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ABSTRACT

As in most estuarine areas and coastal seas the growth of phytoplankton 
in the Wadden Sea is regulated by underwater irradiance and nutrient 
concentrations. The Wadden Sea shows clear signs of eutrophication. It has 
been documented by the high nutrient concentrations due to the large inputs 
of nutrients in this area by several European continental rivers (Rhine, 
Ems, Weser and Elbe), by an increased phytoplankton primary production 
and by the observations of black spots, areas where anaerobic sediment 
horizons reach the sediment surface. Other indications of eutrophication 
are the mass occurrence of green algae (Ulva and Enteromorpha spp.) and 
the dominance of specific phytoplankton species like the bloom forming 
Prymnesiophyte Phaeocystis sp. In the stratified parts of the German Bight 
lowered oxygen values are regularly observed.

To check the validity of the presumption that both irradiance and nutrients 
are important for the growth of phytoplankton, methods developed by Cloern 
(1999) were tested for different sites in the Wadden Sea and their effects on 
the growth of phytoplankton tested. In this review data are presented from 
another study where nitrogen was tested.

Based on literature data on the Wadden Sea it can be shown that a clear 
increase in both phytoplankton and microphytobenthos primary production 
has occurred from the early-70s till the mid-80s. During the same period 
nutrient inputs increased several fold. It is unlikely that the underwater 
irradiance has changed substantially, so that most changes can be directly 
related to the increased nutrient inputs. The efforts to reduce the phosphate 
input from the European continent has been successful with regard to the 
objectives set during the second international M inisterial conference on
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the North Sea, where a 50% reduction of the anthropogenic load had been 
agreed upon. However, the productivity in the Wadden Sea does not seem 
to be affected proportionally. This is probably due to two factors: the less 
intensely studied role of irradiance, and the role of nitrogen as the main 
limiting nutrient.

INTRODUCTION

The ecology of the Wadden Sea has been studied for more than a century. Due 
to the presence of nearby research institutes and universities our knowledge of the 
Wadden Sea has greatly improved during the last 3 decades. Among these institutes are 
the Netherlands Institute of Sea Research at Texel (the Netherlands), the University of 
Groningen, Department of Marine Biology, several German Universities and Institutes 
like the University of Oldenburg (Institute for Chemistry and Biology of the Sea), Bremen 
and Hamburg Universities, the Research and Technology Institute in Biisum (a branch of 
the Kiel University), the Biologische Anstalt Helgoland at Helgoland and the Wadden Sea 
Station Sylt. The latter two now operate under the Alfred Wegener Institute for Polar and 
Marine Research in Bremerhaven.

Together with several governmental institutes a very large amount of hydrographical 
and sedimentary data is available for the Wadden Sea. The amount of biological information, 
however, is limited and just exists for a few sites where long term studies were performed 
(Texel: Marsdiep area, Norderney, Sylt, Helgoland, Biisum, cf. Figure 1). Even these sites are 
not always representative for the Wadden Sea proper due to the sampling locations which are 
in the main inlets and therefore may represent coastal North Sea water as well.

Information on the ecological status of the Wadden Sea has been compiled in two so- 
called Quality Status Reports (QSR) on the Wadden Sea in 1993 (de Jong et al. 1993) and 
in 1999 (de Jong et al. 1999). In a recent publication (van Beusekom et al. 2001) Wadden 
Sea specific eutrophication criteria have been developed and critically assessed. So apart 
from numerous single papers on different aspects of eutrophication of the Wadden Sea the 
reader is referred to these three different compilations.

In this paper one aspect of the eutrophication of the Wadden Sea is discussed in 
detail: is the growth of phytoplankton affected by the nutrient levels in the Wadden Sea 
and which role does irradiance play in the expression of eutrophication?

Most of the analysis will be based on literature references, on work done at the 
Research and Technology Centre in Biisum, which was established in 1988 to perform 
multidisciplinary studies in the Wadden Sea, and at the Wadden Sea Station Sylt. 
Although the Wadden Sea should be treated as a unity as stressed by the trilateral 
agreement by the governments of the Netherlands, Germany and Denmark, data from 
different sites in the Wadden Sea will be compared. Large parts of the Wadden Sea 
are now under nature protection and all together form a very large international nature 
reserve. A recent description of the main characteristics of the Wadden Sea can be taken 
from van Beusekom et al. (2001). A map indicating the locations mentioned in this paper 
is presented as Figure 1.
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Figure 1: Map of the international Wadden Sea (hatched area) with locations mentioned in 
the text.

NUTRIENTS IN THE WADDEN SEA

The num bers of papers and reports on the concentrations of the dissolved 
inorganic m acro-nutrients phosphate, nitrate, nitrite, ammonium and silicate is large. 
For the Dutch western parts of the W adden Sea studies already started in the late 
forties (for dissolved phosphate: Postma 1954) and early sixties (for dissolved nitrogen 
compounds: Postma 1966). During the seventies detailed inform ation in the western 
part and less frequent observations for the whole of the Dutch Wadden Sea, up to the 
Em s-Dollard estuary are given by Helder (1974) on nitrogen compounds and de Jonge 
and Postma (1974) on dissolved phosphate. Recent overviews were published by van 
der Veer et al. (1989), Philippart et al. (2000) and Philippart and Cadée (2000). In the 
German part of the Wadden Sea studies were perform ed by Hickel (1989), M artens 
(1992), Hesse et al. (1992) and Hanslik et al. (1998). Van Beusekom et al. (2001) give 
an overview of nutrient concentrations in the entire Wadden Sea.

In a recent paper (Ladwig et al. 2003) the development of nutrient concentrations in 
a part of the German Wadden Sea was described over the last decade. This study showed 
that in areas which are under the direct influence of main river outflows (cf. Elbe river) 
no change in the phosphate and nitrogen concentrations could be observed over the last
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decade. This is consistent with the main conclusions from the QSR 1999 (de Jong et al. 
1999). It was noted that nutrient concentrations in the Wadden Sea during winter depend 
to a large extent on salinity levels. Therefore, actual concentrations cannot be directly 
compared unless they are standardised to a certain salinity. Details of the concentration 
salinity method, based on conservative behaviour of nutrients in winter, are given in de Jong 
et al. (1993). The analyses in the 1993 and 1999 QSRs are based on winter concentrations 
normalised to standard salinities of 10 and 27 psu. The clearest decrease was observed for 
phosphate which decreased by about 50% in most of the Wadden Sea. Phosphate input via 
the Ijsselmeer (Figure 1) even decreased by 90%. In the western Wadden Sea and Danish 
Wadden Sea winter phosphate concentrations of about 1 pM are observed which gradually 
increase towards the estuaries of Weser and Elbe where concentrations of 2 -4  pM prevail. 
No equivalent decrease was observed for nitrogen, although ammonium showed a clear 
downward trend in the Ems, Weser and Elbe estuaries, presumably due to the progressive 
implementation and technical improvement of waste water treatment plants. Nitrate showed 
an upward trend in the western Dutch Wadden Sea and a downward trend in the Ems, Weser 
and Elbe estuary. Winter nitrate concentrations in the Wadden Sea (27 psu) range between 
20-110 pM but are about 50 pM in most parts. These concentrations are clearly higher than 
the background concentrations of 3 pM dissolved inorganic nitrogen (DIN) and 0.2-0.3 pM 
P 0 4 in summer and 7 pM DIN and 0.4-0.5 pM P 0 4 in winter (van Raaphorst et al. 2000).

Most studies on the eutrophication focus on winter nutrient concentrations (e.g. 
de Jong et al. 1999). An alternative approach to assess the eutrophication status of the 
Wadden Sea was proposed by van Beusekom et al. (2001). They used the shape of the 
seasonal cycle of ammonium and nitrite as a measure of eutrophication (remineralisation 
intensity) and focused on the autumn values. The above authors showed that during 
the eighties and nineties the major part of the variability in ammonium and nitrite was 
attributable to variations in riverine nitrogen input. Van Beusekom et al. (1999, 2001) 
stressed the importance of organic matter import from the North Sea into the Wadden Sea 
as a major nutrient source for the eutrophication of the Wadden Sea.

Despite the import of organic matter into the Wadden Sea and the high remineralisation 
rates in summer, the seasonal cycle of nitrogen compounds shows minimum values during 
summer and maximum values during winter (van Beusekom and de Jonge, 2002). This 
shows that the balance between nitrogen uptake by phytoplankton and phytobenthos and 
nitrogen release by remineralisation processes is shifted towards the primary producers. In 
autumn, when light conditions deteriorate, an ammonium maximum develops, indicating 
a shift in the balance towards remineralisation.

TURBIDITY IN THE WADDEN SEA

Long term data sets on turbidity in the Wadden Sea are only available from the 
NIOZ Station in the Marsdiep tidal inlet (Cadée and Hegeman 1991). Information on 
suspended loads is available from several governmental and research institutes in the 
Netherlands, Lower Saxony and the Island of Sylt. For the area of the Wadden Sea which 
is influenced by the Ems estuary, frequent data are available from the mid-seventies till
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the early eighties (Colijn 1982). Mostly simultaneously with the nutrient measurements 
(see previous section) SPM (suspended particulate matter) has been measured. Several 
authors have shown the effects of tidal currents and phases on the SPM concentrations 
(Postma 1954; Colijn 1982). The importance of SPM for the regulation of underwater 
irradiance is obvious in tide-influenced areas where fine sediments are transported by 
tidal currents, and resuspended by currents and wind/wave effects (Colijn 1982; de Jonge 
and van Beusekom 1995). Therefore euphotic zones are limited to a few metres at most, 
but more often with improved under-water light conditions in summer as opposed to winter 
with much more wind-driven resuspension of sediments (de Jonge and van Beusekom 
1995, Tillmann et al. 2000). An overview of euphotic depths in the Schleswig-Holstein 
part of the Wadden Sea was presented by Ladwig (1997). Calculations showed that the 
euphotic depth ranged between 1.5 to 6.6 metres depth (M ay-July 1994, May-August 
1995), thereby considerably affecting the prim ary production in the northern German 
Wadden Sea.

PRIMARY PRODUCTION OF PHYTOPLANKTON IN THE WADDEN SEA

As compared to nutrient measurements the number of measurements on primary 
production of phytoplankton is relatively small. At a few sites measurements have been 
performed such as at the NIOZ pier at Texel in the Marsdiep area of the western Wadden 
Sea (Cadée and Hegeman 1993), in the Ems-Dollard estuary (Colijn and Ludden 1983), 
in the eastern German Wadden Sea at two locations: Biisum (Tillmann et al. 2000) and 
the Sylt-R0m0 Wadden Sea (Asmus et al. 1998). However the only long-term time series 
available is the one measured at the NIOZ pier because it covers, albeit with different 
methods, a period of about 30 years. The data series shows that during the seventies the 
annual primary production of phytoplankton amounted to approximately 150 gC .nr2. In 
the 1980s and 1990s this primary production increased about twofold to more than 300 
gC.m 2. These high values are consistent with the high values measured in the outer part 
of the Ems estuary where occasionally values up to 400 gC .nr2 were observed (Colijn 
and Ludden 1983). In the German Wadden Sea at Biisum approximately 150 gC .nr2 was 
measured (Tillmann et al. 2000), whereas in the Sylt-R0m0 area annual values increased 
from about 50 to 160 gC.m 2 between 1980 and 1995 (Asmus et al. 1998).

The information available strongly suggests that nutrient concentrations may have 
played a crucial role in the enhancement of primary production in the Wadden Sea. However 
this does not imply that a simple nutrient reduction will result in a proportional change in 
primary production, due to the complexity and non-linearity of the relationships between 
nutrients, phytoplankton growth and productivity and species composition (Philippart and 
Cadée 2000). Moreover, until now only phosphate inputs have been reduced substantially, 
whereas input of nitrogen compounds has been stabilised and slightly decreased (de Jong 
et al. 1999).
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A COMPARISON BETWEEN NUTRIENT AND IRRADIANCE REGULATED  
GROWTH OF PHYTOPLANKTON

Investigations on the light regime in the Wadden Sea and the increased eutrophication 
of the Wadden Sea suggest that nutrients and light regime are the main factors regulating 
growth of phytoplankton (and microphytobenthos) in the marine environment (Colijn 
1982). Especially in turbid regions the role of irradiance gets more and more important, 
i.e. becomes the main limiting factor for the growth of phytoplankton. In a direct 
comparison between light and nutrient regulated growth of phytoplankton in the German 
Wadden Sea Tillmann et al. (2000) showed that during most of the year, except during 
very few days in summer, light availability in the water column is the limiting factor for 
phytoplankton growth. In his study on limiting factors Cloern (1999) has developed a 
simple empirical model which enables a test on the growth conditions of a generalised 
phytoplankton community. Based on growth dependency from underwater irradiance 
levels and nutrient concentrations and assumed half saturation constants for nutrient 
uptake and light dependent phytoplankton growth, he calculated the ranges of nutrient 
and irradiance where one of both factors gets limiting. This procedure was also used for 
growth of phytoplankton in the Wadden Sea and tested for several sites with nitrogen 
(nitrate) and irradiance as parameters (Colijn and Cadée 2003) (Figure 2). The results of 
this analysis showed that over large areas of the Wadden Sea underwater irradiance levels 
limit the growth of phytoplankton and that only occasionally nitrogen reaches levels low 
enough to limit the phytoplankton growth. The different sites showed small differences: at 
the most western part (Marsdiep inlet) over a two-year period only two of 23 observations 
showed a potential nutrient limitation; in the turbid part of the Ems estuary (the Dollard) 
no signs of nutrient limitation could be recognised; in the outer more transparent part 
of the Ems estuary two values showed nutrient limitation during 1994; data from the 
German part of the Wadden Sea show comparable results: the station at the island of 
Norderney showed signs of a more intensive nutrient (nitrogen) limitation: four values 
during 1990 were indicating nutrient limitation. Again the more turbid station Biisum only 
showed three values over a two-year period which indicated nitrogen limitation. This is in 
close agreement with the results presented in Tillmann et al. (2000).

CONCLUSIONS

Long term observations at a few sites in the Wadden Sea show that a long term 
increase in nutrient concentrations (especially nitrate and phosphate) and in phytoplankton 
and phytobenthos production has taken place. Values increased in the seventies and 
stabilized in the eighties. After phosphorus reduction measures a decline towards values 
recorded during the fifties was observed. However, a decline in primary production of 
phytoplankton has not yet been observed at the only long term monitoring location in 
the Marsdiep (Dutch Western Wadden Sea). This might well be due to the effects of 
the still high nitrogen values and the relatively high turbidity in the Wadden Sea. At 
present, limiting factors for the growth of phytoplankton are primarily the high turbidity
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Figure 2: Irradiance and nitrogen limited growth of phytoplankton based on Colijn & Cadée 
(2003). For every month the mean dissolved nitrogen concentration and the mid-month 
irradiance has been calculated. The factor nutrient resource is the ratio o f the dissolved 
nitrogen concentrations and an assumed Ks value for growth o f phytoplankton on nitrate. 
The factor light resource is calculated as the ratio of surface global irradiance and the 
vertical attenuation coefficient (recalculated from SPM-values or secchi disc observations 
using conversions by Tillmann et al. 2000) (for further details see Cloern, 1999. (all nutrient 
resource values > 6.5 are plotted as 6.5).

and secondarily the availability of nitrogen compounds. Still, primary production is high 
enough to reduce the nutrient concentrations to levels far below the winter concentrations. 
This indicates that on an annual level, a decreased nutrient input will decrease the annual 
primary production, but that the effect will be damped by the light regime.

REFERENCES

Asmus, R., Jensen, M.H., Murphy, D. and Doerffer, R. 1998. Primärproduktion 
von M ikrophytobenthos, Phytoplankton und jährlicher Biomasseertrag des 
Makrophytobenthos im Sylt-R0m0 Wattenmeer. In Gätje, C. and Reise, K. (eds) 
Ökosystem Wattenmeer; Austausch, Transport und Stoffumwandlungsprozesse, 
367-392. Heidelberg. Springer-Verlag.



Effect o f Eutrophication on Phytoplankton in the Wadden Sea 67

Baretta, J. and Ruardij, P. 1988. Tidal flat estuaries, Simulation and analysis of the Ems 
Estuary. Ecological Studies 71. Berlin. Springer-Verlag.

Cadée, G.C. and Hegeman, J. 1991. Phytoplankton primary production, chlorophyll and 
species composition, organic carbon and turbidity in the Marsdiep in 1990, compared 
with foregoing years. Hydrobiological Bulletin 25, 29-35 

Cadée, G.C. and Hegeman, J. 1993. Persisting high levels of prim ary production at 
declining phosphate concentrations in the Dutch coastal area (Marsdiep). Netherlands 
Journal o f  Sea Research 31, 147-152 

Cloern, J.E. 1999. The relative importance of light and nutrient limitation of phytoplankton 
growth: a simple index of coastal ecosystem sensitivity to nutrient enrichment. 
Aquatic Ecology 33, 3-15 

Colijn, F. 1982. Light absorption in the waters of the Ems-Dollard estuary and its 
consequences for the growth of phytoplankton and microphytobenthos. Netherlands 
Journal o f  Sea Research 15, 196-216 

Colijn, F. and Cadée, G.C. 2003. Nutrient and irradiance limitation of phytoplankton 
growth in the Wadden Sea. Journal o f  Sea Research 49/2, 83-93.

Colijn, F. and Ludden, E. 1983. Primary production of phytoplankton in the Ems-Dollard 
estuary. In: Primary production in the Ems-Dollard estuary, 38-99. Colijn, F., Ph.D 
Thesis, University of Groningen,

De Jong, F., Bakker, J.F., Dankers, N.M.J.A., Dahl, K., Jäppelt, W., Madsen, PB. and 
Koßmagk-Stephan, K. 1993. Quality Status Report o f  the North Sea. Subregion 10. 
The Wadden Sea. Wilhelmshaven, Germany. Common Wadden Sea Secretariat.

De Jong, F., Bakker, J.F., van Berkel, C.J.M., Dankers, N.M.J.A., Dahl, K., Gätje, 
C., M arende, H. and Potel, P. (eds) 1999. Wadden Sea Quality Status Report. 
Wilhelmshaven, Germany. Wadden Sea Secretariat, Trilateral M onitoring and 
Assessment Group, Quality Status Report Group.

De Jonge, V.N. and van Beusekom, J.E.E. 1995. Wind- and tide-induced resuspension of 
sediment and microphytobenthos from tidal flats in the Ems estuary. Limnology and 
Oceanography 40, 766-778 

De Jonge, V.N. and Postma, H. 1974. Phosphorus compounds in the Dutch Wadden Sea.
Netherlands Journal o f  Sea Research 8, 139-153 

Hanslik, M., Rahmel, J., Bätje, M., Knieriemen, S., Schneider, G. and Dick, S. 1998. Der 
Jahresgang blütenbildender und toxischer Algen an der niedersächsischen Küste seit 
1982. Berlin. Umweltbundesamt.

Helder, W. 1974. The cycle of dissolved inorganic nitrogen compounds in the Wadden Sea.
Netherlands Journal o f  Sea Research, 8, 154-173 

Hesse, K.-J., Hentschke, U. and Brockmann, U. 1992. A synoptic study of nutrient and 
phytoplankton characteristics in the German Wadden Sea with respect to coastal 
Eutrophication. In Marine eutrophication and population dynamics, 25th EMBS 
1990, Colombo, G. (ed.), 45-53. Fredensborg, Denmark. Olsen and Olsen.

Hickel, W. 1989. Inorganic micronutrients and the eutrophication in the Wadden Sea of 
Sylt (German Bight, North Sea). Proceedings o f  the 21st EMBS, 309-318. Gdansk. 
Polish Academy of Science.



68 The Intertidal Ecosystem

Ladwig, N., Hesse, K.-J., Colijn, F. and Tillmann, U. 2003. Have German Wadden Sea 
waters changed their eutrophic state over the last 10 years? ICES mar. sei. Symp. 219, 
199-207.

Ladwig, N. 1997. Zur Intensitätsverteilung der photosynthetisch aktiven Strahlung (PAR) 
in den Gewässern des schleswig-holsteinischen Wattenmeeres. Master Thesis, Kiel 
University, 1-79.

Martens, P. 1992. Inorganic phytoplankton nutrients in the Wadden Sea areas off Schleswig- 
Holstein. II. Dissolved ortho-phosphate and reactive silicate with comments on the 
Zooplankton. Helgoländer Meeresuntersuchungen 46, 103-115 

Philippart, C J.M . and Cadée, G.C. 2000. Was total primary production in the western 
Wadden Sea stimulated by nitrogen loading? Helgoländer Marine Research 54, 55-62 

Philippart, C .J.M., Cadée, G.C., van Raaphorst, W., and Riegman, R. 2000. Long-term 
phytoplankton-nutrient interactions in a shallow coastal sea: community structure, 
nutrient budgets, and dénitrification potential. Limnology and Oceanography 45, 
131-144

Postma, H. 1954. Hydrography of the Dutch Wadden Sea. Archives Néerlandaises de 
Zoologie, 10, 405-511.

Postma, H. 1966. The cycle of nitrogen in the Wadden Sea and adjacent areas. Netherlands 
Journal o f  Sea Research 3, 186-221.

Tillmann, U., Hesse, K.-J., Colijn, F. 2000. Planktonic primary production in the German 
Wadden Sea. Journal o f  Plankton Research 22, 1253-1276 

van Beusekom, J.E.E., Brockmann, U.H., Hesse, K.-J., Hickel, W., Poremba, K. and 
Tillmann, U. 1999. The importance of sediments in the transformation and turnover 
of nutrients and organic matter in the Wadden Sea and German Bight. German 
Journal o f  Hydrography 51, 245-266. 

van Beusekom, J.E.E. and de Jonge, V.N. 2002. Long-term changes in Wadden Sea nutrient 
cycles: Importance of organic matter import from the North Sea. Hydrobiologia 475/ 
476, 185-194.

van Beusekom, J.E.E., Fock, H., de Jong, F., Diel-Christiansen, S. and Christiansen, B. 
2001. Wadden Sea Specific Eutrophication Criteria. Wadden Sea Ecosystem No. 14. 
Wilhelmshaven, Germany. Common Wadden Sea Secretariat, 

van Raaphorst, W., V.N. de Jonge, D. Dijkhuizen and B. Frederiks. 2000. Natural 
background concentrations o f  phosphorus and nitrogen in the Dutch Wadden Sea. 
National Institute of Coastal Marine Management, Report RIKZ/2000.013, 53 pp. 

van der Veer, H.W., van Raaphorst, W. and Bergman, M.J.N. 1989. Eutrophication of 
the Dutch Wadden Sea: external loadings of the Marsdiep and Vliestroom basin. 
Helgoländer Meeresuntersuchungen 43, 501-515.


