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ABSTRACT: This paper describes the construction, validation and application of a mathematical 
ecosystem model of the western Wadden Sea. This model is based upon the Ems-Dollard ecosystem 
model, but also includes a two-dimensional transport submodei, a benthic and epibenthic sublitoral 
submodel and nutrient regeneration. In 1986, an extensive field programme was executed to collect 
data for model validation. Apart from the subtidal processes the validation indicates that the model 
simulates the different state ~r reasonably well. The applicability of the model for manage- 
ment purposes was tested in four case studies concerning: dredging activities, eutrophication, 
commercial mussel culture and off spills and other calamities. It is concluded that the western 
Wadden Sea model in general is a useful tool in evaluating the impact of certain anthropogenic 
activities in the area. 

INTRODUCTION 

This article is a brief outline of the Dutch report  "Ecosys teemmodel  van  de westel i jke  

Waddenzee"  (EON-projectgroup, 1988), which together  with the publications in the 
Nether lands Journal  of Sea Research 22/1 (1988) forms the final report of the project 

"Ecological model  research of the western Wadden  Sea (EMOWAD)". The  project, 
commissioned by four Dutch ministries, was carried out be tw een  1984 and 1987 at the 

Nether lands  Institute for Sea Research (NIOZ, Texel) and the depar tment  of Marine 

Biology at the State University of Groningen. 
Two problems formed the central theme in the project: firstly the manage r s  of the 

Wadden  Sea felt the need  for an integration of the results 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 functioning of the living communi t ies  in the 
western Wadden  Sea, in order to get  a quali tat ive and if possible quanti tat ive descrip- 

tion of the occurrence of and the connection be tw een  different groups of organisms in 

this ecosystem. 
- To trace and describe the factors which on the one hand may lead to changes  in the 
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present  structure and/or  funct ioning of the ecosystem, and  on the other hand  can be 
inf luenced by h u m a n  activity. 

- To indicate on the basis of the knowledge  described above to what  extent  specific 
human  activities (e.g. pollution, fisheries etc.) may inf luence the ecology of the western 

Wadden  Sea. 
These aims were to be  achieved by put t ing to optimal use the knowledge  on the area, 
collected by the NIOZ and by employing the knowledge  and  experience ga ined  during 
the modelhng research in the Ems-Dollard estuary (Baretta & Ruardij, 1988). 

Based upon this, a mathematical  ecosystem model  was considered an  impor tant  tool 
to meet  the aims set above. The Ems-Dollard model (Baretta & Ruardij, 1988) was used as 
a basis for this wes tern  Wadden  Sea project, bu t  due to the difference in properties 
be tween  the Ems-Dollard and the western  Wadden  Sea some important  changes  were 
required: first, ins tead of a one-dimensional ,  a two-dimensional  t ransport  part  of the 
model  was needed;  secondly, because  of morphological differences, the model  was 
expanded  with a benthic  and  an epibenthic  subhttoral part; and thirdly, nu t r i en t  regener-  
ation (P and Si) was introduced into the model. In the different chapters of the EMOWAD 
I report (EON-projectgroup, 1988), the successes and  failures of these adaptat ions  are 
described; applications of the model  to m a n a g e m e n t  purposes are also given. The 
following paper  summarizes this report. 

ADJUSTMENTS AND EXTENSIONS TO THE ECOSYSTEM MODEL 

The western Dutch Wadden  Sea differs from the Ems-Dollard estuary mainly  in the 
higher complexity of its geometry and morphology. An important  morphological  differ- 
ence is that shallow subtidal  regions cover more than 50 percent  of the wes te rn  Wadden  
Sea while the subtidal  regions in the Ems-Dollard cover so small an  area as to be  
negligible.  The subtidal  biomass was not  inc luded in the Ems-Dollard model .  Since the 
benthic  biomass in these subtidal areas forms a substantial  part of the total biomass 
(Dekker, 1987), a specific (epi)benthic submodel  for this region has been  included.  Thus, 
the EMOWAD model  has a separate submodel  for simulating carbon flows in the 
(epi)benthic community  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 modell ing of functional groups or state variables (Table 1) is also 
the same in both areas. 

Another difference be tween  the western Wadden  Sea and the Ems-Dollard is to be  
found in the complexity of the geometry. The western Wadden  Sea consists of two 
connected tidal basins,  and is therefore connected with the adjacent  North  Sea by two 
tidal inlets. Furthermore, the channel  system in these basins is rather i r regular  and  far 
more complicated than the more simply shaped Ems-Dollard estuary. For these  reasons, 
the transport part of the model, inc luding the module describing the transport  of 
suspended  matter, was made two-dimensional .  A direct consequence  of this two-dimen-  
sionality is that parameters  in this tidally averaged box-model  cannot be  computed  from 
observed salinity distributions during stationary periods. A two-d imens iona l  hydro- 
dynamical  model (Ridderinkhof, 1988) has been  used to determine these parameters ,  e.g. 
residual transports and exchange coefficients be tween  the compar tments  of the 
EMOWAD model. Computat ions with the hydrodynamical  model showed that  there is a 
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Table 1. Description of the most important state variables used in the ecosystem model of the 
western Wadden Sea. The state variables marked with an asterisk were validated 

Pelagic submodel Benthic and epibenthic submodel 

Pelagic diatoms* 
Phytoplankton other than diatoms* 
Pelagic bacteria* 
Microzooplankton 
Pelagic mesozooplankton" 
Chlorophyl-a ~ 
Total primary production ' 
Particulate organic carbon 
Labile organic carbon 
Detritus 
Refractory organic carbon 
Dissolved organic carbon 
Total suspended matter* 
Pelagic bacterial production" 
Total oxygen consumption" 
Dissolved reactive phosphorus* 
Dissolved reactive silicate* 

Benthic diatoms 
Bacteria aerobic layer 
Bacteria anaerobic layer 
Meiobenthos * 
Benthic deposit feeders* 
Benthic suspension feeders" 
Meso-epibenthos ' 
Macro-epibenthos ' 
Chlorophyl-a in top 0.5 cm* 
Labile org. C in aerobic layer 
Detritus in aerobic layer 
Labile org. C in anaerobic layer 
Detritus in anaerobic layer 
Refractory organic carbon 
Sulphide in anaerobic layer 
Pyrite in anaerobic layer 
Total inorganic reactive P in aerobic layer 
Total inorganic reactive P in anaerobic layer 
Benthic community repiration* 

large-scale tidally driven residual flow through both basins, directed from the nor thern 
towards the southern inlet. For the EMOWAD model, it has been  assumed that the 
residual transport be tween  these compartments  is a combinat ion of this tidally driven 
residual flow and the residual flow caused by the supply of fresh water from the Lake 
IJssel. Figure 1 gives these total transports over a representat ive period. 

Exchange coefficients have been  de termined by computing trajectories of water 
masses in our hydrodynamical  model. The computed volume of water exchanged 
be tween  adjacent  compartments over a tidal period has been  used for de termining  the 
different values of this parameter.  

A general  extension to the model is the explicit modell ing of regenerat ion of P and Si. 
Pelagic regenerat ion of P is simply model led with a constant  ratio be tween  mineral ized 
organic C and regenerated P. It has b e e n  assumed that the regenerat ion of Si is a 
relatively slow process which mainly takes place in the sediment.  

The formula for benthic regenerat ion is based  on the assumption that the rates of the 
processes concerned and the concentrat ion in the overlying water change  slowly com- 
pared to the time needed  to achieve steady state profiles in the pore water. Consequently,  
the formulae refer to pseudo-stat ionary conditions. This assumption as well as the 
derivation of the equations, is described in detail by van Raaphorst et al. (1988). Some 
new parameters  which are related to the exphcit modell ing of Si and P in the (an)aerobic 
layer have been  introduced, including diffusion coefficients, chemical reaction rates and 
parameters  describing the precipitation/dissolution (Si) and  the adsorption/desorption (P) 
equihbr ium concentrations. The coupling of P-production to degradat ion of organic 
matter due to mineralization is modelled via a stoichiometric relation. The values of 
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Fig. 1. Residual transport {m 3 �9 s -I) between the EMOWAD compartments during a period with a 
representative supply of fresh water from Lake IJssel 

parameters  connected to this modell ing of nutr ient  regenerat ion have b e e n  so chosen 
that fluxes of Si and  P agree with reported measurements  (van Raaphorst  et al., 1988), 

MODEL VALIDATION 

A validation of the model has been  performed by comparing for each compar tment  
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 vahdation. The first indicates  whether  the 
m e a n  difference be tween  the field data and  the corresponding s imulat ion points is 
acceptable. The simulation is judged  to be good when this difference is smaller than 
20 %, and bad  w h e n  it is larger than  50 % of the field data. The second cri terion indicates 
to which extent the annua l  mean  values of data and  simulation points coincide, while the 
third gives information on the accuracy of the form of the simulation (seasonal  pattern). 
One has to reahze that the vahdity of field data is often questionable.  These  data are not 
free of errors, and  represent  only single points in time and space, while the model  output  
gives mean  values for larger areas. This means  that the vahdat ion of the mode l  is based 
on qualitative rather  than quanti tat ive aspects. Nevertheless, the more da ta  available to 
vahdate  each variable,  the more the results of the vahdat ion may be in terpre ted  quant i ta-  
tively. 
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The pelagic submodel  was val idated for 11 variables, usually in 7 compartments.  For 
each variable, the n u m b e r  of data-points per compartment  ranged  from 5 to 17. Examples 
are given in Figures 2 and 3 for Chl-a and  the biological oxygen consumpt ion (BOC), 
measured  in 24-h incubat ion tests. Based on all three criteria ment ioned  above, the Chl-a 
simulations are reasonable for 2 compartments  (6, 9) but  not for the others, al though the 
annua l  mean  value of the simulation points is almost the same as that of the field data. In 
the simulation run, the spring bloom starts too early, while too high concentrat ions are 
simulated dur ing the period June-Sep tember .  On the other hand,  the simulations of BOC 
fit the data points adequately.  Only in late summer  and  au tumn  are oxygen consumptions 
overestimated. The overall results of the validation of the pelagic submodel  points to an 
adequate  simulation of those components  whose dynamics are largely de termined by 
transport processes (e.g. phosphate, silicate). However, for almost all variables  substan-  
tial discrepancies occur be tween  field data  and simulations during the second half of the 
summer-period.  Probably, this is due to the absence of ni t rogen components  in the model, 
while there are indications that n i t rogen rather than phosphorus limits pr imary produc- 
tion during the third quarter of the year (Helder, 1974; Veldhuis et al., 1988). This effect 
may be seen most clearly in the overestimation of the total pelagic pr imary production 

(Fig. 4). 
The benthic  submodel  is val idated for 5 intertidal variables, but  there were no field 

data at hand  for the subtidal areas. The validation of this submodel  is h a m p e r e d  by  the 
low n u m b e r  of data. Actually, for only 3 to 4 compartments,  each having 2-6  data points, 
could the simulat ion results be evaluated. The total benthic  communi ty  respirat ion on the 
tidal flats is s imulated quite well, with typical maximum values of approximately 
1 g C �9 m -2 �9 day - t  in summer, and very low values in winter. The simulat ions of the 
higher trophic levels (meiofauna, macrobenthic  deposit feeders and  suspens ion  feeders) 
do not agree well with the available field data. The reason for this is not clear. 

The submodel  concerning the epibenthic  processes and  variables was validated for 
the biomass of the macro-epibenthos,  for 7 compartments  in the intert idal  areas and  for 5 
compartments  in the subtidal areas. The n u m b e r  of data points varied b e t w e e n  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-ep iben-  
thos does not agree with the field data; in all compartments  the computed  values are 

Table 2. 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 EMOWAD, the term "rest" includes decrease in biomasses over the year, feeding by birds, etc. 

For further details on literature and calculations of the entries see EON-projectgroup (1988) 

Input and production Export and consumption 

a b a b 

Discharge Lake IJssel 135 _+ 5 133 Pelagic mineralization 270 ~- 80 360 
Pelagic pr. production 310 • 95 483 Benthic mineralization 210 ----- 95 129 
Benthic pr. production 200 _+ I00 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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much too low. Actually,  this is one of the results  indicat ing that  the mode l  does  not 
s imulate  the subt idai  processes  adequate ly .  

To permi t  an evaluat ion  of the overall  model l ing  result, the organic carbon b u d g e t  
computed  by  the mode l  has been  compared  with a budge t  obta ined  from h te ra tu re  da ta  
concerning  externa l  inputs, pr imary  production,  minerahzat ion  and sedimentat ion.  It was 
not  poss ible  to es t imate  the carbon exchange  of the wes tern  W a d d e n  Sea with  the  North 
Sea  directly. In the budge t  b a s e d  on htera ture  data, this t ransport  term occurs as the 
closing entry. Consequent ly ,  this leads  to a large  level  of uncer ta inty  in the  es t imat ion of 
the t ransport  via both t idal  inlets. The conclusions based  on the comparison of the  two 
budge t s  (Table 2) are: 
(1) The  model  computes  a much la rger  pe lag ic  pr imary product ion than the l i tera ture  

da ta  suggest .  On the other  hand,  the benth ic  pr imary product ion seems  to be  
unde re s t ima ted  by  the model;  

(2) According  to the model,  the pe lag ic  minerahza t ion  is approximate ly  33 % h igher  than 
the minera l iza t ion  es t imated  from field data.  The benthic  minerahzat ion,  however ,  
seems too low, most p robab ly  due to a clear  underes t imat ion  of the carbon fluxes in 
the  subt idal  sediments;  

(3) Both budge t s  indicate  a net  export  of organic  carbon from the es tuary  to the  North 
Sea. 

According  to the budgets ,  there  is a small  difference be tw e e n  the total p r imary  produc-  
tion and the total  minera l iza t ion  in the wes tern  W a d d e n  Sea; external  input  and  output  
seem to have a l imited direct  importance.  From this s tandpoint ,  the mode l  outcome 
agrees  well  with the l i terature data.  The main  d iscrepancies  b e t w e e n  the two budge t s  are 
the overes t imat ion of the pe lag ic  pr imary  productions,  and  the underes t imat ion  of the 
benthic  mineral izat ion.  The absence  of n i t rogen as potent ia l ly  l imiting nutrient ,  and  the 
disfunct ioning of the model  concerning  the subt idal  areas  are p robab ly  to a la rge  extent  
responsible  for this lack of agreement .  Future  deve lopmen t  of this model  should therefore  
focus on these aspects.  

MODEL APPLICATIONS 

One of the goals  of the EMOWAD project  was to evalua te  to wha t  ex tent  the effects 
of an thropogenic  activities on the funct ioning of the ecosys tem could be  ind ica ted  using 
the ecosys tem model .  However ,  it mus t  be  kep t  in mind that  the  model  is not  sui ted  for an 
evaluat ion  of all k ind  of activities. Its potent ia l  appl ica t ion  is restr ic ted to activit ies the 
mode l  can dea l  with. Fur thermore ,  all output  gene ra t ed  by  the model  s imulat ions  is 
expressed  in terms of energy,  i.e. organic  carbon,  which means  that  only effects on the 
organic  carbon fluxes in the sys tem can be  traced.  For instance,  effects on seal  popula-  
tions, pe lag ic  fish and the accumula t ion  of pol lutants  cannot  ye t  be  considered.  

Al though a wide  range  of an thropogenic  activit ies occurs in the W a d d e n  Sea, the 
examples  chosen  all dea l  with la rge-sca le  activit ies which are thought  l ikely to interfere 
with the main  processes.  The an thropogenic  activities discussed are: (1) Dredg ing  
activities; (2) Eutrophicat ion;  (3) Commerc ia l  musse l  culture; (4) Off spills and  other 
calamities.  

Since the effects of changes  in an thropogenic  activities cannot  be  c o m p a r e d  with 
ac tual  field data,  the model  results  are  eva lua t ed  in an indirect  way. For each  
an thropogenic  activity, a hypothes is  is formula ted  concerning its impac t  upon  the 
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ecosystem. Subsequently,  the effects of different levels of activity are s imula ted  and  the 
results are tested against  the hypothesis. After a discussion of the effects of the 4 
activities, a general  evaluat ion of the applicability of EMOWAD is made.  Suggest ions are 
forwarded for further development  of the model. 

Dredging activities in the western Wadden  Sea are sand extraction and  s p o t  disposal  
of main tenance  dredging of harbours and  shipping channels  throughout  the area. Yearly, 
about  3 million tons of sand (Anonymous, 1981) are extracted and 1 mill ion tons of spoil 
are disposed of (van Veen, 1988). Both activities affect the sediment  load of the water, 
either by their overflow or by disposal of sediment,  and  as a result the turbidi ty of the 
water  is increased, as was observed in the Ems estuary (de Jonge, 1983). This turbidity 
determines to a large extent the light penetra t ion into the water column and  hence  the 
pelagic primary production: Since the relation be tween  light penetra t ion and  turbidity in 
the western Wadden  Sea is an inversely exponent ial  one (de Wit et al., 1982), an increase 
in turbidity will result in a less than proportional decrease in the light penetrat ion.  On the 
other hand,  a reduct ion in turbidity may have a much larger impact. These  changes  in 
fight penetra t ion might  affect the primary production directly, but  only dur ing  periods 
when  light conditions are the limiting factor, i.e. in spring and autumn.  Dur ing  summer,  
w h e n  nutr ient  l imitation is thought to occur, hardly any  changes  are expected.  The 
results of the model  simulations with a reduced and  an increased sed iment  load of the 
water  show a good correspondence with the hypothesis (Fig. 5). Both the reduct ion 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 turbidi ty results in 
the largest changes,  The maximum production dur ing summer  remains  about  the same in 
both cases. 

Eutrophication of the western Wadden  Sea occurs ~nainly by nutr ient  loads originat- 
ing from the river Rhine. A part of these loads reaches the western W a d d e n  Sea via the 
coastal area of the North Sea, but  probably a much larger part enters the es tuary  via the 
discharges of Lake IJssel (van der Veer et al., 1989). In the recent  past, these discharges 
have increased considerably: for total P from 0.03 kg .  sec -1 in 1950 to about  0.16 
kg �9 sec - I  in 1981; and  for total N from about  0.8 kg - sec -1 in 1950 to about  2.3 kg �9 sec -1 
in 1981 (van der Veer et al., 1989). The same trend has been  observed in  the nut r ient  
concentrat ions in the coastal area of the North Sea (for a review see Brockman et al., 
1988). Some changes  in the ecosystem have already been  observed and suggest ions have 
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Fig. 5. Total pelagic primary production (10 6 kg C) according to the model simulations, a: reduced 
sediment load; b: standard situation; c: increased sediment load 
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been  made that they were the result of eutrophication, e.g. locally low oxygen concen- 
trations (Tijssen & van Bennekom, 1976; van  der Veer & Bergman, 1986), an  increased 
bloom of the alga Phaeocystis pouchetii (Cadde & Hegeman,  1986), and an increased 
biomass and recruitment of macrobenthic  animals on the tidal flats (Beukema & Cadde, 
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 nut r ient  
loads are thought to affect the primary production directly but  only dur ing periods of 
nut r ient  limitation, i.e. the summer period. Main  effects are expected in case of a nut r ient  
reduction, since this might prolong the period of nut r ient  limitation directly. An increase 
in the loads probably has less effect, since the period of limitation is restricted to 3-4 
months in the present  situation, and during high production 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 loads of P and  N are 
partly 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 input  and output through the tidal inlets. The consequences  of a reduced  and  an 
increased nutr ient  load are illustrated in Figure 6 for PO4, and in Figure 7 for the pelagic 
primary production. Effects on the PO4 concentrat ion in the Wadden  Sea occur especially 
during the first month of the year. The impact  on the primary production is visible 
especially be tween  March and October, the period in which nutr ient  l imitation might 
occur. Effects also on the benthic community  can be observed; either a decrease or 
increase of macrobenthic  animals (Fig. 8). The impact  of eutrophication as s imulated by 
the model  seems to fit fairly well with the hypothesis formulated. 

Mussel  culture in the western Wadden  Sea started in the 1950s 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 km z distributed in the subtidal  of the whole western W a d d e n  Sea. 
The mussel  Mytilus edulis is one of the dominant  species in the subtidal  area of the 
Wadden  Sea with a biomass of about  8 g ash-free dry weight  (AFDW) �9 m-Z; on mussel  
lots their biomass increases by a factor of 30-40 to about 260 g AFDW �9 m -2 (Dekker, 
1987). 

At present, there is no insight into the impact  of mussel  culture on the ecosystem in 
the Wadden  Sea. Recently, van der Veer (1989) postulated that under  the assumption of a 
food limitation of the benthos in the Wadden  Sea, the introduction of commercial  mussel  
culture in the past might have resulted in a reduction of the other macrobenthic  animals, 
especially on the tidal fiat systems. In their present  form, the model simulation results in a 
far too low macrobenthic  biomass in the subtidal, compared with field data. Therefore, 
the impact  of the mussel  culture cannot  be evaluated. An indirect approach for testing the 
hypothesis of van der Veer (1989) is the introduction of extra biomass in the sublittoral 
and the analysis of the effects on the macrobenthic  biomass in the intertidal zone. As a 
result of the malfunct ioning of the subtidal  model the initially higher biomass values 
diminish to low levels again within a year (Fig. 9). Additionally, the impact  on the 
intertidal is too small to have any affect on the macrobenthos.  Therefore, the impact  of 
mussel  culture cannot be  adequately evaluated at present. 

Oil spills and  other calamities in or near  the Wadden  Sea can result in a Iarge-scale 
pollution of the area, especially of the benthic  community  in the intertidal area (Bergman, 
1982, 1983). Since these macrobenthic  animals  are important  as food source for wading  
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Fig. 6. Concentrations of soluble reactive phosphate (mmol. m -3) in the compartments  1, 2, 3 
according to the model simulations, a: no discharge of total P (TP) from Lake LTssel; b: standard 

situation; c: TP discharges 1.5 times as large as the standard situation 
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Fig. 7. Total pelagic primary production (10 ~ kg C) simulated with a TP and Si load from Lake IJssel 
equal to 0 (a), the standard situation (b), 1.5 times as large as the standard situation (c) 

o 

a b c 

2 4 6 8 10 12 4 6 8 10 12 

C O M P A R T M E N T  

2 6 8 10 12 

Fig. 8. Mean biomass of benthic suspension feeders in the intertidal (rag C �9 m -2) in the various 
compartments in Apri l -September simulated with a TP and Si load from Lake IJssel equal to 0 (a), 

the standard situation (b), 1.5 times as large as the standard situation (c) 
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Fig. 9. Biomass of benthic suspension feeders in the subtidal (g C �9 m -2) in compartments 1, 4, 5 and 
6 with increased initial values on January 1 

birds (Smit & Wolff, 1983) and juveni le  stages of commercially important  fish species 
(Zijlstra, 1972), such a calamity might have an enormous effect on the funct ioning of the 
area for these animals.  In case of an elimination of the macrobenthic  community,  
recolonization will occur either by new recruitment of juveniles or by immigrat ion of 
adults. The time span necessary for recovery is thought  to be fairly short, i.e. a few years 
(van der Veer et al., 1985). The exact initial response will depend  on the time of 
occurrence, since recrui tment  is restricted to certain periods of the year. Therefore, the 
pat tern of recolonization is simulated 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 reduct ion on 1 January  results in immigrat ion before the period of recruit- 
men t  and makes a larger recruitment possible. In the model, recolonization of the 
epibenthic  predators takes place-by immigrat ion from the North Sea, while the benthic  
suspension feeders can only grow from the existing biomass. Still, 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 continue to decrease, follow- 
ing the natural  seasonal pattern (Fig. 10). In both cases, recovery occurs within a year. 
Severe effects on the epibenthic predators are only observed after a reduct ion in May. 
These results fit fairly well with the expectations. 

In conclusion, it can be, stated that the western Wadden  Sea model  is in general  a 
useful tool in evaluat ing the impact of certain anthropogenic  activities in the area. 
However,  the funct ioning of the subtidal part of the model should be improved as soon as 
possible and, furthermore, the model structure should be extended by an incorporation of 
the N cycle. Finally, it must  be kept in mind that EMOWAD, which only gives a general  
description of the ecosystem, can never  be applied to specific topics without exact 
definition of its specific processes. 

CONCLUSIONS 

The construction, validation and application of the new model of the western part of 
the Dutch Wadden  Sea (EMOWAD) lead to the following conclusions: 
- The use of a detai led hydrodynamical  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. 
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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 by 95 % on January 1 (left) and May 1 (right) compared with the standard model (middle) 

- The  pelagic  primary production is overes t imated in the model.  On the o ther  hand,  the 

b e n t h i c  product ion is underest imated.  
- The benthic  and epibenthic  system in the sublittoral functions insufficiently in the 

present  model.  However ,  a model  version with higher  food availabil i ty for benthic  

organisms in the sublittoral area shows an improvement .  

- In principle EMOWAD is a useful tool in answer ing  certain m a n a g e m e n t  questions.  

Models  can be  very useful to set up and guide  monitoring programmes:  
- A model  can guide monitoring research and indicate parameters  which  should be 

measured  and  at what  frequencies.  

- A mode l  may  structure the storage of chemical  and biological  data sets. Often, it is 

difficult to establish the format in which, for example,  biological  data should  be  stored. 
A mathemat ica l  model  can serve as an in termediate  in storing da ta  of different 

scientists and disciphnes in more accessible forms. 
- Monitor ing data can feed models. On the one hand, model lers  need  da ta  {boundary 

conditions, forcing functions) to make  model  runs for certain years; on the  other  hand, 

managers  would  like to be able to combine the information obtainable  f rom different 

data sets. In the future, the models  may be  used to achieve this goal. 
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N e v e r t h e l e s s ,  w h e n  f u r t h e r  a p p l i c a t i o n s  of E M O W A D  are  m a d e ,  i t  is r e c o m m e n d e d  to: 

- A n a l y s e  t h e  m o d e l  f o r m u l a t i o n  of t h e  p e l a g i c  p r i m a r y  p r o d u c t i o n ,  i n c l u d i n g  l i m i t i n g  

factors .  W h e n  e u t r o p h i c a t i o n  p r o b l e m s  a re  i n v o l v e d ,  a n i t r o g e n  m o d u l e  s h o u l d  b e  

c o n s t r u c t e d .  

- I m p r o v e  t h e  f u n c t i o n i n g  of t h e  sub l i t t o r a l  mode l .  Spec i a l  a t t e n t i o n  s h o u l d  b e  p a i d  to 

t h e  poss ib i l i t y  of i n c l u d i n g  d i f f e r en t  a m o u n t s  of m u s s e l  b i o m a s s e s  in  d i f f e r e n t  m o d e l  

r u n s  in  o r d e r  to s t u d y  t he  i m p a c t  of t h e s e  b i o m a s s e s  on  t h e  r e s t  of t h e  e c o s y s t e m .  

- C r e a t e ,  i n  c o o p e r a t i o n  w i t h  t h e  e n v i r o n m e n t a l  m a n a g e m e n t  of t h e  W a d d e n  Sea ,  a 

d i s c u s s i o n  a n d  w o r k i n g  g r o u p  a r o u n d  t h e  m o d e l  i n s t r u m e n t  to g e n e r a t e  r e l e v a n t  

m a n a g e m e n t  q u e s t i o n s  a n d  to m a k e  t h e  m o d e l  m o r e  a c c e s s i b l e  to p o s s i b l e  users .  

B e c a u s e  of t h e  c o m p l e x i t y  of e c o s y s t e m  m o d e l s ,  t h e  l a t t e r  c a n  o n l y  b e  a c h i e v e d  b y  a n  

ac t ive  p a r t i c i p a t i o n  of t h e  m a n a g e m e n t  in  m o d e l  b u i l d i n g  p ro jec t s .  
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