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Abstract 

The general characteristics of the continental coastal zone, with nutrient concentrations, primary production and biomass 
high near the coast but decreasing with distance from the coast, are simulated by a box-refined version of the ecosystem 
model ERSEM. Aggregated model results compared to the literature as well as to two different three-dimensional models 
show a good agreement in the coastal region. The dynamical interactions as simulated by the ecosystem model are 
presented in the form of N/P ratios, the limitation by various nutrients and changes in the pathways of the flow of matter in 
the boxes; e.g. while the silicate limitation stops the spring bloom offshore, near the coast it is terminated by zooplankton 
grazing. When the river load was reduced by 50%, the largest effect was observed in the coastal boxes with 15% reduction 
of the net primary production. The discharges of the major rivers hardly affect the central North Sea, but lead to significant 
changes in nutrient limitations and mass flows in the coastal area. The realistic forcing, which was adopted for this setup, 
allows a higher net primary production in the southern North Sea in 1989 than in 1988, even though the nutrient river loads 
in 1989 were lower. The reason appears to be a higher solar energy input in 1989, by about 10 W m-’ dd’, compared to 
1988. 0 1997 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

The continental coastal region of the southern 
North Sea is strongly influenced by the discharge 
of the rivers Rhine, Meuse and Elbe. The freshwa- 
ter supply by these rivers leads to strong salinity 
gradients perpendicular to the coast. The region in- 
fluenced by freshwater off the Dutch coast extends 
70 km offshore near the mouth of the Rhine and else- 
where 30 km (Klein and Van Buuren, 1992). Along 

*Corresponding author. Tel.: +49 (40) 4123 5743; Fax: +49 
(40) 560 5724; E-mail: lenhart@ifm.uni-hamburg.de 

with the freshwater, high nutrient loads are supplied 
by the rivers, which lead to eutrophication problems 
in the coastal region. High nutrient contents in the 
water in combination with high primary production 
or large biomasses are biochemical properties char- 
acteristic of the continental coastal zone, e.g. Peeters 
and Peperzak (1990) found an average annual pri- 
mary production of about 325 g C m-* in the 1988 
to 1990 period. 

The ecosystem model ERSEM (European Re- 
gional Seas Ecosystem Model) was developed to 
simulate the ecosystem dynamics of the North Sea. 
The model simulates the annual cycles of carbon, 
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nitrogen, phosphorus and silicon in the pelagic and et al. (1995). The primary production module in 
benthic food webs of the North Sea. The box model ERSEM, consisting of diatoms and flagellates, was 
combines hydrodynamical and ecological processes first presented by Varela et al. (1995). The present 
into one model with the same resolution in space version 11 includes as primary producers four phyto- 
and time. The model is forced by daily values of plankton groups, i.e. diatoms, flagellates, picophyto- 
irradiance, temperature, suspended matter concentra- plankton and inedibles, as described by Ebenhijh et 
tion and transport data for advection and diffusion. al. (1997) and Baretta-Bekker et al. (1997). The sec- 
In the first phase of the ERSEM project a 15box ondary producers consist of heterotrophic flagellates, 
setup (the so-called setup ND15) was used. Results microzooplankton (Baretta-Bekker et al., 1995) and 
from this setup indicated that the spatial resolution mesozooplankton (Broekhuizen et al., 1995). Within 
of the model was too coarse. Radach and Lenhart the microbial food web the bacteria and the partic- 
(1995) suggested that improvements of the model ulate organic matter are simulated as state variables 
results compared to observations can be obtained by while the fluxes through dissolved organic matter are 
refining the box structure to reduce the artificial dif- parameterised (Baretta-Bekker et al., 1995, 1998). In 
fusivity and to better resolve spatial gradients along the sediment the biological dynamics of the benthic 
the continental coast. Therefore in the second phase secondary producers is included (Blackford, 1997) 
of the project a 1” x 1” model setup of the North Sea as well as the breakdown of detrital material in the 
was created as new standard model, containing 130 form of benthic nutrient regeneration (Ruardij and 
boxes in total (the so-called setup ND130). Van Raaphorst, 1995). 

To simulate the full scale of the characteristic 
ecosystem properties with an increased resolution in 
the continental coastal region, ERSEM was further 
adapted in its structural setup by reducing the size 
of the boxes. This box setup of ERSEM called 
COCOA (continental coastal application) has 138 
boxes in total, allowing a focus on the nutrient 
dynamics of the continental coastal waters which 
are characterised by high N/P ratios near the coast. 
Therefore COCOA shows a higher resolution in the 
coastal area than the ND130, while the boxes of the 
central and northern North Sea are larger. 

The focus of this paper is on the dynamical inter- 
actions as simulated by ERSEM to describe different 
ecosystem dynamics with distance from the coast, 
the effect of a reduction of the riverine nutrient 
loads, and the effect of excluding atmospheric loads 
and particulate organic matter as part of the river 
loads. 

For the standard simulation the years 1988 and 
1989 were chosen, since a large set of validation 
data for these two years is available from the Nat- 
ural Environment Research Council (NERC) North 
Sea Programme (Howarth et al., 1994) and from 
other sources. To represent the ecosystem dynamics 
in the coastal region with its highly variable con- 
ditions the relevant information on the morphology 
has been provided and the transport processes are 
parameterised on the scale of the refined box setup 
of COCOA. Apart from the transport forcing, addi- 
tional realistic forcing is provided for the years 1988 
and 1989 to the COCOA model setup in the form of 
time series for radiation, suspended matter concen- 
tration and inorganic and organic river input. For the 
atmospheric nitrogen input a constant load is applied 
to the entire model domain as a first approximation 
of this additional external source. With the introduc- 
tion of the atmospheric input the ecosystem model is 
an extension of the ERSEM version 11. 

2. Model setup 
2.1. Spatial characteristics of the COCOA setup 

The biological part of the model (ERSEM version 
11) consists of an interlinked set of modules, describ- 
ing the biological and chemical interactions between 
the state variables, which can be coupled to each of 
the three model setups for which specific physical 
forcing is applied, depending on the box structure. A 
general description of the model is given by Baretta 

Even though the continental coastal region is the 
main focus of this application, the model domain 
covers the whole North Sea. This avoids an open 
boundary in the vicinity of the area of interest. 
The model area now extends into the Skagerrak 
to resolve problems with the recirculation of the 
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Jutland current within this region. The aim was to 
have a Baltic boundary which represents an area 
where the Baltic outflow is dominant and therefore 
a realistic boundary condition can be prescribed. 
This setup also allows for a comparison with the 
setup ND15 of ERSEM by aggregation of the model 
results in relation to the box volume. This is useful, 
since the setup ND15 is related to the division of 
the North Sea into the ICES-boxes (ICES, 1983), 
which are often used to present data aggregated from 
measurements or model results (Anonymous, 1995; 
Moll, 1995; Lenhart and Pohlmann, 1997). 

In Fig. la the surface boxes of the model area 
of COCOA are presented, covering in total an area 
of 577 620 km2 and a volume of 5 1047 km3. The 
northern and central parts of the North Sea are 
divided into 1” x 2” boxes, which is equivalent to 
5 x 6 grid points of the hydrodynamical model grid 
of HAMSOM (Backhaus, 1985). For resolving the 
horizontal gradients in the coastal areas the division 
was reduced to boxes of 0.5” x 1” degree, which were 
adjusted to the actual coastline, if necessary. In this 
way, the model is finely resolved in the coastal area, 
but also represents the central and northern North 
Sea at a resolution which is still much higher than 
the setup ND15 of ERSEM (Lenhart et al., 1995). 

The central and northern boxes of the ND1 5 
version of ERSEM were vertically separated in order 
to represent the biological processes acting within 
the euphotic zone. Such a vertical division also had 
to be introduced in the COCOA setup. Since the 
hydrodynamic al model (Pohlmann, 199 1, 1996a,b) 
provides information on salinity and temperature, 
the concept of potential energy was used to define 
stratification within a box (Simpson et al., 1977; 
Reid et al., 1988; Lenhart and Pohlmann, 1997). 
The idea was to achieve a vertical box separation 
in a consistent way from the same model as the 
one from which the advective and diffusive transport 
information stems. In Fig. lb the boxes which have 
a vertical separation are presented with the box 
numbers of the lower boxes. One can clearly see the 
lack of stratification near the Orkneys (boxes 25-27) 
and in the region of the Dogger Bank (boxes 52-54) 
while the Skagerrak region (boxes 13 and 14) reflects 
the strongly haline stratification. For comparison, the 
15-box version ND15 of ERSEM is presented in 
Fig. lc. 

2.2. Transport adaptation 

In ERSEM the physical transport of pelagic abi- 
otic and biotic substances is based on physical flow 
fields simulated by the three-dimensional general 
circulation model for the North Sea by Pohlmann 
(1991, 1996a,b). This model is an extension of 
the general shelf sea circulation model HAMSOM 
(Hamburg Shelf Ocean Model) developed by Back- 
haus (1985), based on the primitive shallow wa- 
ter equations. Including temperature as a prognostic 
state variable, the Pohlmann model is a three-dimen- 
sional baroclinic model. The circulation model was 
driven by three-hourly wind stress and air pressure 
distributions and by observed sea surface tempera- 
ture. Details of the model setup and the results are 
described by Backhaus (1985), Backhaus and Hain- 
bucher (1987) and by Pohlmann (1991, 1996a,b). 
For further information on the adaptation of flow 
fields of the three-dimensional model to the ERSEM 
box model see Lenhart et al. (1995) and Lenhart and 
Pohlmann (1997). 

For the setup ND15 of ERSEM the correctness 
of the transport of substances was judged by set- 
ting up a scenario in which the results from the 
box model were compared with the fully resolved 
three-dimensional dispersion model (Lenhart and 
Pohlmann, 1997). Both models were run with the 
same hydrodynamical forcing and the same time 
series of freshwater discharge as was used as con- 
servative tracer, released from a point source. With 
the same scenario the COCOA model was tested 
against the diffusion model. Fig. 2 shows time se- 
ries of the amount of tracer substance integrated 
over all boxes of the model domain and summed 
for every day as percentage of freshwater related to 
the North Sea volume. The bold line (Total) repre- 
sents the total amount of tracer introduced into the 
model area while the wiggly thin line represents the 
contents of the tracer in the dispersion model. The 
latter becomes lower than the total amount when 
some of the tracer substance leaves the model do- 
main over the external boundaries in the dispersion 
model. The lines referred to as Net and Net + HDif 
show the results of the two different parameterisa- 
tions of the transport within the COCOA setup of 
ERSEM. The first (Net) uses only the net transport 
over the box boundaries, and the second (Net + HD- 
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Fig. 1. (a) The surface boxes of the model area of COCOA. The selected boxes 91, 82 and 64 are outlined. (b) The lower boxes of the 
model area of COCOA. (c) The boxes of the model area of the setup ND15 of ERSEM. 

if) uses the net transport plus a horizontal diffusion, stantly overestimates the amount of tracer in the 
applying twice the HAMSOM grid as horizontal model area, the net transport plus horizontal diffu- 
diffusive length scale. Because the net transport con- sion is the appropriate representation of the transport 
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Fig. 2. The freshwater tracer as simulated by the three-dimen- 
sional dispersion model versus the COCOA setup of ERSEM, 
both using the same physical forcing. Cumulative time series as 
percentage of freshwater tracer in relation to the North Sea vol- 
ume for: (Total) the total amount of tracer in the system, ERSEM 
parameterisations using: (Net) net advective transport only, (Net 
+ HDifi net transport plus horizontal diffusion and (thin line) the 
results of the integrated three-dimensional dispersion model. 

which was then implemented in the box model CO- 
COA. 

2.3. Radiational forcing and attenuation 

A synthetic time series of daily solar radiation 
generated by the MOCADOB model (Patsch, 1994) 
is used for each surface box of the COCOA model. 
These values are calculated using monthly frequency 
distributions of observed cloudiness. The distribu- 
tions are given in 2” x 1” cells over the North Sea. 

To include the effect of spatial and temporal vari- 
ations on the light attenuation by suspended matter 
(SPM), box concentrations of SPM were calculated 
from the output of a suspended matter model (Puls 
and Sundermann, 1990; Pohlmann and Puls, 1994). 
The suspended matter concentrations are derived as 
volume-weighted daily mean values for each box. 
As the observational data from the NERC North 
Sea Programme differed greatly from the simulated 
SPM values, the daily mean values calculated from 
the simulation results were re-calibrated with the 
observational data as reference level. 

2.4. River loads 

For the rivers Elbe, Weser, Ems, Lake IJssel (in- 
lets Kornwerderzand and Den Oever), Noordzee- 
kanaal, Rhine, Meuse and Scheldt, time series of 
daily estimates of the dissolved inorganic and or- 
ganic nutrient loads are prescribed based on a study 
by Lenhart et al. (1996). The estimates for the dis- 
solved nutrients in the model consist of phosphate, 
nitrate, ammonium and silicate. The particulate or- 
ganic loads from these rivers enter the model as 
contributions to the state variable detritus, separated 
into phosphorus, nitrogen and silicon. For all other 
rivers the forcing was the same as for the setup 
ND15, using monthly mean load estimates provided 
by the North Sea Task Force (Anonymous, 1992), as 
described by Radach and Lenhart (1995). 

In Fig. 3 the time series of estimated phosphate 
loads of the years 1987 to 1990 are shown for five 
rivers entering the North Sea. These are subsets from 
the study by Lenhart et al. (1996), where time series 
of daily river loads were calculated from 1977 until 
1994. Strong differences can be observed in the total 
nutrient load as well as in the interannual variation 
for each river, with the highest loads occurring in 
spring. The major contributions come from the Rhine 
with phosphate loads of 16.8 x lo6 kg a-’ in 1988 
and 12.6 x lo6 kg a-’ in 1989 and from the Meuse 
with 5.2 x lo6 kg a-r in 1988 and 2.0 x lo6 kg a-’ 
in 1989. All load estimates decrease between 1977 
and 1994 (Lenhart et al., 1996). Therefore the values 
of 1988 and 1989 are at the lower end of the annual 
estimates, with a maximum of 21 .O x lo6 kg a-’ and 
a minimum of 6.7 x lo6 kg a-’ for the Rhine and 
between 10.6 x lo6 kg a-l and 1.2 x lo6 kg a-’ for 
the Meuse. The loads of the Elbe and the Weser are 
much lower (note the different scales in Fig. 3) than 
the ones for the Rhine and Meuse, but the general 
tendency is the same. While the Rhine and the Meuse 
enter box 91, Elbe and Weser discharge into box 78 
and the Ems into box 76 of the COCOA setup. 

2.5. Atmospheric loads 

The atmospheric input of nitrogen to the North 
Sea is considerable and cannot be neglected. How- 
ever, the data for the atmospheric loads are sparse 
and provide mainly overall loads for the North Sea 
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t/day Elbe 
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Fig. 3. Time series of calculated daily phosphate river loads for 
the years 1987 to 1990 (Lenhart et al., 1996) for the rivers Elbe, 
Weser, Ems, Rhine and Meuse entering the North Sea in IO3 kg 
d-’ phosphate (note different scales on the y-axis). 

as a whole or selected parts, e.g., the German Bight 
(Beddig et al., 1995). For this study, figures given 
in the Quality Status Report by the North Sea Task 
Force (Anonymous, 1995) have been used. Here a 
minimum value of 330 x lo6 kg a-’ and a max- 
imum value of 520 x lo6 kg a-l are given as an 
estimate of the total atmospheric nitrogen load for 
the North Sea. Selecting the maximum values as 
reference value and assuming 525 000 km2 as the 
area for the North Sea, about 990 kg N km-* a-l 
or 70.74 mmol N mm2 a-l as atmospheric nitrogen 
load has been introduced. This overall load is equally 
divided between the two ERSEM state variables ni- 
trate and ammonium. In a study by Rendell et al. 
(1993), where detailed measurements were provided 

for the southern North Sea, the total nitrogen in- 
put was estimated to be 412 x lo6 kg a-‘. About 
95% of this input consists of nitrate and ammonium. 
By extrapolating from the detailed atmospheric load 
estimates for the different nitrogen species for the 
southern North Sea to the overall input to the whole 
North Sea, loads of about 244.3 x lo6 kg for nitrate 
and 153.4 x lo6 kg a-’ for ammonium have been 
calculated. The estimates applied as forcing in CO- 
COA are close to the calculations for nitrate but they 
are higher for the ammonium load. In the calculation 
for the German Bight, Beddig et al. (1995) used the 
same partitioning of the total nitrogen load into ni- 
trate and ammonium load as was done for COCOA. 
With the extended model area of 577 620 km2 for the 
COCOA setup, which covers the North Sea plus the 
Skagen-ak, the annual load is 286 x lo6 kg N a-’ 
both for nitrate and ammonium. 

2.6. Initial and boundary values 

The initialisation for the standard run is obtained 
by running the model for 30 years with repeated 
forcing to obtain repeating annual cycles. The values 
after 30 years on 1 January are then used as initiali- 
sation for all state variables in the standard run. 

Boundary values for all four dissolved nutrients 
as well as the validation data, including chlorophyll, 
were derived in the form of monthly mean values by 
Radach et al. (1996) and Radach and Patsch (1997). 
For the two zooplankton groups of omnivorous 
mesozooplankton and carnivorous mesozooplankton, 
monthly mean values could be used from Broekhuizen 
and McKenzie (1995) based on continuous plankton 
recorder data. The trophic web in the COCOA system 
is closed by prescribing the grazing on zooplankton 
as well as the excretion of dissolved nutrients by fish 
and the flux from fish to the detritus pool. 

3. Model results 

3.1. Nutrient and chlorophyll concentrations 

The distributions of nutrients and chlorophyll are 
shown for boxes lined up perpendicular to the coast, 
therefore representing different characteristics of the 
coastal region. The selected boxes 91, 82 and 64 are 
outlined in Fig. la. Box 91, the box where the Rhine 
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and the Meuse enter, exhibits high N/P ratios of up 
to 70 in the simulations. In box 82, a box off the 
coast but still in a region where gradients occur, the 
N/P ratios are between 16 and 35, providing a weak 
N-surplus. In contrast, box 64, in the central North 
Sea south of the Doggerbank, is characterised by 
simulated N/P ratios between 9 and 16 in 1988 and 
15 to 17 in 1989. 

The observed seasonal cycles of phosphate 
(Fig. 4a) and silicate (Fig. 4b) are simulated well for 
all three boxes. For nitrate (Fig. 4c) the river loads 
lead to higher values in box 91, while for boxes 82 
and 64 the winter values of the simulations are too 
high. The rather poor simulation of the nitrate con- 
centration especially in the winter period originates 
in the lack of knowledge about nitrification in the 
water column. Already during the first phase of the 
ERSEM project this problem was flagged (Radach 
and Lenhart, 1995) and despite different attempts 
to improve the model, a good agreement between 
model and observations could not be obtained for 
the whole range of nitrate concentration as observed 
in the North Sea. By using much smaller boxes in 
the COCOA setup than the previous setup ND15 a 
larger concentration range occurs and this problem is 
even more pronounced. 

The simulation of chlorophyll (Fig. 4d) for box 
91 is well within the range given by the measure- 
ments, while in the other two boxes the simulation 
exceeds the values of the measured chlorophyll con- 
centrations in summer. However, the net primary 
production of 361 g C mm2 a-’ for box 91, 321 g 
C mm2 a-i for box 82 and 224 g C me2 a-’ for 
box 64 corresponds well with the measurements pre- 
sented by Joint and Pomroy (1993) and Howarth et 
al. (1994) for the NERC North Sea Programme. Pri- 
mary production is clearly decreasing with distance 
from the coast. In accordance with these values, the 
chlorophyll concentrations in Fig. 4d also decrease 
with distance from the coast. This is also true for 
the winter concentration of the nutrients, while the 
summer concentrations are reduced considerably due 
to the biological activity, as can be seen in Fig. 4a-c. 

3.2. Integrated net primary production 

To be able to compare the results of the COCOA 
setup with measurements and with results of other 

models, the COCOA results were mapped on the 
boxes of the setup ND15 (Fig. lc). In Table 1 the 
simulated net primary production for 1988 and 1989 
are given together with measurements by Joint and 
Pomroy (1993) and Van Beusekom and Diel-Chris- 
tiansen (1994) as well as with output from the 
models ECOHAM (Moll, 1995, 1997) and NOR- 
WECOM (Skogen et al., 1995). Both models have a 
low trophic complexity, but a high spatial and tempo- 
ral resolution compared to COCOA. In addition, for 
both models simulation results aggregated onto the 
ICES boxes are available from the literature, which 
allows a comparison with COCOA results mapped 
onto the setup ND15 of ERSEM. The ECOHAM 
is a three-dimensional primary production model 
simulating the phytoplankton-phosphate dynamics, 
which is driven by the same output from a three- 
dimensional baroclinic circulation model (Pohlmann, 
1996a,b) and actual light forcing (Patsch, 1994) 
as COCOA is. The NORWECOM is a coupled 
hydrodynamical-biological model, based on the gen- 
eral circulation Princeton Ocean Model, and the 
chemical-biological model part with seven state 
variables (four nutrients, two phytoplankton groups 
and detritus). 

For the northern North Sea (boxes l/l 1 and 202) 
the aggregated COCOA values for both years are 
slightly lower than values given by Van Beusekom 
and Diel-Christiansen (1994). The same is true for 
the values from ECOHAM, which correspond well 
with the COCOA values. Only the primary pro- 
duction simulated by the NORWECOM for box 1 
exceeds the values from the literature. While there 
are no literature values available for the Norwe- 
gian Trench (box 3/13) the values of COCOA agree 
well with both models. The COCOA values for the 
central North Sea (boxes 404 and 5/15) for both 
years exceed both the literature values and the values 
from both three-dimensional models. For the Scot- 
tish coast (box 6) the low values for both years are 
a result of a limitation within the box model, since 
the box has a depth of 66 m and is not stratified 
in the setup ND15. The primary production val- 
ues for both years from the COCOA simulation are 
close to the literature value of Van Beusekom and 
Diel-Christiansen (1994). In contrast, both tbree- 
dimensional models exceed this value nearly by a 
factor of 2. 
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Fig. 4. Simulated concentration of (a) phosphate, (b) silicate, (c) nitrate, all in mmol mw3, and (d) chlorophyll in mg Chl-a mm3 for the 
boxes 91, 82 and 64 for the years 1988 (thin line) and 1989 (dashed line) compared to monthly mean values derived from measurements 
(ECOMOD). The measurements from Radach et al. (1996) and Radach and Piitsch (1997) are presented in form of a median value 
(square) and ranges defined by the 17%- and the 83%-quantiles. 

The aggregated COCOA values of annual net pri- 
mary production for the English coast (box 7) are 
lower than the ones of Joint and Pomroy (1993) 
and Van Beusekom and Diel-Christiansen (1994). 

Both three-dimensional models give higher values, 
the NORWECOM being closest to the measurements 
but still a factor of 2 higher, while the ECOHAM 
gives slightly higher values than the COCOA results 



H.J. Lenharr et al./Joumal of Sea Research 38 (1997) 249-274 251 

c. Nitrate [mmol . mT3] d. Chlorophyll-a [mg Chl - a. mm31 

; 
i 
I 
i 

day number 

Box 91 

1 T 

10 

Box 82 
- wan 
-_---. ,eag 

I) ECOMODM. 

0.0 o 60 120 180 240 300 : 

day number 

Fig. 4 (continued). 

for 1989. We may conclude that the inclusion of still near the high value given by Van Beusekom 
suspended matter as forcing within COCOA is not and Diel-Christiansen (1994). The model results 
strong enough to account for the effect the erosion by ECOHAM give a slightly lower value than the 
of the English coast north of the Humber has on the one aggregated from COCOA, while NORWECOM 
attenuation and therefore on the primary production. gives a much lower value. For the German Bight 
For the Dutch coast (box 8), the COCOA values (box 9), the COCOA results are in good agreement 
are higher than both literature values, but they are with both literature values. For both three-dimen- 



258 H.J. Lenharr et al. /Journal of Sea Research 38 (1997) 249-274 

Table 1 
Annual net primary production for the North Sea in g C mm2 a-’ from observations and models 

Boxes Observations Model results 

ND15 ICES J&P B&D NORWECOM ECOHAM COCOA COCOA 
box no. box no. 1988-1989 198Os- 1990s (3D model, 1985) (3D model, 1986) (aggregated, 1988) (aggregated, 1989) 

1+11 I 125 142 98 95 
1+12 2 I25 106 103 
I+13 6 135 111 115 
I+14 7A loo 99 1 I9 135 
lfl5 7B I19 147 102 I61 I85 
6 3A - 75 141 138 57 
7 3B 79 40 123 199 169 
8 4 199 221 161 231 251 
9 5A 261 240 128 233 247 
10 5B _ (128) 167 171 

The results of COCOA are aggregated onto NDI 5. 
J & P: Joint and Pomroy (1993); B & D: Van Beusekom and Diel-Christiansen (1994) and models. 

106 
107 
III 
137 
195 
60 

196 
265 
264 
144 

sional models, the situation is the same as in box 8, 
with ECOHAM being close to the COCOA values, 
and NORWECOM giving an extremely low value. 
This mismatch in the coastal region is explained 
by Skogen et al. (1995) by a missing benthic rem- 
ineralisation in the model. The comparison between 
the aggregated COCOA results and literature shows 
a good agreement of the COCOA simulation with 
observations, especially in the coastal region. For 
the northerly boxes, the correspondence is either also 
good, or shows the same deviation from the literature 
as the two three-dimensional models, e.g. for box 7. 

Both for the southern and the northern North Sea 
in 1989 higher primary production can be observed 
than in 1988 in the COCOA results. For the southern 
North Sea, Klein and Van Bum-en (1992) raised the 
question of how this could be, since river nutrient 
input was considerably higher in 1988 than in 1989. 
A possible explanation from the ERSEM forcing is, 
that in 1989 the solar radiation was more intense 
than in 1988. For the Dutch coastal area, the mean 
daily value was 114.3 W m-* d-l in 1989, compared 
to 104.5 W m-* d-’ in 1988. The 1988 value is 
below and the 1989 value above the long-term mean 
value for the years 1955 to 1993 of 109 W m-’ d-’ 
given by Pgitsch (1997). He also found a significant 
correlation between annual mean light intensity and 
annual net primary production for the southern North 
Sea. 

3.3. Horizontal distribution of primary production 
and phosphate 

In Fig. 5a the horizontal distribution of the net 
primary production is presented as simulated by CO- 
COA for 1988. Values higher than 250 g C m-’ a-l 
occur along the continental coast, with extreme val- 
ues exceeding 300 g C m-* a-’ at the Dutch coast, 
which correspond well with the findings by Peeters 
and Peperzak (1990). This is also in good corre- 
spondence with the distributions given by Joint and 
Pomroy (1993) for the southern North Sea, aggre- 
gated for 1988 and 1989 from measurements, as well 
as ECOHAM simulations by Moll(1997). Especially 
the contour representing 200 g C m-* a-’ matches 
very well with the ECOHAM simulation. Joint and 
Pomroy (1993) found values grater than 300 g C 
me2 a- ’ also in parts of the German Bight and in 
the coastal area of southern Denmark. For the latter 
region a peak of high primary production of about 
250 g C m-* a-’ can also be observed in the distribu- 
tion as simulated by COCOA (Fig. 5a). The elevated 
level of annual primary production of more than 250 
g C m-* a-l west of southern Denmark also devel- 
ops in the long-term simulations with the ERSEM 
setup ND130 over the years 1984- 1993 (Patsch and 
Radach, 1997). While this feature at the Danish coast 
is missing in the paper by Moll (1997), the peak of 
increased primary production on the Doggerbank, 
which is reproduced well by ECOHAM can only be 
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Fig. 5. Horizontal distributions simulated by COCOA for 1988 of (a) the net primary production in g C III-’ a-‘, (b) the monthly mean 
of the N/P ratio in the surface layer (O-30 m) for May and the phosphate concentrations for (c) February and (d) May in the surface 
layer (O-30 m) in mm01 P mm3. 

seen in Fig. 5a as an extension of the 150 g C me2 
a-’ isopleth to the north in the COCOA simulation. 

In Fig. 5b the N/P ratio is presented as simulated 

by COCOA for May 1988. Here the isopleth for 
the N/F’ ratio of 16 shows its widest extension to 
the north, representing the strongest spreading of 
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waters with a relative excess of nitrogen in the 
coastal area, which lasts from May till the end 
of July. The isopleth representing an N/P ratio of 
16 matches quite well the isopleth for a primary 
production value of 200 g C rnw2 a-l (Fig. 5a), 
showing extended primary production in the coastal 
area with N/P ratios over 16 as a consequence of the 
river input. The influence of the continental rivers 
can be seen in areas with values over 30 along the 
Dutch coast and especially in the German Bight. 
We can conclude that the river input extends the 
area with an N/P ratio greater than 16 from the 
coast towards offshore regions, while low nutrient 
availability during summer still limits production. 

The winter and summer distributions of phosphate 
are presented in Fig. 5c,d, representing the 1988 sit- 
uation for February and May, respectively. In the 
winter phosphate distribution (Fig. 5c) large areas of 
the central and northern North Sea show concentra- 
tions of 0.6 to 0.7 mmol P me3 whereas in summer 
(Fig. 5d) the concentration is reduced to 0.1 mmol P 
m -3. In winter values greater 1 .O mmol P mm3 can be 
found in the continental coastal area and at the mouth 
of the Thames. While the summer concentration over 
the entire North Sea is much lower due to biological 
activity, the effect of the river inputs especially at 
the continental coast is very pronounced, as can be 
observed by the strong gradients. 

3.4. Seasonal changes of massjow nearshore and 
offshore 

3.4.1. Nutrient limitations 
Due to the river loads of the Rhine and the Meuse 

there is a high N/P ratio of up to 70 in box 91, with 
annual mean values of 30.5 for 1988 (Fig. 5b) and 
34.8 in 1989. The load of all rivers entering box 91 
leads to a simulated mean N/P ratio of 38.7, while 
the individual rivers show different ratios, e.g. 59.6 
for the Meuse and 28.4 for the Rhine in 1988 and 
69.1 and 35.8 for 1989, respectively. This high ratio 
indicates a relative excess of nitrogen in the box; 
but it does not indicate a P-limitation (Fig. 6a) in 
this box because of the generally high level of nutri- 
ents as discussed before. The only nutrient limitation 
in box 91 is of silicate (Fig. 6a), which occurs in 
one short single event in April and during a num- 
ber of events between May and October. In box 82 

Nutrient limitation 
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80 120 ?en 240 300 360 
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Fig. 6. Simulated limitation for silicon (thin line), phosphorus 
(dotted line) and nitrogen (dashed line) for diatoms for the boxes 
(a) 91, (b) 82 and (c) 64 for 1988. The value of the nutrient 
limitation function represents no limitation for the value 1 and 
increasing limitation for lower values. 

(Fig. 6b) the first event is extended in time, and the 
limitation function reaches lower values indicating a 
stronger limitation. In summer, silicate limitation oc- 
curs during the same period as in box 9 1, but without 
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interruptions. Between July and September there is 
also a phosphate limitation. In box 64 (Fig. 6c) the 
first silicate limitation event is even more extended in 
time than in boxes 91 and 82, while during summer 
there are two short periods in July and August with 
silicate limitation. Between these periods a nitrogen 
limitation event can be observed, but no phosphate 
limitation. There is a shift from phosphate limita- 
tion to nitrogen limitation between boxes 82 and 64, 
which is in agreement with the N/P ratio. The effect 
of the river loads in box 82 is noticeable, both in 
the N/P ratio and in the occurrence of phosphate 
limitation. In contrast, in box 64 nearly central North 
Sea conditions are reached with an N/P ratio of less 
than 16 and nitrogen limitation, both for diatoms 
and picophytoplankton (not shown). In box 54 (not 
shown), north of box 64, the N/p ratio is about the 
same and all four phytoplankton groups in the model 
show nitrogen limitation. 

3.4.2. Silicate dynamics 
The time series for diatoms for the three se- 

lected boxes (Fig. 7a) differ in the magnitude of the 
biomass, showing lower concentrations with distance 
from the coast. The simulated zooplankton grazing 
of omnivorous mesozooplankton (Fig. 7b) represents 
about 90% of the total grazing on diatoms. One can 
clearly see a peak reaching up to 2.0 mmol Si mm3 
d-’ in box 91 at the beginning of April. As there is 
no severe silicate limitation for the diatoms at this 
time (Fig. 6a), we conclude that in box 91 the diatom 
spring bloom is terminated by increasing grazing 
pressure. For boxes 82 and 64 the lower grazing 
pressure of e.g. 0.1 mmol Si mV3 d-i for box 82, 
which is maintained throughout the summer, is in- 
sufficient by itself to terminate the bloom. In Fig. 7c 
the mortality flux from diatoms to detritus is shown 
as contribution to the detritus pool. Even in box 91, 
the total amount reaches at most 0.5 mmol Si rnB3 
d-l, which is a factor of 4 less than the grazing seen 
in Fig. 7b at the same time. In contrast, the peaks 
of diatom mortality in boxes 82 and 64 are higher 
than the corresponding grazing fluxes. As there is 
a severe silicate limitation both in boxes 82 and 64 
during the spring bloom peak, we conclude that the 
spring bloom of diatoms in both boxes was termi- 
nated by silicate limitation, leading to an increased 
flux of dead diatoms to detritus. 
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Fig. 7. Simulated concentration of (a) diatoms in mg C me3, the 
fluxes of (b) mesozooplankton grazing in mmol Si mm3 d-’ and 
(c) diatom mortality in mmol Si m -3 d-’ for the boxes 91 (thin 
line), 82 (dotted line) and 64 (dashed line) for 1988. 

The major contributions to the dissolved silicate 
budget for box 91 are shown in Fig. 8a as annual 
cumulative fluxes in lo6 kg for 1988 together with 
the silicate box content (bold line). In the first three 
months, the river input and the advective transport 
out of box 91 are the major processes. They are not 
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Fig. 8. Annual cumulative budget of silicate in lo6 kg (kt) for the boxes (a) 91 and (b) 64 for 1988. The bold line represents the 
simulated silicate content of the box denoted as Si. 

balanced, and the silicate box content is increasing. 
At the beginning of April, the uptake by diatoms 
increases which is mirrored after a time lag of about 
one month by remineralisation via the sediment. Af- 
ter the silicate pool has been drastically reduced due 
to uptake by diatoms at the beginning of April, the 
river input shows a reduced but nevertheless steady 
increase in its cumulative flux contribution to the 
silicate budget. In contrast there is no increase in 
the transport or in the horizontal diffusion until the 
dissolved Si-concentration begins to increase again. 
The provision of silicate by remineralisation and by 
the river input serves for uptake by the diatoms. This 
can be seen in a continuous increase of the cumula- 
tive uptake curve which agrees well with the fact that 
only episodic silicate limitations events occur in box 
91. In the silicate budget for box 64 (Fig. 8b) the up- 
take of 78 x lo6 kg and remineralisation of 82 x lo6 
kg are the major processes with only a small neg- 

ative contribution by the transport of 11 x lo6 kg. 
The beginning of the silicate limitation periods in 
April and June can be seen in the steps of the uptake 
curve. 

The silicate budget for the diatoms in box 91 
(Fig. 9a) clearly shows the cumulative grazing to 
be the strongest negative flux, and at the same time 
it mirrors the uptake flux as the strongest positive 
contribution in the budget. Therefore the conclusion 
that the diatom spring peak is stopped by grazing 
(Fig. 7b) can also be seen in the budget. Diatom 
mortality is always less than the grazing loss and 
shows only a small increase after a certain level is 
reached soon after the spring bloom. In contrast to 
the silicate budget for box 91 (Fig. 8a), only a small 
contribution by the transport to the diatom silicon 
budget occurs. In the corresponding budget for box 
64 (Fig. 9b), the major difference is the high level of 
flux to the detritus relative to the grazing during the 
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Fig. 9. Annual cumulative budget of diatom-silicate in lo6 kg (kt) for the boxes (a) 91 and (b) 64 for 1988. The bold line represents the 
simulated diatom-silicate content of the box denoted as Pls. 

period of the spring bloom. In addition, the detritus 
production exceeds the grazing from the beginning 
of February until the middle of July. Therefore, the 
spring bloom in box 64 was not governed by grazing, 
but was stopped by silicate limitation. At the same 
time diatom mortality has its strongest increase. 

To quantify the effect of the different limitations 
acting within the ecosystem, we consider the result- 
ing mass flows in the different boxes in relation to 
net uptake. In box 91, where zooplankton grazing 
was the major process balancing the nutrient uptake 
of silicate by diatoms, 76% of net uptake contributes 
to the zooplankton and 13% goes into detritus pro- 
duction. In box 82 the zooplankton receives 66% of 
the net uptake and in box 64 this is only 60%. Along 
with this reduction in the zooplankton grazing on 
diatoms goes an increase in the contributions to the 
detritus pool of 22% in box 82 and 35% of the net 
uptake in box 64. 

3.4.3. Phosphorus and nitrogen 
The internal dynamics of the different boxes, 

as discussed on the basis of the silicate budget in 
the previous chapter, is acting on the scale of the 
pelagic ecosystem as a whole. A standardised format 
for showing the budgets has been developed which 
allows direct comparisons between the boxes, e.g. 
Figs. 10 and 11. The squares indicate state variables 
or sum of state variables, while big arrows give the 
fluxes between the state variables, integrated over 
one year (in lo6 kg), as there are nutrient uptake by 
phytoplankton (DIP+PHY), grazing of zooplankton 
on phytoplankton (PHY+ZOO), excretion of nutri- 
ents by zooplankton (ZOO-+DIP), loss of zooplank- 
ton to detritus (ZOO+DET), grazing of zooplankton 
on bacteria (BAC-+ZOO), feeding of bacteria on de- 
tritus (DET+BAC) and the uptake (DIP-+BAC) or 
the excretion (DIPtBAC) of nutrients by bacteria 
depending on the direction of the arrow. In addition 
the inputs by the rivers and, for nitrogen also by the 
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Fig. 10. Annual phosphorus budget for 1988 in IO6 kg (kt) for box (a) 91 and (b) box 82. The squares indicate state variables or sums 
of state variables in the model, e.g. DIP for phosphate, PHY for the sum of all four phytoplankton groups, ZOO for the sum of the three 
zooplankton groups, DET represents detritus as sum of POM and DOM and BAC for bacteria. The number above the state variable shows 
the initial box content and the one below the content at the end of the simulation in IO6 kg. The big arrows give the fluxes between 
the state variables, the river input, and the sedimentation, while the smaller arrows mark the contribution of advective and diffusive 
horizontal transport and fish. 

atmosphere, are indicated as well as the fluxes from 
or to the sediment. For phytoplankton and detritus 
the flux into the sediment represents the sum of two 
different processes, one being the sinking of phyto- 
plankton or detritus and the second the activity of 
the benthic filter feeders on these two pelagic state 
variables. The smaller arrows mark the contributions 
of advective and diffusive horizontal transport and 
the interaction with fish as next trophic level. 

Of the 23.4 x lo6 kg phosphorus river input to 
box 91 (Fig. 10a) 87% is directly transported away 
from the box. The uptake of phosphorus by the phy- 
toplankton (73.1 x lo6 kg) is the highest flux in 
the budget for box 91. Compared to phytoplankton 
uptake, an amount of 69% is grazed by zooplank- 
ton and 23% ends as contributions to detritus by 
mortality. The excretion losses by the zooplankton 
to the inorganic nutrient pool make up about 43% 

of the nutrient uptake. With this return flow to the 
inorganic nutrient pool a first cycle, here called the 
autotrophic loop, is closed. The zooplankton feeding 
on bacteria with 70% of the nutrient uptake yields 
an even higher input to the zooplankton than the 
grazing on phytoplankton. This high rate of grazing 
of zooplankton on bacteria is supported by a strong 
flux from zooplankton to detritus, which makes up 
90% of the nutrient net uptake. The contributions 
to the detritus pool both by phytoplankton and zoo- 
plankton mortality allow a high amount of detritus 
material to be taken up by bacteria, i.e. about 77% 
of the net uptake. Therefore we can recognise an im- 
portant second cycle representing the heterotrophic 
loop, starting with contributions to the detritus pool 
by zooplankton mortality, continuing with bacterial 
uptake and ending with zooplankton grazing on bac- 
teria. In box 91 the heterotrophic loop is supported 
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Fig. 11. Annual nitrogen budget for 1988 in lo6 kg (kt) for (a) box 91 and (b) box 82. DIN represents the sum of nitrate plus ammonium. 
Above the river input the contribution by atmospheric nitrogen loads is indicated. See further the legend of Fig. 10. 

by the additional input of organic material by the 
rivers into the detritus pool, which is about 70% 
of the river input to the inorganic nutrient pool. 
The total of phytoplankton and detritus losses to the 
sediment of 38.3 x lo6 kg nearly balances the rem- 
ineralisation flux from the sediment to the inorganic 
nutrient pool of 36.4 x lo6 kg, leaving a small net 
gain for the sediment of 1.9 x lo6 kg or 3% of the 
net nutrient uptake by the phytoplankton. 

A comparison of the pelagic phosphorus budget 
for the offshore box 82 in 1988 (Fig. lob) with the 
one for box 91 still shows the two major pathways 
as described for box 91, but they have changed their 
relative importance within the ecosystem in box 82. 
The missing input by the river in box 82 in combina- 
tion with the lower winter concentration results in a 
reduced net uptake of nutrients by phytoplankton of 
33% compared to box 9 1. Note that the higher volume 
in box 82 than in box 91 results in a higher amount of 
phosphorus in the box, even though the phosphorus 
concentration is lower, e.g. the winter concentration 

is 1.4 mmol P me3 in box 91 compared to 1 .O mmol P 
rnB3 in box 82. These reduced winter concentrations 
cause a silicate and phosphate limitation in box 82, as 
presented earlier. Of the 49.2 x lo6 kg phytoplankton 
uptake about the same amount is grazed by zooplank- 
ton (63%) or lost to the sediment (4%) as in box 91. In 
contrast, the flux towards the detritus pool by phyto- 
plankton mortality has increased to 32% compared to 
23% in box 91. In box 82 the contribution to detritus 
by zooplankton mortality exceeds even the nutrient 
uptake, showing a shift in the relative importance to- 
wards the heterotrophic loop. Because of the missing 
inorganic river load leading to nutrient limitation, the 
recirculation of organic material via bacteria is the ma- 
jor mass flow in the ecosystem in box 82. The input to 
the sediment both by phytoplankton and zooplankton 
of 22.8 x lo6 kg exceeds the remineralisation of 22.2 x 
lo6 kg by 0.6 x lo6 kg. In box 64 (not shown here) 
the net uptake is even more reduced to 53% of that in 
box 9 1. Generally the same shift to the heterotrophic 
loop as the dominant mass flows can be observed. 
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The phosphorus budgets of the individual phyto- 
plankton groups (not shown here) reveal an increased 
detritus production off the coast especially for flagel- 
lates and dinoflagellates, despite a lower net uptake 
due to nutrient limitation at the same time. This 
results mainly in a lower zooplankton grazing on 
diatoms, flagellates and dinoflagellates. This corre- 
sponds with an increased grazing of zooplankton on 
bacteria, since the bacteria show a stronger feeding 
on the higher detritus pool. 

There are some structural differences between the 
nitrogen budget (Fig. lla) and the phosphorus bud- 
get (Fig. 10a) for box 91. The first is the additional 
input from the atmosphere of 4.6 x lo6 kg, which is 
only about 1% if the inorganic input by the rivers. The 
second is an additional loss term for nitrogen in the 
sediment. This loss represents the process of denitti- 
fication in the sediment, by which 15.8 x lo6 kg are 
removed from the system. In addition, the inorganic 
nutrient input from the river loads into the organic 
pool makes up a fraction of only 23%, while in the 
phosphorus budget the relation was 70%. In contrast, 
the amount of detritus lost to the sediment is higher 
in the nitrogen budget than in the phosphorus bud- 
get. Here, the input by detritus alone already exceeds 
the remineralisation to the inorganic nutrient pool by 
the sediment. The higher input of detritus to the sed- 
iment in box 91 results in a lower mass flow through 
the heterotrophic loop. Furthermore, the excretion by 
bacteria into the inorganic nutrient pool has increased 
to 16% of the net uptake in box 91, compared to 5% in 
the phosphorus budget. This is balanced by the zoo- 
plankton excretion which is reduced to 30% of the net 
uptake compared to 43% in the phosphorus budget. 
Therefore, we conclude that the nitrogen budget for 
box 91 shows a stronger dominance of the autotrophic 
loop than the phosphorus budget. 

In the nitrogen budget for box 82 (Fig. 1 lb) the 
input by the atmosphere is the only external source 
of inorganic nutrients. This affects the nitrogen up- 
take by phytoplankton, which is 22% lower than 
in box 91, even though the net uptake remains the 
strongest flux. The heterotrophic loop is fed by a 
slightly higher grazing than in box 91 but loses con- 
siderably by bacterial excretion of about 13% of the 
net uptake in box 82, while there was a net gain 
to the bacteria in the phosphorus budget. Generally 
there is the same tendency to a relatively stronger 

heterotrophic loop in box 82 than in box 91 both 
in the nitrogen budget and in the phosphorus bud- 
get. But for box 82 the dominant mass flow in the 
nitrogen budget is still within the autotrophic loop. 
Only in box 64 (not shown here) has this tendency 
to a stronger heterotrophic loop offshore reached 
the same level as in the phosphorus cycle, with the 
flux from zooplankton to detritus exceeding the net 
uptake of nutrients by phytoplankton. 

The nitrogen budget of the diatoms (not shown 
here) shows the grazing by omnivorous mesozoo- 
plankton on diatoms to reach about the same level as 
the net uptake of nitrate in all three boxes. However, 
in the coastal box 91 the start of this grazing by 
omnivorous mesozooplankton follows with a time 
shift nearly parallel to the nitrate uptake. Therefore, 
the spring bloom is ended by this increased graz- 
ing pressure in box 91. In contrast, in the offshore 
boxes 82 and 64 the zooplankton grazing by omniv- 
orous mesozooplankton follows the ammonium up- 
take. Only after the spring bloom do the ammonium 
and the omnivorous mesozooplankton grazing start 
to increase and reach the same level as the nitrate 
uptake in boxes 64 and 82. Therefore, nutrient lim- 
itation terminates the spring bloom in boxes 82 and 
64, leading to increased mortality and contributions 
to the detritus pool, while the zooplankton grazing 
follows the production fed by ammonium regenera- 
tion. This results in considerable differences in the 
uptake of nitrate and ammonium by diatoms and 
flagellates. While the uptake in box 91 is 108 x lo6 
kg nitrate and 30 x lo6 kg ammonium for diatoms 
and 101 x lo6 kg nitrate and 37 x lo6 kg ammonium 
for flagellates these values change towards an in- 
creased uptake of ammonium in the offshore boxes. 
The corresponding values for box 82 are 33 x lo6 
kg nitrate and 29 x lo6 kg ammonium for diatoms 
and for flagellates 58 x lo6 kg nitrate and 87 x lo6 
kg ammonium. Thus the ammonium uptake by flag- 
ellates exceeds the one of nitrate uptake in box 82. 
The same goes for box 64. 

4. Reduction scenarios 

Scenarios were run to test the effect of reduction 
of the riverine nutrient load, the effect of neglecting 
the particulate organic matter load and of the atmo- 
spheric input in the forcing of the model. All sce- 
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nario model runs were carried out in the same way 
as the standard runs by running a simulation with 
the scenario setup over 30 years to obtain repeating 
annual cycles. The simulation results represent the 
ecosystem model in a new steady state which has 
adapted itself to the new forcing. 

For the river loads three different scenario runs 
were carried out, applying a 25% reduction in sce- 
nario A, a 50% reduction in scenario B and a 75% 
reduction of the river loads in scenario C. In these sce- 
narios the phosphorus and nitrogen input was reduced 
as inorganic and organic load, but there is no reduc- 
tion of inorganic silicate since there is no evidence for 
a reduction of inorganic silicate over the years in the 
literature (Van Bennekom et al., 1975). For the partic- 
ulate organic matter, however, the silicate is reduced 
in the same way as the other organic compounds. 

for both years, aggregated into the 15 boxes of 
the setup ND15 (Fig. lc). As expected, the highest 
effects of the reduced river loads are found in boxes 
8 and 9, representing the continental coastal zone, 
and the English coastal box 7. These boxes show a 
reduction of net primary production of more than 6% 
in scenario A, about 14 to 15% in scenario B and 
between 21 and 30% in scenario C in comparison 
with the standard run. In 1988, the highest effect 
was in the Dutch coastal box 8 with 17% difference 
in scenario B and 30% in scenario C. In 1989 the 
highest values of 16% in scenario B and 30% for 
scenario C were in the German Bight box 9. This is 
also the highest effect found in all boxes for the river 
scenarios. 

4.1. Effects on the primary production 

In Table 2 the annual net primary production 
values are presented for the five different scenarios 

There is almost no effect on the aggregated net 
primary production of the reduced river load in the 
northerly boxes l/11 and 2/12. Also, little effect of 
the different river scenarios is found in the Scottish 
coastal box 6. This is surprising, since there are 
sources of river input acting in this box, e.g. the Firth 
of Forth, but they are rather small compared to the 

Table 2 
Comparison of annual net primary production from five different scenarios for the North Sea in g C m-* a-’ for 1988 and 1989 

ND15 
box no. 

Standard run COCOA scenarios 

A (25% red.) B (50% red.) C (75% red.) D (no atm.) E (no POM) 

COCOA 1988 
lfll 
2+12 
3+13 
4+14 
5+15 
6 
7 
8 
9 
10 

COCOA 1989 
1+11 
2+12 
3+13 
4+14 
5+15 
6 
7 
8 
9 
10 

95 94 (1.1) 93 (2.2) 91 (4.3) 90 (5.3) 93 (2.2) 
103 102 (1.0) 101 (2.0) 99 (3.9) 95 (7.8) 101 (2.0) 
115 109 (5.3) 107 (7.0) 106 (7.9) 102 (11.4) 109 (5.3) 
135 130 (3.7) 129 (4.5) 127 (6.0) 116 (14.1) 131 (3.0) 
185 174 (6.0) 165 (10.9) 155 (16.3) 159 (14.1) 178 (3.8) 
51 56 (1.8) 56 (1.8) 56 (1.8) 52 (8.8) 56 (1.8) 

169 158 (6.5) 146 (13.6) 133 (21.3) 148 (12.4) 163 (3.6) 
251 233 (7.2) 209 (16.7) 176 (29.9) 241 (4.0) 231 (8.0) 
247 232 (6.1) 210 (15.0) 176 (28.7) 242 (3.0) 225 (9.0) 
171 158 (7.7) 147 (14.0) 135 (21.1) 156 (8.2) 162 (6.0) 

106 105 (1.0) 101 (4.7) 99 (6.6) 99 (6.6) 101 (4.8) 
107 106 (1.0) 102 (4.7) 100 (6.6) 98 (8.5) 101 (5.7) 
111 108 (2.8) 106 (4.6) 101 (9.0) 100 (10.0) 103 (7.3) 
137 134 (2.2) 131 (4.4) 127 (7.3) 117 (14.6) 130 (5.2) 
195 180 (7.7) 174 (10.8) 167 (14.4) 167 (14.4) 185 (5.2) 
60 59 (1.7) 59 (1.7) 58 (3.4) 55 (8.4) 59 (1.7) 

196 183 (6.7) 169 (13.8) 155 (21.0) 172 (12.3) 189 (3.7) 
265 249 (6.0) 229 (13.6) 201 (24.2) 253 (4.6) 247 (6.8) 
264 245 (7.2) 219 (16.1) 185 (30.0) 253 (4.2) 239 (9.8) 
144 131 (9.0) 126 (12.5) 122 (15.3) 126 (12.5) 133 (7.7) 

The numbers in brackets denote the reduction in percent compared to the standard runs. 
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river nutrient loads by the Rhine or the Meuse. The 
Norwegian Trench (box 303) shows consistently 
larger effects than the central North Sea (box 4/14), 
probably as a result of the outflowing water masses 
from the continental coastal region via the Norwe- 
gian Trench, while box 4/14 is still governed by the 
short recirculation system of Atlantic inflow water. 
In box 5/15 the effects of the reduced river loads can 
clearly be seen in a difference of the net primary pro- 
duction of up to 8% in scenario A, 11% in scenario B 
and 16% in scenario C compared to the standard run. 
Here the effect on the neighbouring coastal boxes 
can be observed to the same degree as in the Danish 
coastal box 10, through which passes the outflowing 
water of the continental coastal region. Overall the 
influence of reduced river loads is strongest in the 
continental coastal boxes and to a lesser degree in 
the northerly box 5/15 or the outflow boxes 10 and 
3/13. This is in agreement with Klein and Van Bu- 
uren (1992), who argued that the discharges from the 
major rivers hardly affect the central North Sea as a 
result of the prevailing current patterns. 

Two additional scenarios were run with the atmo- 
spheric input (scenario D) or the river load of par- 
ticulate organic matter (scenario E) set to zero. For 
scenario D, where the atmospheric nitrogen input is 
neglected, the net primary production is reduced be- 
tween 3% and 14% compared to the standard runs. 
The highest effect with up to 15% can be found in 
boxes 4114 and 5115 for both years, followed by box 
7 with 12% and 11% for box 303. The continental 
coastal boxes 8 and 9 show a much lower effect of less 
than 5% of the annual primary production in compar- 
ison with the standard runs for both years. The effect 
of neglecting atmospheric nitrogen input can be com- 
pared to the effect of the reduction of the river loads 
for boxes of the central North Sea, but it does not have 
a big influence on the continental coastal boxes where 
the effect of the river input is strongest. 

In scenario E, where the particulate organic matter 
loads are neglected, the highest differences can again 
be found in the continental coastal boxes 8 and 
9 with up to 10% difference to the net primary 
production of the standard run. The outflowing boxes 
10 and 3113 both give values of about 7%, while 
the English coastal box 7 with about 4% shows a 
reduced response to this kind of forcing. This shows 
that neglecting the particulate organic river load has 

a major effect on the same boxes as the reduction 
of the inorganic river loads. Overall the difference 
in the annual net primary production compared to 
the standard run can reach 10%. This is, however, 
lower than the effect of neglecting the atmospheric 
nitrogen load. 

4.2. Effects of a 50% reduction of the river loads on 
the ecosystem 

The effects of scenario B, a 50% reduction of the 
river loads, will be presented here in more detail. 
When comparing the simulated phosphate concen- 
trations for the standard run to scenario B for boxes 
91 and 82 (Fig. 12a,b), we can clearly see the re- 
duced level of phosphate concentration in winter but 
also in summer in both boxes. As expected, the dif- 
ferences are lower in the offshore box 82. The same 

day number 

Fig. 12. The simulated phosphate concentrations for boxes 91 (a) 
and 82 (b) as standard run (thin line) and the scenario B run 
(dashed line), with a 50% reduction in river load for 1988 in 
mm01 P rne3. 
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Fig. 13. The simulated chlorophyll-a concentrations for boxes 91 
(a) and 82 (b) as standard run (thin line) and the scenario B run 
(dashed line), with a 50% reduction in river load for 1988 in mg 
Chl-a m-s, 

can be seen for the other nutrients (not shown here), 
with the lowest effect on the silicate concentration. 
In contrast, looking at the corresponding chlorophyll 
time series (Fig. 13a,b), shows that the difference 
between the two runs is very small. Both boxes show 
about the same level in the spring peak, while the 
standing stocks over the summer exhibit differences, 
especially in box 82 (Fig. 13b). 

This can partly be explained from the nutrient 
limitations in both boxes, e.g. for the diatoms. In the 
silicate limitation function in box 91 (Fig. 14a) a se- 
ries of short-term events occur. In box 82 (Fig. 14b) 
the silicate limitation functions are nearly the same 
in both runs during the spring peak and in early 
summer. However, the long period of silicate limita- 
tion during summer in the standard run is broken up 
into three smaller periods with no limitations acting 
in between in the scenario run. When comparing 
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Fig. 14. The simulated silicate limitation functions for boxes 91 
(a) and 82 (b) as standard run (thin line) and the scenario B run 
(dashed line), with a 50% reduction in river load for 1988. 

the phosphate limitation function acting in box 91 
(Fig. 15a), phosphate limitation occurs in summer 
in the reduction run while there is no limitation in 
the standard run. In box 82 (Fig. 15b) the small 
phosphate limitation in summer in the standard run 
is extended in intensity and in time in the scenario 
B run. For the nitrogen limitation (not shown here) a 
short period of limitation occurs in box 91; a more 
intensive limitation occurs in box 82, while there 
was no limitation in the standard run. In conclusion, 
because there are no differences in the silicate limita- 
tion during the spring bloom there are no differences 
at this time in the chlorophyll time series. As phos- 
phate and nitrogen limitations begin to act in the 
reduction run during summer, obvious differences 
in the corresponding chlorophyll concentrations de- 
velop. Moreover, as the other limitations are still 
acting, the silicate limitation is weaker especially 
during the end of the summer. 
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Box 91 

(b) 

BOX 82 

day number 
Fig. 15. The simulated phosphate limitation functions for boxes 
91 (a) and 82 (b) as standard run (thin line) and the scenario B 
run (dashed line), with a 50% reduction in river load for 1988. 

Finally, in the nitrogen budget for the pelagic 
ecosystem in box 91 (Fig. 16) for the 50% river 
reduction scenario B, the net uptake constitutes 81% 
compared to the nitrogen uptake in the standard run 
(Fig. lla). The difference of 19% is more than the 
corresponding difference of the net primary produc- 
tion for box 8 in Table 2. In box 82 (not shown 
here) the difference in the nitrogen uptake amounts 
to 37% of the uptake in the standard run. While the 
nitrogen uptake in box 91 is reduced in the reduction 
scenario run, the loss terms of phytoplankton make 
up 28% due to mortality. The zooplankton grazing 
on phytoplankton is lower than in the standard run, 
but the heterotrophic loop shows a higher amount 
of net uptake than the standard run. Even though 
the overall uptake is reduced in the scenario run, 
the ammonium uptake by diatoms and flagellates has 
increased, while the nitrate uptake has decreased, 
indicating a drastic change in the uptake relations. In 

NITROGEN BUDGET BOX 91 
ANNUAL [kt N / Yl 

0.8 ??PHY 
1.0 

Fig. 16. Annual nitrogen budget for the scenario B run, with 
a 50% river reduction in 1988, in 106 kg (kt) for box 91. See 
further the legends of Figs. 10 and 11. 

contrast, the comparison of the annual net primary 
production gives only a small hint of the changes 
occurring in the dynamics of the reduction scenar- 
ios, while major differences in uptake or further 
mass flows through the ecosystem yield quite similar 
primary production values. 

5. Discussion and conclusion 

To describe the ecosystem dynamics in the con- 
tinental coastal zone, the ecosystem model ERSEM 
was used in the frame of the COCOA setup by re- 
ducing the size of the boxes especially in the coastal 
areas. The realistic forcing, which was adopted for 
this setup, provided answers to the question raised 
by Klein and Van Buuren (1992), why there was a 
higher net primary production in the southern North 
Sea in 1989 than in 1988, even though the nutrient 
river loads in 1989 were lower. The reason appears to 
be a higher solar energy input in 1989 by about 10 W 
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m-* dd’, than in 1988. This increase of solar energy 
overcomes the effects of a smaller river nutrient load 
by providing more light for primary production. 

Comparison of simulated nutrient concentrations 
with measurements showed a good agreement for 
nutrients which exhibit a clear seasonal cycle. How- 
ever, for some boxes the simulated winter concen- 
trations of the nutrient tended to be higher than 
observed. While the simulated chlorophyll concen- 
trations showed higher values in the onshore boxes, 
the annual net primary production decreased away 
from the coast which is in good agreement with data 
(Joint and Pomroy, 1993). The comparison between 
the aggregated COCOA results and numbers given 
by Joint and Pomroy (1993) and Van Beusekom and 
Diel-Christiansen (1994) shows a good agreement of 
the COCOA simulation especially in the coastal re- 
gion. For the northern boxes, the accordance is also 
good or shows the same deviation from the litera- 
ture as the two three-dimensional models ECOHAM 
(Mall, 1995, 1997) and NORWECOM (Skogen et 
al., 1995). Furthermore, strong horizontal gradients 
as simulated by COCOA could be presented in the 
horizontal distributions of the net primary produc- 
tion and the phosphate concentration. The extension 
of the influence by the river loads on the ecosystem 
could also be demonstrated by the distribution of the 
isopleth representing an N/P ratio of 16. 

Based on the N/P ratios, three different boxes 
were selected to represent different dynamics of the 
coastal ecosystem. A high N/P ratio indicating a ni- 
trogen surplus in the box where Rhine and Meuse en- 
ter does not necessarily mean a phosphate limitation, 
because of the high levels of nutrients introduced 
by the rivers. In fact, there is only a small silicate 
limitation in this coastal box, while the causes of 
the limitation change towards offshore regions from 
a phosphate limitation to a nitrogen limitation near 
to the central North Sea, always in addition to a 
strong silicate limitation in these offshore boxes. Be- 
cause there is no severe silicate limitation in the 
coastal box, the diatom spring bloom is stopped 
by increased grazing pressure, while in the offshore 
boxes the spring bloom was ended by silicate lim- 
itation, leading to an increased flux to detritus due 
to increased diatom mortality. Therefore the major 
difference between the coastal box and the offshore 
boxes is the increase of the flux to detritus relative 

to the grazing during the period of the spring bloom. 
To show the effect on the ecosystem as a whole, the 
resulting mass flows in the different boxes in relation 
to the net uptake were quantified to be a loss of about 
16% for the zooplankton grazing on diatoms and a 
gain of 20% for the flux to the detritus in relation to 
the net uptake towards offshore regions. 

Furthermore, two different cycles of mass flow for 
phosphorus and nitrogen were identified. The first, 
denoted as the autotrophic loop, starts with the net 
uptake as the strongest flux occurring in the coastal 
box. The importance of the second cycle, represent- 
ing the heterotrophic loop, can also be shown in 
the coastal box, because in this box the zooplankton 
feeding on bacteria is higher than the zooplankton 
grazing on phytoplankton. In the coastal box the het- 
erotrophic loop is supported by the additional input 
of organic material from the rivers, which is about 
70% of the river input of phosphate to the inor- 
ganic nutrient pool. In the offshore box the missing 
input by the river in combination with the lower 
winter concentration results in a reduced net uptake 
of phosphate by phytoplankton of 33%, compared 
to the coastal box. There is a genera1 shift in the 
relative importance of the cycling towards the het- 
erotrophic loop. The contributions by zooplankton 
mortality to detritus exceeded the nutrient uptake to- 
wards offshore regions. The missing inorganic river 
load leads to nutrient limitation, and detritus produc- 
tion increases towards offshore regions, especially 
by flagellates and dinoflagellates, leaving the miner- 
alisation of organic material by bacteria as the major 
nutrient mass flow in the ecosystem. 

In the nitrogen budget, the additional atmospheric 
input corresponds only to about 1% of the river con- 
tributions in the coastal box. Compared to the input 
to the inorganic nutrient pool, the organic nitrogen 
input by rivers accounts for only 23%. Nevertheless, 
there is a higher input of detritus into the sediment 
in the coastal box in terms of nitrogen, which results 
in a lower mass flow through the heterotrophic loop. 
Therefore, the nitrogen budget for the coastal box 
still shows a stronger dominance of the autotrophic 
loop than the phosphorus budget. As a consequence, 
the shift of the relative importance towards the het- 
erotrophic loop is only achieved to the same degree 
as in the phosphorus budget for the offshore box near 
the central North Sea. Within the nitrogen budget the 
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effects of the different limitations acting can be high- 
lighted even more by showing the different pathways 
for nitrate and ammonium. In the coastal box, with 
no severe nutrient limitation, the spring bloom is 
ended by increased grazing pressure of omnivorous 
mesozooplankton, which follows nearly parallel to 
the nitrate uptake in this box. In the offshore boxes 
the zooplankton grazing by omnivorous mesozoo- 
plankton follows the ammonium uptake, while the 
nutrient limitation stops the spring bloom in these 
boxes. This results in considerable differences in the 
uptake of nitrate and ammonium by diatoms and 
flagellates with increasing ammonium uptake with 
distance from the coast. 

In the scenario runs, with different reductions 
of the river nutrient loads, the highest effects were 
observed in the coastal boxes with 14 to 15% dif- 
ference in the net primary production in scenario 
B, representing a 50% reduction, and 21 to 30% 
in scenario C, representing a 75% reduction of the 
river loads. Overall, the influence is strongest in the 
continental coastal boxes and to a lesser degree in 
the neighbouring box to the north or the outflowing 
boxes, such as the Danish coastal and the Norwegian 
Trench box. This is in agreement with Klein and Van 
Buuren (1992), who argued that as a consequence of 
the current pattern, the discharges of the major rivers 
hardly affect the central North Sea. 

As an effect of the reduction scenarios the simu- 
lated nutrient concentrations showed reduced winter 
and summer values compared to the standard run. 
However, the effect on the chlorophyll concentra- 
tions is rather low and only visible in a reduced 
standing stock in summer. The reason can be the 
silicate limitation during the spring peak, which has 
hardly changed by the reduction. As phosphate and 
nitrogen limitations begin to develop in summer be- 
cause of the lower nutrient loads supplied by the 
rivers, the differences become obvious in the re- 
sulting chlorophyll concentration. Even though the 
overall uptake is reduced in the scenario run, the 
ammonium uptake by diatoms and flagellates has in- 
creased relative to the standard run. From the nitro- 
gen budget, an increased activity of the heterotrophic 
loop in the coastal box appears in the reduction 
runs in relation to the overall lower nitrogen uptake. 
Therefore, the differences in the annual net primary 
production in the different river reduction scenarios 

and the standard run, can give only a slight indication 
of the changes occurring in the simulated ecosystem 
dynamics. 

Furthermore, the differences in the annual net 
primary production are related to the forcing applied. 
While neglecting the atmospheric nitrogen input can 
cause differences in the primary production of up to 
15%, neglecting for instance the particulate organic 
matter load causes only 10% difference. However, 
the major effects of neglecting the particulate organic 
matter appear in the continental coastal zone, where 
the river load scenarios also have highest effects and 
could therefore work additively. 
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