
Ju ly  it a lso penetra tes fu rth e s t in to  lower 
s a lin itie s .

— C entropages ham atus  (L illjeborg , 1853) only 
in frequen tly  occurs  in sa lin itie s  < 2 0  (Table 4f). 
A t h igher sa lin itie s  it is perennia l, w ith  low  abun
dances in w in te r and early spring. It does not 
show  any pronounced abundance m axim um , ex
cep t fo r a sm all peak in O ctober.
— Pseudocalanus  sp. is a w in te r/sp ring  species 
in th is  area (Table 4g). It does penetra te  to  low  
s a lin itie s  occas iona lly , espec ia lly  in w in te r, but 
d isappears a lm os t to ta lly  from  the  estuary du r
ing the sum m er.
— Temora lo n g ico rn is  (O. F. M ueller, 1785) is p ro
bably perennia l in sa lin itie s  > 2 0  bu t reaches 
m axim al abundance in s a lin itie s  > 3 0  (Table 4h). 
It show s three abundance peaks: in A pril, Ju ly  
and November, but on ly  rare ly penetra tes to  
s a lin itie s  <15.

3.1.2. COPEPODA HARPACTICOIDA

A ll species o f ha rpac tico ids  encountered have 
been lum ped in to  one ca tegory (Table 4i). A m a
jo r  part o f the ca tches o f h a rp ac tico ids  co n 
s is ted  o f Euterpina a cu tifro n s , a pe lag ic species.
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TABLE 3
Number of samples taken in each sa lin ity  group

m onth-*
Sal. range in S un its l

Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov Dec

0 - 5 1 2 1 5 1 6 1 0 4 1 5 1
5 - 10 5 2 6 2 1 1 2 1 2 1 6 0

10 - 15 6 4 13 17 2 2 1 0 2 0 1 0
15 - 20 5 3 10 14 2 7 9 1 4 1 9 4
20 - 25 1 5 4 7 2 5 7 5 12 6 6 5
25 - 30 1 4 4 8 9 1 18 4 13 10 6 2
30 - 35 0 2 0 2 1 0 7 1 5 16 4 3

This group show s abundance m axim a in sum m er 
and autum n at sa lin itie s  > 2 0 .

3.1.3. MYSIDACEA

Seven d iffe ren t species have been iden tified , of 
w h ich  on ly N eom ysis in tege r and M esopodopsis  
s labberi occurred frequen tly  enough fo r an 
ana lys is  to  be m ade of th e ir d is tr ib u tio n . The 
o ther 5 species were: G astrosaccus sp in ife r, 
Praunus flexuosus, S ch is tom ys is  kerv ille i, S. o r
nata  and S. sp iritu s . As we cou ld  not sam ple very 
c lose  to  the  bo ttom  (see 2 .1 .1 .), where m ysids o c 
cu r m ost frequen tly  (Stam, pers. comm .), the 
abundance o f m ysids given in Table 1 is probab ly 
an underestim ate  o f true abundance; however 
there are no in d ica tio n s  th a t th is  sam p ling  bias 
has d is to rted  the d is tr ib u tio n  given in Table 4k 
and I, the  b ias being sys tem atic .

N eom ysis in te g e r  (Leach, 1815) (Table 4k) oc
curs m ain ly  from  June to  December, w ith  an 
abundance peak in June. Its occurrence is con 
fined  to  sa lin itie s  <25, in d ica tin g  tha t it is an 
au toch thonous species in the estuary.

M esopodopsis s labberi (van Beneden, 1861) 
(Table 4I). The d is tr ib u tio n  pa tte rn  o f M. s labberi 
in sum m er reveals a s low  s h ift tow ards h igher 
sa lin itie s , w ith  a sudden reversal in Septem ber, 
when th is  species occurs  at a ll sa lin itie s . In O c
tober, however, the trend o f occu rring  at h igher 
sa lin itie s  resum es again. M. s labberi has abun
dance peaks in May and Septem ber.

3.2. CIRRIPEDE LARVAE

The naup lii and cyprids  o f the C irripedes o ccu r
ring in the  estuary were counted (Table 4m), but 
no a ttem p t has been made to  id e n tify  them  down 
to  species level. Species know n to  be present 
(K ü h l & M a n n , 1968) are: Balanus im provisus, B. 
crenatus, B. ba lano ides  and E lm in ius m odestus.

This group m a in ly  occu rs  at s a lin itie s  above 15, 
w ith  the excep tion  o f B. im prov isus, w h ich  is a 
typ ica l b rack ish -w ate r species. They are abun
dant from  April to  November.

3.3. POLYCHAETE LARVAE

Table 4n. Due to the  d iff ic u lty  o f qu ick ly  id e n tify 
ing these organ ism s down to  species level in 
rou tine  p lankton  coun ting , we have on ly counted 
them  as such on occurrence in our sam ples, w ith  
the exception  o f Lanice  sp. The po lychaete  la r
vae show  an abundance peak in A pril. The ir oc 
currence is concen tra ted  in the  firs t ha lf o f the 
year but at h igher s a lin itie s  there apparen tly  a lso 
is som e autum n spaw ning.

3.4. OTHER GROUPS

O ccas iona lly  the  sam ples con ta ined  N em atoda 
(often a ttached  to  d e tr ita l m ateria l), C tenophora 
(m ain ly P leurobrach ia  p ileus), A m phipoda, 
Isopoda, C um acea C haetognatha (Sagitta  
setosa), Zoea stages o f C arcinus  and juven ile  
sh rim ps (Crangon). The abundance o f these 
o rgan ism s is given in Tables 1 and 2.

4. DISCUSSION

4.1. ABUNDANCE

C om parison o f Table 1 and 2 perm its  the fo llo w 
ing conc lus ions : the num ber o f spec ies (3) at 
low er sa lin itie s  (Table 1) th a t occu rs  in dens ities  
o f > 1 0 0 0  ind m - 3  is lower than the  num ber of 
species (5) tha t occu rs  in such dens ities  at 
h igher sa lin itie s  (Table 2). Moreover, the num ber 
of abundant species is more variab le  from  m onth 
to  m onth at low  sa lin itie s  than at higher.

Average to ta l dens ity  is about 30%  h igher at 
low er sa lin itie s , but th is  is en tire ly  due to  the  ex
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trem ely high April value; when the April values 
are removed from  both Tables, the average to ta l 
d e n s ities  are a lm ost iden tica l: 2768 m - 3  fo r 
s a lin itie s  < 1 8  (Table 1) versus 2817 m - 3  fo r 
s a lin itie s  > 1 8  (Table 2). The changes in 
num erica l abundance from  m onth to  m onth are 
m uch more abrupt in the low -sa lin ity  sam ples

than in the h igh -sa lin ity  ones. A lso, the  range in 
abundance between m axim um  and m in im um  
values in the h igh -sa lin ity  sam ples is on ly  a fifth  
o f the  range in the low -sa lin ity  ones. These d if
ferences ind ica te  tha t the low sa lin ity  env iron 
m ent is ra ther extrem e and on ly  su itab le  fo r a 
few species. These species can and do becom e

TABLE 4
The figures given are abundances expressed as the base 10 logarithm  of the average abundance of each cell. 

Blanc = not sampled; -  = n o t present; + =  present In very low densities

4a Eurytemora affin is

m o n th -' 
sal. range in S un its l

Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov Dec

0 5 4 3 . 4 3 3 2 3 . 2 3
5 10 3 3 3 3 2 3 + 2 2 2 3

10 15 3 3 3 3 2 3 2 1 1
15 20 3 2 2 2 + 2 1 - - + 2 1
20 25 2 2 1 + - + - + 1 + 2 1
25 30 1 1 + + 1 - + + + - + 2
30 35 - - - 2 - + 1 1 -

4b Acartia tonsa

m o n th - ' Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov Dec
Sal. range in S un its l

0 5 . . . . 1 + 1 . - .

5 10 - - - - - 1 3 3 1 1
10 15 . ■ 2 + - 2 2 -

15 20 - ■ 1 1 + 2 2 3 1 1 1
20 25 1 1 1 1 + 1 2 3 2 2 1
25 30 - + 2 + - 1 2 3 2 1 +
30 35 - - - - 1 2 1 1 +

4c Acartia b ifilosa

m o n th - ' Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov Dec
Sal. range in S un its l

0 5 . 1 3 2 . 1 . . . . .

5 10 1 - 2 - 2 2 - - - - -

10 15 1 1 2 3 2 - - - -
15 20 1 2 3 3 2 2 2 - - 1 2
20 25 3 2 3 3 + 2 + 2 - 1 2 2
25 30 1 2 2 3 3 - + 1 - 1 2 1
30 35 2 2 2 - - - 1 2 -

4d Acartia discaudata

m o n th - '

Sal. range in S un its l
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 - 5 . . . . - - . . . .

5 - 10 - - - - - - - - - -
10 - 15 - - - - - - - -
15 - 20 - - - - - - - - 2 - -

20 - 25 - - - 1 - - 1 2 1 1
25 - 30 - + - 1 + - - 2 2 2
30 - 35 - - - * 2 2 3 +
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Acartia clausi

77

m onth-"
Sal. range in S unitsl

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 5 - . . . . . - . .

5 10 - ■ - - - - - -

10 15 - ■ 1 - - - -

15 20 - • - - 2 - - - + -

20 25 - - - 2 1 1 + 1 - -

25 30 - 2 1 - 2 + 1 + 2 -

30 35 - - 3 - + 1 2 +

4f Centropages hamatus

m onth-" Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Sal. range in S unitsl

0 5 . . . . . . . . .

5 10 - ■ • • - - ■ -

10 15 - + - 2 - - 1
15 20 - - 1 1 + 1 ■ 1 1 +
20 25 1 + 1 2 1 2 1 1 1 1 1 +

25 30 1 1 + 2 2 2 2 2 2 2 1 1
30 35 + 2 1 2 2 2 3 2 +

4g Pseudocalanus spec.

m onth-" Jan Feb M ar Apr May Jun Jul Aug Sep Oct Nov Dec
Sal. range in S unitsl

0 5 . . . . - - . .

5 10 + - - ■ - - - -

10 15 + 1 + 1 - -

15 20 i 1 1 2 - - + +
20 25 2 2 1 2 - 1 - + +
25 30 2 1 2 2 + 1 + - 2 1
30 35 2 3 2 2 ■ + 2 +

4h Temora longicornis

m onth-" Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Sal.range in S unitsl

0 5 . - . 2 - 2 . . . . .

5 10 - - - - - - - + - 1
10 15 • 1 - + - - -

15 20 + + + 1 + 1 1 - + - 1 +

20 25 2 1 + 1 1 1 + + + + 1 1
25 30 1 1 1 2 2 1 2 - 1 1 2 1
30 35 1 3 2 3 - 2 1 3 1

Copepoda harpacticoida

m onth -- 
Sal. range in S un its l

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 5 1 . 1 2 1 . . . 2 .
5 10 1 1 1 2 - + 2 1 + 2

10 15 1 1 1 2 - 2 2 1
15 20 2 1 + 2 1 1 2 2 + 1 1
20 25 2 1 • 2 1 + - 3 2 2 + 1
25 30 1 - 1 2 1 - + 3 2 2 2 2
30 35 - - 1 3 + 3 2 +
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4k Neomysis integer

m onth-*
Sal. range in S unitsl

Jan Feb M ar Apr May Jun Jul Aug Sep Oct Nov Dec

0 -5 + . - 1 1 + - -
5 - 10 + - + 2 + - + - 1

10 - 15 - - + 1 + - +
15 - 20 + - - + + - 1 - + -
20 - 25 - - - - + + + + + -
25 - 30 - - - - - - - - - -
30 - 35 - - - - - - -

4I Mesopodopsis slabberi

m onth-" Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Sal. range in S unitsl

0 -5 . . . . 2 - - +
5 - 10 - - + + ■ 1 - -
10 - 15 + 2 1 + 1 -
15 - 20 + + - 1 1 1 1 - - -
20 - 25 + - - 1 + 1 1 - -
25 - 30 - - - + 1 1 + + -
30 - 35 - - - - + + +

4m Polychaete larvae

month-» Jan Feb M ar Apr May Jun Jul Aug Sep Oct Nov Dec
Sal. range in S unitsl

0 -5 . 2 - 1 1 1 . . .
5 - 10 i - - - - ■ - - 2
10 - 15 2 1 3 1 - - 1 +
15 - 20 1 1 2 1 1 + - - - - +
20 - 25 2 2 2 2 2 + 1 + 1 - +
25 - 30 + 1 2 2 1 1 1 1 - +
30 - 35 1 - 1 2 2 1 2 - -

4n Cirrlpede nauplii + cyprids

month-» Jan Feb M ar Apr May Jun Jul Aug Sep Oct Nov Dec
Sal. range in S unitsl

0 -5 - 1 . . 1 . - 2 1 -
5 - 10 - - 1 - - - 2 - - 2
10 - 15 - - 1 2 - - - 1 1
15 - 20 - - 1 1 - 2 3 - 2 - -
20 - 25 - - 1 2 1 3 2 2 2 2 - -
25 - 30 - 1 2 2 2 2 2 3 2 - -
30 - 35 - 2 2 3 3 2 3 - -

very success fu l, bu t apparen tly  not fo r very long 
periods. Hence the  s trong flu c tu a tio n s  In abun
dance from  m onth to m onth.

There a lso is a marked d iffe rence  in the 
re la tive  im portance  o f m erop lankton lc  o rga
n ism s between the low -sa lin ity  and the high- 
s a lin ity  series. In the low -sa lin ity  set mero- 
p lankton  usua lly  con tr ibu tes  less than 10% to  
to ta l abundance. Only Polychaete larvae reach a 
m on th ly  average abundance o f over 1000 per m3

in A pril and even then on ly make up som e 6%  o f 
to ta l abundance. In the h igh -sa lin ity  sam ples on 
the o the r hand, rnerop lankton som etim es co n 
s titu te s  over 50% o f to ta l num bers (June) and 
co n s is te n tly  con tr ibu tes  more than 10% to  to ta l 
abundance. C onsequently, copepods num erica l
ly dom ina te  the  Zooplankton in the low -sa lin ity  
area to a larger exten t than they do in the high- 
sa lin ity  area. The bulk o f the s tand ing  s tock  at 
low  sa lin itie s  cons is ts  o f E. a ff in is , except fo r the
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period Ju ly  to  Septem ber, when A. tonsa  co n 
tr ib u te s  more. The on ly o the r ca lano id  copepod 
o f any im portance  at low  sa lin itie s  is A. b ifilo sa  
and then on ly from  March to  July.

4.2. DISTRIBUTION

W hen a sam p ling  program m e extends over 
several years we have to  a llow  fo r year-to-year 
va ria tions  in abundance, w h ich  can be up to  an 
order o f m agn itude. In e s tab lish ing  d is tr ib u tio n  
pa tte rns fo r p lank ton ic  species we may, in the 
abundances o f any species, find  w ide  varia tions 
th a t we are unable to  re la te  w ith  anyth ing  
whatever. Th is  o f course  m akes it very d iff ic u lt to 
ind ica te  w ha t is a s ig n if ic a n t d iffe rence  in abun
dance. We have, a rb itra rily , set the d iffe rence  in 
abundance we cons ider to  be s ig n if ic a n t at one 
order o f m agnitude, w h ich  seem s fa ir ly  conse r
vative, s ince the  abundances given in Table 4 are 
average m on th ly  abundances. Tables 4a to  h 
show  w hich copepod spec ies shou ld  be con 
sidered au toch thonous to  the  estuary (E. a ffin is , 
A. b ifilo sa , A. tonsa) o r a llo ch thonous  (T. 
long ico rn is , A. c lausi, A. d iscauda ta , C. ham atus, 
Paracalanus parvus, P seudocalanus  sp.). Those 
species are considered to  be a lloch thonous  tha t 
show  decreasing abundance w ith  decreasing 
sa lin ity . Th is decrease ind ica tes  tha t, at best, 
rep roduction  by these spec ies is reduced at 
reduced sa lin itie s , a lthough  they are able to su r
vive at lower-than- preferred sa lin itie s  fo r some 
tim e. The au toch thonous  species do reproduce 
in the  estuary and hence show  a qu ite  d iffe re n t 
d is tr ib u tio n  pattern  from  the  a lloch thonous  
ones. The abundance m axim um  is a lw ays found 
in sa lin itie s  below  30. In the  sa lin ity  range o f its  
m axim al abundance a species usua lly  a lso per
s is ts  longest. Our conc lus ion  is obvious: in th is  
(preferred) sa lin ity  range rep roduction  is m ax
im al and con tinues  longest. For E. a ff in is  th is  oc 
cu rs  in sa lin itie s  from  5 to  10, whereas A. b ifilo sa  
and A. tonsa  reach the ir m axim al period of o ccu r
rence in s a lin itie s  from  20 to  25.

E. a ffin is  show s a very cu rious seasonal 
d is tr ib u tio n  (Table 4a). In au tum n and w in te r it 
extends its  presence in to  a lm os t a ll sa lin itie s , up 
to  a lm os t fu ll s treng th  seaw ater. In spring  it 
reaches very high dens ities  at low er sa lin itie s  
but rap id ly  d isappears from  h igher sa lin itie s . In 
sum m er and early au tum n it on ly  occurs  in large 
num bers at low sa lin itie s . The exp lana tion  o f th is  
d is tr ib u tio n  pattern  m igh t be a tem perature- 
dependent sa lin ity  to le rance, bu t v o n  V a u p e l -

K l e in  & W eb e r  (1975) found  no ind ica tio n s  of 
th is .

The observa tion  tha t in sum m er and autum n E. 
a ff in is  does not occur in sa lin itie s  above 15 and 
th a t it on ly  occu rs  abundan tly  in s a lin itie s  below
5 suggests  tha t b io tic  fac to rs  are involved in 
push ing th is  species w ell below  its  preferred 
sa lin ity  o f 12 (H e in l e , 1969). The d is tr ib u tio n  pa t
tern in the  Ems estuary is not un ique, for 
B r a d l e y  (1975) found the sam e d is tr ib u tio n  in 
Chesapeake Bay. He suggests  tha t co m p e titio n  
w ith  A. tonsa  is the cause. B a k k e r  et al. (1977) 
a lso  exp la in  the  seasonal d is tr ib u tio n  of E. a f
fin is  in Lake Veere and the  W estern Schelde, 
w h ich  show s the  sam e trends as in the Ems e s tu 
ary, by co m p e titio n  w ith  A. tonsa. Lo n s d a l e  et 
al. (1979) have show n th a t A. tonsa  can prey on 
naup lii o f o ther species. W h ile  co m p e titio n  be
tw een these species and in te r-spec ific  predation  
may form  part o f the exp lana tion  of the observed 
d is tr ib u tio n , predation  by spec ies o the r than 
copepods m igh t be involved as w ell. P redation, 
even if the predation  pressure on both species 
was equal, w ould  favour the surviva l o f A. tonsa  
over E. a ffin is . E. a ff in is  carry th e ir eggs in paired 
egg-sacs un til the naup lii hatch (which has the 
d isadvan tage  o f s low ing  them  down when they 
are try ing  to  avoid predators), w hereas A. tonsa  
drop the ir eggs sho rtly  a fte r ex trus ion . P redation 
on egg-carry ing fem ales of E. a ffin is  so a lso  en
ta ils  the  loss o f the cu rren t batch o f eggs. W hen 
reproductive  fem ales o f A. tonsa  are eaten, the 
eggs a lready la id  can s till co n tr ib u te  to  the pro
paga tion  o f the  species.

D uring periods o f low er p reda tion  pressure, on 
the  o ther hand, carry ing  the  eggs around in egg- 
sacs is advantageous in th a t it enhances survival 
o f the eggs: the  eggs are kept from  se ttlin g  in/on 
the sed im ent w ith  its  high num bers o f po ten tia l 
predators. Moreover, the v ia b ility  of A. tonsa  
eggs in mud is on ly about 5 days at 17.5°C (Uye

6  F l e m in g e r , 1976). Possib ly, hydrogen su lfide  
p lays a role here. This may exp la in  w hy A. tonsa  
can becom e abundant in sum m er: then the 
deve lopm ent tim e  o f eggs is on ly  2 days (Uy e  & 
F l e m in g e r , 1976), and p redation  pressure is so 
high tha t more E. a ffin is  eggs are lost th rough 
predation  on adu lt fem ales than A. tonsa  eggs 
are lost to  ben th ic  predators. A. tonsa  is known 
to  e xh ib it a near-linear tem pera tu re /resp ira tion  
re la tion  (Co n o v e r , 1956). Egg p roduction  may be 
suscep tib le  to  a s im ila r re la tionsh ip , and conse
quen tly  tem pera ture-re la ted . The v irtua l d isap 
pearance o f A. tonsa  from  the  Ems estuary in
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w in te r may so be caused by a decrease in egg 
p roduction  at low  tem pera tures com bined w ith  a 
reduction  in su rv iva l-un til-ha tch ing  o f the  few 
eggs la id, due to  the  long developm ent tim es. 
T hat E. a ff in is  is abundant in w in te r and spring, 
m ore so than A. b ifilo sa , w h ich  is very c lose ly  
re la ted  to  A. tonsa  and a lso produces s ing le  
eggs, may ind ica te  tha t it is advantageous to 
keep the eggs in egg-sacs.

O f the m ysids, N eom ysis in tege r has a pro
nounced abundance peak in June, due to 
rep roduction , in the  lower sa lin ity  reaches, w ith  
a m axim um  in sa lin itie s  from  5 to  10. This 
spec ies was rarely found at sa lin itie s  above 25. 
The o ther com m on species, M esopodopsis s la b 
beri, appears to  be in d iffe re n t to sa lin ity , a t least 
during the sum m er. Then it is found a ll over the 
estuary, w ith  an abundance peak in Septem ber. 
The data ind ica te  tha t there are at least tw o 
reproduction  peaks: one in May and one in 
Septem ber. The ca tches o f larval m ysids during  
these m onths a lso show peaks. M a u c h l in e  
(1971) has shown tha t N. in tege r in S co ttish  
w aters has at least tw o  genera tions: one in May, 
produced by the  surviving w in te r generation and 
a second in Septem ber-O ctober, produced by the 
May generation. The abundance peaks o f M. 
s labberi may have the same cause. The data 
show  tha t the occurrence of M. s labberi a fte r 
Septem ber is res tric ted  to  high sa lin itie s , 
poss ib ly  ind ica ting  a m ig ra to ry  tendency 
tow ards the  ou te r part o f the estuary, w h ich  is 
deeper and, during th is  tim e  o f the year, warm er. 
V a n  d er  B a a n  & H o l t h u is  (1971) con firm  the  ex
is tence o f a m ig ra tion  tow ards deeper, w arm er 
w a te r in la te autum n, o rig in a lly  pos tu la ted  by 
H o l t h u is  (1954). The ca tches of the o ther m ysid 
species were too  irregu lar to  co n s tru c t a re liab le  
d is tr ib u tio n  table.

O f the m erop lankton  In the Ems estuary, the 
c irripede  larvae are num erica lly  the  m ost im por
tan t. From June un til O ctober they o ften  occu r In 
dens ities  o f over 1000 per m3 In s a lin itie s  above 
15. In sa lin itie s  below  15 the ir occurrence is 
m uch more irregular. This p robably has to  do 
w ith  m ost o f the species present not being very 
to le ra n t to  reduced sa lin itie s . Part o f the cause 
may a lso be the lack o f su itab le  hard substra te , 
w h ich  is very pronounced in the inner part o f the 
Ems estuary, res tric ting  the num ber of adu lts  
and hence the  num ber o f larvae loca lly  produced. 
The num ber o f cyprids may have been 
underestim ated, due to the ir tendency to  se ttle  
im m ed ia te ly  on any hard substra te  they en

coun te r; in th is  case parts o f ou r sam p ling  gear 
or g lassw are.

The po lychaete  larvae again form  a very 
heterogenous group, co n s is tin g  of a large 
num ber o f species tha t w ou ld  m erit a separate 
s tudy. As a group they show  a c lea rly  m arked 
abundance m axim um  in A pril, w h ich  is concen
tra ted  in the sa lin itie s  between 15 and 25. A se
cond, sm a lle r peak can be seen in la te sum m er in 
the h igher s a lin itie s  above 25. R epresentatives o f 
th is  group are no t com m on at s a lin itie s  below  10.

Th is study being the firs t q u a n tita tive  
Zooplankton s tudy In the  Ems estuary, it is not 
poss ib le  to  com pare abundances w ith  o ther data 
from  the lite ra ture . K ü h l  & M a n n  (1968) did not 
enum erate separate species o f ca lano id  
copepods but did m ention the ex is tence  of tw o 
abundance m axim a o f the group as a w hole: one 
In the river Ems proper at 0-5 S and another, less 
pronounced, in the  area around the is land of 
Borkum  in the  ou te r part o f the  estuary. This 
agrees w ell w ith  the resu lts  o f th is  s tudy, s ince  
th e ir data are based on ca tches made during  
May and O ctober. The d is tr ib u tio n  in th e ir c a t
ches o f the m ysids N. in te g e r  and M. s labberi is 
co n s is ten t w ith  our find ings , espec ia lly  the in 
crease in dens ity  o f M. s labberi tow ards sea in 
autum n. They m ention  find ing  the o ther fou r 
species a lso found during  our inves tiga tion . 
S t o c k  & de Vos  (1960) give a lis t of the  ca lanoid  
species they found in the area. The ir fin d in gs  
agree very well w ith  ours as to  the species found, 
but not at all as to  re la tive abundance o f the d if 
fe ren t species. This is p robably because they 
had to  rely on sum m er sam ples only, whereas we 
were able to  sam ple fo r a num ber o f years in all 
seasons.

A m ajor decrease does seem to  have occurred 
in abundance o f A ppend icu la ria  in the estuary 
during  the  last 25 to 30 years, because we never 
found  any O ikopleura d io ica  or F ritilla ria  
borea lis , whereas K ü h l  & M a n n  (1968) found O. 
d io ica  in large num bers. Possib ly the reason fo r 
th is  change is the  increase in tu rb id ity  in the es
tuary  (D e J o n g e , 1983).
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ABSTRACT

The im pact of predation by am putation  of regen
erating body parts (tail tips) of the lugworm  
Arenicola m arina  on species m ortality, growth  
and reproduction has been studied under 
laboratory conditions by the artific ia l removal of 
tail tips at d ifferen t frequencies. The loss of body 
w eight by am putation  w as not com pensated  for 
by an increased growth. W ith in  a w ide range of 
am putation  frequencies, to ta l growth (body 
growth +  am ount of taii tip am putated) and  
reproduction of the lugworm  were not a ffected . 
Also, both egg developm ent and am ount of 
energy stored in reproduction rem ained the  
same. Only at the h ighest frequency of am pu ta
tion (once a week) did to ta l growth decrease in 
the course of tim e, resulting even in a loss of 
body w eight. The am ount of energy stored in 
reproduction w as also s ig n ifican tly  less at the  
highest rate of am putation. Lugworms appeared  
to be unable to sustain  th is high level of am pu ta
tion and the anaerobic sedim ent conditions in 
the cuvettes suggest a reduced pum ping activ ity  
and food intake. M orta lity  in th is group was also  
higher than in the o ther groups. The conse
quences of ta il-n ipping by fla tfish  for A. m arina  
in the field  situation  are discussed.

1. INTRODUCTION

The estuarine  W adden Sea is an im portan t 
nursery area fo r a num ber o f fish  species, e.g. the 
com m erc ia lly  im portan t p la ice  Pleuronectes  
p la tessa  L. (Z ij l s t r a , 1972; K u ip e r s , 1977; v a n  
d er  V e e r , 1986). S tom ach con ten t ana lys is  of

p la ice  carried ou t by K u ip e r s  (1977) and d e  V l a s  
(1979a) show ed tha t food item s m a in ly  co n s is t of 
regenerating body parts o f m acrobenth ic  
o rgan ism s liv ing  in the tida l fla ts . S iphons o f the 
te llin  M acom a ba lth ica  (L.) and ta il tip s  o f the 
lugw orm  A ren ico la  m arina  (L.) were frequen tly  
found and may be the main food item  fo r several 
m onths (K u ip e r s , 1977; de  V l a s , 1979a).

E stim ates o f predation  pressure o f p la ice  on 
the  m acrobenth ic  fauna suggest th a t th is  preda
tion  o f regenerating body parts  m igh t have an im 
pact on the prey popu la tions  (D e V l a s , 1979a; 
K u ip e r s  et al., 1986). In the Balgzand tid a l f la t 
area lugw orm s are ta il-n ipped  on average about 
once per week during the sp ring-sum m er season 
(d e  V l a s , 1979a), and abou t 10 to 30%  o f the an
nual p roduction  o f A. m arina  is rem oved by th is  
p redation  (d e  V l a s , 1979b; K u ip e r s  e t al., 1986). 
Th is means th a t the lugw orm  m igh t have to 
regenerate an am ount equal to  a com p le te  ta il 
w ith in  6 m onths (K u ip e r s  e t al., 1986). Juvenile 
lugw orm s can have more than 100 ta il segm ents 
(D e V l a s , 1979b). S ince neo fo rm a tion  of ta il 
segm ents does not o ccu r (d e  V l a s , 1979b) and 
because the lugw orm  d ies when on ly  a few ta il 
segm ents are le ft (d e  V l a s , 1979a), a con 
s iderab le  m o rta lity  m igh t be induced. It is 
unknow n, however, w he ther th is  loss w ill a ffe c t 
not on ly  g row th  but a lso the rep roduction  ca p a c i
ty  o f A. m arina  by de lay ing  the  developm ent or 
reducing the  am ount o f spaw ning products.

This paper is one in a series dea ling  w ith  fish- 
benthos in te rac tions  and presents the resu lts  of 
labora to ry  experim ents carried ou t w ith  
lugw orm s to investiga te  the im pact o f a rt if ic ia l 
ta il-n ipp ing  on m o rta lity , g row th  and repro
duc tion .

*Publication no. 25 o f the pro ject "Eco log ica l Research o f the North Sea and Wadden Sea" (EON).
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2. MATERIAL AND METHODS

To house the  lugw orm s and to  separate them  
from  the sedim ent w ith o u t in ju ring  the ir ta ils , 
PVC cuvettes were construc ted , s im ila r to  those 
described by De V la s  (1979b). Each cuvette  con 
ta ins  an am ount o f sed im ent w ith  a surface area 
o f 1.5 X 22.0 cm and a depth o f 38 cm  and has a 
fro n t side tha t can be removed. This b lock  of 
sed im ent proved to be su ffic ie n t fo r the 
lugw orm s to co n s tru c t a J-shaped liv ing tube. 
The w orm s were in troduced  by s im p ly  p lac ing  
them  on top  of the sed im ent, and norm a lly  they 
burrowed im m edia te ly . To remove the  worm , the 
fron t side o f the cuvette  was taken o ff. The cuve t
tes were p laced in 2 rows in 3 asbestos-concre te  
conta ine rs . The con ta ine rs  were kept in running 
seaw ater (sa lin ity  about 25 to 30), in w h ich  an ar
t if ic ia l tid a l regim e was app lied  w ith  low w ater 
fo r 3 h tw ice  a day.

Once a week about 2 to  3 g o f deep-frozen 
sp inach pulp was in troduced in each cuvette  to 
m a in ta in  a su ffic ie n t food con ten t in the  sed i
m ent, as in the experim ents o f de V l a s  (1979b). 
The w ater tem perature was recorded once a day 
and ad justed  to  tha t o f the nearby W adden Sea. 
Every week a ll w orm s were removed from  the ir 
cuvettes, some were am putated and a ll were 
p laced on top o f the sed im ent again. Tail- 
c ropp ing  was s im u la ted  by rem oving part o f the 
ta il by gen tly  pu lling  the  ta il tip  o f a worm . In 
m ost cases the ta il au to tom ized at the border of 
the nearest segm ent.

Lugw orm s in the range o f 3 to 4 g w et w e igh t 
were co llec ted  by hand in a tida l fla t area near 
the  is land o f Texel. Before the  in troduc tion  o f the 
w orm s in the cuvettes, they were dried between 
b lo ttin g  paper and the ir w et w e igh t was 
measured. Some w orm s were dried at 60°C  fo r 2 
days and burn t at 520°C fo r 2 h to  es tim ate  the 
re la tionsh ip  between w et and w eight-ash-free 
dry w e igh t (AFDW) at the  beginn ing o f the  experi
ment. The lugw orm s were in troduced in the 
cuvettes on 23 March 1987. The firs t a rt if ic ia l am 
p u ta tion  was perform ed on 30 March and the last 
on 19 Ju ly. The lugw orm s were d iv ided in to  4 
groups, each cons is ting  o f abou t 50 to  60

an im als, w ith  a d iffe ren t frequency o f am 
pu ta tion :
— series 0: con tro l group, no am pu ta tion
— series 1/4: am pu ta tion  once a m onth
— series 1/2: am puta tion  once every tw o  weeks
— series 1/1: am pu ta tion  once a week
The m axim al num ber of am pu ta tions  in the  ex
perim ent was based on the actua l p redation  fre 
quency found on the tida l f la ts  o f Balgzand (De 
V l a s , 1979a, 1979b). H a lf the lugw orm s were k i l l
ed on 31 May and the rem ain ing part on Ju ly 26. 
During the experim ent, a ll ta il tip s  removed were 
dried at 60°C  fo r 2 days, w eighed, and burn t at 
520°C fo r 2 h. The loss o f w e igh t was considered 
to  represent the AFDW.

At the  end o f the  experim ent, all w orm s were 
opened ca re fu lly  and the coe lom ic  flu id  was c o l
lected in a Petri d ish. A t a m a g n ifica tio n  o f 160, 
the flu id  was inspected fo r the presence o f sex
ual p roducts , and so the an im a ls  were c la ss ifie d  
in to  m ales and fem ales. In each fem ale, the 
d iam ete rs  o f about 100 oocytes were m easured 
at a m a g n ifica tion  o f 320 along s tra ig h t lines to 
ob ta in  random  sam ples.

To co lle c t the  oocytes, the coe lom ic  flu id  o f 
the  fem ales k illed  on Ju ly 26 was filte re d  w ith  
W hatm ann g lass m icro fib re  filte rs  GF/F (porosity
0.4 to  0.8 ^m) to  es tim ate  the  AFDW  o f the  
reproductive  organs. F ilte ring  was done w ith  a 
N algene vacuum  hand gauge pum p at 10 to  15 
cm Hg pressure. AFDW  was determ ined by d ry 
ing the  filte rs  fo r 1 day at 60°C, w e igh ing , burn
ing fo r 2 h at 520°C and w e igh ing  again. To get 
an ind ica tion  o f the carbon con ten t o f the  AFDW  
o f the  oocytes, some filte rs  were crushed and 
subsam ples were analysed accord ing  to the wet 
o x id a tion  m ethod described by S t r ic k l a n d  & 
Pa r s o n s  (1972).

3. RESULTS

Tem perature co n d ition s  during the experim ent 
show ed a c lose  correspondence w ith  the  fie ld  
s itu a tio n  (Fig. 1). Only during  March was the 
w ate r tem pera ture  in the con ta ine rs  too  high, 
due to  techn ica l p rob lem s w ith  the coo ling  
equ ipm ent.

At the  s ta rt o f the  experim ent AFDW  o f the 
lugw orm s was related w ith  w et w e igh t accord ing
to:

D = 0.117xW -  0.02 (n = 66; r =  0.98; p <  0.05) 

in w hich D is AFDW  (g) and W is w et w e igh t (g).
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Fig. 1. Temperature conditions (°C) in the containers 
and in the Wadden Sea (Marsdiep Inlet) in the course of 

the experiment.
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Fig. 2. Frequency distribution of individual weights (g 
AFDW) of A. marina at the beginning of the experiment. 

For explanation see text.

Based on th is  re la tion  the  ind iv idua l AFDW  o f the 
lugw orm s at the  beginn ing  o f the experim ent 
was estim a ted  (Fig. 2). In itia l va lues o f mean 
body w e igh ts  of the  w orm s were abou t the  same 
in a ll series, 0.38 g AFDW.

Table 1 gives the  re la tion  between in itia l body 
w e igh t and respective ly  body grow th  and am ount 
o f ta il tip  am puta ted  in each series during  the  ex
perim ent. Because no s ig n if ic a n t re la tions were 
found , the  mean values o f all w orm s per series 
can be com pared d ire c tly  w ith o u t co rrec ting  fo r 
ind iv idua l d iffe rences in in itia l body w e igh t.

W ith  a h igher frequency o f am pu ta tion , the 
am ount o f ta il removed a lso  increased (Fig. 3). 
The to ta l am ount am puta ted  during the firs t part 
o f the  experim ent was about the  sam e as during 
the second period. In the  group am puta ted  once 
a week (series 1/1) in to ta l abou t 0.10 g AFDW  
w as removed in 4 m onths, i.e. abou t 25% o f the 
in itia l w e igh t. In th is  group o f m ost heavily am 
puta ted  w orm s som e extra  m o rta lity  occurred 
(Fig. 4).

Fig. 5 show s the mean body grow th  (g AFDW) 
in the  course  o f the  experim ent, es tim a ted  as the 
d iffe rence  in body w e igh t between the  end and 
the beginn ing  o f the  experim ent. The w orm s of 
series 0 and 1/4 showed a near-s im ila r body 
grow th . The lugw orm s o f series 1/2 a lso had a 
pos itive  body grow th , be it a low er one. The 
w orm s o f series 1/1 showed the  low est body 
g row th , and even a negative g row th  over the en
tire  period. During the  second part of the expe ri
ment, in a ll series body grow th  w as low er than in 
the firs t period, even in the con tro l group.

W ith  respect to  to ta l g row th , de fined as the 
sum  o f body grow th  and loss due to am pu ta tion , 
(Fig. 6), the  series 0, 1/4 and 1/2 show ed a ra ther 
s im ila r pattern , w h ich  m eans th a t p redation  ap
parently  did not s tim u la te  grow th . Tota l grow th 
o f the m ost heavily am puta ted  group of 
lugw orm s (series 1/1) was low er than in the o ther 
groups.

The developm ent o f oocytes is given in Fig. 7. 
A t the beginn ing  o f the  experim ent hard ly  any 
oocytes cou ld  be found. H alfw ay, deve lopm ent 
had not yet s tarted, a lthough  lo ts  of sm all eggs 
cou ld  be found in the coe lom ic  flu id . In all series 
a s trong increase in d iam ete r was observed dur
ing the second part o f the experim ent, w ith o u t a 
s ig n if ic a n t d iffe rence  between the  various 
series.

The to ta l b iom ass o f oocytes at the end o f the 
experim ent is presented in Table 2. As in body 
w e igh t and grow th , a s ig n if ic a n t d iffe rence  in
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TABLE 1
Relation according to y = aX +  b, between X =  estim ated in itia l body weight of Arenicola marina  in March (in g 
AFDW) and y = resp.: (1) body growth, (2) amount of ta il tips amputated and (1 +2) tota l growth during various

periods.

a b r N P

Series 0
May body growth 0.02 0.18 0.01 15 n.s.
July body growth 0.28 -0 .0 2 0.14 20 n.s.

Series 1/4
May body growth 0.16 -0 .0 3 -0 .01 15 n.s.

amputation -0 .3 7 0.03 -0 .3 6 15 n.s.
to ta l growth -0 .0 6 0.19 -0 .0 3 15 n.s.

July body growth -0 .7 3 0.47 -0 .3 2 20 n.s.
amputation 0.66 0.04 0.02 20 n.s.
to ta l growth -0 .7 3 0.51 -0 .31 20 n.s.

Series 1/2
May body growth 0.13 0.06 0.05 20 n.s.

amputation 0.12 0.03 0.07 20 n.s.
to ta l growth 0.14 0.09 0.06 20 n.s.

July body growth -0 .5 0 0.35 -0 .2 0 17 n.s.
amputation 0.07 0.02 -0 .0 3 17 n.s.
tota l growth 0.14 -0 .0 9 0.06 17 n.s.

Series 1/1
May body growth -0 .4 3 0.12 -0 .1 4 19 n.s.

amputation 0.34 -0 .0 3 0.37 19 n.s.
to ta l growth -0 .0 9 0.09 -0 .0 3 19 n.s.

July body growth -0 .4 3 0.12 -0 .1 4 17 n.s.
amputation 0.12 0.01 0.35 17 n.s.
to ta l growth -0 .0 9 0.09 -0 .0 2 17 n.s.

to ta l oocyte  w e igh t (t-test; p<0 .05) was found be
tween the w orm s o f series 1/1 (0.021 g AFDW) 
and those in the o ther series (0.052 to  0.059 g 
AFDW). Results o f the w et ox ida tion  revealed 
tha t about 66% of th is  AFDW  cons is ted  of 
o rgan ic carbon (Table 3).

4. DISCUSSION

4.1. EXPERIMENTAL RESULTS

De V las  (1979b) already showed tha t ta il-n ipp ing  
on lugw orm s in the fie ld  by predatory fish , such 
as p la ice, cou ld  be im ita ted  under labora tory

TABLE 2
Mean values and 95% confidence lim its  of oocytes 

biomass of individual A. marina at the end of the am
putation experiment (g AFDW)

oocyte biomass 
(g AFDW)

serie 0 0.052 ±  0.02
serie 1/4 0.059 ±  0.02
serie 1/2 0.054 ±  0.03
serie 1/1 0.021 ±  0.02

cond itions . However, from  his experim ents it 
was unclear to  w hat exten t q u an tita tive  d if
ferences in predation  pressure could  be brought 
abou t by d iffe rences in frequency only. The pre
sent experim ents show  tha t a lthough  the  ta il tip s  
were am puta ted  by hand, the d iffe rences in the  
am ount o f ta il tip  removed indeed depend m ain ly  
on the  frequency o f am puta tion .

The resu lts  fu rthe r suggest tha t the  loss o f 
body w e igh t by a rt if ic ia l ta il-n ipp ing  was not 
com pensated fo r by an increased grow th , w ith  
the  poss ib le  exception  o f the low est rate o f am 
pu ta tion  (once per month). In a ll g roups o f am 
pu ta ted  lugw orm s to ta l g row th  was a lm os t the 
sam e or less than the to ta l g row th  in the  con tro l 
series, whereas the re la tive d is tr ib u tio n  over am-

TABLE 3
Organic carbon content (mgC) of eggs of 3 lugworms A. 

marina in series 0 at the end of the experiment

worm weight o f eggs to ta l org C. orgC/AFDW

dry (m g) AFDW (mg) (mgC) (%)

1 91.2 57.3 39.4 68.8
2 63.1 59.9 35.7 59.6
3 117.5 31.8 22.4. 70.3
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Fig. 3. Mean to ta l weight (g AFDW) w ith 95% con
fidence lim its of ta il tips removed per worm during the 

experiment. For explanation see text.

pu ta tion  and body g row th  varied between the 
series.

The resu lts  o f the  experim ent ind ica te  th a t up 
to  a frequency o f once every o ther week (series 
1/2), A. m arina  can susta in  the  im pact o f ta il- 
n ipp ing  fa ir ly  w e ll. M o rta lity  and to ta l g row th  re
m ained the same, as did gam ete p roduction  and 
to ta l rep roduction  capac ity , m easured as the 
am ount o f A F D W  stored in rep roduction . This 
deve lopm ent o f the  oocytes corresponded w ith  
th a t reported by de  W il d e  & B e r g h u is  (1979b). 
However, the A F D W  stored in ripe oocytes is,
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Fig. 4. Total m orta lity among 50 to 60 lugworms in the 
containers during the experiment. For explanation see 

text.
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Fig. 5. Mean body growth (g AFDW) w ith 95% con
fidence lim its  of lugworms during the experiment. For 

explanation see text.

w ith  60 mg in re la tion  to  a mean w e igh t o f the 
w orm s o f 380 + 220 =  600 mg, low er than found 
by de  W il d e  & B e r g h u is  (1979b) on the  basis of 
wet w e igh t (25%).

However, at h igher a m pu ta tion  levels, as 
dem onstra ted  by the am pu ta tion  frequency of 
once a week, ta il-n ipp ing  seem s to  have adverse 
e ffe c ts  on the w orm s. M o rta lity  w as m uch h igher 
and the b lack sed im ent in the  cuve ttes  o f the su r
viving w orm s — w h ich  po in ts  to  an increased FeS 
fo rm a tio n — suggested a low er (pum ping) a c tiv i
ty and hence food intake. The norm al fu n c tio n in g  
o f the  w orm s appeared to  be a ffected , w h ich  was 
a lso suggested by the reduced to ta l grow th , and
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Fig. 6. Mean to ta l growth (=  body growth + amount of 
ta il tip amputated) in g AFDW w ith 95% confidence 
lim its  of lugworms during the experiment. For explana

tion see text.
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Fig. 7. Development of oocyte diam eter (jim) of 
lugworms during the experiment. For explanation see 

text.

even negative grow th  when gam ete p roduction  
had started , and the reduction  o f the reproduc
tive  capac ity  by about 60% . However, the 
deve lopm ent o f ind iv idua l oocytes rem ained 
abou t the same, w h ich  means th a t the  to ta l 
num ber had decreased.

4.2. COMPARISON WITH THE FIELD SITUATION

In the  fie ld  ta il-n ipp ing  by fla tf is h , m a in ly  p la ice, 
is the m ost im portan t source o f predation  on 
lugw orm s (K u ip e r s , 1977; de  V l a s , 1979a, 1979b). 
The im pact o f th is  predation  on the w orm s w ill to  
a large exten t depend on the predation  frequency

and poss ib ly  the feeding co n d ition s , s ince  
g row th  appears to  be food -lim ited  in the fie ld  (de 
W il d e  & B e r g h u is , 1979a). In a large tid a l fla t 
system  in the w estern W adden Sea, Balgzand, a 
de ta iled  ana lys is  has been m ade on the food in 
take  o f fla tf is h  (K u ip e r s , 1977; de V l a s , 1979a) 
and the e ffec ts  o f ta il-n ipp ing  on the p roduction  
o f lugw orm s (de  V l a s , 1979b). W ith  in fo rm a tion  
on the popu la tion  param eters o f the lugw orm s at 
the  same loca tions  (B e u k e m a  & de  V l a s , 1979), a 
co m p ila tio n  o f body grow th  and p redation  in the 
fie ld  can be made (Table 4).

Given the dens ities  o f lugw orm s and the to ta l 
am ount o f predation  by fla tf is h  per m2, it means 
th a t depending on the  loca tion  each w orm  w ill 
have been preyed on between 2.3 and 4.1 tim es 
per m onth during  the A pril to  Ju ly  period (4). The 
am ount o f b iom ass removed by th is  p redation  in 
the fie ld  w ill have ranged from  9 to 20 mg AFDW  
per worm  per m onth between April and Ju ly  (7), 
com pared w ith  46 to 100 mg AFDW  per w orm , or 
about 12.5 to  25 mg AFDW  per m onth during  the 
experim ent. Th is  m eans tha t the  am ount o f ta il 
tip  removed by predation  in the  fie ld  fa lls  w ith in  
the  range of, or is s lig h tly  low er than, the b io 
m ass am puta ted  in the  experim ent. The preda
tion  pressure in the experim enta l set-up thus 
re flec ted  the fie ld  s itu a tio n  fa ir ly  w ell. This is 
true in p a rticu la r fo r series 1/2 , whereas in series 
1/1 even a h igher predation pressure has been 
app lied  than is like ly  to  occu r on Balgzand.

If food co n d ition s  are re flec ted  in the  u ltim a te  
body g row th  of the  w orm s, the fo llo w in g  can be 
conc luded  about the food co n d ition s  in the  fie ld  
com pared w ith  those app lied  in the experim enta l

TABLE 4
Com pilation of data on growth and predation (mg AFDW) of Arenicola marina at 3 locations on the Balgzand tida l 
fla t area (see de V l a s , 1979a), based on ref. I: B e u k e m a  & de V la s  (1979); ref. II: de V las  (1979a); ref. Ill: de V las  
(1979b). The whole period of predation has been estim ated at about 6.5 m onths per year (according to de V l a s ,

1979a).

Unit

3

Transect

4 5

Ref.

(1) mean density (m m -2 ) 15 25 30 Ill
(2) consum ption of ta il tips by plaice (n m _2- y - 1) 203 573 494 II

by flounder 14 47 85
tota l 217 620 579

(3) am putations per worm [(2)/(1 )] ( n y - 1) 14.5 24.8 19.3
(4) am putations per worm per month (n m o -1 ) 2.2 3.8 3.0
(5) predation of ta il tips (m g m -2 y - 1) 1695 2971 1684 II
(6) predation of ta il tips per worm [(5)/(1 )] ( m g y - 1) 113 119 56
(7) predation of ta il tips per worm per month (m g-m o -1) 17.4 18.3 8.6
(8) body growth per worm during April - July (mg-mo-1 ) 194 341 188 I
(9) predation/total growth during April - July (%) 26 18 15
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s itu a tio n . Between A pril and the  end o f Ju ly, in 
d iv idua l body grow th  o f adu lt w orm s in the fie ld  
varied from  188 to 341 mg AFDW  (B e u k e m a  & de 
V l a s , 1979), w hich m eans th a t toge the r w ith  the 
b iom ass o f ta il tip s  removed by predation  (be
tween 34 and 73 mg AFDW), to ta l g row th  
am ounted to  about 222 to 414 mg AFDW. Ex
pressed as p roportion  o f to ta l g row th , between 
15 and 26% o f body grow th  w ill have been rem ov
ed by am puta tion  (Table 4). In the experim ent 
to ta l g row th  varied between 191 and 228 mg 
AFDW  per worm , except fo r the ones m ost 
severely preyed on, w h ich  showed a g row th  of 
on ly 50 mg AFDW. The percentage o f ta il b io 
mass am puta ted  varied between the series from  
respective ly  20, 36 to  178% o f the to ta l g row th . 
Therefore, m axim um  to ta l g row th  o f the w orm s 
in the experim ent appeared to  have been lower 
than the  to ta l g row th  observed in the  fie ld . A t 
part o f Balgzand (transects  3 and 5 in de  V l a s , 
1979a), to ta l g row th  was about the  same as in the 
experim ent. The h igher to ta l g row th  at transec t 4 
suggests  the presence o f more favourab le  food 
co n d ition s  fo r these w orm s in the fie ld  than were 
app lied  in the  laboratory.

4.3. IMPACT ON POPULATION PARAMETERS OF 
A. MARINA IN THE W ADDEN SEA

A t present, ow ing to lack o f data, no c lear con 
c lu s io n s  can be drawn abou t the im pact of 
predation  on the A. m arina  popu la tion  in the 
W adden Sea.

Because a lugw orm  is th ough t to  die when 
few er than 3 to  5 ta il segm ents are le ft (de  V l a s , 
1979b), m o rta lity  in lugw orm s w ill depend on the 
to ta l am ount o f segm ents removed during the 
season and the in itia l num ber of segm ents pre
sent in spring , when p redation  s ta rts  as soon as 
juven ile  p la ice  have im m igra ted  (K u ip e r s , 1977). 
The in itia l num ber o f segm ents present in spring 
w ill be the resu lt o f the p redation  in previous 
seasons. Therefore, the  life tim e  of a lugw orm  w ill 
be s trong ly  related to  th is  p redation  pressure.

In the experim ents an increased m o rta lity  was 
on ly  observed in the  series m ost heavily preyed 
on. However, these experim ents  lasted on ly 4 
m onths. In the  fie ld  at Balgzand low er predation 
rates occu r over a longer period, but even th is  
pressure is th ough t to resu lt in m o rta lity  (de 
V l a s , 1979b; K u ip e r s  et al., 1986). de V l a s  
(1979b) found a decrease in the num ber o f ta il 
segm ents by predation  of between 14 and 22 dur
ing one season. Because the  in itia l num ber of

ta il segm ents is lim ited  to  between 70 and 120 
(de  V l a s , 1979b), m ost ta il segm ents w ill be 
removed by predation  w ith in  a few seasons. As 
neo fo rm ation  o f segm ents does not occu r (de 
V l a s , 1979b), the w orm s are bound to  d ie a fte r a 
few seasons.

The predation  on ta il tip s  w ill depend upon the 
yearc lass s treng th  o f p la ice, and va ria tions  in 
p la ice  abundance w ill have a d ire c t e ffe c t on the 
m o rta lity  rate and hence the age -com position  of 
the  lugw orm  popu la tion . A t the  present level of 
p la ice  abundance, the  s tab le  popu la tion  o f A. 
m arina  on Balgzand suggests  th a t recru itm en t of 
juven iles  seem s to be large enough to  com pen
sate  fo r the  loss by m o rta lity , w h ich  in to ta l ap
pears to  be about 22%  a year (B e u k e m a  & de 
V l a s , 1979). The exis tence  o f A. m arina  in o ther 
parts o f the W adden Sea (B e u k e m a  et al., 1978) 
suggests  a s im ila r s itu a tio n  fo r these popu la 
tions . It is unclear at w ha t level o f fla tf is h  preda
tion  a s itu a tio n  of ove r-exp lo ita tion  o f the  A. 
m arina  popu la tion  w ill be created.
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TIDAL AND RESIDUAL FLOWS IN THE WESTERN DUTCH WADDEN SEA 
II: AN ANALYTICAL MODEL TO STUDY THE CONSTANT FLOW BETWEEN 

CONNECTED TIDAL BASINS*

H. RIDDERINKHOF

Netherlands Institute for Sea Research, P.O.Box 59, 1790 AB Den Burg, Texel, The Netherlands

ABSTRACT

In a one-dim ensional analytical model the origin  
of constant flows betw een connected tidal 
basins, as well as the origin of the associated  
residual levels, is exam ined. L inearized shallow  
w ater equations are used to describe the pro
pagation and dam ping of a tidal wave in 
schem atized (uniform  width and depth) con
nected basins. Analytical expressions are derived  
for the tidal stress term s, including the contribu
tion of the non-linear bottom -friction term , which  
serve as the forcing functions in the equations for 
the mean field . It is shown that in a first approx
im ation the residual levels in the tidal inlets, 
which give boundary conditions for the tidally- 
averaged equations, are dependent on the tidal 
velocities in the inlet because of a “ Bernoulli e f
fec t” . The model shows that in general d if
ferences betw een the fluctuating w ater levels at 
the inlets influence the residual flow more than  
m orphological d ifferences betw een two con
nected basins. The tidally-driven mass transport 
in the western Dutch W adden Sea, directed  
southwards from the V lie basin towards the  
Marsdiep basin, can be explained from the larger 
water-level am plitude at the inlet of the Vlie basin.

1. INTRODUCTION

In a preceding paper on tidal and residual flows in 
the western Dutch Wadden Sea, in which results 
from a detailed two-dimensional numerical model 
were discussed, it has been shown that the tidally- 
driven mean flows in this area can be subdivided into 
a large-scale part, the constant flow between con
nected tidal basins, and a small-scale part, the 
isolated residual eddies (R id d e r in k h o f , 1988). The

boundaries with the open sea of this numerical 
model are located outside the region of influence of 
the tidal inlets in the adjacent, relatively deep, North 
Sea (Fig. 1). In contrast to most modelling studies on 
residual flows (e.g. Pr a n d l e , 1978), in which boun
dary conditions often directly induce a constant flow 
through the region under interest, no residual levels 
are prescribed on the boundaries of this numerical 
model. So the computed large-scale residual flow be
tween the different tidal basins is internally driven by 
the tide.

The magnitude of the mean transport, 900 m3s -1 , 
between the two major Wadden Sea basins, the Vlie 
and Marsdiep basins, is only about one percent of 
the transport amplitude in the inlets. However, this 
tide-induced constant flow can play an important role 
when for instance the composition or flushing time 
scale of water masses in the Marsdiep basin is con
sidered. For comparison, the average supply of fresh 
water from the Ijsselm eer is about 450 m3s _1. To 
gain more insight into the origin of this large-scale 
residual flow as well as of the associated residual 
elevations, a one-dimensional analytical model has 
been developed. This model is used to examine how 
the tidal mean field is influenced by morphological 
asymmetries between the two basins as well as by 
the influence of differences between the fluctuating 
water levels at the two inlets. A comparable analytical 
study on mass transport induced by tidal asym
metries at the inlets of a tidal canal was performed by 
van de Kreeke  & D ean (1975). Studies on the effect 
of inlet asymmetries on the tide induced flow are 
presented in van de Kreeke  (1976) and van de 
Kreeke & Co tter  (1974).

Acknowledgements.— I am grateful to L.R.M. Maas 
for his interest and discussions during the set up of 
the analytical model.
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Fig. 1. Map of the western Dutch Wadden Sea showing some isobaths (10 m, 20 m), emersing tidal flats and the location 
of the boundaries of the numerical model (R id derinkho f , 1988). Results in the gridpoints 1 to 7 are used in Fig. 4.

2. DESCRIPTION OF THE ANALYTICAL MODEL

In schematizing the western Wadden Sea only the 
two main basins, the Marsdiep and the Vlie basins, 
have been considered. Fig. 2 shows the schematiza- 
tion of the two-dimensional reality of these basins in 
a one-dimensional system. Either basin is schematiz
ed as a tidal channel with a constant width and 
depth. The chosen value of the morphological

B,

inflow j B0 
area 1

/
i l  L,

basin a basin b

h -4

Fig. 2. Schematization of the tidal basins and adjacent in
flow regions. Basin a represents the schematized Marsdiep 
basin and basin b represents the schematized Vlie basin.

parameters of these channels is discussed in section
3.2. The transition between the tidal basins and the 
open sea, the in and outflow areas of the basins, is 
schematized as a funnel-shaped area with a length 
short compared with the basin length and the tidal 
wave length. From hereon the boundary between this 
inflow area and the tidal channels is referred to as the 
inlet of the channels. For this model the basic shallow 
water equations read:

90 9 / 02 , kO\Q\ n—  + — (  )+ gB D  —  + ----------=0
dt dx BD dx BD2

dQ
—  + S — =0 
dx dt

(1)

(2)

in which:
Q volume transport 
D total water depth H + f  
H  mean water depth 
B width
f  water elevation relative to the mean water depth 
k bottom-friction coefficient.
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Compared to the governing equations in the 
numerical model (R id d e r in k h o f , 1988), the Coriolis 
and horizontal turbulent viscosity terms are 
neglected. The equations are written in terms of the 
volume transport, Q, to have non-linear terms only in 
the momentum equation. These basic equations 
have to be linearized to find analytical expressions 
for the tidal water levels and volume transports. Us
ing the method of Lo r e n tz  (1926) to reduce the 
quadratic bottom-friction term, in which in a tidal 
period the energy dissipation of a single harmonic 
tidal constituent due to the linearized bottom friction 
term equals the energy dissipation due to the non
linear term, and assuming the amplitude of the fluc
tuating water levels to be much less than the mean 
water depth ( f  <  <H ), the following set of linear tidal 
equations can be deduced:

3Q ™ ,3 f  X,Q „
—  + gBH —  + —  =0 
dt dx H

3 0  „  3 f  „
—  + B — =0 
dx dt

(3)

(4)

tion of the bottom-friction term needs care. Therefore 
the reduction of this term is discussed in detail. 
H eaps  (1978), using the method of H u n ter  (1975) 
with complex variables, showed that use of (6) in the 
numerator of the quadratic friction term and averag
ing over a tidal period yields (see appendix A):

kOÏQ\ 2*10,10,

B(H + f)2 B (H + f l2 B(H  + f)2

o + * 0 ^ t
(8)

The assumption of a tidal motion associated with a 
single harmonic constituent together with condition 
(7) gives a further simplification of the first term in the 
right-hand side of eq. (8):

2A’l0 1 IOq XqOq

B(H+Ç)2 H
0 )

in which, analogous to eq. (6), the residual friction 
coefficient is dependent on the average tidal velocity 
amplitude:

in which:

8* I Q „
Xi =

3tr BH
(5)

4 * |Q„
X0 - = 1.5X,

BH
(10)

where (\Qm\lBH ) represents a characteristic value of 
the tidal velocity amplitude in the area.

To find the equations which describe the tidal 
mean flow and elevations the basic equations (1) and 
(2) have to be averaged over a tidal cycle. In this 
averaging procedure it is assumed that:

Q = Q0 + Q ,; O,=0; Q0«  Q, (6)

f = f 0+ f i !  F¡=°: fo « f i « H  (7)

in which:

Equation (10) shows that the term that is linearly 
dependent on the mean transport requires an in
creased friction coefficient. The numerator in the se
cond term at the right-hand side of eq. (8) can be 
linearized by expanding 0 , lQ , l in a Fourier series. 
Retaining only the first term of this series gives:

*0,10,1 8 *Q , X,Q,

B (H + 0 2 3tt B (H + tf2 (H + f l
(11)

in which the same expression as in eq. (5) is used for 
the friction coefficient. Expanding the denominator in 
the last term of eq. (11) and substituting condition (7) 
subsequently gives:

O0, f 0 = residual components 
Q ,, f ,  = tidal components

X jQ i

(H + tf

XjQ j
H

X iQ if i
H2

(12)

TI2

a = -=• ƒ  a dt, 

-T I2

T = tidal period

In this averaging procedure especially the lineariza-

Combining eqs. (8), (9), (11) and (12) together with 
conditions (6) and (7) finally gives the tidally- 
averaged linearized bottom-friction term:

*ÖIÖÏ

S(H + (12 H

XqOq X , 0 , f ,

H2
(13)
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Equation (13) gives the required form of a term linear 
in the mean transport and a term quadratic in tidal 
quantities. It is of interest to note that an analysis ex
actly parallelling the above may be carried out work
ing in terms of depth mean currents (u1 and u0) 
rather than volume transports. As a result it can be 
shown that in eq. (13) Q, is replaced by u, and O0 by 
u0. In both cases the second term on the right-hand 
side of eq. (13) can be interpreted as a frictional effect 
acting on the Stokes drift, here expressed as a 
Stokes transport (O f/H ) and as a Stokes velocity 
(u f/H ) when depth mean currents are used. Another 
method to linearize the bottom friction term is follow
ed by v a n  d e  K r e e k e  &  D e a n  (1975). Their result is 
equal to eq. (13) if X, in the first term on the right 
hand side of (13) is replaced by X0. This stems from 
a different treatment of the factor kQ\Q\ in the basic 
expression. The coefficient X, is found when the pro
cedure is started with the linearization of AQlOl to 
X.|Q before substituting (6). An increased coefficient, 
X0, is found when the procedure is started with 
substituting (6), as is shown above. Here the latter 
procedure is followed because it is analogous to the 
treatment of the other terms in eqs. (1) and (2).

Returning to the basic equations (1) and (2), mak
ing use of the inequalities in (6) and (7), substituting 
eq. (13) and assuming small non-linear advection we 
finally find the following set of equations for the mean 
field:

terms in eq. (14). After integrating eq. (14) the residual 
water levels in the interior of both basins can be ex
pressed as a function of the tidal stresses, the 
residual flow (Q0) and two integration constants. 
These integration constants can only be determined 
when the residual level is known at two positions, 
presumably the boundaries with the open sea. As 
these boundary conditions are not known a priori, but 
are in fact part of the problem of finding the tidal 
mean state, the schematized model area was extend
ed over a relatively short distance to the open sea. To 
circumvent the “ open boundary”  problem for the 
tidal mean state it is now assumed that at the 
seaward boundaries of the inflow area the residual 
levels are not influenced by the tidal flows in the 
basins. A difference between the residual levels at 
both seaward boundaries can therefore only be caus
ed by the tidal flows in the open sea and has to be 
interpreted as an external forcing. As such an exter
nally forced pressure gradient is absent in the 
numerical model simulations ( R id d e r i n k h o f , 1988), 
it is also neglected here. So, when the tidal stresses 
in the inflow area are known, the residual level at 
both inlets can be computed and subsequently used 
to determine the internally-driven mean field in both 
basins.

3. RESULTS FOR THE TIDAL AND TIDAL MEAN 
FIELD

—  ( —  ) + gB —  ) + g B H ^  +
dx BH dx 2 dx

XqQq

H H2
=0 (14)

3.1. INFLOW AREA

The length of the funnel-shaped inflow area can be 
assumed to be much smaller than the tidal basin 
length. Having now two horizontal length scales over 
which variables may vary, it seems appropriate to

dOo

dx
=0 (15)

The first two terms of the momentum equation (eq. 
14) are the well-known tidal stress terms ( N i h o u l  &  

R o n d a y , 1976), which, together with the last term that 
originates from the non-linear bottom friction, are the 
forcing terms for the mean state. This total tidal stress 
must be balanced by a residual water-level gradient 
and/or a bottom-friction term caused by a residual 
transport (in the case of open basins). To derive ex
pressions for the mean field, the linearized tidal 
equations (3 and 4) are used to determine the tidal 
water levels and volume transports which subse
quently give analytical expressions for the forcing

TABLE 1
Scales and non-dimensional parameters in the analytical 

model.

B = BAb' S„=width basin a
H = HAh' H,=depth basin a
X = L¡ x'¡ -h Lax ‘ L,= length basin a, L,=length inflow area
! = z Ar ZA = tidal amplitude at x = - L  (x '= -1 )
t = t'/o o=frequency tidal wave
q = < Q > q ' < Q >  = BaLaZao

Xi = aH„A'i Xt =linearized bottom friction coefficient

k = k ’ILA k = — - —  = wave number
'J o "«

?o= < to > t¿ < f 0>  ~ z ah ~a
q0= < q > q ¿ < g 0> = < O >  ZA H~a

Xq = oHa Aq x¿=1-5x;
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apply a multiple scale expansion ( M a a s  et al., 1987) 
which in a first approximation simplifies the govern
ing equations for the inflow area. Table 1 lists the in
troduced scaling and non-dimensional parameters. A 
consequence of using two horizontal coordinates is 
that the dldx operator reads:

3 , 1 , 3  , d  ̂ L.
—  = L r 1 ( —  + < r 1 —  ) ,  e = — i- < < 1
dx dx' dx', La

(16)

dq bh d f  bh d f  \ , q
e —  + c ---------+ ---------------+ e  =0

d t k2 dx k2 dx.
(17)

£ ± b  
h dx,

+ bh 3 £ o =0

k 2  d X :
(22)

Using (16) and scaling (3) and (4) according to Table 
1, the dimensionless form of the linear tidal equa
tions (3 and 4) (dropping primes), is

To find the required expression for the residual levels 
at the transition between the tidal channel and the in
flow area eq. (22) has to be integrated. Taking the 
residual level at the seaward end of the inflow area 
as a boundary condition ( f o =0) and assuming a fast 
decrease of the inflow width in this region 
(Ba <  < B 0, Fig. 2) yields the following expression for 
the residual level at the open boundary of the tidal 
channel

k2 

2 bh
( = -

2 gB2D2 2 g
-) (23)

dq dq 3 f 
e —  + ---------+ e b —  = 0

dx dx, dt
(18)

Expanding the dependent variables in (17) and (18) in 
a perturbation series (using e as a small parameter) 
yields at zeroth order for the tidal field in the inflow 
area

J L
dx¡

= 0, 3 q
d x ,

=  0 (19)

Thus on the relatively small length scale of the inflow 
area the tidal wave propagates in a first approxima
tion as if it has a rigid upper surface. The same pro
cedure is followed to determine the governing 
equations for the mean field in the inflow area. Using 
the governing equations for the mean field (14) and 
(15), extending the set of non-dimensional 
parameters with non-dimensional variables for the 
tidal mean variables, f 0' and q0’ ( Table 1), expan
ding these variables in a perturbation series, and 
substituting (16) yield at zeroth order for the mean 
field in the inflow area (dropping primes)

3 f f  , bh d t 0L A -  + J L ^  + - - _ ^ - _ o
b h  k 2  d X :  k 2  d X :dXj

3do
dx,

=  0

Substitution of the relevant scales gives the term in 
brackets in (23). The resulting drop in the residual 
water level in a tidal inlet, about 2.5 cm for u = 1 
m s-1 , can be interpreted as a Bernoulli effect caus
ed by a fast reduction of the inflow section over a 
relatively short distance. This phenomenon can be 
recognized in the numerical model ( R i d d e r i n k h o f , 

1988) as well as in the analysis of observations 
( R i j k s w a t e r s t a a t , 1987).

3.2. SCHEMATIZED BASINS

3.2.1. TIDAL FLOWS AND WATER LEVELS

Of course the “ rigid lid ”  approximation of the tidal 
flow in the inflow area cannot be used to describe the

(20)

(21)
o i

Using (19), eq. (20) can be further simplified

Fig. 3. Schematization of the tidal basins in non- 
dimensional parameters. The upper part shows a plan view 
of both basins and the lower part shows the longitudinal 

cross-section.
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tidal field in the interior of the two basins. To deter
mine the tidal stresses an analytical model has been 
developed. This model has to represent the tidal 
transports and water elevations as reasonably as can 
be done by approximating the two-dimensional reali
ty of our numerical model to a one-dimensional 
system. Choosing the boundary between the two 
channels as the origin for the non-dimensional x- 
coordinate (Fig. 3) and omitting hereafter the accents 
for the non-dimensional variables results in the 
following sets of tidal equations:

k 2 X
0 < x < l  t2b = — O 0

h h

qB (*) =
bi_

4  dx

(32)

(33)

To find the complete solution of the propagation and 
damping of the tidal wave in both basins we need to 
impose 4 boundary conditions:

-1  < x < 0  
basin a 
b = h =  1

dq 1 d t  x —  + —  —  + X1g = 0  
dt k2 dx

*  + * - 0  
dx dt

(24)

(25)

1) x  = —1 f ^ - 1 ,  t) = e" + c.c

2) x  = / ÇB(I, t) = Z  e'(,+ ^  + c.c

3) x = 0 f^  (0, t) =  f B (0, t)

4) x = 0 qA (0, t) = qB (0, t) (34)

0 < x < l  
basin b

^  + hS. = o
dt k2 dx h

dx dt

(26)

(27)

Combining the momentum and continuity equation 
and substituting (c.c means the complex conjugate 
function):

-1  < x < 0  f „  (X, t)=  f „  (x) e" + c.c 

'çA (x )= A  ehAx + B e~iTAx 

qA (x, t) = qA(x) e" + c.c (28)

0 < x < l  f s (x, t) = f s (x) e " + c.c

f g (x) = C eirBx + D e 'Í7sx

qB (x , t) = qB (x) e" + c.c (29)

in which A, B, C  and D are complex integration con
stants, we find for r  and q:

The first two boundary conditions represent the fluc
tuating water levels at both inlets, which can differ 
both in amplitude and phase. Boundary conditions 3) 
and 4) at x = 0  guarantee the continuity of sea level 
and volume transport at the boundary between the 
two basins. Condition 4) implies that partial reflection 
of the tidal wave at the transition between the two 
basins is neglected. Substituting these boundary 
conditions yields:

C = -

D =

(eos t a  + iyS \nrA)Z e ^  -  e _,Ts/ 

2/'(cosT„sin(7-s/)+ ■v6inT„cos(Te/))

( - c o s 7„  +  iys'\r\TA)ze ^  +  e irBl 

2/(cos7/,sin(Ts/)+ -ysinr^cosiTß/))

A = — {(C +D ) + y ( C - D  )) 
2

B = —  ((C + D) + y ( C - D ) )  
2

7  =  b r A I  t b (35)

-1  < x < 0  t 2 = k2 (1 -Xi) (30) In both basins O (x, t) and f  (x, t) can now be com
puted depending on the choice of tidal and mor- 

j  phological parameters. The combination of
qA (x) =    (31) parameters which appears to give reasonable results

^  with regard to the observed amplitudes and phases
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TABLE 2
Parameters and coefficients as used in the schematization 
of the Wadden Sea basins. H. Ba and X, were tuned ac

cording to the conditions given in the text.

L =40-103m LB=20-103m (/'=0.5)
Ha =4.5 m Hg= 3.00 m (/?'=0.66)

e.=15-103mA
8 B=24-103m (/>'=1.6)

ZA =0.70 m Zs =0.86 m (z'=1.23)
<j=1.4-10~4s ~1 y3= -0.63

g  =9.81 ms-2 X, =2.0-10~3-ms_1

of transport in both basins is listed in Table 2. Global 
characteristics of the topography in the Marsdiep and 
Vlie basins show a significant depth (h=0.66) and 
length difference (1=0.5) between the two. The width 
ratio chosen (b=1.6), in combination with the length

ratio, is in agreement with the known small difference 
between the total surface area of the Vlie and 
Marsdiep basins (Z im m e r m a n , 1976).

In tuning the analytical model, the morphological 
ratios (h, b, I) and the length of basin a, (L„), as well 
as the tidal boundary conditions (Z,y>), well known 
from observed data, were kept constant. The friction 
coefficient, Xv  and depth scale of basin a, HA, which 
determine the damping and the phase speed of the 
tidal wave, have to meet the following requirements: 
1) the boundary at x = 0  should coincide with a 
transport amplitude minimum 2) the amplitude of the 
tidal velocities in both inlets should be approximately 
equal. The first requirement ensures that the incom
ing tidal waves meet at the transition between the two 
basins, in the prototype resulting in the formation of 
tidal watersheds. The second requirement concern
ing the velocity ratios in the inlets, which equal the

( m  ) ( - )
1 0 .0 0

0
- 0 . 7 9 -

0

0

Q

0 - 2 . 3 6
4 3

( - )
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T '
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Fig. 4. Water level and transport amplitudes and phases dependent on the depth of basin a, as a function of the non- 
dimensional x'- coordinate. For comparison results in corresponding grid points in the numerical model are shown (O O O). 
The grid points 1 to 7 in the numerical model correspond with resp. x '=-1 .0 , -0.75, -0.50, -0.25, 0., 0.25, 0.50 in the 
analytical model.
(a) Phase of tidal sea level relative to the tidal sea level at x '= -1  (-)
(b) Amplitude of tidal sea level (m)
(c) Phase of volume transport relative to the tidal sea level at x '= -1  (-)
(d) Amplitude of volume transports (104m3-s_1)
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transport ratios because of the width and depth ratio 
chosen, follows from observations and numerical 
model results (R id d e r in k h o f , 1988). This is an im
portant requirement as it influences the tidal stress 
ratio at both open boundaries as well as the residual 
level boundary conditions for the mean state. Fur
thermore, this condition justifies the assumption that 
the bottom friction coefficient, being dependent on a 
representative value of the tidal velocity amplitude 
according to eq. (5), does not differ in the two basins. 
Finally, the width of basin a was varied to tune the 
transport amplitudes in the two inlets. The final out
come of this tuning was a value of 2-10-3 m s-1 for 
the friction coefficient, X1t 4.5 m for the depth scale, 
Ha, and 15-103m for the width scale, BA. Fig. 4a to d 
gives the resulting amplitudes and phases of the 
fluctuating water levels and volume transports in both 
channels. For some positions Fig. 4a and b shows 
results in corresponding gridpoints of the numerical 
model. The position of these gridpoints is indicated 
in Fig. 1. The influence of changing the depth scale 
is also given in these figures.

Although it is not shown here, changing the bottom 
friction coefficient or length of basin a yields com
parable results, in which an increasing depth scale 
corresponds with a decreasing length or bottom- 
friction coefficient.

The major effect of changing the depth scale is the 
increase/decrease in the phase speed of the tidal 
wave. With respect to the transport amplitudes this 
results in a shift of the transport minimum while the 
ratio of the amplitudes in both inlets is adapted to the 
associated changing “ effective”  basin length. The 
depth scale chosen, 4.5 m, is close to the mean 
depth in the Marsdiep basin, 4.3 m, and appears to 
give the most reasonable results in terms of the con
ditions stated before.

Of course, compared to the observations and 
numerical model results the analytical model can on
ly meet qualitative requirements. For instance the 
schematization of a morphologically irregular area in
to a basin with a uniform depth leads to a relatively 
too strong damping of the tidal wave near the inlets, 
resulting in a decreasing water-level amplitude (see 
Fig. 4a), which cannot be recognized in the 
numerical model results. However, keeping in mind 
the rather crude schematization, this model can 
serve as a basis for a qualitative study of the mean 
field.

3.2.2. THE TIDAL MEAN FIELD

The set of non-dimensional equations for the mean 
field, based on eqs. (14 and 15), reads:

-1  < x < 0 b = /7=1

„  dq, 1 df< 1 d fn ------

1 1 * r + ¡ 5 1 7 * ^ ° “ M i f i "

dx
= 0

(36)

(37)

0 < x < /

3 d<h | u d f t  + bh 9£o + X0q0 ^  X1q 1C1 

bh 1 dx k2 1 dx k2 dx h h2

=0

9%
dx

= 0

(38)

(39)

Making use of eqs. (24 to 27) the last term in eqs. (36) 
and (38) can be expressed as a function of the first 
two terms:

  1 9q,
-1  < x < 0  X ^ f ,  = -  —  f !  —  + p., —  (40)

k2 dx dx

\,q ,Ç , b dÇ, 1 dq,
0 < x < /  + — q t Ü  (41)

hi2 k2 dx bh dx

so that the tidal stress term, Txx, can be written as:

-1  < x < o  r x +
A k2 dx dx

(42)

2b d f  i 1 dq,
° < x < 1 T * x b  = f i - 1  + —  (43)

B k2 dx bh dx

These expressions for the tidal stress show that the 
Stokes part of the tidally-averaged bottom friction in
creases the contribution of the water-level compo
nent to the total tidal stress while the contribution of 
the transport component decreases.

Substituting (42) and (43) in (36) and (38) and in
tegrating yields:

-1  < x <  0 j T x x dx + —  f 0 + XqQqX = A (44)
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q0 = constant

0 < x < /  f T d x  + —  f 0 + = 8  (45)
B k2 h

q0 = constant

in which A and B are integration constants. In these 
equations (44 and 45) the tidal stress terms can be 
computed by substitution of eqs. (28) and (29). For in
stance averaging and integrating of the water-level 
components gives a simple expression:

—  = r ,  —  + f i  —
dx dx dx

I  f 1̂ i d x =  f ,  f*i = l f i l 2 (47)
dx

where an asterisk indicates the complex conjugate 
and ( I I )  the tidal amplitude. The transport compo
nent of the tidal stress can be simplified in an 
analogous way.

Again we need 4 boundary conditions to be able to 
find the solution of this set of equations:

1) x = -1 fo == Z°-1

2) x  = l fo  == Z °,

3) x = 0 OQ
£II

4 )  x = 0 q% QQ
OcrII (4 8 )

(cm)

- 2 -

- 0 . 2- 0 . 6
X

Fig. 5. Residual water elevation in the schematized tidal 
channels (cm) as a function of the non-dimensional x- 

coordinate.

Conditions 1) and 2) impose a residual level at both 
inlets. These are a function of the tidal transports and 
can be computed by employing eqs. (31) and (33). 
The conditions 3) and 4) guarantee the continuity of 
residual level and residual flow at the connection of 
the two basins.
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1
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Fig. 6. Non-dimensional magnitude of the terms in eqs. 
(36), (38), (42) and (43) as a function of the non-dimensional 
x-coordinate. (a) Forcing terms in eqs. (36) and (38). (b) 
Composing terms of tidal stress and total tidal stress, eqs. 
(42) and (43). (c) Terms associated with tidal mean variables 

in eqs. (36) and (38).
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Substitution of these conditions yields: 

1

f 0- '  Z ° ' + T  TXXa + T dx } (49)
1 k2 o bh I B ’

This equation shows that a residual flow between two 
basins will be generated whenever the integrated 
tidal stress and/or the difference in residual levels be
tween the two open boundaries differ from zero. Note 
that, because of the chosen morphological dif
ferences between the two basins, no direct integra
tion between x = -1  and x  = l can be performed. After 
computing the boundary conditions and the tidal 
stresses with the tidal model the tidal mean field can 
be determined. Substitution of the typical Wadden 
Sea values (Table 1) leads to a residual transport 
(O0) of about 3 percent of the tidal transport 
amplitude in the inlets while computations with the 
numerical model resulted in a ratio of about 1 per
cent. In both models the residual flow is directed from 
the Vlie basin into the Marsdiep basin. The com
puted residual levels are shown in Fig. 5. Although 
the analytical model overestimates the residual 
levels in the interior of the basins compared with the 
numerical model results (fig. 9c in R id d e r in k h o f  
(1988)), this picture clearly shows the same strong in
crease in residual levels from the inlets to the middle 
of the basins. Fig. 6a gives the non-dimensional 
magnitude of the forcing terms in eqs. (36) and (38) 
as a function of the position in the basins. It shows

that the relative importance of these three terms is 
approximately equal. Fig. 6b gives the magnitude of 
the total tidal stress as well as the magnitude of both 
components, defined according to eqs. (42) and (43). 
This figure clearly shows that the water-level compo
nent is more important than the transport compo
nent. The magnitude of the counterbalancing terms, 
associated with tidal mean variables, is shown in Fig. 
6c.

4. DISCUSSION

Before examining the influence of morphological 
asymmetries and asymmetrical boundary conditions 
on the residual flow, attention is paid to the sensitivity 
of the analytical model to the schematization of the 
morphology of the Wadden Sea and to the bottom 
friction parameter. As in the tidal model, the boun
dary conditions for the tidal fluctuations, z = 1.23 and 
<f> = -0 .63 , and the depth and width ratio between the 
two basins, Aí=0.66 and b =1.6, were kept constant, 
as these are well known from the observed data. The 
influence of changing the depth scale or bottom coef
ficient on the residual flow as a function of the length 
ratio between the two basins is shown in Fig. 7a and 
b, where the percentage of the residual transport 
compared with the tidal transport amplitude at the in
let of basin a is given on the vertical axis. Both 
figures show that the magnitude of the residual flow 
is only slightly sensitive to a variation in these 
parameters, while the direction of this flow does not 
change. As in the tidal model, a comparison of Fig. 
7a with 7b shows that varying the depth scale of 
basin a or the bottom-friction coefficient gives 
qualitatively the same results: a greater depth cor
responding with a smaller friction coefficient.

% %

0 . 0 0 1 6
0 . 0 0 2 0
0 - 00 2 4

- 2 -

- 6 -

0

Fig. 7. Ratio between residual transport and tidal transport amplitude at the inlet of basin a (°/o) as a function of the length 
ratio between the two basins, (a) Influence chosen depth scale of basin a. (b) Influence bottom-friction coefficient.
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Internal tidally-driven residual volume transports 
between connected basins can only exist when there 
are asymmetries between the two basins. These 
asymmetries are either of a morphological nature, i.e. 
length, width or depth differences, or of a tidal nature, 
i.e. amplitude or phase differences between the fluc
tuating water levels at the two inlets. The analytical 
model for constant morphological scales (Table 1) is 
used to examine the relative contribution of both 
asymmetries to the residual flow.

4.1. TIDAL ASYMMETRIES

To illustrate the consequences of different water-level 
boundary conditions at both inlets it is assumed that 
there are no morphological differences between the 
two basins (h = b = 1). This schematization is equal to 
a model of a single channel with different water-level 
boundary conditions at both ends. Making use of eq. 
(47) eq. (49) can now be simplified as:

Qo =
1

\ 0(1+o

nected with a transport amplitude difference by the 
Bernouilli effect (eq. (22)), acts in the opposite direc
tion. Using eq. (23) the residual pressure gradient 
term can be written as:

Z° - '  Z° ' = - -  ( q i i  -  # )  = -L  ( M l ,  -  M ?) (51)
k2 2 4

which shows that the magnitude of the residual flow 
is only reduced by the counterbalancing residual 
level gradient, but its sign is not reversed. Using eq. 
(31) the transport component of the tidal stress in eq. 
(50) can be written as a function of the differences in 
amplitude (Z) and phase (<p) of the water-level boun
dary conditions

I<7|2_1 _ \q \2 = F (Z2 -1 )+  G Z s irv (52)

where the real parameters F  and G can be expressed 
as (* means complex conjugate):

F  = (P P * -0 0 * ) , G =
(P Q '-Q P ’ ) 

2 i
(53)

Z 0 - Z 0 /+ 2 |f l l i - 2 |^
{ ------1--------— ----------------- +  Iql _i -  W ? } (50)

with:

which shows that a difference in tidal amplitude of 
the transport and/or water levels between the two in
lets induces a residual flow towards the lowest 
amplitude. The difference in residual level, con-

P  =  -

Q =

jq -  h (1 +1 ) _ jqIt (1 +1 )

ß i r  (1 + / )  +  e - / T (1 + / )  

re -iY(1 + / ) _  re/T (1 + /)
(54)
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Fig. 8. Effects of differences in the fluctuating water levels at the open boundaries of a single channel. 8a. Ratio between 
residual transport and tidal transport amplitude at the inlet where the tidal wave enters first as a function of phase dif
ferences (%). 8b. Ratio between residual transport and tidal transport amplitude at the inlet of basin a as a function of

amplitude differences (%).
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Finally substituting eqs. (51) and (53) in eq. (50) flow. A comparison of Fig. 8a with Fig. 8b shows that 
yields the residual flow is larger in the case of amplitude dif-

■ i o p  O
qu -  [ ( p  ) (Z2 1) i G Zsiny] is caused by the relatively small influence of the

ferences than in the case of phase differences. This 
is caused by the relatively small influence 

X0(1 + 1) '  ' 4 k2 ' ' ’ 4 J transport component in the total tidal stress.

(55) 4.2. MORPHOLOGICAL ASYMMETRIES

which demonstrates the independent effects of dif
ferences in amplitude and in phases of the water- 
level boundary conditions. A comparable study on 
mass transport induced by different water-level boun
dary conditions at both ends of a single canal has 
been performed by v a n  d e  K r e e k e  & D e a n  (1975). 
Their final equation for the residual flow is equal to 
eq. (55) with respect to the effects of phase and 
amplitude differences on the direction of the residual 
flow. Minor differences stem from the contribution of 
the internally-driven residual pressure gradient and 
the increased friction coefficient for the residual flow 
in the final equation here presented (55). Both ad
justments reduce the magnitude of the residual 
volume transport compared with the results of v a n  d e  
K r e e k e  &  D e a n .

In Fig. 8a and b the ratio between residual 
transport and the tidal transport amplitude at the inlet 
of the basin where the tidal wave enters first, basin 
a for positive phases and basin b for negative 
phases, is shown as a function of a phase difference 
(z = 1, Fig. 8a), o ran  amplitude difference at the inlets 
(v>=0, Fig. 8b) and the total length of both basins 
(mind the different scales of the vertical axes in Fig. 
8a and b). Fig. 8a shows that a phase difference 
results in a residual flow that is directed from the 
basin where the tidal wave first enters towards the 
other basin. The magnitude of the residual flow at a 
given phase difference depends strongly on the total 
length of both basins. The total length determines the 
ratio between the distances from the inlets and the 
position at which the transport amplitude has a 
minimum. The ratio in tidal transport amplitude in 
both inlets is related to this length ratio and results in 
a residual flow directed towards the lowest transport 
amplitude. The magnitude of the residual flow, caus
ed by the transport component of the tidal stress, 
therefore strongly depends on the total length of a 
basin. A difference in the amplitude of the water-level 
fluctuations at the boundaries, Fig. 8b, directly im
poses a tidal stress force in the model by the water- 
level component as well as the transport component, 
resulting in a residual flow towards the lowest water- 
level amplitude. The dependence of the magnitude 
of the tidal stress gradient on the length of both 
basins is reflected in the magnitude of this residual

Assuming the water-level boundary conditions at 
both inlets to be equal (z = 1, ^>=0), the influence of 
morphological differences on the residual flow can 
be examined. In Fig. 9a the influence of a depth dif
ference is illustrated. In the prototype the boundary 
between the two basins is located at the position 
where the transport amplitude has its minimum. 
Thus the length ratio is a function of the phase speed 
ratio of the tidal waves in both basins. This ratio is 
proportional to the square of the depth ratio (/ = V/i) 
in the case of zero bottom friction, and in a first ap
proximation proportional to the depth ratio (l= h ) in 
the case of strong, depth-dependent bottom friction
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Fig. 9. Ratio between residual transport and tidal transport
amplitude at the inlet of basin a (%) as a function of mor
phological asymmetries between connected tidal basins. 
9a. Influence depth and associated length ratio (P = h’) be
tween the two basins. 9b. Influence width ratio for different 

length ratios.
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eqs. 30 and 32). Hence by using the 
transport amplitude minimum as a criterion the 
length ratio is linearly dependent on the depth ratio. 
The latter ratio is used in Fig. 9a. It shows that a 
depth difference in general induces a residual flow 
towards the deeper basin. However, the magnitude of 
this residual flow is small (mind tne difference be
tween Figs 8 and 9 in the scale of the vertical axes) 
compared with the residual flow caused by tidal 
asymmetries.

The influence of a width ratio at different length 
ratios is illustrated in Fig. 9b. Because of the boun
dary condition at the connection between the two 
basins (continuity of transports), a width ratio primari
ly influences the magnitude of the tidal velocities at 
both sides of this connection. The increased velocity 
in the narrower basin reduces the tidal stress force 
on this side of the connection, resulting in a residual 
flow towards the narrow basin. Fig. 9b shows that the 
magnitude of this residual flow is very small when the 
transition between the two basins is located near a 
transport minimum of the tidal flow (/’ =0.75).

5. CONCLUSIONS

The analyses with the analytical model show that in 
general asymmetries in morphology and boundary 
tides between basins induce a residual flow between 
the two. In a single channel this residual flow is 
directed towards the inlet where, in the case of phase 
differences, the tidal wave enters last, or, in the case 
of amplitude differences, towards the inlet with the 
lowest water-level amplitude. When morphological

%

- 0 . 6 3

Fig. 10. Influence of different combinations of tidal and mor
phological asymmetries on the ratio between residual 
transport and tidal transport amplitude at the inlet of basin 
a (Marsdiep basin), as a function of the length ratio between 
the Vlie and Marsdiep basins. In reality the length ratio is 

approximately 0.5.

differences are considered, a residual flow is induced 
towards the deeper and/or narrower part.

In Fig. 10 the consequences of a combination of 
these asymmetries are summarized for a 
schematization of the connected Marsdiep and Vlie 
basins. For different combinations of asymmetries 
the ratio between the residual transport and the tidal 
transport amplitude at the inlet of the Marsdiep basin 
is given as a function of the length ratio. In reality the 
length ratio is approximately 0.5. For this length ratio 
Fig. 10 shows that the amplitude difference of the 
water-level boundary conditions is the most impor
tant factor that causes the residual flow to be directed 
from the Vlie basin towards the Marsdiep basin.

Summarizing it can be concluded that the dif
ference in water-level amplitude at the inlets as well 
as the depth and width ratio between the two basins 
directs the residual flow from the Vlie basin towards 
the Marsdiep basin, whereas phase differences 
direct the flow in the opposite direction. The combin
ed effect of morphological differences and d if
ferences in water-level amplitude at the inlets 
appears to be larger than the effect of phase d if
ferences.
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APPENDIX Linearization of OlQl

The method of H u nter  (1975) and H eaps (1978) is followed to average the numerator of the quadratic friction 
term. Substituting

Q = Q0 + O, ¡ 0 g < < 0 1 (A1)

gives:

Q|q I = (Qq + Q^IQo + O,!

= (O0 + O1)V((O0 + Q1) (0*0 + 0*!)) (A2)

where the asterisk denotes a complex conjugate. Neglecting terms of order Q | under the square root sign 
and expanding this equals:

(Q0 + Q i)lQ il t1 +  Q° Q^ ° Q l

q n 2 n *  ---------
= -  lo , lQ0 + —L -0  + 0,10,1 (A3)

2 2lO, I

Finally substituting:

O, = A , + /A2 ¡ Oq = Ö, -F (02 (A4)

in (A3) and choosing axes such that A 2=0 and ß2= 0 gives the following expression for one-dimensional 
motion:

0101 = 210,100 + 0 ^ 1
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ENHANCED BENTHIC-PELAGIC COUPLING IN THE 
WESTERN WADDEN SEA MODEL* 

“ An inprovement of the EMOWAD-I model”

J.W. BARETTA and P. RUARDIJ
Netherlands Institute for Sea Research, P.O. Box 59, 1790 AB Den Burg, Texel, The Netherlands

ABSTRACT

A tim e-dependent m athem atical ecosystem  
model of the western W adden Sea has been  
developed. Its surface area of 1415 km2 is sub
divided into 12 spatial com partm ents, the bulk ex
change coefficients having been calculated using  
a hydrodynamica! model w ith a cell size of 500 x 
500 m.

The ecosystem model contains 22 biological 
state variables, ranging from prim ary producers to 
carnivores. In addition, it allows for tracing  
detrital pathways by incorporating 14 detrital state  
variables w ith bio-availabilities ranging from days 
to years.

W ith the closure of the Zuiderzee in 1932 the  
western Wadden Sea acquired an extensive  
sublittoral area, which harbours large am ounts of 
benthic subtidal suspension feeders. Moreover, 
the area has been exploited for culturing M ytilus  
edulis, fu rther enhancing their density. The  
dem ands of this functional group on the pelagic  
system have consequences for the biological 
structure and the functioning of the system as a 
whole. These consequences are studied by com 
paring the annual carbon fluxes through the  
system in the model w hich includes a fu lly func
tional subtidal com m unity w ith those calculated  
using the model w ith  a reduced subtidal com 
munity.

Nutrient regeneration from the benthic system, 
and phytoplankton settling are indicated as being  
crucial to the functioning of the system.

1. INTRODUCTION

Total estuarine productivity is the result of a balance 
between autotrophy and heterotrophy, and import 
and export of organic matter (S ib e r t  & Na im a n , 
1979).

The subject of this study is to establish the role of 
the subtidal community of the western Wadden Sea 
In determining the balance between autotrophy and

heterotrophy and Import and export of organic car
bon. To do this, the first step is to quantify the perfor
mance of the whole system.

A more or less reliable indication of the productivity 
of an open estuarine system such as the western 
Wadden Sea can only be given when the Interplay 
between geomorphology, circulation and biological 
processes is taken into account. At this time the only 
practical way of investigating this interplay and its ef
fects on the total system performance is by means of 
a mathematical ecosystem model which takes these 
aspects into account. A model including these 
features has been constructed for the Ems estuary 
(Bar e tta  & R u a r d ij , 1988), and it has now been 
adapted to the western Wadden Sea. The model 
results are summarized in the form of annual carbon 
budgets which show the contribution of the various 
processes to the system carbon turnover and hence 
the balance we mentioned before.

In shallow areas, measurements using sediment 
traps have shown that 25-60% of the primary produc
tion sinks down to the bottom (Ze it s c h e l , 1979). This 
does not take into account the effect of benthic 
suspension feeders filtering large amounts of organic 
matter from the overlying water column and 
depositing faeces and pseudofaeces into the sedi
ment. In particular with systems such as the western 
Wadden Sea, where the mussel, Mytilus edulis, is 
cultured on a large scale, a large fraction of the 
pelagic primary production may be expected to be 
transferred to the sediment. The resultant biological 
activity in the benthic system would generate a con
siderable nutrient feedback into the watercolumn. 
The nutrient flux from the sediment can be more than 
twice the rate demanded by the observed primary 
production (Ro w e  eta/., 1975; Davies , 1975; Ro w e  & 
S m it h , 1977 and Ha r g r ave  & C o n n o l ly , 1978) 
calculated that the release of nutrients from the 
sediments may make up between 30 and 100% of 
the nutrient requirements of the phytoplankton in the 
euphotic zone. The implication of this is that in 
shallow-water ecosystems nutrient regeneration from 
the bottom keeps pace with primary production and

'Contribution number 19 of the Ecologisch Onderzoek Noordzee en Waddenzee (EON).
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that the primary producers depend very little on 
pelagic regenerative processes (Ro w e  & S m it h , 
1977; Z e it s c h e l , 1979).

The benthic flora and fauna, as well as the 
chemistry, of the tidal flats in the western Wadden 
Sea have been studied extensively, also with a view 
to establish the interaction between the benthic and 
the pelagic system (cf. Wo l f f , 1983). The benthic 
system in the subtidal area, however, has attracted 
surprisingly little attention, even though the surface 
of the subtidal area (753 km2) in the western Wad
den Sea is more than half the total surface (1415 
km2).

There are some data on subtidal macrobenthos 
biomass (De k k e r , 1987) but to our knowledge there 
are no experimental data of organic matter and 
nutrient cycling in the subtidal region. A simulation 
model has been used in which the subtidal benthic 
system has been constructed with the same state 
variables as the intertidal submodel — except for the 
primary producers. The model of the subtidal region 
has been calibrated with data from the intertidal ben
thic system. The model results will be presented in 
the form of annual carbon flow budgets.

^Terschellingi
NORTH SEA

Vlieland'

Texel

Kornwerderzand

Den Helder/
Den Oever

LAK E  IJSSEL

Fig. 1. Map of the western Wadden Sea with the model 
compartments.

1.1. SITE DESCRIPTION

The western Wadden Sea has a surface area of 1415 
km2 (Fig. 1) and is part of the Wadden Sea which ex
tends along the northern coast of the Netherlands 
and the Federal Republic of Germany and also a 
large part of the west coast of Denmark.

The area has had Its current shape only since the 
closure of the former Zuiderzee by a dike in 1932. 
This has caused an increase in the tidal amplitude 
and large-scale shifts in the areas where erosion or 
sedimentation occurs (E is m a  & W o l f f , 1980). The 
subtidal area (753 km2) is extensively used for 
culturing the mussel Mytilus edulis, with an annual 
harvest of about 10,000 metric tons (Ve r w e y , 1981). 
Also there occur large banks of “ w ild”  mussels, 
together with high standing stocks of other suspen
sions feeders such as Mya arenaria (Dekker, pers. 
comm.).

1.2. MODEL DESCRIPTION

The western Wadden Sea has been notionally divid
ed into 12 spatial compartments to enable the inclu
sion into the model of lateral transport processes. 
The exchange coefficients between the compart
ments have been calculated using a hydrodynamica! 
model of the area with a grid size of 500x500 m (R id 
d e r in k h o f , 1988). This water movement model has 
been developed using the special-purpose modelling 
package WAQUA of Rijkswaterstaat, the department 
of public works. The biological processes in the 
model (uptake, respiration, excretion/egestion, 
growth and mortality) are based on experimentally 
derived physiological parameters of the different 
state variables. This carbon flow model is used to cal
culate a carbon budget for the whole system. More 
details on the model structure are given in Baretta  
& R u a r d ij (1987).

2. METHODS

To quantify the role of the subtidal community in this 
system we have adapted a mathematical ecosystem 
simulation model, originally developed for the Ems 
estuary (BOEDE, 1985; Bar etta  & Ru a r d ij , 1988). 
Since this estuary does not possess a large subtidal 
area, the Ems model did not incorporate the subtidal 
community.

The model of the western Wadden Sea includes 
submodels which describe the transport processes, 
both of dissolved substances and of particulate 
material and the dynamics of the pelagic, as well as 
the benthic and epibenthic state variables in the in
tertidal. It has been extended with a further sub
model describing the dynamics of the subtidal com
munity. Preliminary analysis of this model (EON, 
1988) has shown the subtidal submodel to severely 
underestimate the standing stock of subtidal 
macrobenthos. This was caused in the model by an 
almost continuous food-limitation, because the 
watervolume allowed for suspension feeders (a 
watercolumn of 20 cm deep) with a lenght of the tidal 
excursion) was depleted of edible particles by
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repeated filtering. Though this watervolume is a con
siderable fraction of the tidally-averaged compart
ment volume (20-50%), it apparently cannot supply 
the benthic system with sufficient particulates to 
maintain benthic biomass at the observed levels. 
Due to the low simulated benthic biomass, the con
tribution of the subtidal community to the total carbon 
flow in the model was almost negligible.

The assumption in the model was that as far as 
transport processes are concerned, phytoplankton 
behaves as a dissolved substance. In other words, it 
is subject to diffusive and advective exchange and 
there is no vertical concentration gradient.

However, under conditions of nutrient stress 
phytoplankton has a tendency to settle to the bottom 
(S m a y d a , 1970, 1971) and also, on each tidal cycle, 
around slack water, the concentration of chlorophyl-a 
near the bottom tends to be much higher than near 
the surface (Te n o r e , 1977) which indicates a general 
settling tendency of phytoplankton. The model 
results from simulations with phytoplankton 
homogeneously distributed over the water column 
showed that the subtidal fauna was so severely food- 
limited that the model supported much too low sub
tidal standing stocks. We therefore extended the 
pelagic submodel with a mechanism which caused a 
fraction of the phytoplankton — dependent on the 
prevailing nutrient limitation — to be subjected to the 
same transport processes that operate on non-living 
particulate matter, such as silt and detritus. This 
results in a non-homogeneous distribution of 
phytoplankton over the vertical, with increased con
centrations near the bottom.

The model was run for a period of one year (1986) 
with the correct forcing functions (light, temperature, 
fresh water discharges, tidal effects and boundary 
conditions) for that year, once with phytoplankton 
homogeneously distributed across the vertical (the 
EMOWAD-I version) and once with the phytoplankton 
settling mechanism included. The model results for 
1986 have been validated with field data, where 
available (cf. EON, 1988).

3. RESULTS

The carbon budgets for the western Wadden Sea, as 
calculated from the ecosystem model are given in 
Table 1, both including and excluding the 
phytoplankton settling mechanisms.

These results differ strongly from each other. The 
annual carbon budget of the simulation with 
phytoplankton settling (Table 1) is higher than that 
without, but it is surprising that the increase in 
pelagic primary production (127-106 kg C) to a large 
extent compensates for the increase of consump
tion/m ineralization in the subtidal region (175-106 kg 
C). This increase is entirely due to increased pelagic 
primary production, since the benthic primary pro
duction is stable (53-54-106 kg C) in both runs. The 
increase in pelagic production is caused by increas
ed nutrient regeneration in the subtidal region. Thus, 
in the model, the subtidal system is nearly self sup
porting, the difference between the increase in 
primary production and the carbon uptake by the 
subtidal community being made up by a decrease in 
the export to sea and a reduction in the pelagic up
take of organic carbon.

The additional consumption of phytoplankton in 
the subtidal region has only a slight impact on the 
consumption/mineralization in the pelagic, which 
decreases from 360-106 kg C to 342 106 kg C. The 
total annual carbon turn-over increases from 
671-106 kg C in the run without phytoplankton settl
ing to 821-106 kg C, an increase of 136-106 kg C. 
This exceeds the increase in primary production by 
9-106 kg C.

The residual tidal current in the western Wadden 
Sea runs from the Vlie to the Marsdiep, thus causing 
a net import through the Vlie and a net export from 
the Marsdiep to the North Sea (R id d e r in k h o f , 
1988). Though the transport processes themselves 
are unaffected by the activity level of the subtidal 
community, the amounts transported into and 
through the system are changed by it. Both with and 
without phytoplankton settling the western Wadden

TABLE 1
Comparison of some model results between simulation runs with and without phytoplankton settling.

import/production 
(103 tonne C y ~ 1) with

phytoplankton settling 

without with without
export/consumption

Input Ijsselmeer 133 133 146 165 Output North Sea
Pelagic prim. prod. 610 483 342 360 pelagic consumption
Benthic prim. prod. 53 54 109 112 intertidal consumption
From carbon pool 25 15 192 17 subtidal consumption

32 31 buried

total 821 685 821 685
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Sea is a system which exports organic carbon to the 
North Sea. The annual export is 165-106 kg C 
without, and 146-106 kg C with phytoplankton settl
ing. This reduction in export, across the boundary 
between compartment 1 and the North Sea (the 
Marsdiep), occurs even while the import across the 
boundary between compartment 8 and the North 
Sea (the Vliestroom) increases from 38-106 kg C to 
53-106 kg C. The decrease in this import/export 
asymmetry in the model run with phytoplankton settl
ing is caused by diffusive exchange, due to the 
slightly lower concentrations of particulate organic 
carbon in the pelagic in this case. In view of the fact 
that the eutrophic Usselmeer also brings 133-106 kg 
C into the system annually, the western Wadden Sea 
only has a small export surplus of 13-106 kg C.

The budgets in Table 1 give the total carbon flows 
for the whole western Wadden Sea. To allow com
parisons with other carbon budgets, which usually 
are calculated in g C n r2 y 1, we converted our 
results to the same units (Table 2, 3 and 4). In Tables
2-4 we use the results from the model version with 
the phytoplankton settling mechanism to compare 
with other budget calculations since the biomass 
and, hence, the activity of the subtidal community is 
far too small in the model version without 
phytoplankton settling. Tidal and subtidal areas do 
not add up to the total area since the channel area, 
something of a submerged desert, is not included.

The major sources of organic carbon according to 
the budget calculated from the model are pelagic 
primary production and import from the Usselmeer; 
according to the budget calculated by de  W ild e  & 
B e u k e m a  (1984) (W&B in the tables) import from the 
North Sea is the largest source, closely followed by 
pelagic primary production. On pelagic mineraliza
tion both budgets agree rather well.

Though the consumption/mineralization in the 
subtidal community is much larger than in the inter
tidal (Table 1), this might be misleading, because the 
surface area of the intertidal is much smaller (452 
km2) than the subtidal area (753 km2). In Table 3 the 
results for the intertidal are given per m2 and in 
Table 4 those of the subtidal. Comparing these, it is 
clear that consumption/mineralization in the inter
tidal area (240 g C n r2 y 1) is slightly smaller than in 
the subtidal region (295 g C rrr2-y 1). In this com
parison the amount of carbon in the intertidal that is 
fossilized is not included, since it is not utilised.

In the pelagic zone, the carbon flows through 
micro-organisms, the primary producers, microzoo- 
plankton and bacterioplankton, completely dwarf the 
carbon flow through the meso- and 
macrozooplankton in both budgets (Table 2). The on
ly other considerable sources or sinks of particulate 
carbon are the transport flows from the Usselmeer 
and to or from the North Sea.

In the intertidal (Table 3) macrobenthic organisms 
account for 27% of the consumption/mineralization 
compared to 35% in the subtidal (Table 4).

TABLE 2
Comparison between some pelagic process rates estimated 

by D e W ild e  & Be u k e m a (1984) and model results.

pelagic system rates gC m ~ 3-y - f

tidally averaged volume: 4664-106 m3 model W&B

pelagic primary production 
consumption by microplankton 
and bacteria
consumption by Zooplankton 
import of POC from Usselmeer 
import of POC from the North Sea

130.70

72.10
1.15

12.22
-46 .34

45.49

77.00
3.00

19.71
50.04

TABLE 3
Comparison between some intertidal process rates 
estimated by De W ilde & Beukema(1984) and model results

intertidal system rates g C m - 2y~1
surface area: 452-106 m2 model W&B

production by: 
phytobenthos 117.5 155.0

annual consumption/mineralization by: 
aerobic bacteria + meio- + phyto-benthos 104.0 
macrobenthos 65.8 
anaerobic bacteria 69.9 
buried 69.9

260.0
63.0
80.0

TABLE 4
Comparison between some subtidal process 
estimated by De Wilde & Beukema (1984) and 

results.

rates
model

subtidal system rates g C m - 2 y - 1

surface area: 753-106 m2 model W&B

annual consumption/mineralization by: 
aerobic bacteria + meiobenthos 
macrobenthos 
anaerobic bacteria

102.7
89.3

103.1

?
100.0

?

The model results, as well as field data (cf. V o s 
j a n , 1987), show that in the pelagic zone of the 
western Wadden Sea no anaerobic mineralization is 
found, because oxygen consumption and oxygen 
production are in balance and, generally, no anoxic 
conditions occur.

In the intertidal sediments, aerobic mineralization 
dominates over anaerobic mineralization because of 
the in-situ production of oxygen by phytobenthos 
and the regular exposure to the air. In the subtidal 
sediments, however, anaerobic mineralization clear
ly dominates aerobic mineralization. Here, all ox
ygen must be supplied by the overlying water. The
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contribution of anaerobic decomposers, mainly 
sulphate reducers, in the subtidal community thus 
rises to 62% of the total mineralization by micro
organisms, making this the largest subtidal carbon 
flow. This model result is in line with a recent 
estimate by Vo s ja n  (1987) of 100-200 g C n r 2y 1 
being mineralized by sulphate reducers in the Wad
den Sea.

4. DISCUSSION

There are two major differences in Table 2 between 
the model budget and that of D e W ild e  & B e u k e m a  
(1984). The first discrepancy is the higher primary 
production in the model. This discrepancy 
diminishes to some extent when we convert the 
gross production value as calculated in the model to 
the net production value by subtracting exudate pro
duction (22 g C-nrr3).

There are two possible explanations for this 
discrepancy. The first one is that benthic primary 
production in the model, as well as the field 
measurements, are underestimates. The method us
ed by Ca d ée  & H e g e m a n  (1974), Ca d é e  (1980) in the 
western Wadden Sea and by Co l ijn  & De J o n g e  
(1984) in the Ems estuary, whose field observations 
have been used to calibrate the model, probably 
underestimates the benthic primary production. 
Though the degree to which the field experiments 
result in low estimates of benthic primary production 
is difficult to quantify, it probably should be a factor 
of 1.5-3.5 (Re vsbec k  et al., 1981; L in d e b o o m  & D e 
B r e e , 1982). A higher benthic primary production 
would result in a higher uptake of nutrients by 
microphytobenthos and hence to a lower release of 
nutrients from the sediment. This, in turn would 
cause a lower nutrient concentration in the water col
umn and the pelagic primary production calculated 
by the model would be more strongly nutrient-limited 
and hence lower.

Another explanation could be that nitrogen is not 
included in the model, while it is known from field 
observations (H e l d e r , 1974) that in summer the 
nitrogen concentration (NH4 + : and N 0 3~) becomes 
limiting for phytoplankton which would depress 
primary production.

The second discrepancy is that our model calcula
tions indicate an export of POC to the North Sea, 
whereas other authors calculate an import of POC in
to the Western Wadden Sea (Po s t m a , 1961; D e 
J o n g e  & Po s t m a , 1974 and Ca d é e , 1980). Import is 
caused by the ebb/flood asymmetry in the tidal cur
rent velocities (Po s t m a , 1954; Po s t m a , 1961 and 
Po s t m a , 1967) which causes a net transport of par
ticulates in a landward direction, counteracting the 
seaward transport by advection and diffusion pro
cesses. This mechanism is included in the model by

letting particulate detritus be transported in an iden
tical way as suspended sediment (B a r e tta  & Ru a r 
d ij , 1988). Since almost all the suspended sediment 
in the western Wadden Sea originates from the 
North Sea (E is m a , 1981), the implication is that since 
the concentrations of suspended sediment in the 
system do not diminish, the amounts sedimenting 
out in the Wadden Sea must be made up for by im
port from the North Sea. The same principle also is 
thought valid for particulate detritus. The Usselmeer 
is a considerable source of this material, however, 
and thus detritus sedimented in the Wadden Sea is 
not derived exclusively from the North Sea but from 
the Usselmeer as well. The net sedimentation rate of 
suspended sediment in the model is the same as us
ed in the Ems model (Ba r e tta  & R u a r d ij , 1988). 
This rate has been estimated from field observations 
on the average deposition in the Dollard (D e S m e t  & 
W ig g e r s , 1960; Ree n d e r s  & Va n  der  M e u l e n , 
1972). E is m a  (1981) estimated the total deposition in 
the whole Wadden Sea (Dutch + Danish + German) 
at 3-109 k g y -1 where our model calculations arrive 
at a deposition of 0.5-109 k g y 1 for the western part 
of the Dutch Wadden Sea. Since the total surface 
area of the Wadden Sea, including the barrier 
islands, is ±  10 000 km2, this would seem to in
dicate that the import of suspended sediment in the 
model is too high rather than too low, and conse
quently, the import of particulate organic detritus 
which is driven by the same mechanisms as import 
of suspended sediment is not likely to have been 
underestimated. The particulate transport model 
acts in such a way that any differences in the carbon 
content of suspended matter in adjacent (spatial) 
compartments are minimized by tidally driven mixing 
and exchange. The carbon content of suspended 
matter is roughly equivalent to the POC concentra
tion in the water column. The POC concentration is 
mainly determined by the primary production, since 
the major source of POC is dead phytoplankton. As 
long as primary production is higher in the estuary 
than at sea there will be a POC concentration gra
dient which may be steeper than the corresponding 
concentration gradient of suspended matter. In the 
model such a gradient indeed occurs and this leads 
to an export instead of an import of particulate 
organic carbon (Ba r e t t a  & Ru a r d ij , 1987).

The steepness of this gradient in the model may 
be overestimated due to a too high primary produc
tion, which would lead to an overestimate of POC ex
port. However, since a model run without nutrient 
regeneration (resulting in much lower primary pro
duction) still indicates an export of POC, the POC- 
gradient between the estuary and the North Sea ap
parently is not decisive in determining the direction 
of net transport of POC. It seems likely, therefore, 
that there is an export of POC from the western Wad-
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den Sea to the North Sea.
As Ca d ée  (1984) has pointed out, the calculations 

that led to the conclusion that the western Wadden 
Sea imported POC were based on assumptions that 
may not be justified. Of course, the same may be 
said about the assumptions that are part and parcel 
of the model structure, but the calculation of the 
transport fluxes in our model is based on a validated 
hydrodynamica! model. Earlier calculations of the 
carbon budget of the western Wadden Sea had to do 
without such a model. Secondly, earlier budget 
calculations also had to use data from different 
years, whereas our model calculations were per
formed with data on the boundary conditions and for
cing functions from the year 1986 only.

The least-known part of the western Wadden Sea 
is the subtidal area, which is shown by the model to 
be a very vital part of the whole system. It is recom
mended that future work on the western Wadden 
Sea focus in on the subtidal area to test the validity 
of the model results.
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ABSTRACT

The increasing P and N content in the two main 
tidal basins in the western Dutch Wadden Sea, the  
M arsdiep and the Vliestroom  basins, has been  
reconstructed from the 50s onwards. The area is 
enriched w ith nutrients by two sources both  
originating from the river Rhine, one being the  
discharge from Lake IJssel and the other the ex
change w ith the coastal zone of the North Sea. 
Due to a buffering by Lake IJssel for about 15-20 
years, the eutrophication of the western Wadden  
Sea showed a tim e lag com pared with the con
tinuously increasing nutrient concentrations in 
the river Rhine and the coastal zone of the North  
Sea. At present, the prim ary production in the  
area still seem s to be not fu lly nutrient lim ited in 
summer, w hile loadings have already been  
decreasing in recent years. So far, no severe, 
negative effects on the ecosystem  have been  
reported. Som e remarks are made on the eutroph
ication in other parts of the Dutch Wadden Sea in 
relation to the hydrographic characteristics of 
these areas.

1. INTRODUCTION

During the last decades fresh surface waters in 
western Europe have been enriched considerably 
with nutrients from land run-off as well as from in
dustrial and domestic waste water discharges. In the 
Netherlands this has resulted in a dramatic increase 
in nutrient concentrations in the main surface waters 
(A n o n ., 1980). Serious effects such as nuisance 
causing blooms of blue- green algae and transparen
cies of less than 30 cm in formerly clear waters have 
been observed (A n o n ., 1980).

Freshwater run-offs are finally discharged in the 
marine environment and here, particularly in the 
coastal zone, eutrophication may also be expected. 
Part of the Dutch coastal zone, consists of estuarine 
areas, the main one being the Wadden Sea, which is 
a nursery area for a number of commercially Impor
tant fish species such as plaice (Z ijls t r a , 1972; 
Ku iper s , 1978; van  der  V e e r , 1986) and a resting 
area for wading birds (for a review see S m it  & W o l f f ,
1983).

Although the nutrient cycling of the Dutch Wadden 
Sea has been the subject of extensive studies 
(Po s t m a , 1954, 1966, 1985; D u u r s m a , 1961; van 
B e n n e k o m  et al., 1974; H e l d e r , 1974; de J o n g e  & 
Po s t m a , 1974 Rutgers  van  der  Lo e ff , 1980), a 
review of the general trend In the nutrient concentra
tions in the area has never been compiled. The enor
mous freshwater discharge by Lake IJssel in the 
western part of the Wadden Sea is expected to enrich 
especially this estuarine area with nutrients. In recent 
years an Increasing amount of Information has 
become available on effects of eutrophication on 
primary as well as on secondary production in this 
area ( B e u k e m a  & Ca d é e , 1986; Ca d é e , 1986).

This paper describes the eutrophication of the two 
main tidal basins in the western part of the Dutch 
Wadden Sea, the Marsdiep and the Vliestroom 
basins. Eutrophication may be defined confirm ing to 
Po s t m a  (1985): “ an enrichment with nutrients or 
organic matter” . The ecological effects of an increas
ed loading with nutrients are left out in this definition. 
Attention Is paid mainly to P and N, because at least 
in the past these nutrients seemed to limit primary 
production (Ca d é e  & H e g e m a n , 1974) and the con
centrations of both of these nutrients have increased 
considerably in inland waters during the last few 
decades. Besides giving a review of the nutrient con
centrations in the area and of the loadings by the 
main sources, an attempt has been made to compare 
the importance of the coastal zone of the North Sea 
and the discharge from Lake IJssel as sources of P 
and N. Finally, some remarks are made on the effects 
of eutrophication on the ecosystem.

This paper forms a baseline study for a review of 
the eutrophication of the Dutch Wadden Sea, which 
will be presented at the Vlth International Wadden 
Sea Symposium at Sylt, October 1988.

Acknowledgement.—Thanks are due to G.C. Cadée 
for critical reading of the manuscript.

2. MATERIAL AND METHODS

Fig. 1 shows the location of the sampling stations in 
the western part of the Dutch Wadden Sea 
(henceforth called western Wadden Sea), together 
with the main nutrient source, the river Rhine,
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feeding the Wadden Sea via the coastal zone of the 
North Sea and via discharge from Lake IJssel. The 
synopsis of the development of the eutrophication of 
the western Wadden Sea has been based upon a 
compilation of published and unpublished data. In 
case of lack of data, an attempt has been made to 
reconstruct the missing data.

S E A

2.1. THE RIVERS RHINE AND IJSSEL

All information concerning flows and concentrations 
of N and P components of the rivers Rhine and IJssel 
were obtained from the annual reports of the Interna
tional Rhine Commission, Koblenz, and from the 
quarterly reports on the water quality of the Dutch 
waters as published by Rijkswaterstaat, Rijks Instituut 
voor Zuivering van Afvalwater, (RIZA) Lelystad. 
However, before 1972 total-N and total-P concentra
tions were not determined regularly. Therefore the 
total-N values had to be estimated. The ratio 
(NH4+ +N 03“ )/total-N, in river IJssel was approx
imately 0.75 during the period 1972-1985 (Fig. 2). This 
ratio has also been assumed in the Rhine and the 
IJssel for the period 1954-1972. Total-P has been 
estimated from the ratio ortho-P/total-P. Around 1960 
(Postma, unpubl.) and in the early 70s, this ratio in 
the IJssel was about the same, 0.40 (Fig. 2). This 
value has also been adopted for the intervening 
years. The uncertainty introduced by this assumption 
is roughly estimated at 10%. From the 70s onwards, 
these ratios have seemed to increase to values of ap
proximately 0.90.

Figure 1. The western part of the Wadden Sea (shaded), 
together with Lake IJssel (3), the coastal zone of the North 
Sea and the two main rivers feeding the western Wadden 

Sea Indirectly, the rivers Rhine (1) and IJssel (2)
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Figure 2. Ratio between the concentration of (NH4+ +N03“ )/total-N (A ) and of ortho-P/total-P (□ ) in river IJssel
from 1955 onwards
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2.2. DISCHARGE OF LAKE IJSSEL

Data on the monthly discharges of fresh water from 
Lake IJssel into the Wadden Sea were obtained from 
Rijkswaterstaat Directie Zuiderzeewerken, Lelystad. 
Data on the concentrations of N and P components 
near the sluices (location Y1 and Y2) were published 
in the quarterly reports of RIZA from 1972 onwards. 
Ortho-P and total-P were measured from 1949 to 
1951 by Po s t m a  (1954), in 1957 by D u u r s m a  (1961), 
in 1958-1959 by Po s tm a  (1967 and unpubl.) and dur
ing 1967 to 1970 by D e K loet  (1971). Data concerning 
N components were determined in 1957 (NH4 + ) by 
Du u r s m a  (1961), in 1960-1962 (NH4 + , N03~ , total-N) 
by Po s t m a  (1966), from 1966-1972 near Andijk (total- 
N) by the Rijkswaterstaat, in 1971-1972 (NH4 + , N03~) 
by H e lder  (1974). Based on the ratio between the 
concentrations at Andijk and near the sluices in 
1972-1985, data of total-N from near Andijk (Govern
mental Water Company, unpublished) for the period 
1966- 1972 were converted into concentrations near 
the sluices by multiplying by 0.90. The possible error 
in this factor is about 20%. Missing data of total-N for 
the period before 1966 were estimated by extrapola
tion from measured ratios between total-N and total-P 
in later years (Table 1). Overall, this results in a level 
of uncertainty in the reconstructed data of approx
imately 35%.

TABLE 1
Ratios between total-N and total-P in the northern part of 
Lake IJssel for a number of years, extrapolated from 
measurements in the intervening years (for further explana

tion see text)

1
quarter 

2 3 4

1949-1951 25 35 25 25
1958-1959 25
1960-1962 25 35 35 35
1966-1967 22 22 22 22
1970-1971 20 23.5 15 18

2.3. THE COASTAL ZONE OF THE NORTH SEA

the ratio ortho-P/total-P during this period, the ratio 
for the other years was estimated and missing data 
for total-P were calculated (Table 2). The ratios for 
the period 1949-1959 could only be calculated very 
roughly. Data about NH4 + and N 0 3_ were available 
from 1975 onwards from the quarterly reports of the 
RIZA and for the period 1960-1962 (P o s t m a , 1966) 
near lightvessel Texel. For N, the concentrations at 
this station were estimated to be 1.7 times lower than 
those at C2 and C4 (de W it  et al., 1982), with an 
uncertainty of 25%. Total-N was only measured in 
1960-1962 ( Po s t m a , 1966) and between 1975-1982 
(RIZA). Based on the ratio (NH4+ + N 0 3_ )/total-N 
during these years the ratio has been extrapolated 
for the years 1983-1985 (Table 3) from which total-N 
could be estimated. For the period before 1960 and 
between 1962- 1973 total-N was estimated in a 
sim ilar way (Table 4). The final level of uncertainty in 
the reconstructed data is in the order of 50%.

TABLE 2
Ratios between ortho-P and total-P in the coastal zone of 
the North Sea (C2 and C4), extrapolated from measure
ments in the intervening years (for further explanation see 

text)

1
quarter 

2 3 4

1949-1951
1958-1959
1973
1983-1985

0.50
0.50
0.30
0.40

0.25 0.25 
0.25 0.25 
0.30 0.30 
0.25 0.55

0.50
0.50
0.50
0.55

TABLE 3
Ratios between (NH4+ + N 0 3~) and total-N in the coastal 
zone of the North Sea (C2 and C4), extrapolated from 
measurements in the period 1975-1982 (for further explana

tion see text)

1
quarter 

2 3 4

1983-1985 0.70 0.35 0.35 0.70

Nutrient data for the coastal zone of the North Sea 
were obtained from the quarterly reports of RIZA for 
a location off Calantsoog (C2 and C4) from 1973 on
wards. Ortho-P has been measured from 1973 on
wards. Older data were only available for the period 
1949-1951 (Po s t m a , 1954) and 1958-1959 ( 
D u u r s m a , 1961) near lightvessel Texel. It was 
assumed that at this location the concentrations 
were 1.3 times lower than those at C2 and C4 (de 
W it et al., 1982). The uncertainty in this conversion 
is approximately 25%. For total-P, data were 
available only for the period 1975-1982. Based on

TABLE 4
Ratios between total-N and total-P in the coastal zone of the 
North Sea (C2 and C4), extrapolated from measurements in 

the intervening years (for further explanation see text)

1
quarter 

2 3 4

1949-1951 8 8 5.5 5.5
1958-1959 8 8 5.5 5.5
1960-1962 8 8 5.5 5.5
1973 8 8 5.5 5.5
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2.4. THE WESTERN WADDEN SEA

Data on nutrient concentrations in the western Wad
den Sea are available from 1972 onwards from the 
quarterly reports of the RIZA. Older data of P com
ponents are available for the period 1970-1971 
(ortho-P) by De J o n g e  & Po s t m a  (1974), and for the 
period 1949-1951 (ortho-P and total-P) by Po s t m a  
(1954). N components are presented for 1970-1971 
(NH4+ and N 0 3- ) measured by H e lder  (1974), for 
1960-1962 (NH4+ , N 0 3-  and total-N) by Po s t m a  
(1966). Based on the ratios between total-N and 
total-P in these years (Table 5) missing data on total- 
N and total-P were reconstructed, with an estimated 
error of approximately 40%.

TABLE 5
Ratios between total-N and total-P in the western Wadden 
Sea, extrapolated from measurements in the intervening 

years (for further explanation see text)

quarter
1 2  3  4

1949-1951 15 15 12.5 12.5
1960-1962 15 15 12.5 12.5
1970-1971 15 15 12.5 12.5
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3. RESULTS

3.1. THE RIVERS RHINE AND IJSSEL

The concentrations of nutrients in the rivers Rhine 
and IJssel are multiplied by the water flows to calcu
late the yearly mean loadings. Both total-P (Fig. 3) 
and total-N (Fig. 4) showed a continuous increase 
from 1954 onwards. In 1981, the loadings had in
creased 5-7 times for total-P and 2-3 times for total- 
N, compared with 1954. Ortho-P and N 0 3-  did even 
show a stronger increase. From 1981 to 1985, mean 
loadings decreased by about 20 - 30%. This was not 
caused by differences in river flow but was merely 
due to reduced nutrient concentrations.

3.2. DISCHARGE OF LAKE IJSSEL

The discharge from Lake IJssel into the Wadden Sea 
is given in Fig. 5. From 1950 until 1981 there was an 
increase in total-P from 0.03 kg .s-1 to 0.16 kg .s-1 , 
and in total-N from 0.8 to 2. 3 kg .s-1 . From 1981, 
the discharge of total-N has stabilized, while total-P 
showed a little decrease at a similar amount of fresh 
water discharged through the sluices during that 
period (1981-1985). The increase in the nutrient
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Figure 3. Loadings of ortho-P (□ ) and total-P ( A )  
(kgsec _1) A: the river Rhine near Lobith; B: the river 

IJssel near Kampen
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Figure 4. Loadings of total-N (<^), N03-  (A ) and NH4+ (□ ) 
in kg sec-1 A: the river Rhine near Lobith; B; the river 

IJssel near Kampen
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Figure 5. Loadings of total-P (□ ) and total-N (A ) in the discharges of Lake IJssel (kg sec-1 )

loadings in the discharges mainly took place from 
1970 onwards, which is in contradiction with the 
situation at the inflow of the lake, the river IJssel (see 
Figs 3 and 4).

3.3. THE COASTAL ZONE OF THE NORTH SEA

Fig. 6 shows the nutrient concentrations in the 
coastal zone of the North Sea in the first and third 
quarter of the year. Since only few data were 
available and most had to be reconstructed the 
overall level of uncertainty is high. Most likely seems 
a continuous increase in both the concentrations of 
total-P and total-N from 1950 onwards until 1980 and 
a stabilization hereafter. From 1950 to 1985 total-P 
increased by approximately a factor of 7 and total-N 
by approximately a factor of 5. The other quarters of 
the year showed a similar pattern. Based on annual 
mean concentrations, total-P and total-N have in
creased by approximately about a factor of 4 during 
the period 1950 to 1985.

3.4. THE WESTERN WADDEN SEA

The nutrient concentrations in the western Wadden 
Sea are presented in Figs 7 and 8 for the first quarter 
of the year, and in Figs 9 and 10 for the third quarter. 
The differences in concentrations between the 
various locations seemed to be rather small com
pared with the variations in time. In general, the pat
tern showed to be about the same in the whole area,

with lowest concentrations near the tidal inlets of the 
area, especially in the Vliestroom. The increase in 
the concentrations of P components from 1950 on
wards seemed to be much larger than that of the N 
components. In the third quarter the N components 
hardly showed any increase at all. A main part of the 
increase in nutrient concentrations took place be
tween about 1970 and 1980. During the last few 
years concentrations have seemed to drop 
somewhat. Between 1950 and 1980, ortho-P and 
total-P increased respectively by a factor of 5-6 and
3-6 in the first and third quarters. For N, the increase 
was much lower and depended on the season: in the 
first quarter about 2 times, in the third quarter hardly 
any increase at all. The general trend during the 
other quarters of the year is the same: a large in
crease between 1970 and 1980, followed by a small 
decrease in the most recent years.

4. DISCUSSION

Recently, Po s t m a  (1985) reviewed the eutrophica
tion of Dutch inshore and some coastal waters (Ems- 
estuary). However, he did not present a detailed 
analysis of the increase in nutrient loadings and con
centrations. Due to the strong influence of the river 
Rhine in the western Wadden Sea, it was expected 
that this area would be more affected by an increas
ed loading with nutrients then the eastern part of the 
Wadden Sea. Inflow of fresh water from the Rhine 
takes place in two ways, but in neither way occurs 
directly. One source is the discharge of Lake IJssel, 
which to a great extent is fed by fresh water from the
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Figure 6. Concentrations of total-N (□ )

river IJssel, a branch of the Rhine. The other source 
is the import of saline coastal water through the tidal 
inlets which also consists partly of fresh water from 
the Rhine transported along the coastal zone (van  
B e n n e k o m  et al., 1974 Z im m e r m a n , 1976).

The reconstruction of the nutrient concentrations 
in the area and the loadings of the main sources is

hampered by lack of data especially from the past. 
Therefore, a partial reconstruction has been made 
by interpolation and extrapolation of the missing 
observations. This procedure result in uncertainties 
in the order of 30 to 50%. Particularly the data of the 
period before 1970 should be treated with some 
reservation. A comparison of the nutrient loadings

1—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I
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1950 1960 1970 1980

and total-P (A ) in the coastal zone of the North Sea near Callantsoog (mg I-1 ) 
A: first quarter; B: third quarter
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Figure 10. Concentrations of P components (mg l - 1) in the 
western Dutch Wadden Sea Marsdiep: inlet (□ ),
Vliestroom inlet ( A ) ,  Blauwe Slenk (+ ) and Doove Balg (i£) 

during the third quarter A: N03~; B: total-N
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from the sources with the resulting concentrations in 
the western Wadden Sea reveals some striking 
facts. Although rather strong year-to- year fluctua
tions in nutrient concentrations and loadings occur
red, clear trends can be observed.

The increase in the nutrient content of the Rhine 
seemed to be a rather continuous process during the 
period 1950-1980, followed by a slight decrease in 
recent years. The same pattern could be observed in 
the coastal zone of the North Sea, which is directly 
enriched by inflow from the Rhine. The river IJssel, 
feeding Lake IJssel, showed a sim ilar increase in 
nutrient loading in the course of time. However, in 
the discharge of Lake IJssel there seemed to be a 
time lag. Until about 1970 loadings remained the 
same, and an increase could only be observed be
tween 1970 and 1980. This suggests that for at least 
15-20 years, Lake IJssel acted as a trap for the 
nutrient loadings from the river IJssel. This pattern of 
nutrient concentrations in the discharge of Lake 
IJssel was also found in the western Wadden Sea. A 
similar time lag of at least 15 years could be observ
ed before an increase in concentrations started 
around 1970. During the past 5 years even a 
decrease in nutrient concentrations occurred. The 
correspondence between the development of the 
nutrient levels in the western Wadden Sea and the 
nutrient discharges of Lake IJssel suggests that 
these loadings from Lake IJssel are the main nutrient 
source of the western Wadden Sea, rather than im
port from the coastal zone of the North Sea. This 
conclusion is in contradiction with the suggestions 
made by Po s t m a  (1954) and D e J o n g e  & Po s t m a  
(1974), who stressed the importance of import from 
the coastal zone as a source of organic matter and 
associated P components. Reappraisal of their 
figures by Ca d é e  (1980) and D e W ild e  & B e u k e m a  
(1984) resulted in about an equal importance of Lake 
IJssel and the coastal zone as sources of organic 
matter for the western Wadden Sea in the 80ties. 
However, all these conclusions are based on budget 
calculations made for only a few years. Due to the 
strong year-to-year fluctuations, their conclusions 
might be true for these years, but considering the 
long-term trends, it seems most likely that in general 
Lake IJssel is the main source of nutrients for the 
western Wadden Sea.

Hardly any measurements on nutrients and 
primary production were performed before 1965. 
This means that for most Dutch inshore and coastal 
waters the effect of increased nutrient levels on 
primary production cannot be followed over the 
whole period of eutrophication, as already stated by 
Po s t m a  (1985). However, because of the buffering 
of Lake IJssel, this situation does not hold for the 
western Wadden Sea. Here, eutrophication essen
tially started from about 1970 onwards, while the first

measurements of primary production were already 
made during the period 1963-1966 (Po s t m a  & Ro m - 
m e t s , 1970) and 1972-1973 ( CADÉE & H e g e m a n , 
1974). So, apart from methodical problems related to 
the measurements of production, the figures from 
Po s t m a  & Ro m m e t s  (1970) and Ca d é e  & H e g e m a n

(1974) may be considered as baseline levels. On the 
basis of their measurements of pelagic primary pro
duction Ca d ée  & H e g e m a n  (1974) concluded that in 
spite of the high turbidity of the Wadden Sea, a 
nutrient limitation in summer could not be excluded 
in part of the area. In winter, nutrient limitation did 
not seem to occur in these years.

TABLE 6
Pelagic primary production in the western Dutch Wadden 
Sea (gC m _2y~1) as estimated by different authors from 
1963 onwards. All measurements were done in deep gullies 

1: Marsdiep tidal inlet; 2:inner part of the area

year production reference

1964-1966 1 2 0 '— 1702 Po s t m a  & R o m m e t s , 1970
9 2 .5 1— 151.52 Ca d é e  & H e g e m a n , 1974

1972-1973 1 5 0 '— 2002 Ca d é e  & H e g e m a n , 1974  
Ca d é e  & H e g e m a n , 1979

1974-1975 1351— 1452 Ca d é e  & H e g e m a n , 1979
1981-1982 3402 Ca d é e , 1986
1985 2602 Ca d é e , 1986
1986 1 6 5 '— 3032 V e ld h u is  et al., 1988

In these areas an increased nutrient loading may 
have resulted in a lenghtening of the period of non
nutrient limitation and probably in an increased pro
duction. Although there are not enough monthly pro
duction figures, the above suggestion is strongly 
supported by annual production figures measured 
over a number of years (Table 6). Not only the data 
for the Marsdiep tidal inlet area (as reviewed by 
Ca d é e , 1986) but also the production in other parts 
of the western Wadden Sea have increased from 
100-150 gC .m _2.y_1 in 1970 to 165-300 in 1986. 
However, Ca d é e  (1986) mentioned a discrepancy 
between eutrophication and the timing in increase of 
primary production, but he considered ortho-P as in
dicator for the state of eutrophication instead of total- 
P. Although ortho-P did show an increase from 1950 
onwards, total-P remained approximately constant. 
The increase in ortho-P therefore illustrated a shift 
between P components and a shift from P- limitation 
to most likely N-limitation at least during parts of the 
year (V e ld h u is  et al., 1988). The increase of ortho-P 
in the period 1950-1970 as observed by D e J o n g e  & 
Po s t m a  (1974) and mentioned by Ca d é e  (1986) 
therefore not necessarily means a severe increase in 
the amount of nutrients available for primary produc
tion. According to the present data such an increase 
most likely started after 1970, approximately at the
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same time as the increase in primary production as 
observed by Ca d é e  (1986). The increased annual 
production indicates a narrowing of the period of 
nutrient limitation during the year, but still in the pre
sent situation V e ld h u is  et al. (1988) suggest a 
nutrient limitation during the summer period. So 
although the area has become more eutrophic over 
the years, the western Wadden Sea still does not 
seem to be fully nutrient limited all year round.

The increase in annual primary production may 
have resulted in an enlarged food supply for the con
sumers over the year and may also have an impact 
on the functioning of the ecosystem as far as this in
creased food supply is not exported towards the 
North Sea. Ca d é e  & H e g e m a n  (1986) suggest an in
crease in the Phaeocystis abundance and Be u k e m a  
& Ca d ée  (1986) found a doubling of both biomass 
and annual production of the macrozoobenthos liv
ing on the tidal flats in the western Wadden Sea dur
ing 1970-1984. An impact on the functioning of the 
ecosystem is difficult to detect. So far, severe 
negative effects of eutrophication have not been 
reported, and only low oxygen conditions seem to 
occur locally even over longer periods (Tu s s e n  & 
van  B e n n e k o m , 1976; v a n  der  V eer  & B e r g m a n , 
1986).

Eutrophication of the western Wadden Sea seems 
to be determined by the loadings of Lake IJssel and 
because of the buffering of nutrients by the lake, eu
trophication of the western Wadden Sea has been 
delayed for quite a long time, i.e. some 15 years 
compared to the sources of the nutrients, the river 
Rhine. It might be stated that other parts of the Dutch 
Wadden Sea with a freshwater run-off directly into 
the estuary, such as the Ems-Dollard estuary, may 
show a more continuous increase in nutrient concen
trations from the 50s onwards. Areas without any 
significant input of fresh water will only be influenced 
by exchange with the coastal zone of the North Sea. 
These areas will also show a pattern of a continuous 
increase, though on a rather low level, because of 
the rather low loadings coming from the North Sea. 
To confirm these hypotheses a more detailed 
analysis of the nutrient concentrations in these areas 
is necessary.
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ABSTRACT

After settling has com pleted in the western W ad
den Sea in May, the abundance of 0-group plaice  
in a num ber of tidal flat areas appears to be 
positively related to the local abundance of 
m acrobenthos, w hich points to the im portance of 
food as a key factor in the process of larval settl
ing. Growth rates of 0-group plaice at the various  
tidal flat areas also appear to be related to the  
abundance of m acrobenthos. In som e tidal flat 
areas the growth of plaice seem s to be food  
lim ited. As a result of the com bined relationship  
of both abundance and growth of plaice to food  
abundance, predation pressure by 0-group plaice  
will increase exponentially w ith increasing macro- 
benthic biomass.

1. INTRODUCTION

Since Z ijlstr a  (1972) pointed to the importance of 
the Wadden Sea as nursery area for a number of 
commercial fish species, much research has been 
carried out in the whole area, especially on juvenile 
plaice (Pleuronectes platessa L.). In the Dutch part, 
C r e u tzb e r g  et al. (1978) and R ijn s d o r p  et al. (1985) 
studied the immigration of larvae from the North Sea 
through the tidal inlets. Ku ipers  (1978) studied the 
population dynamics, food intake and food consump
tion of plaice at the tidal flats, and Ra u c k  & Z ijlstr a  
(1978), Z ijls tr a  ef at. (1982) and van  der  Veer  (1986) 
paid attention to the regulating mechanisms present 
in the nursery. The thesis of B e r g h a h n  (1984) forms 
an important contribution to the knowledge of plaice 
in the German part.

These studies and the results of the Demersal 
Young Fish Surveys carried out in the Dutch, Ger
man and Danish Wadden Sea, have shown that the 
Wadden Sea is the main nursery area of North Sea

59, 1790 AB Den Burg, Texel, The Netherlands

plaice. About 60% of the recruitment of juveniles to 
the adult parent stock in the North Sea originates 
from the Wadden Sea (A n o n y m o u s , 1985).

From this point of view it is of interest to know 
whether juvenile plaice is using the nursery com
pletely or only partly. In a previous paper the main 
factors determining the carrying capacity of the 
nursery for plaice and the actual use of it were outlin
ed (van  der  Veer  & B e r g m a n , 1987b).

One of the main factors will be the amount of food 
available for the juveniles. Ku ipers  (1977), Z ijlstr a  
et al. (1982) and van  der  Veer  (1986) argued that at 
least in their area of study, i.e. the Balgzand (a large 
tidal flat system in the western Wadden Sea), the 
growth of juveniles, both, 0 , 1 and II groups, would be 
maximal and not food limited. Stomach content 
analysis of juvenile plaice by Kuipers  (1977) and de 
Vlas  (1979a) revealed that important food items of 
juvenile plaice consisted of regenerating body parts 
of infaunal animals such as siphons of the tellinid 
Macoma balthica and tail tips of the lugworm 
Arenicola marina. At least at the tidal flats of the 
Balgzand this “ grazing”  by 0-group plaice would 
result in maximum possible growth, however, this is 
a relatively rich tidal flat area with macrozoobenthic 
biomass values of up to 16 gC m -2 ( B e u k e m a , 1976) 
and other parts of the Wadden Sea may be less pro
ductive.

This paper summarizes the first results of a study 
carried out in 1986 on abundance and growth of 
0-group plaice at a number of other tidal flat systems 
in the western Wadden Sea, which at least differ with 
respect to the available amount of food for plaice: the 
macrobenthic infauna.

Acknowledgement.—Thanks are due to B. Bak, J.J. 
Beukema, W.J. Wolff and J.J. Zijlstra for critical 
reading of this manuscript.

* Publication no. 17 of the project Ecological Research of the North Sea and Wadden Sea (EON).
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2. MATERIAL AND METHODS

The tidal flat systems selected for this study are 
located in the two main tidal basins of the western 
Wadden Sea, the Marsdiep and Vliestroom area (Fig. 
1). These tidal flats were selected on the following 
criteria:
1. differences in bottom fauna abundance and com

position (see Be u k e m a , 1976)
2. a regular distribution over the western Wadden

Sea area, excluding exchange of individuals be
tween the various sampling sites as much as 
possible

3. a sediment composition suitable for fishing with
beam trawls, excluding extremely silty areas.

SAMPLI NG ST A T I ON S

F R I E S L A N D

7 T E X E L

L A K E  I J S S E L

NOO R D  H O L L A N D

Fig. 1. Location of selected tidal flat systems in the western 
Wadden Sea. 1: Balgzand; 2: Wadden; 3: Lutjeswaard; 

4: Vlielander wad; 5: Hendrik Tjaarsplaat; 6; Ballastplaat.

In this study also the Balgzand area is included to 
allow a comparison and link with published data 
about the Balgzand.

The selected tidal flats were visisted bimonthly 
throughout 1986. Fishing was done with a rubber 
dinghy and a 25 HP outboard motor for 3 hours 
around high water following Kuipers  (1977). The 
fishing gear consisted of a 2-m beam trawl with a 5x5 
mm mesh size knotless nylon net. The distance of 
the hauls was registered by a meter-wheel fitted to 
the frame. At each location 2-3 hauls were made of 
at least 300 m. After sorting and measuring of the 
plaice in 5 mm size classes, numbers caught were 
corrected for net efficiency according to Kuipers
(1975) and converted into numbers per 1000 m2. For 
each location the arithmetic mean abundance and 
mean length is presented.

In September 1986 a survey of the benthic infauna 
at all locations was carried out. Results of the meio- 
fauna will be presented. Data on macrofaunal 
assemblage and sediment composition are not yet 
available. Instead, data from 1978 are used 
(Be u kem a  et al., 1978).

3. RESULTS

3.1. ABUNDANCE

Fig. 2 shows the abundance of 0-group plaice at the 
various tidal flat areas through 1986. The tidal flats 
can be divided into two groups: one with low den
sities throughout the year: H. Tjaarsplaat, Wadden 
and Lutjeswaard; and another with high plaice den
sities: V lielander wad, Balgzand and Ballastplaat.

Because of the differences in sampling dates, an 
index of year-class strenght had to be calculated, 
defined as the mean density in May after settlement 
has completed. This index has already been used 
previously (see Z ijlstra  et al., 1982; van der  Ve e r , 
1986). The resulting indices for the various tidal flats 
are given in Table 1 and will reflect differences in 
abundance in the various areas even better than the 
data presented in Fig. 2.

©  B a l g z a n d  X  V l i e l a n d e r  Wa d  
A  W a d d e n  A H .  T j a a r s p l a a t
+  L u t j e s w a a r d  ♦  B a l l a s t p l a a t

5 0 0 -  

•6 4 0 0 -
o
o
o
~  3 0 0 -
c

UJ
^  2 0 0 -  
<  o 
z
¿2 i oo- <

OH—  r
0 60

Fig. 2. Abundance of 0-group plaice (n-1000m-2) at the 
various tidal flat areas in the western Wadden Sea in the 

course of 1986.

3.2. GROWTH

The mean length of 0-group plaice throughout 1986 
is presented in Fig. 3. At the start of the growing 
season at June 1 when settlement of larvae has com
pleted (van der  V ee r , 1986), mean lengths differed 
between the tidal flats. Emigration of plaice to deeper
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the year, because water temperatures at high water 
in the neighbourhood of the tidal flats showed a 
sim ilar pattern (Fig. 5).
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Fig. 3. Mean length of 0-group plaice (mm) at the various 
tidal flat areas in the western Wadden Sea in the course of 

1986.

waters in autumn will depend on water temperature 
and does not start normally before the end of 
September. Therefore, the differences between mean 
length at day 270 (the end of September) and day 150 
(June 1) has been taken as indication of the growth 
during the season. The values of all areas are given 
in Table 1. Again, two groups can be distinguished 
sim ilar to the index of year-class strength.

At the tidal flats with low plaice densities (Wadden, 
Lutjeswaard and H. Tjaarsplaat), growth was lowest, 
between 39-44 mm. In the other areas (Balgzand, 
Ballastplaat and Vlielander wad) with high plaice 
densities, mean growth of plaice was stronger, up to 
50-52 mm and even 62 mm at the Vlielander wad. 
These results suggest a positive relationship be
tween density and growth. At tidal flats with higher 
densities plaice show a faster growth (Fig. 4; rs =
0.77; p <  0.10). These variations will not be caused 
by possible differences in temperature regime over

■» 1 1------- 1—
100 200 

ABUNDANCE (n
3 0 0

0 0 0 m ' 2)
4 0 0

Fig 4. Relation between index of year-class strength of
0-group plaice (n-1000m-2) and growth at a number of 

tidal flat areas in the western Wadden Sea in 1986.

3.3. FOOD ABUNDANCE

Macrobenthic surveys at the various tidal flats have 
been carried out by Be u k e m a  et al. (1978) both in 
1971/1972 and 1977. In Table 2 mean biomass 
values are presented for the two surveys. Although 
these surveys result in somewhat different total bio
mass values, these differences are rather small in 
comparison to differences between the areas. 
Lowest biomass was found at H. Tjaarsplaat (about 
7 g as free dry weight.m _2), while also Wadden and 
Lutjeswaard were rather poor (about 13 g 
AFDW .m -2 ). High values were found at 
Ballastplaat, 34 g AFDW .m -2  and Balgzand 30 g

TABLE 1
Relation between year-class strength (n.1000 m ~2) of 0-group plaice in May, defined according to Z ij l s t r a  et at.(1982) and 
growth (mm) during the season, based on mean length increase (mm) between June 1 and October 1. Between brackets

resp. surface area fished and number of fishes measured.

year-class
index

mean length 
at June 1

mean length 
at Oct. 1

growth

Balgzand 330 (1100 m2) 28 (483) 83 (97) 55
Wadden 10 (1250 m2) 33 ( 17) 74 (15) 41
Lutjeswaard 45 (1550 m2) 32 ( 48) 71 (62) 39
Vlielander wad 200 ( 950 m2) 32 (215) 94 (67) 62
H. Tjaarsplaat 60 ( 850 m2) 26 (497) 72(15) 46
Ballastplaat 360 (1000 m2) 32 (293) 84 (61) 52
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Fig. 5. Water temperature in the neighbourhood of the 
various tidal flat areas in the western Wadden Sea in the 

course of 1986.

Fig. 6. Relation between macrobenthic biomass (g 
AFDW m -2) and meiobenthic biomass (g AFDW m -2) at 
the various tidal flat areas in the western Wadden Sea.

AFDW .m -2 , while Vlielander wad showed the 
highest biomass with on average 85 g AFDW .m-2 .

Meiobenthos has been less extensively surveyed. 
In September 1986 biomass values were at all tidal

flats less than 1 g A F D W m -2  (Table 3). Meioben
thic and macrobenthic biomass showed a different 
distribution pattern, and both groups were not 
related to each other (Fig. 6; r8 = 0.14; p >  10%).

TABLE 2
Mean biomass (g AFDW m -2) of macrobenthic infauna on the tidal flats in 1971/1972 and 1977 

(according to Be u k e m a  e t  a l , 1978).

Balgzand Wadden Lutjes- H. Tjaars- Vlielander Ballast-
waard plaat wad plaat

'71 '77 '71 '77 '71 '77 '71 '77 '72 '71 '71 '77

A. marina 6.10 14.50 1.31 0.82 3.66 0.04 1.53 0.00 36.23 10.43 8.30 11.92
N. hombergii 0.14 1.33 0.47 0.33 0.40 0.95 1.31 1.64 1.15 2.40 0.27 0.31
N. diversicolor 0.51 0.30 0.02 0.18 1.07 13.92 4.24 2.82
L. conchilega 0.04 0.16 0.53 5.35 5.13 41.49 0.22
S. armiger 0.10 0.10 0.13 0.87 0.78 1.44 0.62 0.51 0.02 0.20 0.69
H. filiformis 0.38 1.56 0.02 0.38 0.02 2.09 4.82
Harmothoe spec 0.17 0.16 0.24 0.16
Phyllodoce sp. 0.01 0.07 0.16 0.31 0.02
E. longa 0.05 0.17 0.02
Nerine spec 0.20 0.18 0.04 0.13 0.13
Pediformis sp. 0.02
Hydrobia ulvae 0.56 0.02
M. balthica 4.10 3.66 0.27 0.16 0.51 1.98 0.71 3.26 3.86 13.88 11.34
E. edule 0.68 15.94 5.22 0.04 0.16 18.76 6.50 0.09 0.98
M. arenaria 11.05 11.45 0.73 0.07 7.66 3.73 0.07 6.39 11.63 1.75 4.82
T. tenuis 0.58
T. fabula 0.09
M. edulis 0.87 7.39 9.44 0.11
total biomass
g A F D W m -2 22.44 33.99 18.91 8.35 13.73 14.28 6.31 8.97 72.43 100.4 31.37 37.83
gC m -2 9.78 13.60 7.56 3.34 5.49 5.71 2.52 3.59 28.97 40.2 12.55 15.13
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Fig. 7. Relations between abundance (nTOOOm-2) and growth (mm) of 0-group plaice and macro- and meiobenthlc bio
mass (g AFDW m -2 ) at the various tidal flat areas in the western Wadden Sea. a: abundance of plaice and macrobenthic 
biomass; b: growth of plaice and macrobenthic biomass; c: abundance of plaice and meiobenthic biomass; d: growth of

plaice and meiobenthic biomass.

TABLE 3
Mean biomass (g AFDW m -2) of meiobenthos on the tidal 

flats in September 1986 (pers. comm, van Dessel).

biomass
(g m ~ 2)

Balgzand 0.18
Wadden 0.28
Lutjeswaard 0.27
Vlielander wad 0.41
H. Tjaarsplaat 0.31
Ballastplaat 1.00

4. DISCUSSION

4.1. ABUNDANCE

About the larval immigration and the process of settl
ing of plaice little is known (C r e u tzb e r g  et a i ,  1978; 
R ijn s d o r p  et al., 1985). It is thought that larvae are 
transported passively by the tidal currents and enter 
the area during flood tide. At slack water the larvae 
sink down and during ebb tide they are either wash
ed back or remain on the bottom (R ijn s d o r p  et al.,
1985). The key factor in the process of larval settling 
seems to be the search for food by the larvae. In an 
extensive study, C r e u tzb e r g  et al. (1978) showed 
that under laboratory conditions hungry larvae 
always show a swimming behaviour and that demer
sal settling could only be induced by feeding of the 
larvae. This means that in the Wadden Sea, when
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settling at slack tide in areas with suitable and 
enough food items, the larvae will stay and settle 
definitively. Otherwise, the hungry larvae are 
thought to enter the water column again during ebb 
tide and to be washed away. This mechanism will 
cause a concentration of settled plaice at suitable, 
rich areas and explains why settling plaice ac
cumulate in areas with a high food supply. This is 
supported by the relation between macrobenthic bio
mass and abundance of plaice. However, due to the 
small amount of observations, the relation is not 
statistically significant (Fig. 7a; rs = 0.60; p >  0.10).

4.2. GROWTH

The easiest way to compare growth of 0-group plaice 
at different tidal flats is to examine seasonal length 
increase. However, this requires that exchange be
tween different populations is absent. Although ab
solute evidence cannot be obtained, all information 
suggests no or only minor movements of 0-group 
plaice at least until the end of the summer (see Z ij l 
s tr a  et al., 1982).

In relating growth with food abundance, only those 
food items should count that have been found in the 
stomachs of plaice. At present such detailed infor
mation is not available, so values for total biomass 
have been taken. Even then, growth of plaice ap
pears to be positively related to the abundance of the 
macrobenthos (Fig. 7b; rs = 0.83; p <  0.05) and 
shows a marked difference between the various 
locations. The meiobenthic food component may be 
less important, in view of the absence of a relation
ship between meiobenthic biomass and respectively 
abundance (Fig. 7c; rs = 0.31; p >  0.10) and 
growth of plaice (Fig. 7d; rs = 0.43; p >  0.10). 
Because of the higher production-biomass ratio, the 
production of the meiobenthos might be a more rele
vant estimate to compare with, but only the youngest 
stages of 0-group plaice, the just settled ones, will 
feed on it (P ih l , 1985). With increasing size of plaice, 
macrobenthic food items such as siphons of 
Macoma balthica and tail-tips of Arenicola marina 
become more important (Ku ip e r s , 1977; de V l a s , 
1979a).

As temperature conditions showed only minor dif
ferences between the various locations, the observ
ed relation between available amount of food and 
growth rate of plaice suggests that food limitation of 
plaice occurs in parts of the Wadden Sea. In 
previous research, a comparison of growth in the 
laboratory under optimal food conditions with the 
field situation showed that in the Balgzand area 
growth of 0-group plaice would be optimal and only 
dependent on prevailing water temperature 
(Z ijl s t r a  et al., 1982 va n  der  V e e r , 1986). The 
validity of the growth model has been demonstrated

by Z ijl s t r a  et al. (1982), who showed that also for 
plaice in some British bays growth differences be
tween years could be fully explained by differences 
in water temperature. This means that growth at the 
Wadden, Lutjeswaard and H. Tjaarsplaat was limited 
by food. In this view, the growth rate at the Vlielander 
wad was too high and must be caused by an 
underestimation of the real water temperature.

Although in large parts of the Wadden Sea growth 
rates may be close to optimal and only regulated by 
temperature, the suggestion of Ra u c k  & Z ijl s t r a  
(1978) of a density-dependent growth in the nursery 
appears to be true for at least some parts of the area.

4.3 CONSQUENCES FOR THE NURSERY FUNCTION 
OF THE WADDEN SEA

In a previous paper v a n  der  V eer  & B e r g m a n  
(1987b) presented the three main factors determin
ing the actual use of the Wadden Sea as a nursery 
area:
1. Larval supply
2. Available amount of space and food
3. Suitable environmental conditions 0 2 etc.)

The importance of larval supply is illustrated by the 
difference between the Marsdiep and Vliestroom 
tidal basin at the inlet as as been found in some 
years (R ijn s d o r p  et a i ,  1985). Moreover, although 
food availability at Vlielander wad makes a much 
higher plaice population possible, actual densities 
are less than expected at least in 1986. This means 
that at the Vlielander wad larval supply was probably 
a limiting factor. The relation between amount of 
food available and abundance of 0-group plaice sup
ports the view of C r e u tzb e r g  et a i  (1978) that the 
process of settling is determined by the search for 
food by the larvae: they accumulate in areas with a 
high food availability.

Once settled, the growth of plaice at the several 
locations also shows a relation to the available 
amount of food. This means that also predation 
pressure by plaice on the benthos will be related to 
the available amount of food. However, because the 
abundance of plaice shows also a relation to food 
abundance, the overall effect will be that predation 
pressure by plaice will show an exponential increase 
with food abundance instead of a linear one. 
Especially at high densities and high growth rates of 
plaice, this predation will affect the benthic prey 
populations, as has already been suggested in 
previous papers (de V l a s , 1979a, b, 1985; K u ipers  
et a i,  1986). However, the precise magnitude is 
unknown.

The consequence for the nursery function of the 
Wadden Sea is that the richer a tidal flat area is in 
terms of food, the more important the area will be as 
a nursery for plaice. In the past, especially these rich
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areas have been the object of plans of embankment 
(Balgzand). This also means that in the future more 
attention should be paid especially to these rich 
areas, not only with respect to embankments but 
also with respect to the problems of euphrofication 
and cockle and mussel fisheries. Eutrophication of 
the area may have a positive effect on the amount of 
food available (Be u k e m a  & Ca d é e , 1986), but also a 
negative effect on the environmental conditions, 
causing especially low oxygen conditions (Tu s s e n  & 
v an  B e n n e k o m , 1976; v a n  der  V eer  & B e r g m a n ,
1986). Cockle and mussel seed fisheries on rich tidal 
flats will not only reduce the total amount of food 
available for 0-group plaice, but also destroy the re
maining individuals (de V l a s , 1987).

4.4. THE MODEL APPROACH

The results of this study stress the importance of the 
Wadden Sea as nursery area for plaice. At present 
a number of factors threaten this function: eutrophi
cation, pollution, etc. However, possible effects of 
these threats are difficult to quantify. Not enough 
field information is available and such research is 
very time consuming and will last for years. 
Moreover, different factors may have antagonistic or 
synergistic effects.

An alternative approach might be to simulate 
these processes using a mathematical ecosystem 
model. For the Wadden Sea area such an ecosystem 
model has been made for the Ems-Dollard estuary, 
situated at the border of the Netherlands and 
Western Germany (Ba r e t t a  et al., 1988). A few 
years ago it was decided to develop a similar 
ecosystem model for the westernmost part of the 
Wadden Sea. The structure of the biological aspects 
of this model should be identical to this Ems-Dollard 
model.
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Fig. 8. Seasonal distribution of EMAC, the epibenthic 
predators (mgC m -2) in compartment 2; symbols refer to 
field data, line represents the results os simulation run.

In this ecosystem model 12 compartments are 
distinguished based on hydrographic and mor
phological differences. The model consists of four 
submodels: a transport model, a pelagic model, a 
benthic model and an epibenthic submodel. The 
transport model regulates the transport and ex
change of the water masses with all dissolved com
ponents and the distribution of suspended matter 
together with sedimentation and resuspension be
tween the compartments. The pelagic submodel 
describes the processes in the plankton and the 
sedimentation of detrital material to the benthic 
system. This benthic system is modelled in the ben
thic submodel, except for the epibenthic predators. 
The epibenthic submodel does not only describe the 
epibenthic predators, but also regulates the distribu
tion of the predators over the compartments. Each 
compartments has two benthic and two epibenthic 
submodels, one to simulate the intertidal area and 
one to simulate the subtidal area. The model struc
ture of the several submodels is identical in all com
partments. Biological differences between compart
ments in simulation runs are only forced by different 
morphological and hydrographic conditions. All state 
variables and fluxes are expressed in carbon units, 
which means that for instance numerical responses 
of functional groups other than in changes of carbon 
are not modelled. At the end of the year the main 
results will be published. Already some parameter fit
ting, calibration and validation has taken place.

With this ecosystem model an attempt can be 
made to simulate and quantify the effects of various 
threats, for instance the effects of eutrophication on 
the Wadden Sea ecosystem and especially the 
growth conditions of predators. At present 
prelim inary exercises are carried out to get insight in 
potential applications of the ecosystem model and 
especially to see what kind of requirements must be 
fulfilled before such "case-studies”  can be carried 
our, if possible.

To give a brief impression of the present features 
of the model of the western Wadden Sea 
(EMOWAD), some results are presented for the 
epibenthic predators in the model and compared 
with field data for compartment no 2, the Balgzand 
area.

The epibenthic predators in the intertidal mainly 
consist of flatfishes (plaice and flounder) and crusta
ceans (shrimps and shore crabs). Their seasonal 
distribution is illustrated in Fig. 8. Some calibrations 
seems to be necessary to come to a good fit between 
the field situation and the results of the simulation 
run. More important than the biomass are the 
underlying fluxes. The predation pressure of the 
group on the various food items is the most impor
tant flux. In the field total predation is 6 gC m _2.y_1 
(Table 4). Besides cannibalism (up to 20%) the main
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TABLE 4
Epibenthic predators (EMAC) in compartment 2, a com
parison of the field situation (Balgzand) with the results of 

the model simulation.

state variables 
(mgC m~2 y~ ’)

field model

EMAC 240 254
BBBM 5600 950
BSF 9000 4290

fluxes
(m gCm ~2. y - 1)

total predation
pressure of EMAC 6.1 7.1
on BBBM

3.0 1.3
on BSF 1.4 5.0
on meiofauna 0.4 0.1
cannibalism 1.1 0.3

food source for the epibenthic predators is the 
macrobenthos. Predation pressure on suspension 
feeders (BSF), Mytilus edule, Cardium edule and 
Macoma balthica, amounts to 1.4 g C m _2.y_1 and 
on the other species (BBBM ) some 3 g C m _2.y_1. 
The model simulation results in roughly the same 
picture. Total predation is about the same as in the 
field. However, the share of the macrobenthic 
filterfeeders is too high and that of the deposit 
feeders too low. As a result the model simulates too 
low biomass values for suspension feeders: mean 
yearly values of 4 g C m -2  compared with 9 gC m -2  
in the field. Nevertheless, the seasonal variation is 
rather well simulated (Fig. 9 and B e u k e m a , 1976).

Although at present the ecosystem model appears 
to be not ready for applications related with for in
stance the subject of this study, the preliminary 
results are hopeful and after a parameter check and 
validation of the model, the model approach might 
become a useful tool.

BSF (2)

o

JAN FEB 'MAR ' a PR ' m AT JUN ' j U l  ' a UG ' s EP ' o CT ' n OV ' o EC 
86

Fig. 9. Seasonal variation in macrobenthos in compartment 
2 as simulated by the ecosystem model. BSF = suspension 

feeders; BBBM = deposit feeders (m gCm ~2).
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ABSTRACT

In this study an inventory is presented of the  
m eiofauna of the Marsdiep and V lie basins in the  
western part of the Dutch W adden Sea. At four 
perm anent stations the seasonal d istribution was 
exam ined and at 41 stations w hich were sam pled  
only once the spatial d istribution was exam ined. 
No clear seasonal pattern in biom ass could be 
found. In the Vlie basin m eiobenthic biom ass was 
higher than in the Marsdiep basin. In the Vlie  
basin a negative correlation was found betw een  
m eiofauna biomass and tidal depth. In the  
Marsdiep area the abundance of m eiobenthos  
was sim ilar in tidal, subtidal and deep water bot
tom s. The annual mean m eiobenthic biom ass on 
the tidal flats in the western W adden Sea was 0.73 
g D W m -2 and in the subtidal and deep w ater 
zones 0.37 and 0.30 g DW m -2  respectively.

1. INTRODUCTION

This study is part of the “ Ecological Research Pro
ject North Sea and Wadden Sea”  (EON, 1988). To 
check the outcome of model simulations on abun
dance and distribution of the meiofauna, information 
on the situation in the western Wadden Sea was 
needed.

Worldwide, several articles have been published 
on distribution ( Wa r w ic k , 1971, 1984; El m g r e n , 
1976; G ray, 1976), behaviour (B o u w m a n , 1978, 1981, 
1983; Wa r w ic k , 1981) and ecology ( M c In t y r e , 1969 
Wa r w ic k , 1981; H eip et al., 1984, 1985) of the meio
fauna in marine sediments, but observations on the 
benthic meiofauna in the western part of the Dutch 
Wadden Sea are restricted to the Balgzand tidal area 
(W itte  & Z ijls tr a , 1984). In that paper the abun
dance and distribution of the most important 
meiobenthic groups in the western Wadden Sea 
were reported and their ecological importance was 
roughly estimated.

To study the seasonal distribution of these domi
nant meiobenthic groups samples were taken several 
times during the year at four stations representing 
different types of tidal flats. Also, one survey was 
made with sampling at a large number of stations 
throughout the western Wadden Sea to study the 
spatial distribution. Observations on the occurrence 
of meiobenthos in the sediment at different water

depths were made and the abundance of meiofauna 
in relation to water depth was investigated.

2. MATERIAL AND METHODS

2.1 AREA OF STUDY

The western Wadden Sea is bounded by the islands 
of Texel, Vlieland and Terschelling, the watershed of 
Terschelling and the mainland (Fig. 1). It is an estuary 
consisting of tidal flats (32%), subtidal bottoms (53%) 
and gullies up to 23 meters deep (15%). Two main 
tidal basins connected by tidal channels are 
distinguished: the Marsdiep basin in the southwest 
and the Vlie basin in the northeast. Tidal range 
varies from 1.35 m at Den Helder to 1.85 m in the 
southeastern part (B e u k e m a , 1976). Salinity ranges 
from 32 %o between Vlieland and Terschelling to in- 
cidentically 14%o at the outlets of Lake IJssel (Z im 
m e r m a n , 1976). The sediments have a predominantly 
sandy composition. Only along the mainland coast 
can silty parts be found (de  G lo p p e r , 1967; M an u e ls  
& Ro m m e t s , 1973).

2.2. SAMPLING

All cores were taken with a perspex tube (24 mm 
diameter, 10 cm deep). To estimate the representativi- 
ty of the sampling, the results were compared of 10 
samples of 3 cores (= 13,5 cm2) and 10 samples of 
6 cores (= 27 cm2) taken at the same station. The 
numbers of nematodes counted in the samples rang
ed from X + 15% (6 cores) to I f  ±  25% (3 cores). 
Nematode individual weights ranged from Y  + 22% 
(6 cores) to Y  ± 28% (3 cores). Less abundant 
groups gave a much poorer confidence.

The seasonal fluctuations were studied at four per
manent stations. At these stations six samples were 
collected, approximately 100 m apart. Each sample 
consisted of six cores. The samples were taken on 4 
or 5 (depending on the station) different dates, during 
emergence of the tidal flat (Table 1).

All samples were preserved in a heated 4%  for
maline seawater solution (W itte  & Z ijls tr a , 1984) 
and elutriated (U h lig  et at., 1973). After élutriation no 
meiofauna was recovered in the separation funnel. 
The elutriated samples were stored in a 4%  for
maline seawater solution with rose bengal for several 
days. A subsample of 5%  of the total volume of each
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Fig. 1. Dutch western Wadden Sea with the sampling stations: Vlie basin: regularly visited ( • ) ,  occasionally visited ( • )  
Marsdiep basin: regularly visited (A ), occasionally visited (A).

TABLE 1
Day and month of sampling at the four permanent stations

Station Sampling data 1986

Scheurrak-Omdraai 24/3 _ 17/6 5/8 11/11
Griend 25/3 22/5 18/6 6/8 12/11
Oostmeep 26/3 21/5 29/6 7/8 13/11
Balgzand 9/4 — 12/6 19/8 19/11

sample was examined for meiofauna, using a dissec
tion microscope (16x). Length and diameter of the 
nematodes was measured at a magnification of 40 
times.

Only nematodes, annelids and harpacticoids were 
sorted out. Other taxonomic groups suffered 
substantial damage or loss of individuals by the

élutriation, so these could not be counted adequate
ly. The biomass of the nematodes was calculated by 
means of the formula of A n d r a s s y  (1956):

dry weight(g)= 25 (length <cm)™ idth2 (c™))x1.13

For the other groups an average biomass value 
derived from the literature was assumed: 2.0 /¿g DW 
per harpacticoid and 1.55 /¿g DW per annelid (W itte  
& Z ij l s t r a , 1984). For each station arithmetic 
means of numbers and biomass were calculated.

In October 1986 a survey was made in the western 
Wadden Sea, visiting 41 transects in a depth range 
from 0.5 above to 16.0 meter under MLT. All samples 
were taken with a boxcorer. On each transect sta-
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Fig. 2. The distribution of (A) nematodes (n-104 m -2), (B) annelids (n-102 m -2), (C) harpacticoids (n-102 m -2) and (D) 
meiobenthos biomass (g DW m -2) over the western Wadden Sea.
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TABLE 2
Average October values for density and biomass of nematodes, annelids and harpacticoids at 45 stations in the western 
Wadden Sea. A separation of the stations is made by depth in tidal (above MLT), subtidal (M LT--4m ) and deeper (beneath

- 4  m MLT) stations.

Depth Group
Density

(n-ICP-m'2) %
Biomass 

(g D W m -2) %

Tidal Nematodes 1635 89.9 0.30 49.2
Annelids 106 5.8 0.16 26.2
Harpacticoids 77 4.3 0.15 24.6

TOTAL 1818 0.61

Subtidal Nematodes 1169 93.1 0.16 51.6
Annelids 31 2.5 0.05 16.1
Harpacticoids 56 4.5 0.10 32.2

TOTAL 1256 0.31

Deeper Nematodes 774 91.5 0.12 48.0
water Annelids 26 3.1 0.04 16.0
sediment Harpacticoids 46 5.4 0.09 36.0

TOTAL 846 0.25

tions were sampled (consisting of 5 cores each, 
which were put together). The distance between the 
stations was 200 m. Per transect arithmetic means 
were calculated.

3. RESULTS AND DISCUSSION

The aim of this study was to gather quantitative in
formation on meiofauna in the Dutch western Wad
den Sea. In a short period an extended area had to 
be surveyed, so an easy separation technique was 
chosen. Such a separation technique (élutriation) 
and the sorting out of only the major taxonomic 
groups allows a quick processing of many samples. 
As a consequence the information on ecological 
diversity is restricted. Rare species were overlooked. 
Soft bodied taxa (e.g. Turbellaria) do not sustain the 
élutriation very well and cannot be studied properly 
by this method (Mc In t y r e , 1969; Ma r te n s  & 
Sc h o c k a e r t , 1986). Occasionally these taxa were 
found in the samples. In addition other meiofauna 
(ostracods), macrofauna (juvenile molluscs) and pro
tozoan groups (foraminiferes, ciliates) were found, 
but only in small numbers. Therefore they were 
negligible in biomass and omitted in the 
measurements.

The 3 most important taxonomical groups of meio
fauna in the western Wadden Sea are nematodes, 
annelids and harpacticoids. The distribution of these 
groups is shown in Fig. 2. The spatial distribution of 
the meiobenthos in the western part of the Wadden 
Sea is characterized by 2 features: the difference be
tween tidal ( +1 .00 — 0.00 MLW), subtidal (MLW — 
-4 .0 0  MLW) and deeper water regions ( - 4 . 0 0  —

-  20.00 MLW) (Table 2) and the differences between 
the western (Marsdiep) and eastern (Vliestroom) part 
(Table 3). Overall, meiofauna is most abundant in the 
tidal zone, but in the subtidal and deeper water 
sediments considerable amounts of meiofauna are 
present as well: respectively 50-100% and 30-100% 
of the meiofaunal biomass found in the tidal zone. 
This phenomenon is in agreement with other studies 
where meiobenthos was found down to several thou
sand of metres depth (M c In t y r e , 1969; H eip  et al., 
1985).

TABLE 3
Mean biomass values of meiobenthos in October 1986 for 

the Marsdiep basin and Vlie basin (g DW m -2).

Tidal Subtidal Deeper
water

Marsdiep basin 0.29 0.28 0.30
Vlie basin 0.85 0.42 0.31

Differences in meiobenthos biomass between 
tidal, subtidal and deeper water sediments (Table 3) 
are pronounced in the Vlie basin. In the Marsdiep 
basin biomass is lower, but the values are equal for 
the different depth zones. The higher values in the 
Vlie basin could be a matter of food supply, as 
organic matter and bacteria are present in higher 
quantities as well (van  D u y l, 1988). Another possi
ble explanation is a different species composition in 
the Marsdiep and Vliestroom area. This is, however, 
not investigated in this study.

At all depths in both basins the group of 
nematodes is the most dominant, contributing up to
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90% of the meiobenthos numbers and 50% of the 
total meiobenthic biomass.

The individual weight of nematodes is variable, 
depending on time of the year, location and species 
composition (M c In t y r e , 1969; H eip  et al., 1984, 
1985). It ranges at the four permanent stations from 
0.1 to 0.3 pg D W ind iv idua l-1 (Fig. 3d). The annual 
average, 0.19 pg D W nem atode-1 for the four sta
tions is low in comparison with W itte  & Z ijl s t r a  
(1984) (0.28 pg DW), but sim ilar to other literature 
data, for instance G r a y  (1976) (0.25 pg DW) and 
W a r w ic k  (1971) (0.17 pg DW).

Based on the results of the repeated sampling at 
the four permanent stations, the seasonal variation 
was determined of the density of nematodes, an
nelids and harpacticoids, of the individual weights of 
nematodes and of nematode- and total meiobenthic 
biomass (Fig. 3a-f).

There is no clear seasonal pattern in the numbers 
of nematodes, annelids and harpacticoids. 
Nematode densities tend to be more abundant in 
summer, with lowest values in winter. That a 
seasonal variation in abundance of nematodes is 
seldom observed ( Mc In t y r e , 1969; W itte  & Z i
j l s t r a , 1984) can probably be explained by the high 
number of species in this group. Because the in
terspecific variation of nematodes in size, lifetime 
and lifecycle, and in optimal environmental cir
cumstances are large, the group of nematodes is a 
very heterogeneous one (M c In t y r e , 1969; H eip  et 
al., 1984, 1985).

Annelids more often show a seasonal pattern 
(Bo u w m a n , 1978, 1981, 1983; W itte  & Z ij l s t r a ,
1984), caused by juvenile polychaetes and 
oligochaetes contributing temporarily to the 
meiobenthos, when their size is between 50 and 
1000 pm. In this study highest annelid numbers are 
found in summer.

The density of harpacticoids is much lower than 
the density of nematodes or annelids. The seasonal 
variation in harpacticoid numbers for the four sta
tions show little parallelism. No evident seasonal d if
ferences are found, except for the very low values in 
April and May.

Comparing the results of Balgzand 1986 (this 
study) with the situation on Balgzand 1976 (W itte  & 
Z ij l s t r a , 1984) shows that the density of nematodes 
is about the same. But the individual weight is much 
lower, so that the total biomass of nematodes is 
about 50% less (Table 4). In 1986 more harpac
ticoids were found and fewer annelids. The total bio
mass in 1986 is 40% lower than in 1976. This can be 
a matter of different sampling locations or a conse
quence of the severe winters of 1984-1985 and 
1985-1986. Some meiobenthic groups (nematodes, 
harpacticoids) are sensitive to frost and ice. The time 
needed for recovery may be up to 1.5 years (M cIn

t y r e , 1969). This period is marked by the 
predominance of small specimens. Incidental 
measurements in early spring 1987, after another 
very cold winter, tended to result in even lower bio
mass values on Balgzand (0.49 g DW m -2 ). Balg
zand turned out to be the poorest of all four perma
nent stations: fewest and smallest nematodes, 
fewest annelids and the lowest total biomass.

Annual means for the western Wadden Sea were 
calculated of the densities and biomasses of the 3 
taxonomical groups, based on the data of the four 
permanent stations (Table 5). The mean annual 
meiobenthic biomass was 1.16 g DW m - 2 . This is
1.2 times the biomass at these four stations in Oc
tober. For this month also an average biomass can 
be calculated based on all 45 sampling stations: 0.61 
g DW m - 2 . If this value is multiplied by 1.2, a mean 
annual biomass for the western Wadden Sea of 0.73 
g DW m -2  is derived.

TABLE 4
Average densities and biomass of nematodes, annelids and 
harpacticoids on Balgzand in 1976 (W it t e  & Z ij l s t r a , 1984) 

and 1986 (this study).

Density Biomass
Group (n -Kfi m 2) % (g DWm~ 2) %

Balgzand 1976
Nematodes 2127 86.7 0.60 53.1
Annelids 230 9.4 0.35 31.0
Harpacticoids 56 2.3 0.10 8.8
Other groups 41 1.7 0.08 7.1

TOTAL 2454 1.13

Balgzand 1986
Nematodes 1878 90.5 0.30 45.5
Annelids 103 5.0 0.16 24.2
Harpacticoids 95 4.6 0.20 30.3

TOTAL 2076 0.66

TABLE 5
Average density and biomass of nematodes, annelids and 

harpacticoids at the four permanent stations.

Group
Density

(n 1Cp-m~2) %
Biomass 

(g D W m ~2)
%

Nematodes 3037 89.8 0.57 49.1
Annelids 236 7.0 0.37 31.9
Harpacticoids 110 3.3 0.22 19.0

TOTAL 3383 1.16
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The role of the meiobenthos in the benthic system 
is manifold. Nematodes for instance absorb dissolv
ed organic compounds, consume unicellular 
organisms, regenerate nutrients, excrete mucus, im
prove gas diffusion and serve as food for other 
organisms, including predators belonging to their 
own taxon (B o u w m a n , 1983). D e W ild e  & B e u k e m a  
(1984) have estimated their role in the benthic 
system quantitatively. They calculated that meioben
thos consumes only 5% of the total imput of carbon 
to the benthic system. This estimate was based on 
the biomass values found at the Balgzand in 1976. 
The present study shows that the share of the 
meiobenthos is probably 3-4% of the total benthic 
consumption. So meiobenthos plays only a minor 
role in consumption and mineralisation, compared to 
macrobenthos, microbenthos and bacteria.
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