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5. Eutrophication

5.1 Introduction

Eutrophication is one of the factors that influ-
ence the quality of the Wadden Sea area. Since
the earliest nutrient measurements in the Wad-
den Sea (Postma, 1954; Postma 1966; Hickel,
1989) a clear increase has been documented (e.g.
de Jonge and Postma, 1974; Hickel, 1989; van
Beusekom et al., 2001). Among the negative ef-
fects associated with the increased nutrient loads
are Phaeocystis-blooms (Lancelot et al., 1987), a
decline in seagrass (de Jonge and de Jong, 1992),
increased blooms of green macroalgae (Reise and
Siebert, 1994) and anoxic sediments (‘black spots')
(de Jong et al., 1999).

A trilateral Target was adopted to aim for a
Wadden Sea which can be regarded as a eutroph-
ication non-problem area (Trilateral Wadden Sea
Plan, 1997). The concept of the eutrophication
problem and non-problem-areas has been devel-
oped in the framework of OSPAR (1997).

Target
A Wadden Sea which can be regarded as a
eutrophication non-problem area

The following sections summarize the findings
of the 1999 QSR (de Jong et al., 1999), the re-
sults of a recent exercise to develop Wadden Sea
specific eutrophication criteria and the results of
the OSPAR Common Procedure in 2003. In the
chapter 5.2 ‘Data analysis', recent trends in nu-
trient loads, nutrient concentrations and in phy-
toplankton and macroalgae biomass are described.

ATarget evaluation and recommendations are giv-
en. The present report updates and extends the
data analysis of the 1999 QSR (de Jong et al., 1999)
and of the report on ‘Wadden Sea Specific Eutro-
phication Criteria’ (van Beusekom et al., 2001).

5.1.1 Findings of the 1999 QSR

In the 1999 QSR trends in nutrient concentra-
tions of the Wadden Sea were analyzed by Bakker
et al. (1999) for the period 1985-1996. The au-
thors noted that nutrient concentrations in the
Wadden Sea during winter depend to a large ex-
tent on salinity. Therefore, actual concentrations
cannot be directly compared unless they are stan-
dardized to a certain salinity. Details of the 'con-
centration - salinity' method are given in Bakker
et al. (1999). The analysis in the 1993 and 1999
QSR (de Jong et al., 1993; Bakker et al., 1999) are
based on winter concentrations normalized to
standard salinities of 10 and 27.

The clearest decrease was observed for phos-
phate (P04, Dissolved Inorganic Phosphorus or DIP)
which decreased by about 50% in most of the
Wadden Sea. In the Dutch Wadden Sea winter
phosphate concentrations of about 1 pM are ob-
served, which gradually increase towards the es-
tuaries of Weser and Elbe, where concentrations
of 2-4 uM prevail. In the North Frisian and Dan-
ish Wadden Sea again concentrations of about 1
UM prevail.

No equivalent decrease was observed for ni-
trogen, although ammonium showed a clear
downward trend in the Ems, Weser and Elbe es-
tuaries, presumably due to the progressive imple-
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The OSPAR Common Procedure

In 1997, the OSPAR Commission adopted the so-called ‘Common Procedure’ for the iden-
tification of the eutrophication status of the Maritime Area of the OSPAR Convention
(OSPAR, 1997). The Common Procedure distinguishes three areas:

e 'Problem Areas' are those areas for which evidence of an undesirable disturbance to
the marine ecosystem due to anthropogenic enrichment by nutrients exists

e 'Potential Problem Areas' are those areas for which there are reasonable grounds for
concern that undesirable disturbance may occur

® 'Non-Problem Areas' are those for which such concerns do not exist.

The '‘Common Procedure’ consists of two steps, the ‘Screening Procedure’ and the ‘Com-
prehensive Procedure’ (COMP). The Screening Procedure identifies with a ‘broad brush’
approach those areas that are likely to be eutrophication Non-Problem Areas. It was not
applied to the Wadden Sea because it was claimed to be at least a Potential-Problem Area.
The Comprehensive Procedure identifies Problem Areas and Potential Problem Areas based
on parameters from a 'holistic checklist' and if necessary based on region specific criteria.
The latter were developed for the Wadden Sea by van Beusekom et al. (2001) and are
grouped according to the Comprehensive Procedure below:

‘Causative Factors' (Cat. I) are atmospheric and riverine nutrient input. The effect of the
increased nutrient input is best seen in changes in the annual nutrient cycle.

‘Supporting Factor' (Cat. Il) for Wadden Sea eutrophication is the import of organic matter
from the adjacent North Sea.

‘Direct Effects’ (Cat. I1l) of eutrophication could be observed in all biota of the Wadden Sea.
However, no clear dose-response relation could be identified. Other factors like weather,
temperature of more complex interaction also play important roles in the proliferation of
eutrophication effects.

Indirect Effects such as changes in zoobenthos biomass and species composition were
observed but no clear dose-response relation could be identified.

mentation and technical improvement of waste
water treatment plants. Nitrate showed an up-
ward trend in the western Dutch Wadden Sea and
a downward trend in the Ems, Weser and Elbe es-
tuaries. Winter nitrate concentrations in the Wad-
den Sea (27 psu) range between 20-110 uM but
in most parts are about 50 uM. The 1999 QSR
also stated that reductions in phosphate have not
led to a reduction of biological phenomena which
may be related to nutrient loading, notably aver-
age chlorophyll concentrations, the duration of
Phaeocystis blooms in the Marsdiep and growth
of macrozoobenthos. Although specific eutrophi-
cation criteria had not been developed by that
time, the QSR 1999 concluded that the target had
not yet been reached.

5.1.2 Wadden Sea specific
eutrophication criteria

Recently, a literature study and data analysis was
carried out aiming at developing Wadden Sea spe-
cific eutrophication criteria (van Beusekom et al.,
2001). The study was necessary to specify the tri-
lateral Target ‘to achieve a Wadden Sea which can
be regarded as a eutrophication non-problem area’
The work was done in close cooperation with ac-
tivities within the framework of the OSPAR Com-
mon Procedure through which relevant parts of
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the OSPAR Convention Area are designated as ei-
ther non-problem, potential problem or problem
areas with regard to eutrophication.

The literature review highlighted the impor-
tance of organic matter import from the North
Sea for the Wadden Sea eutrophication. Statisti-
cal analysis of long term data from the Dutch
Wadden Sea showed that high riverine input of
TN (total nitrogen) enhances organic matter turn-
over as indicated by autumn values of N reminer-
alisation products (NH,, NO,) in both the Rhine-
influenced western part and in the North Sea-in-
fluenced eastern part of the Dutch Wadden Sea.
It was proposed to use autumn values of N rem-
ineralisation products (NH,+NO,) as a measure of
the eutrophication status.

In all Wadden Sea areas an increased eutroph-
ication was observed from ~1960-1996. In both
the southern Wadden Sea (Den Helder - Elbe) and
in the northern Wadden Sea (Elbe - Esbjerg) pri-
mary production has increased. Whereas along the
southern Wadden Sea variability of autumn val-
ues of N remineralisation products can be related
to nitrogen input, no such relation is found in the
northern Wadden Sea. Instead a possible relation
between nitrate in the coastal zone and autumn
values of N remineralisation products in the Sylt-
Remg Bight was found.

Two contrasting situations were postulated:

e the southern Wadden Sea with intense parti-
cle accumulation and a strong coupling of pro-
ductivity and remineralisation with variations
in nitrogen input via the Rhine and the Meuse
and

e the northern Wadden Sea with less intense
particle accumulation, where nutrient input
from the west into the German Bight and not
the Elbe river input determine primary produc-
tion in the German Bight and consequently
the organic matter import into the Wadden
Sea.

Background concentrations of NH,+NO, were pro-

posed for the western Dutch Wadden Sea and

amount to about 3 pM (situation in early 1930s).

Accordingly, the present eutrophication status of

the western Dutch Wadden Sea is on average 5

times higher than during the early 1930s. For the

other Wadden Sea areas, background values were
assigned based on present NH,+NO, levels and
assuming a similar increase in eutrophication sta-
tus throughout the entire area. Based on the eval-
uation of eutrophication criteria, the Wadden Sea
was assessed as a ‘Eutrophication Problem Area’
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The Netherlands Germany Denmark Table 5.1:
CatI:  Riverine Input (500{0 above background) + + + Summary of the Wadden
Winter Concentrations + + + Sea Eutrophication
Wadden Sea (>6-7 uM N) Assessment by OSPAR
Estuanes (>18-30 uM N) (OSPAR, 2003). All three
N/P ratios ki ki = Wadden Sea countries
Cat l:  Chlorophyll levels (Max. >22-24 ug/l) + + + assessed the Wadden Sea
Phytoplankton Indicator Species + + - as a Problem Area:'+'
Macrophytes + + + indicates that the
Cat lll:  Oxygen Problems + ? assessment criterion was
Changes/Kills of Macrobenthos NK ? - applied.
Changes in organic matter + ? -
Cat IV:  Algal toxins + +
5.1.3 OSPAR eutrophication major nutrient sources for the northern Wadden
assessment Sea, where small rivers (Eider, Danish rivers) con-
The whole OSPAR convention area was screened tribute about 6-7 %. The relative contributions of
with the Common Procedure (see Box). The Wad- the above mentioned river sources are compiled
den Sea was classified as a eutrophication prob- in Table 5.2.
lem area by Denmark, Germany and The Nether- The high interannual variability of riverine
lands (OSPAR, 2003). As criteria, deviations from nutrient input is largely due to two factors: dif-
background levels were used. All three countries ferences in interannual freshwater discharge and
used nutrient enrichment, increased chlorophyll a general decrease in nutrient concentrations. Fig-
levels, problems with nuisance macroalgae and ures 5.1-5.2 show that peaks in freshwater dis-
algal toxins as criteria. Differences and uncertain- charge coincide with peaks in nutrient loads. In
ties in the assessment of the effects on macro- general, the annual nutrient loads correlate sig-
benthos and oxygen dynamics were apparent (Ta- nificantly with the annual freshwater discharge.
ble 5.1). The correlation is much better for total nitrogen
. (TN) than total phosphorus (TP) (southern Wad-
5.2 Data ana|y5|S den Sea: r2 = 0.62 for TN and r2 = 0.37 for TP;
5.2.1 Causative factors central Wadden Sea: r2 = 0.76 for TN and r2 =
5.2.1.1 River Input 0.35 for TP). Normalized nutrient loads (annual
L . . nutrient load divided by annual discharge) show
Riverine input data is based on monitoring data .
. - a steady decreasing trend for TN and TP for the
that was interpolated to daily loads (Lenhart and tire Wadden Sea (Fi 53). Si 1985 th
P4tsch, 2001; updated until 2002). The major entire vadden Sea rgure 5.9). oince €
. . specific TN load to the southern and central Wad-
sources influencing the southern Wadden Sea are
I . den Sea decreased on average each year by 2.1-
Haringvliet, Maassluis, Noordzeekanaal, IJsselmeer 2206, Th ific TP load d det h
and Ems. The first sources are in a wider sense -<-/0- The speailic THioad decreased stronger than
. . the specific TN load and amounted on average to
part of the Rhine - Meuse delta. Major sources for
. 3.3% per year for the southern Wadden Sea and
the central Wadden Sea (Jade - Eiderstedt) are the 5 5o for th tral Wadden S
rivers Weser and Elbe. The latter rivers are also -0 peryeartorthe central ¥¥adden >ca.
Southern Wadden Sea .
Source Discharge Total Nitrogen  Total Phosphorus i Tal?le 52
Haringvliet 27.5% 27.2% 22.1% Mean relative contribution
Maassluis 47.4% 47.2% 57.2% of major fresh water
Noordzeekanaal 3.0% 2.9% 4.6% .sources to nutrient input
lUsselmeer 19.3% 17.6% 13.8% into the southern (1977-
i 2.8% 4.6% 230 2002) and central Wadden
Central and northern Wadden Sea Seat(h1 92% to 2%0[2))' FO}:
Source Discharge Total Nitrogen  Total Phosphorus . ¢ Elder e.m anis
Weser 31.1% 31.7% 30.1% rivers, data since 1990,
Elbe 62.0% 61.9% 64.3% resp. 1995 was used as
Eider 2.5% 2.2% 2.5% reported to OSPAR
County Ribe 3.4% 3.200 2.1% (Data source: OSPAR,
Jutland 0.9% 1.0% 0.9% Umweltbundesamt).

Wadden Sea Ecosystem No. 19 - 2005
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Figure 5.1:

Major annual freshwater
discharges influencing the
southern Wadden Sea
(Rhine, Meuse,
Noordzeekanaal, lJsselmeer
and Ems) and the central
and northern Wadden Sea
(Weser, Elbe). Data source:
DONAR, Lenhart and Patsch
(2001).

Figure 5.2:

Major riverine TP and TN
loads to the southern
Wadden Sea (Rhine, Meuse,
Noordzeekanaal, lJsselmeer
and Ems) and to the central
and northern Wadden Sea
(Weser, Elbe). Data source:
DONAR, Lenhart and Patsch
(2001).

Figure 5.3:

Specific nitrogen and
phosphorus load (mean
annual load / mean annual
discharge) to the southern
Wadden Sea (Rhine, Meuse,
Noordzeekanaal, lJsselmeer
and Ems) and to the
central and northern
Wadden Sea (Weser, Elbe).
Data source: DONAR,
Lenhart and Patsch (2001).
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5.2.1.2 Atmospheric Input
Van Beusekom et al. (2001) estimated a total (wet
+ dry) nitrogen deposition in the Wadden Sea of
about 1.7 g N m= y'. Recent studies suggest a
somewhat lower atmospheric deposition of about
1.2 g N m2y': Model calculations predict a total
atmospheric nitrogen deposition in the coastal
North Sea of about 1 g N m2y' (de Leeuw et al,
2001). Aertebjerg et al. (2002) indicate a total at-
mospheric deposition in the Danish Wadden of 1.2
-1.4 g N m2y"'. OSPAR (2004) compiled time se-
ries around the North Sea. They mention an aver-
age wet deposition of 0.8 g N m?y' (total depo-
sition: ~1.2 g N m=2 y") with no trend. An esti-
mated mean atmospheric N load of about 1.2 g N
m=2y' or 15.6 kT y' for the entire Wadden Sea

shows that this atmospheric nitrogen input is
comparable to the input of the Ems (cf. van
Beusekom et al,, 2001).

5.2.1.3 Winter concentrations
Winter concentrations in the North Sea depend
strongly on salinity (e.g. van Bennekom and Wet-
steyn, 1990; Kérner and Weichart, 1992). Mon-
itoring data by the German Federal Maritime and
Hydrographic Agency (BSH) reflects the gradual
decrease in riverine nutrient input (van Beusekom
etal, 2004) and show a decrease of nitrate at a
salinity of 30 from ~55 puM in 1978 to ~45 uM
in 2000 - 2003 (actually, values for nitrate +
nitrite were reported, but nitrite contributes only
a small amount).
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Phosphate decreased in that period from ~2.5
UM to ~1.0 uM. Also in the Wadden Sea, winter
nutrient concentrations correlate with salinity. In
order to describe trends and to compare the dif-
ferent areas the winter concentrations were nor-
malized to a salinity of 27. This estimate was only
made if a significant correlation between nutri-
ent concentrations and salinity was present. If not,
the mean winter concentration was calculated.
Details of this method are given in the 1999 QSR.

Figures 5.4 and 5.5 present updates of the QSR
1999 for nitrate (+ nitrite) and phosphate. Winter
nitrate concentrations do not show a significant
trend. Near estuaries the mean nitrate concen-
trations are somewhat higher (~65 uM) than in
the other areas (~52 uM). Phosphate concentra-
tions in winter did show a strong decrease from
about 2 pM in 1985 to about 1.1 pM after 1995.
Near estuaries the concentrations are higher and
are at present ~ 2-3 pM.

5.2.2 Direct effects

5.2.2.1 Phytoplankton

Phytoplankton biomass and productivity
The analysis of chlorophyll data (an indicator of
phytoplankton biomass) focuses on summer chlo-

rophyll means (May-September) instead of an-
nual means. The available data is summarized in
Table 5.3. Long time series (15-27 years: Dutch
Wadden Sea, Norderney, Sylt) that cover the en-
tire seasonal cycle are shown in Figures 5.6 - 5.8.

Western Dutch Wadden Sea
Cadée and Hegeman (2002) summarize trends in
phytoplankton biomass and productivity in the
Marsdiep area (western Dutch Wadden Sea). They
observed an increase in primary production from
about 100-150 g C m2y'in 1965 to about 400
g Cm=2yT"in 1994. Since then a decrease to val-
ues of about 200 g C m2 y™' has been observed.
Mean annual chlorophyll levels decreased slight-
ly.

The analysis of long-term phytoplankton com-
position in combination with nutrient budget data
(Philippart et al., 2000) suggested that the time
series could be divided into three periods: a rich
but phosphorus-controlled period (1974-1977),
a more eutrophic, nitrogen-limited period (1978-
1987) and a phosphate-limited period (1988-
1993).

Mean summer chlorophyll-a levels (May-Sep-
tember) as observed by the Dutch Monitoring pro-
gram amount to 18 ug Chl-a/l and are among

Wadden Sea Ecosystem No. 19 - 2005
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Figure 5.5:

Trends in winter phosphate
concentrations (uM)
(December — February) in
the 12 subareas of the
Wadden Sea. The
concentrations are
normalized to a salinity of
10 (blue) and 27 (black).
The horizontal lines
represents the mean value,
the vertical lines indicate
the 95% confidence
interval of the mean. Black
dots: mean based on
salinity gradient. Blue dots:
mean values (no significant
salinity gradient). The
numbers below the dots
indicate the number of
data used for the analysis.
Data: TMAP Data Units.
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Niedersachsen Wadden Sea
Mean summer chlorophyll concentrations at Nor-
derney (~17 ug Chl-gfl) are lower than in the
Dutch Wadden Sea. A decreasing trend from about
20 pg Chl-afl around 1990 to ~15 pg Chl-afl dur-
ing the last five years has been observed.

Schleswig-Holstein Wadden Sea
Summer chlorophyll concentrations in the north-
ern Wadden Sea are lower than in the southern
Wadden Sea. A clear spatial gradient is present
showing higher chlorophyll concentrations (~14
ug Chl-afl) near the Elbe-Weser estuary decreas-
ing to 6.3 pg Chl-a/l in the Sylt Remg Bight. Only
in the latter area, a decreasing trend is observed
that correlates with TN loads from the Rhine/
Meuse and Elbe/Weser.

the highest in the Wadden Sea. They show a
marked decrease from about 20 pg Chl-afl in1976-
1985 to about 11 ug Chl-afl in 1996-2002.

Eastern Dutch Wadden Sea
Mean summer chlorophyll levels (May-September;
Dutch Monitoring program) amount to 19.9 ug
Chl-afl and are the highest in the Wadden Sea.
They show no decreasing trend.

Danish Wadden Sea
Summer chlorophyll concentrations in the Danish
Wadden Sea are about 8.6 pg Chl-afl. No tempo-
ral trends or correlations with riverine input could
be identified.

Spatial Trends
Summer levels in the southern Wadden Sea are
about twice as high as in the central and north-
ern Wadden Sea (Table 5.3). The highest levels are
near the major nutrient sources (Dutch Wadden
Sea: lJsselmeer. Southern Schleswig-Holstein
Wadden Sea: Weser and Elbe) and decrease with
increasing distance from the estuaries. The latter
gradient is clearer in the northern Wadden Sea.

Relation with nutrient input
Relations with riverine nutrient input (Table 5.3)
were identified for the western Dutch Wadden Sea,
for Norderney (Niedersachsen Wadden Sea) and
for the Sylt Remg Bight (northern Wadden Sea).
We chose the TN input via Rhine and Meuse as a
common driver that possibly reflects Europe-wide
climatic and agricultural trends (see below) In all
cases a significant correlation (p<0.01) existed
with the TN input during December (previous year)
until August. The same time window was used in
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the eutrophication criteria study (van Beusekom
et al, 2001). In all cases, about 1/3 of the vari-
ability was explained by TN input. Interestingly,
the relative influence of the riverine TN load on
the chlorophyll levels (regression coefficient/ long-
term mean chlorophyll) was similar for all sites
(Table 5.3).

These results indicate that summer chlorophyll
might be used as a eutrophication indicator. Us-
ing TN input via Rhine and Meuse does not nec-
essarily imply that other sources are not impor-
tant. The 'statistical significance' of the correla-
tion with the Rhine/Meuse time-series is proba-

Chlorophyll (ug-I"")

2 4 6 8 10 12 month

bly related to the size of this river system, reflect-
ing both the general precipitation pattern over
North Western Europe and Europe-wide changes
in the use of fertilizers, implementation of water
treatment plants, changes in land use and burn-
ing of fossil fuels. It should be noted that the tem-
poral patterns in the Rhine-Meuse system are very
similar to the patterns in the Weser-Elbe-system
(Figure 5.1 - 5.3). In fact, TN and TP loads of both
systems are significantly correlated (TN: r2=0.76;
p<<0.00001; N=23, TP: R2=0.81; p<<0.00001;
N=25).

Figure 5.6:

Seasonal cycle of
chlorophyll in the western
and eastern Dutch Wadden
Sea, 1977-2002.

Data: TMAP Data Units
and DONAR.

Figure 5.7 (left):

Seasonal cycle of
chlorophyll in the
Niedersachsen Wadden Sea
(Norderney), 1985-2002.
Data: TMAP Data Units and
NLO (M. Hanslik).

Figure 5.8 (right):

Seasonal cycle of
chlorophyll in the North
Frisian Wadden Sea (Sylt-
Remg-Basin), 1983-2003.
Data: TMAP Data Units and
AWI (J. van Beusekom).

Wadden Sea Ecosystem No. 19 - 2005
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Table 5.3:

Comparison of summer chlorophyll levels (ug/l; May-September) in different parts of the Wadden Sea and
their correlation with TN input via Rhine and Meuse. In the case of a significant correlation a factor
relating riverine input with chlorophyll levels is given. This factor is the slope of the regression multiplied
by 10° divided by the mean chlorophyll level. The ,statistical significance’ of the correlation with the
Rhine/Meuse time-series is probably related to the size of this river system, reflecting both the general
precipitation pattern over Northwestern Europe and Europe-wide changes in the use of fertilizers,
implementation of water treatment plants, changes in land use and burning of fossil fuels. Data source:
TMAP Data Units, DONAR, LANU (J. Gobel), NLWKN (M. Hanslik), AWI (van Beusekom), Lenhart and Pitsch

(2001).

Area Period Mean
Western Dutch Wadden Sea 1976-2002 18.0
Eastern Dutch Wadden Sea 1976-2002 19.9
Niedersachsen Wadden Sea 1988-2002 16.6
(Norderney)

Southern Schleswig-Holstein 1990-2002 14.2
Northern Schleswig-Holstein 1990-2002 7.4
Sylt-Rgme-Bight 1984-2002 6.3
Danish Wadden Sea 1990-2002 8.6

*Also no trend with Elbe/Weser Input (Jan. - August).

Toxic and nuisance blooms

Dutch Wadden Sea

The duration of Phaeocystis blooms in the Mars-

diep area decreased from a maximum of about

140 days during the early 1990s to about 60 days

in 2000 (Phillipart et al., 2000). Data from the

Dutch monitoring program shows that since 1996,

Phaeocystis sp. bloomed (>10° cells/l) between 68
and 33 days.

Since the 1999 QSR, some toxic blooms were
observed: Fibrocapsa japonica bloomed once dur-
ing 2001 (>10,000 cells /1), but no negative ef-
fects were reported. Dinophysis acuminata bloom-
ed (>100 cells/l) 29 days during 2001 and 23 days
during 2002. These blooms caused increased DSP
(diarrhetic shellfish poisoning) levels in mussels.

Niedersachsen Wadden Sea
Some conspicuous blooms were observed. In Sep-
tember 1999 the dinoflagellate Prorocentrum red-
fieldii reached up to 320,000 cells/l between
Spiekeroog and Wangerooge. Critical cell numbers
of the dinoflagellate Dinophysisspp. were observed
in late summer 1997, 2000, 2001 and 2002 and
harvesting of mussels was temporarily stopped.

Schleswig-Holstein Wadden Sea
The most conspicuous blooming alga was Chat-
tonella. This alga was responsible for fish kills in
Danish and Norwegian waters in 1998. In that year
the southern limits of the bloom were northwest
of Sylt, where up to 0.17 Mio cells/l were observed.
In May 2000, a Chattonella bloom reached up to
10° cells/l northwest of Sylt. No negative effects
were observed in this part of the Wadden Sea. A
major Phaeocystis bloom was observed in 2000.
Toxic dinoflagellates (Dinophysis spp., Alexandri-
um tamarense) were regularly observed. In 1998,

Trend/Factor

Correlation and significance

Yes/2.7 r2=0.43 n=27 p=0.0002
No Trend

Yes/2.1 r2=0.308 n=18 p=0.008
No Trend* r2=0.002 n=13 p=0.868
No Trend* r2=0.12 n=13 p=0.245
Yes/2.7 r2=0.345 n=19 p=0.008
No Trend* r2=0.18 n=12 p=0.15

shellfish harvest was temporarily stopped south
of Sylt. In 1999 up to 1000 cells/| were observed
near Sylt - but without toxic effects.
Danish Wadden Sea
An overview of potentially toxic blooms was giv-
en by Aertebjerg et al. (2003). Phaeocystis blooms
occurred each year along the Danish West coast
(major bloom in 2000). The potentially toxic Chat-
tonella bloomed along the Danish coast in 1998,
2000 and 2001. These blooms were accompanied
by fish kills. Karenia mikimotoi (Gyrodinium aure-
olum) bloomed in 1997 accompanied with dead
benthic invertebrates. Prorocentrum micans
bloomed in 1997 and 1999. In 1999 DSP was found
in shellfish. No toxic blooms were observed in 2002
and 2003 (Amterne Vadehavssamarbejde, 2003,
2004).
5.2.2.2 Macroalgae
Compared to rocky shores, macroalgae used to
cover sediments only to a minor extent. However,
from the late 1970s to 1980s green algae started
to occur in thick mats covering vast areas of tidal
sediments in the Wadden Sea (Reise, 1983: de
Jonge et al, 1993; Reise and Siebert 1994; Kolbe
etal, 1995) as well as in coastal areas elsewhere
in the world (Fletcher, 1996). This development
peaked in 1990-1993 with algal mats covering
up to 20% of the intertidal area in the German
Wadden Sea. Since then green algae remained
abundant and thick mats occurred locally but never
regained the massive proportions of the early
1990s. The summer of 2004 was the first with
green algae returning back to their marginal oc-
currences prior to the 1980s. A monthly assess-
ment of green algal mass at a site near Sylt, where
no green algae occurred in the 1970s and earlier,
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reflects fairly well the general development
throughout the 1990s and to the present (Figure
5.9). Interannual and seasonal fluctuations are
large, filamentous Enteromorpha tend to domi-
nate but occasionally other green algae achieve
dominance. The sediment underneath algal mats
turned anoxic, benthic animals escaped or died,
and suffocated seagrass decayed.

Although massive green algal developments
have been generally related to coastal eutrophi-
cation (Fletcher, 1996), there is no apparent spa-
tial or temporal relation of this phenomenon to
riverine nitrogen or phosphorus loads into the
Wadden Sea. As several taxa of green algae are
involved, a general cause or combination of causes
is likely which may involve remineralisation rates
and turbidity at the tidal flats, temperature and
turbulence, nutrient competition with phy-
toplankton or grazing by invertebrates.

5.2.3 Indirect effects

5.2.3.1 Autumn NH,+NO, as indicator of

organic matter turn-over
In the report on 'Wadden Sea Specific Eutrophi-
cation Criteria' (van Beusekom etal., 2001) it was
suggested to use the intensity of the seasonal cy-
cle of NH4+NO2 (more specifically, the autumn
values) as an indicator of the organic matter turn-
over in the Wadden Sea. The seasonal cycles of
the major component NH, are shown in Figures
5.10 - 5.12 for the Dutch Wadden Sea, the Nied-
ersachsen Wadden Sea (Norderney) and the North
Frisian Wadden Sea (Sylt). The analysis for the
Dutch Wadden Sea was based on a multiple re-
gression with mean autumn NH,+NO, concentra-
tions as the dependent variable and riverine TN

98 99 00 01 02 03 vyear

input, autumn chlorophyll levels and temperature
as independent variables.

We repeated the analysis for the Dutch Wad-
den Sea and for Norderney. The results confirm
that the autumn values are good eutrophication
indicators for the southern Wadden Sea. NH, and
NO, concentrations in the Dutch Wadden show a
gradual decrease in the Western part, but trends
in the eastern part are less obvious. Nevertheless,
in both parts of the Dutch Wadden Sea, the river-
ine total nitrogen input (December-August) was
significantly correlated with the autumn NH,+NO,
levels (Table 5.4). Chlorophyll did not significantly
influence the relation in the western Dutch Wad-
den Sea, but had a major impact in the eastern
part. For the Niedersachsen Wadden Sea (Norder-
ney) a significant partial correlation exists between
the Rhine-Meuse TN input and autumn NH,+NO,
concentrations (years 1986-2001). The overall
multiple correlation is not significant.

In contrast to the southern Wadden Sea, the
autumn NH,_+NO, concentrations in the North Fri-
sian Wadden Sea (Sylt) show an increasing trend
suggesting an increased eutrophication status. NO,
concentrations in autumn, however, show a de-
creasing trend (significantly correlated with the
TN load via Rhine and Meuse). This suggests that
autumn values of NH,+NO, are not good indica-
tors of organic matter turnover in the northern
Wadden Sea. On the other hand, the lower
NH,+NO, values and lower summer chlorophyll
levels in the northern Wadden Sea are in line with
a generally lower eutrophication status of the
northern Wadden Sea.

Figure 5.9:

Phytomass (g organic dry
weight per m2) of green
algal genera at a site in
Konigshafen near Sylt in
the northern Wadden Sea,
measured monthly from
May to October on an area
of 2500 m2 between 1991
and 2003 (Reise, unpubl.).
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Figure 5.10:

Annual and seasonal
ammonium cycle in the
Dutch Wadden Sea.

Data: TMAP Data Units and
DONAR.

Figure 5.11 (left):

Annual and seasonal
ammonium cycle in the
Niedersachsen Wadden Sea
(Norderney).

Data: TMAP Data Units and
NLO (M. Hanslik).

Figure 5.12 (right):

Annual and seasonal
ammonium cycle in the
North Frisian Wadden Sea
(Sylt Remg Bight).

Data: TMAP Data Units and
AWI (J. van Beusekom).
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5.2.4 Effects of decreased nutrient
input

Within the framework of the Dutch EVA-II project
evaluating the effects of shellfish fishery a model
study was carried out on the effects of decreased
riverine nutrient inputs in the western Dutch
Wadden Sea (Brinkman and Smaal, 2003). The
model showed a response in the form of decreased
primary production, and therefore a decreased
carrying capacity for filter feeding bivalves. Good
field data for filter feeders, however, is not avail-
able to prove or refute the outcome of the model.

5.2.5 Target evaluation
Targets on the chemical quality of the Wadden

NHy4 (umol-I"")

12 month

Eastern Dutch Wadden Sea

10 12 month
Sylt-Remg-Bight

12 month

Sea ecosystem aim at natural levels of nutrient
concentrations and nutrient input. They are pre-
requisite for a naturally developing phytoplank-
ton and phytobenthos.

Background concentrations of NH,+NO, in au-
tumn as a proxy of organic matter turnover in the
Wadden Sea have been estimated at about 3 uM
for the western Dutch Wadden Sea (van Beusekom
et al, 2001; van Beusekom, 2005). Background
TN concentrations of about 45 uM (~0.6 mg/l) for
rivers entering the North Sea have been estimat-
ed by Laane (1992) being about 7-8 times lower
than present values of about 4-5 mg/! (Figure 5.3,
left panel).

Riverine nutrient input shows a gradual de-



crease and the Wadden Sea ecosystem is respond-
ing: In several areas, summer chlorophyll levels
and the intensity of organic matter turnover (us-
ing NH,+NO, as a proxy) decrease and correla-
tions with riverine nutrient input exist. The com-
bination of dry years (low nutrient loads) and de-
creasing TN concentrations in the rivers Rhine and
Meuse have lead to rather low TN loads during
the 1990s. Still, NH,+NO, levels are about 50%
higher than those observed during the 1960's and
about three times higher than under non-prob-
lem conditions (Table 5.5).

No background values for nutrients have been
specifically deduced here for the other parts of
the Wadden Sea or the North Sea coast because
little reliable data exists from a time of low an-
thropogenic influences (OSPAR, 2000; Bakker et
al, 1999).

As a first approximation it can be assumed that
all Wadden Sea areas have a similar relative devi-
ation from pristine conditions as in the western
Dutch Wadden Sea (Table 5.5; compare van
Beusekom et al,, 2001). Comparing the background
estimates with recent values shows that the en-
tire Wadden Sea is a 'Eutrophication-Problem-
Area' with present levels being three to five times
higher than under pre-industrial conditions. This
implies that the target has not been reached yet.

5.3 Conclusions
5.3.1 Main Results

The main results are grouped according to the
categories used in the OSPAR ‘Comprehensive Pro-
cedure’

5.3.1.1 Category I: Nutrients
Riverine nutrient input showed a gradual decrease
during the period 1997-2002. This is reflected by
the phosphate concentrations in winter in the
Wadden Sea that decreased since the mid 1980's
to winter levels of about 1 pM. Salinity normal-
ized nitrate + nitrite concentrations in the Ger-
man Bight in winter reflect the decreasing TN load,
but in the Wadden Sea proper no consistent trend
is yet detectable.

5.3.1.2 Category II: Direct effects on
primary producers
The decreasing nutrient input (TN loads by Rhine
and Meuse) had a significant effect on the phy-
toplankton biomass (as chlorophyll) in summer in
most of the southern Wadden Sea. In the north-
ern Wadden Sea a less clear picture emerges. Only
in the Sylt-Rgmg-Bight, decreasing summer chlo-
rophyll levels correlate with riverine TN input.
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Western Dutch Wadden Sea (1977-2002)

Dependent: Sum of NH, and NO, (Month 9-11)

Independent: Rhine/Meuse TN load (Month 12-8)

Covariable: Chlorophyll (Month 9-11), Temperature (Month 9-11)
Results
N=26 p=0.00078 R2=0.53 Outlier: none
Variable Beta B P
TN load 0.66 0.00005 0.0003
Chl a -0.11 -0.15 0.46
Temp 0.14 0.77 0.238
One outlier identified. Omission would increase R2 from 0.53 to 0.56

Eastern Dutch Wadden Sea (1977-2002)

Dependent: sum of NH, and NO, (Month 9-11)

Independent: Rhine/Meuse TN load (Month 12-8)

Covariables: Chlorophyll (Month 9-11), Temperature (Month 9-11)
Results
N=26 p=0.0081 R2=0.408 Outlier: none
Variable Beta B B
TN load 0.36 0.00003 0.045
Chl a -0.40 -0.62 0.029
Temp 0.20 1.16 0.25
No outliers identified.

Niedersachsen Wadden Sea (1986-2001)

Dependent: sum of NH, and NO, (Month 9-11)

Independent: Rhine/Meuse TN load (Month 12-8)

Covariables: Chlorophyll (Month 9-11), Temperature (Month 9-11)
Results
N=16 p=0.15 R2=0.346 Qutlier: none
Variable Beta B P
TN load 0.60 0.00003 0.029
Chl a -0.23 -0.47 0.36
Temp -0.20 -0.96 0.44
No outliers identified.

Toxic blooms are observed in all parts of the Table 5.4:

Wadden Sea, but no increasing trend or relations
with nutrient input are evident. The most con-
spicuous blooms were observed in 1998 and 2000
along the Danish west coast, and were large, ich-
thyotoxic Chattonella blooms. The main nuisance
blooms were due to Phaeocystis. Long-term data
from the Marsdiep (western Dutch Wadden Sea)
shows a decreasing trend in bloom duration.
Present macroalgae abundance is below the max-
imum levels observed during the early 1990s.

5.3.1.3 Category lll: Direct effects on
organic matter
The decreasing nutrient input (TN loads by Rhine
and Meuse) had a significant effect on the au-
tumn NH,+NO, values in the southern Wadden
Sea. The autumn NH,+NO, values are a good indi-
cator of organic matter turnover in the southern
Wadden Sea.

In the northern Wadden a less clear picture
emerges. In the Sylt-Remg-Bight an increasing
trend of autumn NH,+NO, values was observed
suggesting an increased organic matter turnover
but a decreasing trend in autumn NO, values was

Results of the multiple
regression between TN
input via Rhine and Meuse
and the N remineralisation
in the Wadden Sea.

Wadden Sea Ecosystem No. 19 - 2005
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Table 5.5:

Classification of the Wadden Sea into Non-Problem, Potential Problem and Problem Areas based on autumn
concentrations of NH,+NO, (uM) as proposed by van Beusekom et al. (2001) and modified with data from the recent
study. The division into sub-regions is based on the availability of seasonal data. The present autumn values refer to
values during the period 1997-2002. Non-problem conditions were based on background values for the western Dutch
Wadden Sea. Values for the other areas are proportionally assigned on the basis present day values (1997-2002). Values
for the Sylt Remg Bight are based on the measured data and not calculated as in the table presented by van Beusekom et
al. (2001). All threshold values were formally derived and an uncertainty range of + 1uM should be added.

Area Non- Potential ‘Present’
Problem Problem Problem values
conditions conditions conditions (1997-2002)
Western Dutch Wadden Sea <3.0 uM 3.0 pM <> 8.3 uM > 8.3 uM 9.9 uM
Eastern Dutch Wadden Sea <4.0 uM 4.0 uM <> 10.2 uM > 10.2 uM 19.8 uM
Niedersachsen Wadden Sea <3.2 uM 3.2 UM <> 8.2 uM > 8.2 uM 10.1 uM
Sylt Remg Bight <1.9 uM 1.9 pM <> 4.2 uM > 4.2 uM 6.1 uM
Danish Wadden Sea <2.5 uM 2.5 uM <> 6.5 uM > 6.5 uM 10.2 uM

observed that correlated with TN input. Data from
the other parts of the northern Wadden Sea did
not reveal any trends.

5.3.1.4 Regional differences
The data analysis highlights regional differences
in Wadden Sea eutrophication. In general, the
summer phytoplankton biomass and the autumn
NH,+NO, values in the southern Wadden Sea are
about twice as high as in the northern Wadden
Sea. This suggests a more intense eutrophication
of the southern Wadden Sea. The reason for this
fundamental difference is not yet known, but a
possible relation with a more efficient particle
accumulation in the southern Wadden Sea has
been proposed (van Beusekom et al., 2001). The
geographical distribution of phytoplankton bio-
mass reflects the importance of nutrient loads as
higher values are observed near the main fresh-
water sources (Rhine-Meuse-IlJsselmeer and Elbe-
Weser).

5.3.1.5 Background values

Compared to background TN concentrations of
about 45 uM (~0.6 mg/l) in rivers entering the
North Sea (Laane, 1992) present day mean TN val-
ues of 4-5 mg/l are about 7-8 times higher. The
present day organic matter turnover rates in the
Wadden Sea (as indicated by NH,+NO, values) are
about 3-5 times higher than the rates expected
with background riverine TN loads (Table 5.5). Van
Raaphorst et al. (2000) estimated a background
TN concentration in the Wadden Sea of 17 uM,
being 6-7 times higher than present TDN (Total
Dissolved Nitrogen) values. Brockmann et al.
(2004) developed background values of TN and
chlorophyll-a for the German Bight. They found
about 3-5 times higher TN and chlorophyll levels
in the Wadden Sea as compared to pristine condi-
tions.

5.4 Recommendations

5.4.1 Management

The target of a Wadden Sea without eutrophica-
tion problems has not yet been reached. There-
fore it is recommended continuing to implement
current policies to reduce nutrient input, espe-
cially with regard to nitrogen compounds.

5.4.2 Monitoring and research

5.4.2.1 Comparison between the
northern and southern Wadden Sea

The present study reveals some fundamental dif-
ferences between the southern and northern Wad-
den Sea: In the southern Wadden Sea summer
chlorophyll levels are found twice as high as in
the northern part despite similar winter nutrient
concentrations. NH,+NO, also reach about two
times higher levels in the southern parts compared
to the northern parts. Also, suspended matter con-
centrations in the southern Wadden Sea are higher
than in the northern Wadden Sea. A possible ex-
planation is that the southern Wadden Sea accu-
mulates suspended matter and organics more ef-
ficiently. Research directed towards understand-
ing the differences between the northern and the
southern Wadden Sea should be supported.

5.4.2.2 Exchange rates with the
North Sea

In order to compare nutrient concentrations in the
different parts of the Wadden Sea, especially if
they are locally produced (such as NH, or NO,) the
residence time of water in different tidal basins
should be known. Up to now, no estimates of res-
idence times have been calculated for the entire
Wadden Sea using the same methodology or model
data.
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5.4.2.3 Influence of filter feeders: in
particular of new invaders

The present study suggests that summer chloro-
phyll levels may be used as an indicator of the
eutrophication status because of the significant
correlation with riverine nutrient input in some
areas. In order to use this parameter as an assess-
ment criterion, the role of suspension feeders in
the summer chlorophyll dynamics should be in-
vestigated. Special emphasis should be directed
toward invaders. Crassostrea and Crepidula are
invaders, important filter feeders and recent trends
towards warmer winter and summers suggest an
enhanced spread (Diederich et al., 2005; Thieltges
et al., 2004). Also, meroplankton data from the
northern Wadden Sea shows an enhanced occur-
rence of larvae from Ensis americanus (M. Strass-
er, pers. comm.). It therefore remains an open ques-
tion whether the recent decline in summer chlo-
rophyll levels is due to a decreased riverine nutri-
ent input or to increased filtration rates.

5.4.2.4 Importance of coverage of the
entire seasonal cycle

The present study was based on nutrient and chlo-
rophyll data that covers the entire annual cycle
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