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Abstract In this paper, a reconstruction of the pre-
industrial trophic status of the Wadden Sea is presented.
A conceptual model is outlined that links the organic
matter and nutrient dynamics in the Wadden Sea with
riverine nutrient input. Fundamental processes in this
model are: a nutrient-limited offshore primary produc-
tion and the subsequent import of primary produced
organic matter from the North Sea into the Wadden
Sea. Two approaches have been followed to estimate the
production and remineralisation levels under pre-
industrial conditions. The first approach is based on
present-day relationships between the seasonal cycle of
NH4 and NO2 in the western Dutch Wadden Sea and
suggests, on average, sixfold lower production and
remineralisation rates under pre-industrial conditions
(range: four to eight times). The second approach is
based on present carbon budgets extrapolated to pre-
industrial budgets on the basis of present relationships
between winter nutrient concentrations, annual primary
production and annual organic matter turnover rates,
and suggests a fivefold lower organic matter turnover
under pre-industrial conditions (annual primary pro-
duction: �55 g C m�2 year�1, annual remineralisation:
�77 g C m�2 year�1). Better pre-industrial light condi-
tions in the Wadden Sea may have allowed a more
efficient use of nutrients, a higher annual primary pro-
duction of about 86 g C m�2 year�1 and annual rem-
ineralisation rates of about 108 g C m�2 year�1.

Keywords Eutrophication Æ Pre-industrial Æ Wadden
Sea Æ Nutrients Æ Organic matter budgets

Introduction

Eutrophication has been recognised as a global problem
(Nixon 1990). Among the driving factors are an
increasing human population, domestic sewage, the use
of artificial fertilisers, animal production, deforestation
and atmospheric input from combustion of fossil fuels
(e.g. Nixon 1995; Billén and Garnier 1997). Conse-
quences of increased eutrophication are increased pri-
mary production and remineralisation, increased
turbidity, proliferation of opportunistic macroalgae,
anoxia, seagrass decline and changes in the benthic and
pelagic community (e.g. Cloern 2001). All of the above-
mentioned consequences of coastal eutrophication have
been observed in the Wadden Sea, a shallow, tidally
influenced area in the southeastern North Sea fringing
the Dutch, German and Danish coasts (de Jonge and de
Jong 1992; de Jonge et al. 1993; Reise 1994; van Beu-
sekom et al. 2001; Cadée and Hegeman 2002). Notable
changes have included the proliferation of Phaeocystis
and an increase in pelagic primary production since the
end of the 1970s (Cadée and Hegeman 2002) and the
proliferation of green macroalgae during the early 1990s
(Reise and Siebert 1994). Due to the increased phyto-
plankton biomass in the western Dutch Wadden Sea,
macrobenthic biomass has increased, but this relation-
ship is not clear for other parts of the Wadden Sea (de
Jonge et al. 1993; van Beusekom et al. 2001).

To properly assess the present state of the environ-
ment, a thorough understanding of its natural state and
variability is needed. In most cases, such knowledge is
not available. This holds true for changes in the
nutrient status of the Wadden Sea. Most reliable bio-
geochemical observations from this area date from the
past three to four decades. A reconstruction of the pre-
industrial trophic status of the Wadden Sea can there-
fore only be based on extrapolating present knowledge
of the influence of natural processes and human
impact on nutrient and organic matter dynamics in the
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Wadden Sea. In this contribution, estimates of pre-
industrial annual production and remineralisation rates
for two Wadden Sea settings, with high and with low
riverine influence, are presented. The western Dutch
Wadden Sea will be used as a model for the Wadden
Sea with a high riverine influence, the Sylt-Rømø Bight
as a model for the Wadden Sea with a low riverine
influence. First, a short overview of recent trends in
Wadden Sea eutrophication is given. Next, a conceptual
model linking riverine nutrient input and primary
production in the coastal parts of the North Sea with
particle import into and eutrophication of the Wadden
Sea will be outlined. Present-day relationships between
winter nutrient concentrations and annual primary
production and between riverine nutrient input and
organic matter turnover will be used to estimate pre-
industrial organic matter remineralisation and produc-
tivity levels of the Wadden Sea.

Recent changes in Wadden Sea eutrophication

During the past century, riverine nutrient discharges
into the North Sea have increased, especially since the
1950s (e.g. van Bennekom and Wetsteijn 1990; de Jong
et al. 1999). This increase has affected Wadden Sea
nutrient cycles and productivity. During recent decades,
a two- to threefold increase in phytoplankton and phy-
tobenthos primary production has been observed
throughout the entire Wadden Sea (Cadée 1984; Cadée
and Hegeman 1993; de Jonge et al. 1996; Asmus et al.
1998). Phytoplankton primary production in the western
Dutch Wadden Sea (Marsdiep) reached a maximum in
1994, and a decreasing trend has been observed since
then (Cadée and Hegeman 2002). Based on a recent re-
view of timeseries for the 2004 Quality Status Report of
the Wadden Sea, van Beusekom et al. (unpublished
data) suggest a general decrease in Wadden Sea eutro-
phication.

Several explanations have been put forward to relate
Wadden Sea eutrophication with an enhanced nutrient
loading. De Jonge (1990) found a significant correlation
between changes in mean annual chlorophyll a in the
Marsdiep area and annual primary production (pre-
1987) with the dissolved inorganic phosphate load from
the IJsselmeer into the Marsdiep area and not with
other nutrient components or sources. Based on more
recent primary production data, Cadée and Hegeman
(1993) showed that, despite decreasing phosphate loads,
primary production in the Wadden Sea remained high.
They observed a good correlation between annual pri-
mary production and annual Rhine discharge and sug-
gested that the nitrogen load of the river Rhine kept the
phytoplankton production in the Dutch coastal zone at
a high level, despite decreasing phosphorus discharges.
The productivity of the Wadden Sea has more recently
been reanalysed by de Jonge et al. (1996) and the
importance of increased phosphorus input through the

Dover Channel was stressed. They showed that, despite
the decreasing riverine loads in phosphorus, this element
still might play a significant role in fuelling the primary
production in the western Dutch Wadden Sea. How-
ever, the increased productivity of the Wadden Sea is
not only a direct effect of nutrient-rich river water being
advected into the area but also, and perhaps even
mainly, an indirect effect due to an increased import and
remineralisation of organic matter from the adjacent
coastal zone (Postma 1954; de Jonge and Postma 1974;
van Beusekom et al. 1999). Changes in the seasonal
cycle of nutrients might be used as a direct indicator of
changes in organic matter import and remineralisation
rates. De Jonge and Postma (1974) already explored this
strategy and inferred a tripling of the organic matter
import from the North Sea into the Wadden Sea from
1950 to 1971–1972. On the other hand, Helder (1974)
did not observe any clear-cut change in the annual
nitrogen cycle between 1960–1962 and 1971–1972 in the
Dutch Wadden Sea. Van Beusekom et al. (2001) and
van Beusekom and de Jonge (2002) linked the shape of
seasonal cycles of ammonium and nitrite to the eutro-
phication status of the Wadden Sea. They inferred a
two- to threefold increase in the eutrophication status of
the western Dutch Wadden Sea since the earliest mea-
surements of nitrogen compounds in 1960–1962 (Post-
ma 1966).

Conceptual model of Wadden Sea eutrophication

Three aspects characterise Wadden Sea eutrophication.
Firstly, the Wadden Sea imports organic matter from
the North Sea (Postma 1954; van Beusekom et al.
1999). Secondly, the nutrient and organic matter
dynamics in the Wadden Sea have responded to an
increased organic matter import (de Jonge and Postma
1974; van Beusekom and de Jonge 2002). Thirdly, pe-
lagic primary production and phytoplankton biomass
in the Wadden Sea respond to nutrient input (Cadée
and Hegeman 1993). After maximum values during the
1980s and 1990s, riverine nutrient input and Wadden
Sea phytoplankton biomass and primary production
now show a decreasing trend (Cadée and Hegeman
2002).

These processes have been summarised in a concep-
tual model that links riverine nutrient input with the
nutrient and organic matter dynamics of the Wadden
Sea (Fig. 1, adapted from van Beusekom and de Jonge
2002): nutrients are imported into the North Sea via
rivers and from the Atlantic Ocean. In the North Sea,
nutrients enable a certain amount of primary produc-
tion. Part of this primary produced organic matter in the
North Sea is imported into the Wadden Sea. Within the
Wadden Sea, primary production is supported by
nutrient release from remineralised organic matter. The
above conceptual model is discussed in detail elsewhere
(van Beusekom and de Jonge 2002).
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Statistical analysis of influence of riverine total nitrogen
loads on organic matter remineralisation in the Dutch
Wadden Sea

Based on the above conceptual model, van Beusekom
and de Jonge (2002) tested the hypothesis that in years
with high riverine nutrient loads into the North Sea
more organic matter is produced in the open North Sea
and more organic matter is imported and remineralised
in the Wadden Sea than in years with low nutrient loads.
Based on monitoring data from the Dutch Wadden Sea
(1978–1997) it can be shown that a significant correla-
tion exists between total nitrogen (TN) input via the
rivers Rhine and Meuse and the autumn concentrations
of NH4+NO2 in the Dutch Wadden Sea. Autumn val-
ues were chosen because during that season phyto-
plankton uptake is limited by light, and nutrient
concentrations rapidly increase in the water column due
to ongoing remineralisation processes. TN input was
chosen to account for all potential nitrogen sources, but
it should be noted that dissolved inorganic nitrogen
(DIN) accounts, on average, for 83% of TN. A multiple
regression was carried out with phytoplankton biomass
(chlorophyll) and temperature as co-variables for the
following reasons. High phytoplankton biomass might
suppress the NH4+NO2 concentrations due to nutrient
uptake, and high temperatures might enhance the
NH4+NO2 concentrations due to increased reminerali-
sation rates. Van Beusekom and de Jonge (2002) found a
significant multiple correlation (r2=0.63; P<0.0017;
n=19; one outlier: 1983) explaining NH4+NO2 levels in
autumn with a significant positive effect of riverine TN
input, a significant negative effect of phytoplankton and
no significant effect of temperature.

We reinvestigated the relation between TN input and
the autumn remineralisation levels in the Dutch Wadden
Sea. We also investigated whether the extrapolation of
this relationship to pre-industrial TN loads gives a useful
estimate of the recent increase in the trophic status of the
Wadden Sea by comparing it with a pre-industrial car-
bon budget of the Wadden Sea.

Material and methods

Area description

The Wadden Sea is a shallow coastal sea along the
Dutch, German and Danish North Sea coast. Most of
the Wadden Sea is protected from the North Sea by
barrier islands. The Wadden Sea is strongly influenced
by tides, with tidal ranges from 1.2 to 2 m in the Dutch
and Danish Wadden Sea, increasing to 3–3.5 m in the
central Wadden Sea near the Elbe and Weser estuaries
(Fig. 2). Twice daily about 50% of the Wadden Sea
emerges during low tide. These tidal flats consist mostly
of sand. The Dutch Wadden Sea can be divided into a
western and an eastern part. The western Dutch Wad-

den Sea is strongly influenced by the river Rhine in two
ways. Firstly, a mixture of Rhine water and coastal
water is advected via the tidal inlet into the Wadden Sea.
Secondly, the river IJssel—a branch of the Rhine—car-
ries fresh water via the IJsselmeer directly into the
Wadden Sea. Both sources transport similar amounts of
freshwater into the western Dutch Wadden Sea (IJssel-
meer: 60%, North Sea coastal water: 40%; Zimmerman
1976). Long-term average salinity (DONAR Database,
Rijkswaterstaat, the Netherlands) increases from 21 in
January to 28 in summer. Salinities in the eastern Dutch
Wadden Sea are about 10–30% higher (27 in January,
about 30 in summer). In contrast to the Dutch Wadden
Sea, nutrient dynamics of the present Sylt-Rømø Bight
are dominated by exchange processes with the North Sea
(Gätje and Reise 1998). Long-term monthly salinities
(1973–2003) in the Sylt-Rømø Bight are between 27–28
in February and 31 in August.

Data

The data used in this study were derived from the DO-
NAR database of the Dutch Monitoring Programme.
Riverine (1977–2002) input data are based on monitor-
ing data for the two main discharge points of the rivers
Rhine and Meuse at Maassluis and Haringvlietsluis. The
data were extrapolated by Lenhart and Pätsch (2001) to
daily loads and updated with newer data from the Dutch
Monitoring Database (http://www.waterbase.nl). A map
of the Wadden Sea with the above-mentioned sampling
stations is shown in Fig. 2.

Results

Influence of riverine TN loads on organic matter rem-
ineralisation in the Dutch Wadden Sea: an update

The influence of riverine TN load on the NH4 and NO2

cycle in the western Dutch Wadden Sea mentioned in the
Introduction was reanalysed with additional data (1998–
2002). The dependent factor is the mean of monthly
mean NH4+NO2 concentrations in the western Dutch
Wadden Sea from September until November. The
independent factor is the total TN load of the rivers
Rhine and Meuse during the previous 9 months
(December–August). The statistical analysis shows that
TN input into the North Sea before and during the
phytoplankton growth season has a significant influence
on the amount of nitrogen released into the Wadden Sea
during the autumn after the growth season. Almost 50%
of the interannual [NH4+NO2]-variability in the wes-
tern Wadden Sea is explained by the riverine TN load
(Table 1). In contrast to the former analysis, only the
riverine TN load has a significant effect. The linear
relationship between riverine TN input and the mean
concentration of NH4 and NO2 during autumn is shown
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in Fig. 3. The regression curve shown does not include
one outlier (1983, NH4+NO2 �32 lM; deviation >2
times the standard deviation of the regression) as out-
liers may have a strong influence on the regression curve.

The relationship in Fig. 3 can be used to predict
background NH4+NO2 levels in autumn under pre-
industrial riverine TN loads. Laane (1992) proposed
background TN concentrations for rivers entering the
North Sea of about 45±25 lM. The mean TN con-
centration of about 340 lM in the Rhine/Meuse water
entering the North Sea at present (1978–2002) implies an
increase in TN loads by a factor of about eight. Based on
the relationship in Fig. 3, and on a mean TN Load via
Rhine and Meuse for 1978–2002 of 284,000 tonnes
(December–August), this implies NH4+NO2 levels in
the western Dutch Wadden Sea of 3.6 lM at back-
ground riverine TN loads eightfold below present. The
above estimate does not take into account additional
sources like atmospheric deposition. I estimated the

atmospheric contribution to be 1.2 lM, giving a pre-
industrial autumn level of 2.4 lM. The value of 1.2 lM
was estimated as follows. At present the primary pro-
duction fuelled by atmospheric deposition contributes
about 11% of the total organic matter turnover in the
Sylt-Rømø Bight (see next section). In the western
Dutch Wadden Sea, where direct riverine nutrient input
(via the IJsselmeer) plays a large role but the higher
turbidity allows a less efficient use of these nutrients,
atmospheric N input will probably have a less prominent
impact. In the Sylt-Rømø Bight, imported organic
matter is being used more efficiently (import/annual
production: 0.36) than in the western Dutch Wadden
Sea (import/annual production: 0.50). Assuming a pro-
portionally less efficient use of organic matter produced
with atmospheric nitrogen, at present 8% of the total
organic matter turnover is driven by atmospheric
deposition. At mean present autumn values of 14.8 lM
(NH4+NO2), this equals 1.2 lM.

In Fig. 4 these values are put in perspective with
present levels as observed during dry years with low
riverine discharge and low TN loads, and wet years with
a high riverine TN load. If we assume that the autumn
levels are a good indicator of organic matter turnover,
the present levels are about six times higher than under
pre-industrial TN loads (range: four to eight times).
Compared to the earliest NH4+NO2 measurements in
1960–1961 (Postma 1966), pre-industrial organic matter
turnover was about 2.5 times lower and present turnover
is 1.5–3 times higher (Fig. 4). Projecting these values
onto a carbon budget of the western Dutch Wadden Sea
(annual pelagic and benthic production 298 g
C m�2 year�1; annual pelagic and benthic reminerali-
sation 450 g C m�2 year�1; van Beusekom et al. 1999),

Fig. 2 A map of the present
Wadden Sea

River North Sea Wadden Sea

Nutrient Input

Production/
Remineralisation

OM Import

Remineralisation/
Production

Fig. 1 Conceptual model linking riverine nutrient input with North
Sea primary production, the import of part of this organic matter
(OM import) into the Wadden Sea and the remineralisation and
productivity of the Wadden Sea
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pre-industrial annual primary production would be
�50 g C m�2 year�1, and pre-industrial annual remin-
eralisation �75 g C m�2 year�1. The latter includes or-
ganic matter import from sea and from riverine sources
(in this case IJsselmeer).

Changes in organic matter import: a budget approach

The Wadden Sea is a heterotrophic area importing or-
ganic matter from the North Sea, a feature shared with
many coastal areas (Smith and Hollibaugh 1993; Heip
et al. 1995). Carbon budgets suggest that at present
about 100 g C m�2 year�1 is imported into the Wadden
Sea (van Beusekom et al. 1999). This amount will cer-
tainly have been much lower under pre-industrial
nutrient conditions. First, I will discuss present rela-
tionships between winter nutrient concentrations and
annual pelagic primary production in the North Sea.
This relationship will be used to estimate offshore pela-
gic primary production and organic matter import under
pre-industrial nutrient conditions. I assume that the
amount of organic matter import is proportional to the
offshore primary production.

Present primary production in the North Sea:
relationships with winter N concentrations

Annual primary production levels in the North Sea
range between about 70 and 500 g C m�2 year�1. In
general, the levels are lowest in the central North Sea
and along the English east coast, where low nutrient
levels prevail, and highest along the continental coast
where high winter nutrients prevail (e.g. Joint and
Pomroy 1993). Van Beusekom and Diel-Christiansen
(1994) tentatively related the annual primary production
in different parts of the North Sea (ICES boxes) with the
amount of winter nitrate. For the tidally mixed coastal
zone they used the entire water column, for seasonally
stratified areas the upper 25 m (approximate depth of
the seasonal thermocline). On average, the amount of
nitrogen fixed by the spring bloom had to be turned over
five times to explain the annual primary production.
Hydes et al. (1999) compared the annual primary pro-
duction in the North Sea south of 55�N with the annual
new production based on the amount of nitrate available
in March before the onset of the spring phytoplankton
bloom. They included in their calculations the nitrogen
load by rivers and atmosphere during the growth period.
Hydes et al. (1999) calculated a fivefold annual turnover
of the new production in the nitrogen-limited central
North Sea as well as in the nutrient-rich Dutch and
German coastal zone. Van Beusekom et al. (1999) ap-
plied a similar approach to the entire German Bight and
found an annual turnover rate of three to four. In con-
clusion, a fourfold turnover of the new production based
on winter nitrate (or nitrogen) concentrations seems to
provide good estimate of the annual primary production
in the coastal North Sea outside the Wadden Sea.

The term ‘‘turnover’’ should be used with care. It
does not reflect turnover rates on the levels of organisms
and on timescales of hours, as in the ‘‘microbial loop’’,
but the ratio between the new production during the
spring bloom and the annual primary production, i.e.
turnover on an ecosystem scale and on the timescale of a
year. The maximum value of five reflects the maximum
efficiency of the North Sea. The lower values towards the
coast and in the Wadden Sea suggest that, presumably
because of adverse light conditions, these coastal sys-
tems make less efficient use of nutrients in terms of an-
nual primary production of organic matter. Despite all
uncertainties connected with this concept, the turnover

Table 1 Results of the multiple regression analysis between the
mean autumn concentrations of NH4+NO2 as the dependent
variable and total nitrogen input into the North Sea via Rhine and
Meuse (RM, tonnes between December and August), autumn
temperature (TEMP, �C) and autumn chlorophyll a (CHLA, lg/l)

as independent variables. Autumn is defined as the period Sep-
tember–November. B is the regression coefficient. Beta is a stan-
dardised regression coefficient allowing a comparison of the
influence of the independent variables on the overall regression.
r=0.729; r2=0.532; F3,21=7.9808; P<0.00097
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Fig. 3 Correlation between autumn values of NH4+NO2 (lM;
mean of monthly mean from September to November, 1978–2002)
in the western Dutch Wadden Sea with nutrient discharge
(1,000 tonnes; December–August) of the rivers Rhine and Meuse
at Maassluis and Haringvlietsluis (Fig. 2). The regression function
(Y=2.2+0.043·X; n=24; r2=0.51; P<0.00009) does not include
one outlier (1983)

Beta Standard error beta B Standard error B t(21) P-level

Constant �9.25 11.50 �0.80 0.429
RM 0.65 0.156 0.00005 0.00001 4.17 0.0004
CHLA �0.12 0.149 �0.18 0.21 �0.84 0.406
TEMP 0.15 0.156 0.95 0.94 1.00 0.325
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values show consistent patterns with decreasing values
towards the coast (Heip et al. 1995; Hydes et al. 1999;
van Beusekom and de Jonge 1998; van Beusekom et al.
1999).

Pre-industrial pelagic primary production levels
in the open North Sea along the Wadden Sea

With the above-mentioned relationship between winter
nutrient concentrations and annual primary production,
the pre-industrial annual primary production can be
estimated as follows: Laane et al. (1992) deduced back-
ground TN concentrations for continental rivers (in this
case the Rhine) of 45 lM and for the Atlantic Water
(salinity 35) entering the North Sea through the Channel
of 8 lM. Assuming conservative mixing of TN and
coastal water salinity outside the Wadden Sea of 30, a
winter TN concentration of 13.3 lM is estimated. At a
mean water depth of 15 m, this enables a new produc-
tion of 199 mmol N m�2 year�1 (1.3 mol C m�2 year�1

or 15.8 g C m�2 year�1) and an annual primary pro-
duction of 5.3 mol C m�2 year�1 (63 g C m�2 year�1) at
a turnover rate of four. At present, the annual pelagic
primary production at a salinity of 30 is about 933 mmol
N m�2 year�1 (322 g C m�2 year�1) assuming a TN
river concentration of 340 lM and an annual atmo-
spheric input of about 80 mM m�2 year�1 (Ærtebjerg
et al. 2002). Near major freshwater sources, these values
can be higher due to additional nutrient input during the
growing season. The above estimate is well within the
range observed along the Wadden Sea (e.g. Joint and
Pomroy 1993).

The above estimates suggest that in the offshore
North Sea along the Wadden Sea, where direct riverine
input is low (like the northern Wadden Sea), the annual
pelagic production under pre-industrial conditions is
about five times lower than at present. If the import of

organic matter from the North Sea to the Wadden Sea is
proportional to the offshore primary production, the
pre-industrial import is five times lower than at present.
Given a present annual import of about 110 g
C m�2 year�1 (van Beusekom et al. 1999) pre-industrial
annual levels should be about 22 g C m�2 year�1.

Pre-industrial organic matter budgets in the Wadden Sea
under low riverine influence

The above estimate will be put in perspective with new
production and annual turnover rates in the Wadden
Sea to construct a pre-industrial organic matter budget
for those parts that are not strongly influenced by riv-
erine input like areas near the Elbe/Weser estuaries and
near the Rhine/Meuse/IJssel estuary. I will use the Sylt-
Rømø Bight as a model. I will not explicitly discriminate
between benthic and pelagic production and assume that
available nutrients are either taken up by phytoplankton
or by phytobenthos. At present, both contribute equally
to the annual primary production (Asmus et al. 1998).

Despite high winter nutrient concentrations, new
primary production (based on winter nutrient concen-
trations) in the Wadden Sea is low due to its shallow
depth. Compared to the North Sea, light conditions are
probably worse. This will slow down the pelagic spring
bloom but not affect the total amount of new produc-
tion. On the other hand, the shallow depths partly
compensate for this by preventing deep mixing as found
in the North Sea. Spring salinities in the Sylt-Rømø
Bight are typically 28. For pre-industrial conditions, this
implies a TN concentration of about 15.4 lM (excluding
resuspended sediments), enabling a new production of
39 mmol N m�2 year�1 (0.25 mol C m�2 year�1; 3.1 g
C m�2 year�1) at a mean depth of 2.5 m. This is about
15% of the estimated amount imported from the North
Sea under pre-industrial conditions.

A pre-industrial annual primary production of 55 g
C m�2 year�1 and an annual remineralisation of 77 g
C m�2 year�1 are estimated as follows from the above-
mentioned new production and organic matter import
(see also Table 2). At present, turnover rates for the
Wadden Sea are lower than in the North Sea: about two
to three (van Beusekom and de Jonge 1998; van Beu-
sekom et al. 1999). For the Sylt-Rømø Bight these rates
are 2.2 [annual primary production: 309 g C m�2 year�1

(based on Asmus et al. 1998); annual import: 110 g
C m�2 year�1 (van Beusekom et al. 1999), new produc-
tion: 27.9 g C m�2 year�1, based on a calculated TN
concentration of 76.4 lM; new production of 6.4 g
C m�2 year�1 based on an annual atmospheric N input
in this part of the Wadden Sea of 80 mmol m�2

(Ærtebjerg et al. 2002)]. With present turnover rates of
2.2, a pre-industrial annual organic matter import of 22 g
C m�2 year�1 and a new production of 3.1 g
C m�2 year�1, annual pre-industrial primary production
would be about 55 g C m�2 year�1 and annual pre-
industrial remineralisation levels about 77 g

Fig. 4 Autumn values of NH4+NO2 in the western Dutch
Wadden Sea during recent years (1978–2002) with high nutrient
loads (‘‘wet’’ years: 1983; 1987–1988; 1994–1995) and with low
nutrient loads (‘‘dry’’ years: 1990; 1996–1998; 2000) compared with
the earliest measurements (1960–1962) by Postma (1966) and the
present pre-industrial estimate
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C m�2 year�1. This is about five times lower than present
levels.

Discussion

Two approaches have been chosen to derive pre-indus-
trial carbon budgets. The first is an extrapolation to pre-
industrial TN input levels of the present relationship
between riverine TN input and the autumn values of
NH4+NO2 as a proxy for organic matter turnover. The
second one was based on a present carbon budget
extrapolated to pre-industrial nutrient levels. Both ap-
proaches predict that under pre-industrial conditions
about five times less organic matter is being turned over
as compared to the present situation. This value is not
proportional to the riverine TN loads under pre-indus-
trial conditions, which were about eight times lower.
From a conceptual point of view, this makes sense, as
two sources influence the nutrient and organic matter
dynamics of the Wadden Sea: riverine sources and oce-
anic sources. The latter has probably changed much less
than the former, and explains that the overall reaction of
the Wadden Sea is not proportional to the increased TN
loads. Models support the theory that a reduction in
riverine nutrient loads does not lead to a proportional
decrease in primary production: in the Dutch coastal
zone, a 50% reduction in riverine nutrient loads yields a
10–30% reduction in coastal primary production
(ASMO 1997; Lenhart 1999).

Despite the good agreement of the proposed pre-
industrial carbon budgets, they should be regarded with
care. One important factor to be considered is the
underwater light climate. Colijn and Cadée (2003) ap-
plied a conceptual model by Cloern (1999) to the
Wadden Sea. This model predicts at which combination
of nutrient and light one or the other becomes limiting.
The analysis by Colijn and Cadée (2003) suggested that
most of the time most parts of the Wadden Sea are
limited by light. Only during a short period in the year,
mostly around July/August, could nutrients become
limiting. The above authors concluded that, at least
during 1990s, the effect of light climate exceeded by far
the effect of nutrients. The present study does not sup-
port this view for the western Dutch Wadden Sea: the
organic matter turnover (as indicated by the autumn
NH4+NO2 values) is a function of nutrient input, and
the 1990s fit into this relationship. Although the present
analysis does not exclude any effect of light, nutrients do
play an important role in regulating the organic matter
turnover in the Wadden Sea. However, the study by
Colijn and Cadée (2003) does make it clear that light is a
limiting factor during a large part of the growth season.
One way of bringing together both views is that light
limits phytoplankton growth during most of the year,
but that the final amount of primary-produced organic
matter per annum is set during the last stage of the
growing season (say July–August) when, according to

Colijn and Cadée (2003), nutrients and not light limit
growth.

This view has important implications for the recon-
struction of the pre-industrial productivity of the Wad-
den Sea: the two estimates presented in this contribution
both extrapolate from the present situation, i.e. similar
light conditions are assumed. This is certainly not the
case. Suspended matter concentrations measured during
the early 1950s by Postma (1954) in the Dutch Wadden
Sea were about 2.5 times lower than at present (de Jonge
and de Jong 1992, 2002). According to them, the present
high suspended matter concentrations in the Dutch
Wadden Sea are due to dredging and dumping activities
in the Rhine delta. Based on the observed correlations,
they calculate a background suspended matter concen-
tration for the western Dutch Wadden Sea of 12.4–
14.8 mg/l, being similar to the 15 mg/l observed by
Postma (1954) during the 1950s. From a historic point of
view, pristine riverine suspended matter loads may have
been a factor of two lower than at present (Pasternack
et al. 2001, cited by Syvitski 2003). Suspended matter
dynamics in the Wadden Sea might also be related to the
eutrophication process: higher productivity might have
led to a more effective flocculation of fine suspended
matter in the North Sea and a more effective accumula-
tion of organic matter and fines in the Wadden Sea. Also,
diking has certainly influenced the suspended matter
dynamics: by cutting Wadden Sea salt marshes and mud
flats, natural sedimentation areas within the Wadden Sea
were lost and the hydrodynamic forces within the Wad-
den Sea were enhanced (Reise 2005), allowing higher
suspended matter concentrations in the water column.
Less turbid conditions in the pre-industrial Wadden Sea
probably had large effects on the whole ecosystem. Of
relevance for the pre-industrial carbon budgets presented
above is the possibility that the system might have
functioned more efficiently. At present, the average
turnover is about 2.2, but this could have been higher. In
fact, the compilation of carbon budgets from temperate
coastal zones by Heip et al. (1995) suggests a maximum
turnover of between three and four. Applying a value for
the annual turnover of 3.5 to the pre-industrial carbon
budget of the Sylt-Rømø Bight gives �55% higher an-
nual primary productivity of 86 g C m�2 year�1 and
�25% higher remineralisation rates of 108 g
C m�2 year�1 (Table 2). This would imply pre-industrial
production and remineralisation levels in the Sylt-Rømø
Bight three to four times lower than at present.

To my knowledge, the first attempt to estimate pre-
industrial production levels for the Wadden Sea was
made by van den Hoek et al. (1979). They estimated a
seagrass production (Zostera marina) of about 300 g
C m�2 year�1 within the stands and about 30 g
C m�2 year�1 for the entire western Dutch Wadden Sea.
Phytoplankton primary production was estimated at
300 g C m�2 year�1 (threefold higher than during the
1970s) and phytobenthos at 100 g C m�2 year�1 (similar
to during the 1970s). The high pelagic primary produc-
tion was based on the better light climate before 1932
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(due to the closing of the Afsluitdijk, turbidity increased
in the western Dutch Wadden Sea: de Jonge and de Jong
1992). These production values are much higher than the
present estimate of about 50 g C m�2 year�1. The main
reason is that van de Hoek et al. (1979) assumed that the
pelagic primary production was not nutrient- but light-
limited. Based on data collected since 1979, it is now
evident that nutrients still limit Wadden Sea primary
production. But the estimates by van den Hoek et al.
(1979) show that, locally, primary seagrass production
may have been responsible for a significant part of the
pre-industrial primary production. In fact, this points to
a major flaw in the present estimate. Although no ex-
plicit difference has been made between benthic and
pelagic primary production, the present pre-industrial
budgets were based on extrapolating from the present
situation, where seagrass only plays a minor role in the
organic matter budget (e.g. van den Hoek et al. 1979;
Asmus et al. 1998). It may be expected that better light
conditions will have prevailed in a seagrass-dominated
Wadden Sea. Nutrients might have been used and might
have retained more efficiently than in a seagrass-free
Wadden Sea. The estimate of a total primary production
of about 86 g C m�2 year�1 (Table 2) for a more effi-
cient Sylt-Rømø Bight might also be more appropriate
for the western Dutch Wadden Sea.

As mentioned above, no explicit differentiation has
been made in the budgets between the major primary
producers. Better light conditions in the pre-industrial
Wadden Sea might have favoured subtidal micro-
phytobenthic assemblages. Although at present pelagic
and benthic primary production are about equally
important (van Beusekom et al. 1999), it can be specu-
lated that benthic primary production dominated the
pre-industrial Wadden Sea carbon dynamics.

Nutrient background concentrations have been cal-
culated by van Raaphorst et al. (2000) for the Dutch
Wadden Sea. Their estimate was based on nutrient
background concentrations (for the year 1930) for the
Dutch coastal North Sea water and for the two major
freshwater sources, Rhine and IJsselmeer (van Raa-
phorst and de Jonge 2004), assuming conservative mix-
ing. Their estimate of autumn DIN values
(NO3+NH4+NO2�3 lM) is higher than the present
estimate (NH4+NO2�2.4 lM). However, the latter
estimate did not include NO3. Moreover, van Raaphorst
et al. (2000) estimated background concentrations based
on a conservative behaviour, whereas the present esti-
mate aims at reflecting dynamic processes (local pro-
duction of NH4 and NO2). During early autumn,
NH4+NO2 concentrations and NO3 increase at present
in the Sylt-Rømø Bight Sea at a ratio of 1:1, yielding a
pre-industrial autumn DIN concentration of about
5 lM in the absence of advective processes, or 8 lM if
both sources are added. Despite different approaches,
the above estimates are of similar magnitude and
underline the drastic increase in nutrient dynamics dur-
ing the past decades, with present autumn DIN values of
�30 lM (van Beusekom, unpublished results).T
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In the present analysis, I assumed that the annual
primary production is nitrogen-limited. Although this
holds for the present Wadden Sea, phosphorus might
have been limiting during certain historic periods (Billén
and Garnier 1997).

It is interesting to note that the present atmospheric
nitrogen input is able to sustain a significant production
level in the Wadden Sea (Table 2). The inputs I applied
for the Sylt-Rømø Bight were based on data for the
Danish North Sea coast (Ærtebjerg et al. 2002) and may
have been higher in other parts of the Wadden Sea. Van
Beusekom et al. (2001) used a mean value of
120 mM m�2 year�1. Applying this value would in-
crease the atmospheric deposition-driven production by
50% and yield a production level comparable to pre-
industrial levels.
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