Available online at www.sciencedirect.com

SCIENCE<dDIRECT9

ESTUARINE
COASTAL

AND

SHELF SCIENCE

www.elsevier.com/locate/ECSS

4

ELSEVIER

Estuarine, Coastal and Shelf Science 61 (2004) 517-528

Spatial and temporal trends in nutrient concentrations
in the Belgian Continental area of the North Sea
during the period 1993-2000

Sandra De Galan™*, Marc Elskens®, Leo Goeyens®,

André Pollentier®, Natacha Brion®, Willy Baeyens®
Vrije Universiteit Brussel, Laboratory of Analytical and Environmental Chemistry, Pleinlaan 2, 1050 Brussels, Belgium
°Scientific Institute of Public Health, J. Wytsmanstraat 14, 1050 Brussels, Belgium

“Management Unit of the North Sea Mathematical Models - Royal Belgian Institute of Natural Sciences (RBINS),
3e & 23e Linieregimentsplein, 8400 Ostend, Belgium

Received 26 September 2003; accepted 21 June 2004

Abstract

Statistical analysis of nutrient data obtained during 8 years of monitoring indicated strong seasonal and spatial variability, with
highest concentrations in winter and significantly higher concentrations (on average >2 times higher) in the salinity zone S < 33
than in the salinity zone S > 33. In the North Sea ammonium concentrations significantly decreased from 1995 on (47% in zone
S < 33 and 64% in zone S > 33), while for nitrate no significant decrease was observed in the zone S > 33. Despite a drastic
reduction (50%) in the riverine inputs of phosphorus to the North Sea during the last decade, phosphate concentrations decreased
only slightly in the zone S < 33 (<20%). This observation was somewhat similar to what happened with nitrate. Phosphate
concentrations were generally low (mean: 0.75 uM; maximum: 2.4 uM) compared to the other dissolved nutrients. Mean nitrate
concentrations were about 18 uM but some extreme concentrations, up to 140 uM were observed. Finally, the dissolved organic
nitrogen (DON) content represented a major fraction of the total dissolved nitrogen (TDN) (median of 72% for all data), especially
in the zone S > 33, but no significant spatial differences in the DON concentrations were found in the Belgian area of the North Sea.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The North Sea is one of the most studied continental
shelf seas in the world (Howarth et al., 1994). Geo-
graphically it can be considered as an open sea since
exchange of water mass with the Atlantic Ocean occurs
at the southern as well as the northern ends. The North
Sea is characterised as an area with high productivity
receiving high input of nutrients from the North Atlantic
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Ocean. Since the North Sea is surrounded by industri-
alised and densely populated areas, it also receives high
amounts of anthropogenic nutrients via direct wastewa-
ter discharge, river runoff and atmospheric deposition
(Radach et al., 1990; Brion et al., 2004). Total inputs of
N and P to the North Sea are 8870 4+ 4860 kT Ny ' and
494 + 279 kT P y~'. The major contributors are the
waters flowing from the NW Atlantic (70 £ 40% for N
and 87 £ 50% for P), atmospheric deposition (18 + 8%
for N) and the estuaries (9 £ 3% for N and 8 + 2% for
P) (Brion et al., 2004). These inputs can influence the
ecological functioning of the North Sea.
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Although nutrients are involved in various biological
processes, they are of special importance as they regulate
primary productivity in freshwater and marine systems
(Laane et al., 1993). High nutrient concentrations can
cause eutrophication, which leads to a higher biomass in
the system with dramatic consequences (e.g. oxygen
depletion) for the water quality (Richardson and
Jorgensen, 1996). The Southern Bight of the North
Sea is a marine coastal ecosystem where eutrophication
has been observed. Due to the increased nutrient inputs,
elevated nutrient concentrations have been observed
over the years in the coastal zones of the Southern Bight
of the North Sea (Van Bennekom and Wetsteijn, 1990;
Laane et al., 1993; Jickells, 1998). The most obvious
changes in nutrient concentrations and in primary
productivity have taken place in the continental coastal
waters, but effects have also been seen further away
from the major nutrient sources (Soiland and Skogen,
2000). To combat eutrophication and with the aim to
achieve a healthy marine environment, the North Sea
States made commitments to reduce the input of
nutrients in the sea by 50% between 1985 and 1995,
but for nitrogen this target was not achieved (OSPAR-
COM, 2000). The nutrient status of the North Sea has
been studied for many years, focusing on the one hand
on the increase in concentrations in the coastal zones
and on the other hand on seasonal as well as spatial
trends onshore and offshore (Postma, 1978; Baeyens
et al., 1984; Mommaerts et al., 1984; Brockmann et al.,
1988; Laane et al., 1993; Prandle et al., 1997). Several
investigations have dealt with the effects of river input
on the coastal zone’s ecosystem of the North Sea (Van
Bennekom and Wetsteijn, 1990; Lenhart et al., 1997).

The main objectives of this study are to (1) identify
spatial and seasonal trends in nutrient concentrations in
the Belgian Continental zone and (2) investigate the
impact of the reduction in nutrient loads from rivers on
their levels in this studied area of the Southern Bight of
the North Sea.

2. Material and methods
2.1. Study area

Attention is focussed on the Belgian continental shelf
of the Southern Bight of the North Sea, a part of the
North Sea which is strongly influenced by the English
Channel as well as by the rivers Thames, Scheldt and
Rhine. A total of 23 stations (Fig. 1) were sampled for
nutrients on a regular basis during § years (30 cruises)
and covering all seasons to determine spatial and
temporal fluctuations. Fourteen stations had a sampling
frequency of >20, while the other 9 (all additional
stations in the Scheldt plume) had a much lower
sampling frequency (mean: 8) as they were introduced

much later into the sampling program. The study area is
characterised by a water depth less than 30 m, is tide
influenced and is well mixed all year round. To describe
the spatial and temporal nutrient distribution, a salinity
based separation of the data was performed, resulting in
a subdivision of the study area into two salinity zones
(S <33 and S > 33) which overlap for 9 of the 23
stations. Distinction between these two areas was made
because of the existence of strong salinity gradients
perpendicular to the coast due to the freshwater supply
by rivers and because the different nutrient concen-
trations are generally higher in low salinity waters where
they are influenced by human activities. For the Belgian
area the zone S < 33 is strongly influenced by the
Scheldt outflow and by coastal inputs. The mixing of
estuary water (salinity 28) and seawater (salinity 35)
results in a fraction of estuary water of 28.6% at
a salinity of 33. The zone S < 33 is characterised by
a mean salinity of 31.6 and the range is 26.6-32.9. Zone
S > 33 mainly consists of water originating from the
English Channel and the salinity in this zone varies from
33.0 to 35.2 with a mean of 34.2.

2.2. Sampling

Sampling cruises for the collection of data were
performed aboard the research vessel RV Belgica by the
Management Unit of the North Sea Mathematical
Models (MUMM) and the Vrije Universiteit Brussel
(VUB) during the period 1993-2000. Seawater was
sampled from the research vessel RV Belgica with
a Niskin bottle at 3 m depth for ammonium, NO,” =
nitrate + nitrite (referred to as nitrate), phosphate,
silicate (referred to as Si) and dissolved organic nitrogen
(DON) (data available from 1997 on). Samples for
NO, ", silicate and DON were stored in acid rinsed
polyethylene bottles, after filtration on sterile 0.45 pm
cellulose-acetate syringe filters and immediately stored
at —20 °C or 4 °C (silicate) until analysis. For phos-
phate determination, borosilicate glass bottles were used
and the samples were stored at 4 °C. Samples for ammo-
nium are collected in acid rinsed Scott bottles and imme-
diately analysed aboard. Additional parameters such as
salinity, temperature and oxygen are continuously mea-
sured on board the research vessel during each cruise by
MUMM with a CTD-probe.

2.3. Analytical methods

Determination of ammonium was based on the
indophenol blue complex method (Koroleff, 1969) and
the colour formation was measured spectrophoto-
metrically after 24h by using a 10cm light path
(DL = 0.05 uM; RSD = 5%). Nitrate, phosphate and
silicate were analysed with a Technicon™ A-IT model
auto analyser. Nitrate determination was based on the
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Fig. 1. Geographical location of the sampling stations in the Belgian area of the North Sea and location of the two areas, salinity zone S < 33 and

zone S > 33.

sulphanilamide colorimetric method while for phos-
phate and silicate the methods described by Koroleff
(1983a,b) were used. Detection limits for nitrate,
phosphate and silicate are 0.05uM, 0.05uM and
0.5 uM, respectively, and the precision is 3% for nitrate
and phosphate and 6% for silicate determination. DON
measurements were performed as described by Dafner
et al. (1999) (DL = 3 uM, RSD = 3%). The laboratory
participated on a regular basis in the Quasimeme inter-
comparison exercises for nutrients in seawater and in
estuarine water with satisfactory results.

2.4. Statistical analysis

In order to describe the overall and seasonal variability
in nutrients during the study period, robust statistical
methods were used (Massart et al., 1997). Firstly, de-
scriptive statistics was applied to the data set as a whole,
and then to the seasonal data sets, obtained from a sea
surface temperature based separation. This sea surface
temperature approach resulted in a “‘seasonal” data set
different from the one obtained based on astronomical
seasons. When outliers in the data set were detected on the
basis of the Q-test (Massart et al., 1997), they were
removed from the data set. A cusum analysis, i.e. the
cumulative sum of the difference between the observed
values and the overall mean, was applied to the nutrient
data in order to detect patterns of change amongst the
randomness. This was achieved in the area S < 33 as well
as the S >33 area. In order to ensure the use of
representative values for seasonal and trend analysis,
the median rather than the mean values were used. In

addition, box-plot profiles were created and a cusum anal-
ysis on the median monthly concentration was performed
to identify the start and the duration of the vegetative
season and to make an estimation of the corresponding
nutrient consumption during the bloom period.

3. Results

Detailed descriptive statistics of the studied nutrient
concentrations in terms of their overall concentrations
as well as their seasonal profiles is summarised in Table
1. Seasonal variations exist for all nutrients, except for
DON, and they all follow a similar seasonal evolution
pattern: high levels in winter, an important drop in
spring, low values in summer and a gradual increase in
autumn, sometimes interrupted by a smaller autumn
phytoplankton bloom, although, exceptions to this
general trend can be observed (ex. ammonium highest
in summer). Normality tests (Kolmogorov Smirnov test)
on the data sets of zone S <33 and zone S > 33
(median concentrations were used) indicate that nu-
trients in both zones are distributed normally at the 99%
level of confidence. Hence, a paired t-test was used to
determine if a significant difference between both zones
exists. In addition, a pooled standard deviation was
calculated to test the equality of variances. For all
inorganic nutrients, the paired #-test showed significant
differences between zone S < 33 and zone S > 33 at
a confidence level of 99% with significant higher con-
centrations in the former. The values obtained for the
pooled standard deviations also indicated a significant
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Table 1
Descriptive statistics for the different nutrients studied during a
seasonal cycle (values are expressed in pM)

n Mean Stdev Median IQR Min Max
Ammonium
Spring 91 256 3.66 0.82 2.28 <DL (0.05) 17.5
Summer 113 385 3.04 349 5.22 0.08 11.8
Autumn 46 242 193 2.13 2.42 0.07 9.84
Winter 120 3.28 2.85 2.73 3.51 0.07 12.6
All data 370 3.17 3.08 2.28 3.89 <DL (0.05) 17.5
Nitrate
Spring 98 11.6 19.1 1.74 15.0 0.10 95.6
Summer 113 10.5 10.2 6.58 17.5 0.11 41.0
Autumn 46 17.5 148 11.7 21.1  1.35 59.2
Winter 118 31.1 242 255 278 1.94 140
All data 375 18.1 204 11.7 239 0.10 140
DON
Spring 44 217 112 179 12.6 <DL (3.0) 63.5
Summer 52 15.6 7.69 13.9 11.6 3.49 37.0
Autumn 12 19.4 7.58 17.3 7.40 8.43 37.8
Winter 16 204 104 184 114 <DL (3.0)0 473
All data 124 18.7 9.72 17.2 10.6 <DL (3.0) 63.5
Phosphate
Spring 95 027 025 0.17 0.22 <DL (0.05) 1.42
Summer 108 0.78 0.62 0.58 0.96 <DL (0.05) 2.38
Autumn 44 096 0.57 0.76 0.90 0.28 2.28
Winter 111  1.04 047 094 0.65 0.30 2.42
All data 358 0.75 0.58 0.63 0.85 <DL (0.05) 2.42
Silicate
Spring 77 347 3.00 2.64 3.15 <DL (0.5) 14.8
Summer 92 632 579 4.53 793 <DL (0.5 278
Autumn 44 104 6.72 7.94 10.6  2.08 26.8
Winter 116 12.4 896 9.82 13.3  1.01 39.7
All data 329 8.33 7.65 5.87 8.90 <DL (0.5) 39.7

difference in variance at the 99% significance level
between both areas for all inorganic nutrients. Details of
the data analysis are given in Table 2. Cusum analysis
shows that only for ammonium a significant decrease at
the 99% significance level was observed in the S < 33
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and the S > 33 areas during the past 8 years. For all the
other nutrients the weak changes are not significant.

Significant changes in nutrient concentrations were
identified at the end of March corresponding with the
start of the spring phytoplankton bloom and during
autumn in both salinity areas (Fig. 2). These differences
are at least a factor 2 for DIN and Si and even a factor 4
for phosphate in zone S < 33. In zone S > 33 this
difference is a factor 2 for Si and a factor 4 for
phosphate while for DIN a difference factor of at least
5.5 is observed. A small difference in the length of the
growing season exists between both zones and between
nutrients. Although nutrient concentrations sometimes
reached limiting values at certain periods of the year,
they were never exhausted in both areas.

3.1. Ammonium

Concerning ammonium, the most reduced N com-
pound, the majority of the area was marked by relatively
low concentrations with a mean of 3.17 pM but high
concentrations up to 17.5uM have been measured
(Table 1). The seasonal pattern indicates lowest
concentrations in spring due to the development of the
phytoplankton bloom as a result of increasing sunlight
and temperature. The growth of phytoplankton was
accompanied with the consumption of the available
nutrients and ammonium was preferentially used by
phytoplankton before nitrate due to the higher energy
requirements for nitrate uptake. Ammonium concen-
trations increased towards summer due to the high
remineralisation rate of the particulate material after the
bloom period. At the end of summer these concen-
trations slightly decreased again, due to a second
phytoplankton bloom, and stayed rather constant
during autumn and winter. Somewhat surprisingly the
maximum value of all seasons was found in spring

Table 2
Statistic results for the data analysis (z-test and F-test) for zone S < 33 and zone S > 33 (median data are used)

Ammonium Nitrate DON Phosphate Silicate

S <33 S>33 S<33 S>33 S<33 S>33 S<33 S>33 S<33 S >33
t-test: paired two sample for means, « = 0.01
Mean 4.18 1.68 32.8 7.35 20.9 15.2 1.18 0.44 13.7 4.68
Variance 9.51 2.31 319 48.1 42.5 154 0.38 0.08 81.8 13.8
Observations 30 30 30 30 11 11 28 28 26 26
Pearson correlation 0.69 0.72 0.18 0.75 0.71
Hypothesized mean difference 0 0 0 0 0
df 29 29 10 27 25
t stat 591 10.18 2.75 8.71 6.59
P (T < 1) two-tail 2.05 E-06 443 E-11 0.021 2.55 E-09 6.60 E-07
t critical two-tail 2.76 2.76 3.17 2.77 2.79
F-test: two-sample for variances, « = 0.01 (pooled stdev)
Pooled variance 4.82 5.31 245 S51.7 112 22.3 0.26 0.45 17.2 17.8
F 4.11 6.65 2.71 493 5.92
P (F < f) one-tail 0.00014 1.06 E -06 0.066 4.13 E -05 1.61 E -05
F critical one-tail 2.42 242 4.85 2.49 2.60
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Fig. 2. Monthly box-plot for the seasonal variation in DIN (A, B), phosphate (C, D) and silicate (E, F) concentrations (uM) in zone S < 33 (A, C, E)
and zone S > 33 (B, D, F). Black line represents the significant variation in the median concentration obtained from a cusum analysis.

although the lowest mean value was also observed in
that season. Only few sampling points in spring have
high concentrations as proved by comparing the median
value of 0.82uM with the mean concentration of
2.56 uM.

From Fig. 3 and Table 2 it is obvious that there was
a significant difference (1 = 5.91; p[< Teric 999,] <0.001)
in ammonium concentrations between the two studied
areas. The overall mean concentration was 4.18 uM in
zone S < 33, while this was only 1.68 uM in zone
S > 33. Another important feature is that the ammo-

nium concentrations show a distinct evolution during
the last 8 years. Ammonium concentrations during the
first part of the study period were rather high in both
areas (6.26 uM in zone S < 33 and 3.16 uM in zone
S > 33) and even slightly increased, but this short period
was followed by an important decrease which started at
the end of 1994. The critical test value obtained from the
cusum test even indicates that the observed decrease is
significant at the 99% significance level for both areas. A
reduction of 47% in zone S < 33 was obtained and in
zone S > 33 this reduction even amounted to 64%.
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Fig. 3. Box-plot for the variation in ammonium concentration (LM)
from 1993 to 2000 in zone S < 33 (A) and zone S > 33 (B). Black line
represents the significant variation in the median concentration before
and after the change as obtained from a cusum analysis.

3.2. Nitrate

From the different dissolved inorganic nutrients
studied, the dominant compound in the Belgian area
of the North Sea is nitrate. It is also the compound,
which showed the highest variability of all dissolved
nutrients. Nitrate concentrations were almost always
higher than 20 uM independent of the season for marine
stations directly under influence of the Scheldt. The
stations close to the coastal plume also exhibited
relatively high nitrate concentrations but concentrations
decreased slowly towards the west. The mean winter
stock observed in this study was around 30 uM and this
stock decreased strongly with the spring phytoplank-
ton bloom (up to 160 mgN m~> d~' end of the 1970s
(Baeyens et al., 1984)) and the utilization of the available
nitrate was extended until the end of summer. After this,
concentrations built up during autumn and winter. In
brief, mean nitrate was around 11 pM in spring and
summer and started to increase to 17 uM in autumn.
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Fig. 4. Box-plot for the variation in NO,~ concentration (uM) from
1993 to 2000 in zone S < 33 (A) and zone S > 33 (B). Black line
represents the median concentration for the whole period.

Nitrate concentration and variation in zone S < 33
and zone S > 33 was clearly not identical (Fig. 4).
Statistical comparison showed significant differences in
terms of concentrations as well as in terms of variances
(Table 2). In the zone S > 33 mean nitrate value for the
whole study period was 7.35 uM while in the zone
S < 33 the mean nitrate concentration was more than 4
times higher (32.8 uM). These relatively high nitrate
concentrations in zone S < 33 are mainly due to the
Scheldt river input. The nitrate concentration at the
mouth amounts to 53.5 uM. In addition, differences
between the mean concentrations of both areas were
most perceptible during winter period.

Trend analysis on the nitrate data set 1993-2000
indicates that in the zone S < 33 an initial increase
(beginning of 1993) was immediately followed by a slight
decline or levelling off in nitrate concentrations until
1998, after which again a slight increase is observed. The
zone S > 33 is marked by a complete absence of any
trend. The weak decrease for nitrate is not significant at
the 95% significance level.
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3.3. Dissolved inorganic nitrogen

The seasonal profile for DIN given in Fig. 2 indicates
that a significant decrease of 25.2 uM DIN in zone
S < 33 and of 15.0 uM DIN in zone S > 33 was ob-
served at the end of March indicative of the start of the
spring phytoplankton bloom. After this significant drop,
DIN concentration stayed rather constant for a long
period (till the end of November) and was then followed
by a significant increase. In December, the DIN
concentration was restored to a value of 48.7 uM in
zone S < 33 and to a value of 14.4 uM in zone S > 33.
This important change in DIN corresponds to a total
consumption of 5.3 ¢ N'm 2 in zone S < 33 (mean depth
15m) and of 4.2 g N m~? in zone S > 33 (mean depth
20 m) averaged over the period April-November.

3.4. Dissolved organic nitrogen

The DON concentrations in this study, measured
since July 1997, did not show a clear seasonal trend
(Table 1 and Fig. 5). DON concentrations varied
between DL (3 uM) and 63.5 uM for the entire area,
although 80% of the data had DON concentrations
lower than 25 uM. The spatial variability for DON was
also poor. Slight differences, although not statistically
significant (Table 2), were observed between the zone
S < 33 and the zone S > 33 with mean concentrations
of 209 + 6.5uM and 15.2 + 3.9 uM, respectively. A
reversal of the general pattern of slightly higher
concentrations in zone S < 33 compared to zone
S > 33 was not valid in October 1999 and March 2000
and could be indicative of a declining trend in DON
concentrations in zone S < 33, but this assumption
should be taken with care as it concerned only two
sampling campaigns and few sampling points.

According to Bronk (2002), the most important
fraction of the total dissolved nitrogen pool consists of
DON, averaging 60—69%. In the Belgian waters a mean
DON fraction of 64.3 + 27.7% (Table 3) was observed
which corresponds very well with this mean value. This
occurred in the period when biological activity was at
a maximum, thus the available dissolved inorganic
nutrients are consumed and this production increases
the DON pool considerably. Some pronounced differ-
ences concerning the DON fraction existed between the
stations in zone S > 33 and the stations in the other
zone. An important difference was the fact that the
DON fraction was much higher in zone S > 33.
Seventy-five percent of the data in that area had values
higher than 70% DON while in the zone S < 33 this was
only 23% of the data. The lowest observed fraction
value in the zone S > 33 was 22.7% DON while in zone
S <33 15% of the data showed values lower than
22.7%. On a seasonal time scale, the DON fraction was
most important between April and June except in 2000,
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Fig. 5. Box-plot for the variation in DON concentration (uM) from
1993 to 2000 in zone S < 33 (A) and zone S > 33 (B). Black line
represents the median concentration for the whole study period.

especially in zone S > 33. This was the period when
biological activity was at a maximum, the available dis-
solved inorganic nutrients were consumed and thus pro-
duction increased the DON pool considerably. Another
important feature observed in zone S < 33 (Fig. 6) was
that the organic fraction of the TDN showed a declining
trend in time accompanied with an increase in the

Table 3
Data analysis for the DON fraction (%) in zone S < 33, zone S > 33
and the entire Belgian Continental Plate

% DON of Zone Zone All data
TDN pool S <33 S>33 (BCP)
n 53 71 124
Mean 46.9 77.3 64.3
Standard deviation 25.8 21.4 27.7
Median 38.8 86.1 73.7
25% quartile 27.7 70.6 373
75% quartile 64.2 93.3 90.6
Minimum 10.7 22.7 10.7
Maximum 95.6 98.3 98.3
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Fig. 6. Temporal evolution of the different fractions (DIN and DON)
of the TDN pool expressed in % in zone S < 33 (A) and zone S > 33
(B) from 1993 to 2000.

inorganic nitrate fraction. This decreasing trend of
DON fraction was not perceptible in zone S > 33.

3.5. Phosphate

Phosphate concentrations were generally low all over
the year (mean: 0.75 uM) with highest values observed
in autumn and winter and lowest in spring (Table 1).
Distinct differences in terms of concentrations were
observed between both zones (Fig. 7). In zone S > 33,
mean phosphate was 0.44 £ 0.28 uM, while in zone
S < 33, phosphate was at least 2 times higher
(1.18 £ 0.62 uM). The ¢-test (Table 2) shows that the
higher concentrations in zone S < 33 relative to those in
the other zone were statistically significant. Fig. 2
indicates that in early spring (end of March) a decrease
in phosphate was observed of 1.09 uM and of 0.55 uM
in zone S <33 and zone S > 33, respectively. This
corresponds with the consumption of 506 mg P m ™ in
zone S <33 and of 34lmg P m 2 in zone S > 33.
Phosphate concentrations started to increase again at
the end of August in zone S < 33 to a median value of
1.7 uM and at the end of September in zone S > 33
to a value of 0.69 uM; this was much earlier than for
DIN and silicate. These phosphate consumption rates
together with those calculated for DIN result in an N:P
assimilation ratio of 10.4 in zone S < 33 and of 12.35 in
zone S > 33.
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Fig. 7. Box-plot for the variation in phosphate concentration (uM)
from 1993 to 2000 in zone S < 33 (A) and zone S > 33 (B). Black line
represents the median concentration for the whole study period.

On the other hand, considering the phosphate time-
series of the data set (Fig. 7), it was noticed that
phosphate concentrations changed only very slightly
between 1993 and 1999. These small changes observed
over time were without significance (95%), for the zone
S < 33 as well as the zone S > 33.

3.6. Silicate

A clear seasonal trend in silicate is perceived from
Table 1 and mean silicate concentration in the Belgian
area was 8.3 + 7.6 uM. Silicate distribution showed
a clear heterogeneity with significantly higher (¢ = 6.6;
PIZ Terie 999,]<0.001) concentrations in zone S < 33
(mean(j993-2000) = 13.7 uM) relative to the values found
in zone S >33 (mean(1993,2000) = 4.68 ]J.M) of the
Belgian waters (Table 2). Calculations for silicate
consumption (Fig. 2) in the Belgian area indicate that
in zone S < 33 the silicate concentration decreased at
the end of March and this decrease amounted to
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Fig. 8. Box-plot for the variation in silicate concentration (uM) from
1993 to 2000 in zone S < 33 (A) and zone S > 33 (B). Black line
represents the median concentration for the whole study period.

15.1 uM (= 6.4 g Si m2). At the end of October silicate
increased again to a value of 18.8 uM. In zone S > 33
diatoms started their primary production at the end of
February accompanied with the use of 4.4 uM of silicate
(=2.5g Si m?) and this consumed silicate was only
restored from the end of November on.

The corresponding N:Si and P:Si ratios, as calculated
from the consumption, are 0.83 and 0.08, respectively, in
zone S < 33, and these ratios amount to values of 1.7
(N:Si) and 0.14 (P:Si) in zone S > 33. Nearly 80% of the
silicate concentrations of the data set were lower than
12 uM. This may indeed indicate a slight decreasing
trend in dissolved silicate to the system, which amounts
in the present case to 0.17-0.28 pMy ' between 1993
and 2000.

Analysis of the 1993-2000 time series for silicate did
not show an apparent downward or upward trend of
significant importance (at a significance level of 95%) in
both areas (Fig. 8). In spite of this, a small decline in
dissolved silicate was notable in the zone S > 33 since
1997.

4. Discussion

The Belgian coastal waters are characterised by high
turbidity, which strongly limits primary production and
hence causes spreading of the nutrient discharges from
the estuaries to larger areas (Brockmann et al., 1988).
This results in high nutrient concentrations (especially
nitrate) for stations located in the coastal plume of the
Scheldt. In addition, the water masses from the Channel
are mixed with the highly polluted Scheldt water in front
of the Belgian coast, thus enhancing the residence time
of the water.

The ammonium concentrations found in the present
work are in agreement with the values reported by
Prandle et al. (1997) for a study conducted in 1988 and
1989. These authors found mean ammonium concen-
trations of 1.3 £ 1.0 uM covering the whole Southern
North Sea area with largest values observed along the
continental coast, particularly in the German Bight and
the maximum concentration measured was 18 uM in
November. Although ammonium concentrations were
lowest in spring, the few sampling points that exhibited
high concentrations in that period were stations which
are geographically located in the Scheldt estuarine
plume and which are thus strongly influenced by its
discharge. The significant decrease in ammonium
observed in the Belgian waters (Fig. 3) can be explained
by the severe measures that have been taken by the
different North Sea states in reducing the N loads from
the rivers to the North Sea (4th Progress Report, 1995;
OSPARCOM, 2000). Decrease in ammonium concen-
tration is also partly due to the installation of sewage
purification plants. Another explanation can be the
better oxygen conditions measured in the Scheldt
estuary during recent years (Van Damme, pers. comm.).
Higher oxygen levels may enhance the transformation of
ammonium to nitrate within the estuary, again resulting
in lower ammonium loads to the North Sea.

The mean winter stock of nitrate (%30 uM), ob-
served in this study, is in agreement with the mean
winter concentration of 3040 uM found in 1978-1979
by Baeyens et al. (1984) and Brockmann et al. (1988).
These values also indicate that the winter stock value
observed now is still the same as the one at the end of
the 1970s. The seasonal changes found for nitrate are in
agreement with the traditionally found seasonal cycle
for nitrate or nutrients in seas, oceans and estuaries,
whereby the primary productivity in spring and summer
results in minima in nitrate concentrations, while
a minimum in biological activity during winter leads
to a maximum in nitrate concentrations (Baeyens et al.,
1984; Brockmann et al., 1988; Prandle et al., 1997;
Gentilhomme and Lizon, 1998). The significant fall in
DIN (Fig. 2) at the start of the phytoplankton bloom in
both zones is comparable with the findings of Baeyens
et al. (1984). They found a DIN decrease of 21.4 uM
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during the phytoplankton bloom period (1 March—1
June) inside a coastal zone from direct DIN measure-
ments at the end of the 1970s and they also observed
spatial variations of DIN between onshore and offshore
areas of the Belgian coast due to the Scheldt estuary
with differences amounting from 9 to 25 uM-N depend-
ing on the season.

Trend analysis on existing nutrient data in different
coastal zones has revealed that nutrient concentrations
have increased in the coastal waters of the North Sea
between 1930 and 1970 and that there is no obvious
trend during the 1980s (Van Bennekom and Wetsteijn,
1990). The stabilisation of the DIN concentrations in
the 1980s continues in the nineties as perceived by trend
analysis on our nutrient data of 1993-2000.

The growing understanding of the role of DON in
phytoplankton nutrition and ecology (Antia et al., 1991;
Bronk et al., 1994) and the enhanced dissolved organic
matter concentrations in seawater reported by Sugimura
and Suzuki (1988), due to improved analytical methods,
shed new light on the significance of the DON pool.
According to estimates (Sharp, 1983), DON often re-
presents a major proportion of total dissolved nitrogen
in seawater.

From different studies performed in a variety of
areas, Bronk (2002) calculated a mean DON concentra-
tion for the coastal and continental shelf of
99+ 8.1uM and of 22.5+ 17.3 uM for estuaries.
Mean DON concentrations in this study fall within
these ranges (Table 1). Although the existence of
a seasonal cycle of DON has been indicated in the
English Channel by long-term surveys (Butler et al.,
1979), it was difficult to perceive a distinct seasonal
trend in DON in the adjacent Belgian waters. Although
seasonal variability in DON concentration is rather
small, there is a tendency to find higher concentrations
of DON in winter and lower ones in spring (except in
April 1997), which is in contrast with the steady increase
from January to August and the decline from August to
December found by Butler et al. (1979). The ‘absence’ of
a distinct seasonal trend in our data set can be due to (1)
the too low sampling frequency (for example sampling
every two months) whereby possible peaks are missed or
(2) the fact that there is no seasonal trend at all for DON
in the studied environment. Indeed, some areas, for
instance the Santa Monica Bay and the BATS site in the
Sargasso Sea, do not show a seasonal pattern (Hansell
and Carlson, 2001). DON concentrations are rather
similar for all stations and seasons and the DON pool in
the North Sea is important and may not be neglected in
biogeochemical studies as already stated before by some
authors (Laws, 1984; Bronk et al., 1994).

As for many other nutrients, phosphorus loads have
increased by approximately 2-8 times relative to the
values at the turn of the century (Gerlach, 1988; Conley,
2000). From 1960 on, an important increase in

phosphorus loads in the river Rhine was observed due
to the introduction of phosphate-containing detergents
(Van Bennekom and Wetsteijn, 1990; Artebjerg et al.,
2001). The introduction of phosphate-free detergents
and the construction and implementation of advanced
sewage treatment plants in the middle of the 1980s have
resulted in reduced P loads in a number of estuarine
systems worldwide (Conley, 2000). Also in many
estuaries and coastal areas of the North Sea, phospho-
rus concentrations have decreased (up to 50%) since the
middle of the 1980s (4th Progress Report, 1995;
Artebjerg et al., 2001). In 1978-1979, mean winter
phosphate concentrations for the continental coastal
areas from the Strait of Dover to the German Bight are
around 1 uM for the French coastal zone; 3 uM in the
Belgian coastal zone and 3—4 uM in the Dutch coastal
zone (Brockmann et al., 1988). A decade later, mean
phosphate value is 2.5 pM in Dutch waters (Laane, pers.
comm.) while for the southern North Sea area mean
phosphate values ranged from 0.3 to 0.75uM with
highest values occurring closest to the coast (Prandle
et al., 1997). Comparing the mean winter phosphate
concentration of 1.04 uM from our data set with the 3—
4 uM measured at the end of the 1970s by Brockmann
et al. (1988), confirms the findings of many research
reports that from the 1980s on phosphate concen-
trations declined in the coastal areas of the Southern
North Sea (Zrtebjerg et al., 2001). So, in spite of the
decreasing trend observed in the 1980s in most of the
coastal zones of the North Sea and a significant decrease
of around 50% in the Dutch waters between 1990 and
1999 (Laane, pers. comm.), the Belgian waters do not
exhibit a significant decrease in phosphate between 1993
and 2000.

Unlike nitrogen and phosphorus, inputs of dissolved
silicate are largely unaffected by human activity, and
originate primarily from the weathering of silicate rocks
(Conley, 2000). Therefore, it is reasonable to assume
that silicate concentrations have not changed through
time (Gowen et al., 2002). A consequence of increased N
and P inputs and a rather constant Si input is that N:Si
and P:Si ratios of the receiving waters have been altered
considerably (Jickells, 1998; Ragueneau et al., 2002). In
this study the corresponding N:Si and P:Si ratios are
0.83 and 0.08, respectively, in zone S < 33, and 1.7
(N:Si) and 0.14 (P:Si) in zone S > 33. These ratios
indicate an important limitation of silicate in the high
salinity zone compared with the traditional Redfield
ratio of 16:1:16 for N:P:Si. Therefore, enhanced primary
productivity may exhaust silicate and this limitation of
Si relative to N or P can occur more frequently (Conley
et al., 1993), leading to shifts in the phytoplankton
community from diatoms to non-siliceous algae, a fea-
ture that is commonly observed in the Southern Bight of
the North Sea (Riegman et al., 1992; Jickells, 1998,
Rousseau et al., 2002). Declining trends in dissolved
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silicon concentrations have been observed in many
coastal environments, i.e. Adriatic Sea, Black Sea,
Kattegat (Conley et al., 1993), and the German Bight
of the North Sea (Radach et al., 1990). In some areas of
the Baltic Sea, the dissolved silicate concentrations have
decreased by 0.19-0.85 uM y~ ! in the period 1968-1986
(Zrtebjerg et al., 2001). Data from the 1970s indicate
that for years with a homogenous winter distribution, Si
concentration was 5-6 uM in the entire central Southern
Bight (Van Bennekom and Wetsteijn, 1990) and that
mean dissolved silicate was around 12 uM in the Belgian
coastal zone (station 330) in 1978-1979 (Brockmann
et al., 1988). Nearly 80% of the silicate concentrations
of our data set was lower than 12 pM. This may indeed
indicate a slight decreasing trend in dissolved silicate to
the system, which amounts in our case to 0.17-0.28 uM
y~! between 1993 and 2000. This reduction can be
caused by an increased sedimentation of biogenic silica
in the Southern Bight (definite burial) or in the estuarine
system causing a lower supply to the coastal system.
Retention of Si has also been observed by Conley et al.
(1993), as diatoms are trapped in lakes and behind
dams. In addition, the observed values are in good
agreement with the silicate winter values of 10-20 uM
stated by ZErtebjerg et al. (2001) for the Belgian zone for
the period 1985 and 1998 and are in the same range of
silicate concentrations observed in other regions. The
lack of a silicate trend is consistent with the limited
anthropogenic influence on riverine concentration of
this nutrient as stated by Gowen et al. (2002) and is only
influenced by weathering conditions and thus rainfall.

5. Conclusions

Nutrient concentrations in the Belgian area of the
North Sea show clear seasonal and spatial differences.
Highest nutrient concentrations are observed in winter
months when biological activity is negligible, while
lowest values are found at the end of spring coinciding
with the development of the phytoplankton blooms.
Significantly higher nutrient concentrations occur in the
S < 33 area compared to the S > 33 area mainly due to
the influence of river water discharge. According to the
fourth North Sea Conference Progress Report (4th
Progress Report, 1995) there has been a reduction of
50% in the riverine inputs of phosphorus between 1985
and 1995, while for nitrogen the 50% reduction
objective has not been achieved. Although severe actions
have been undertaken by the North Sea states to reduce
the N and P loads from the rivers, these reductions are
not reflected in the Belgian area. In general, nutrient
concentrations (with the exception of ammonium) in the
waters of both studied zones do not show a significant
decreasing trend between 1993 and 2000.
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