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Abstract

Statistical analysis of 14 yr (1988-2001) of intensive phytoplankton monitoring at Station 330 in the central
Belgian Coastal Zone (BCZ, Southern Bight of the North Sea) indicates that the long-term diatom biomass trend
and the spring dominance of Phaeocystis colonies over diatoms are determined by the combined effect of the
North Atlantic Oscillation (NAO) and freshwater and continental nitrate carried by the Scheldt. The strong
correlation between diatoms and the NAO index is largely explained by the modulating effect of the latter on the
water budget at the monitoring station. The relationship between Phaeocystis spring blooms and winter NAO
(NAO,,) is indirect, better expressed by springtime Phaeocystis dominance over diatoms because of the higher
response of the latter to the NAO. The spring Phaeocystis : diatom bloom ratio is negatively (or positively) linked
to positive (or negative) NAO,, values. A complex cascade of events links large-scale NAO index variations with
those local meteorological conditions (wind strength and direction, rainfall) that drive the hydrography and water
budget of the BCZ. Local meteorological conditions in turn modulate the geographical spread of Scheldt nutrient
loads in the coastal zone and ultimately regulate the magnitude of Phaeocystis spring blooms by determining
winter nitrate enrichment. Hence, the absence of a linear relationship between Phaeocystis spring blooms and
NAO,, is explained by the nonlinear response of river-based nitrate pulses to NAO due to local wind-driven

hydrodynamical forcing.

Large-scale atmospheric variability has a substantial
effect on phytoplankton bloom dynamics and species
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dominance (Cloern 1996; Yin et al. 1999; Drinkwater et
al. 2003), especially in the northwest European shelf seas
(Belgrano et al. 1999; Irigoien et al. 2000; Edwards et al.
2001) influenced by the North Atlantic Oscillation (NAO;
Hurrell 1995). In the nearshore waters of this area,
however, the effect of this large-scale phenomenon interacts
with the local influence of river nutrient loads. There has
been a considerable increase of freshwater nitrogen (N) and
phosphorus (P) inputs to these coastal waters during the
last century as a result of increasing human population
density in the watershed and anthropogenic emissions (e.g.,
Howarth et al. 1996). Over the same period, phytoplankton
biomass has increased in many coastal waters, and there
has been a shift in species dominance toward nonsiliceous
species, apparently as a result of the increase in N and P
(e.g., Richardson 1997). In the Southern Bight of the North
Sea, recurrent blooms of Phaeocystis colonies (Phaeocystis
globosa; Rousseau, unpubl. data) occur after a bloom of
diatoms in early spring. Whereas the diatom bloom is
controlled by silicates and phosphates (Rousseau 2000),
Phaeocystis blooms are sustained by nitrate excess (Lance-
lot et al. 1998). Attempts have been made to relate long-
term fluctuations of these blooms to basin-scale processes
driven by climate change (Owens et al. 1989) or to the local
influence of freshwater N and P inputs (e.g., Cadée and
Hegeman 1991), but the combined effect of these two
factors has never been investigated. Knowledge of the
respective role of climate and river nutrient loads in
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Fig. 1. Map showing the general circulation of water masses
(dashed arrows) in the English Channel and the Southern Bight of
the North Sea and the main river inputs (black arrows). The
dotted line shows the limit of BCZ. Black dots indicate the
position of Sta. 330, S04, and Middelkerke (M).

structuring phytoplankton communities is critical to the
long-term sustainability of these coastal marine ecosystems.

The Belgian Coastal Zone (BCZ), located in the
Southern Bight of the North Sea (Fig. 1), is a relevant site
to investigate links between phytoplankton blooms and
hydroclimatic and continental forcings. This area is highly
dynamic, with water masses resulting from the variable
mixing of English Channel Water Inflow (ECWI) coming
from the Atlantic and freshwater input from the Scheldt
River (Fig. 1). The geographical extent of the river plume is
mainly determined by wind direction and speed (Lacroix et
al. 2004). Overall nutrient enrichment of the BCZ mainly
results from Scheldt inputs, but it results also from the
enrichment of ECWI by discharges from the Seine River
(Fig. 1).

Between 1988 and 2001, a survey of diatom and
Phaeocystis blooms at Station 330, in the central BCZ
(Fig. 1), was conducted at time intervals ranging from twice
a month to twice a week. Diatoms were recorded year-
round, while Phaeocystis colonies occurred as a spring
event lasting between 4 and 13 weeks (Fig. 2). The diatom—
Phaeocystis succession was observed every year, but the
magnitude of the blooms showed important interannual
fluctuations, with most years clearly dominated by
Phaeocystis but a few by diatoms (Fig. 2). Over this period,
P loads by the Scheldt River were reduced by about 77%
with respect to this level in the early 1980s, but N loads
remained unchanged (Rousseau et al. 2004). Yet the
phytoplankton time series collected at Sta. 330 did not
reveal any corresponding trend in diatom—Phaeocystis
blooms (Fig. 2; Rousseau 2000). The lack of an observable
trend may result from the additional influence of NAO-
driven hydroclimatic factors.

In order to investigate the effect of climate variability
(NAO index) and human activities (Scheldt nutrient loads)
on the magnitude of diatom and Phaeocystis blooms in the
BCZ, we conducted a serial statistical analysis based on
a comprehensive suite of nutrient loads, hydrometeorology,
and phytoplankton collected at Sta. 330 between 1988 and
2001.
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Fig. 2. Seasonal pattern of diatom and Phaeocystis colony
biomass (mg C m—3) at Sta. 330 from 1988 to 2000 (JMS: January,
May, September).

Methods

Data sets—Sta. 330: Subsurface seawater was collected
throughout the year at Sta. 330 (51°26.05'N, 2°48.50'E;
Fig. 1) at weekly intervals, except during winter and
summer, when the interval was 2 weeks. From 1988 to 1991
and in 2001, the survey period only ran from February to
mid-June. Salinity was measured at a depth of 3 m with
a Seacat thermosalinograph (SBE21).

Some 10-50 mL of each sample was preserved for
phytoplankton analysis using a 1% (final concentration)
Lugol-glutaraldehyde solution. The analysis was per-
formed under inverted microscopy (Leitz Fluovert) accord-
ing to the Utermo6hl method. Over 400 cells were counted
in each sample, resulting in 10% error, with a 95%
confidence interval (Lund et al. 1958). Magnification was
chosen according to cell or colony size: X40 or X100 for
Phaeocystis colonies and X100 or X200 for diatoms.
Diatom carbon biomass was calculated on the basis of cell
concentration and specific biometry using the size-de-
pendent density relationship recommended by Menden—
Deuer and Lessard (2000). The carbon biomass of Phae-
ocystis colonies was estimated by biovolume measurement
(Rousseau et al. 1990). Our own phytoplankton time series
was complemented with available Phaeocystis and diatom
cell counts for the 2001 spring bloom (Antajan 2004).
Phaeocystis biomass in 2001 was estimated using a carbon
conversion factor of 89.5 pg C cell~1, which is the average
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of the two conversion factors suggested by van Rijssel et al.
(1997).

Suspended particulate matter (SPM) content was esti-
mated by weighing the particulate matter collected by
filtration on a GF/F (Whatman) filter. Nitrate (including
nitrite) concentrations were determined according to the
Grasshoff (1983) colorimetric method on filtered seawater
samples (0.6 um, Nucleopore) that had been stored frozen
until their analysis.

Hydrodynamics: Monthly ECWI in the BCZ was
calculated between 1992 and 2000 using a conventional,
vertically integrated, two-dimensional model with a
resolution of 5’ in longitude and 2.5’ in latitude (de
Vries et al. 1995). State variables included free surface
elevation relative to the mean sea level and the two
horizontal components of depth mean current. Equations
described the shallow water wave based on mass and
momentum conservation. Surface and bottom stresses
were computed using a quadratic function of surface wind
speed and of the mean bottom current. The model was
driven by eight tidal constituents along the open bound-
aries and by meteorological data (six per hour for
wind speed and atmospheric pressure) obtained from the
U.K. Meteorological Office. In the absence of in situ data
for the period of interest, calculated water flows were
compared with those obtained from the three-dimensional
NORWECOM model (Skogen et al. 1995). Month-to-
month variations of the two model results for the available
period (1992-1998) were closely related (12 = 0.86, p <
0.001, n = 84).

The amount of freshwater at Sta. 330 was estimated
based on salinity difference between Sta. 330 (S330) and Sta.
S04 (Ssp4) in the Scheldt Estuary (51°21'N, 3°49.8'E;
Fig. 1), normalized to Sso4. Sso4 data (1992-1997) were
downloaded from the ICES website (http://www.ices.dk/
ocean/). Monthly Scheldt runoff (m3 s—!) was obtained
from the Department of Environment and Infrastructure
(Ministry of Flemish Community, Belgium).

NAO index and meteorological data: Monthly and
winter (NAO,,) NAO index data were downloaded from
the National Center for Atmospheric Research website
(http://lwww.cgd.ucar.edu/cas/jhurrell/indices.html). The
monthly NAO index is calculated based on the sea level
pressure (SLP) difference between Ponta Delgada (Azores)
and Stykkisholmur (Iceland), measured since 1865. NAO,,
is estimated based on the SLP difference between Lisbon
(Portugal) and Stykkisholmur between December and
March, measured since 1864.

Meteorological data from 1987 to 2001 were obtained
from the Royal Institute of Meteorology of Belgium. Daily
rainfall (mm d—!) corresponded to the average of 20
stations distributed in the Scheldt watershed. Wind speed
(m s~1) and direction (0-360°) data were taken at the
coastal meteorological station of Middelkerke (Fig. 1)
every 6 h. Southwesterly (SW) and northerly and easterly
(N+E) winds were considered to be originating from sectors
180-270° and 270-180°, respectively. The magnitude of SW
and N+E winds was calculated as the product of wind
speed (m s—!) and persistence (number of days) in each
direction.

Data analysis—Long-term trend analysis from 1992 to
2000: Correlations between month-to-month variations of
diatom biomass and climatic, meteorological, and hydro-
logical variables were computed for monthly averaged data
using a cumulative sum (Cusum) function (e.g., Beamish et
al. 1999), thus:

Iy

Cusum = Z (x¢ — X) (1)

1

where x, is the monthly averaged variable at time t (varying
between initial #; and final #/), and X is the variable averaged
over the whole period of investigation. This function
attributes less weight to single values. In Cusum plots,
positive and negative slopes reflect increasing and de-
creasing trends, respectively. Prior to Cusum processing,
monthly data were log (x + 1)-transformed to stabilize the
variance and to give less weight to outliers. They were then
deseasonalized using the Census I method (Makridakis et
al. 1983). However, deseasonalization was not performed
on the monthly NAO index and wind magnitude data,
which do not display seasonal variation. Regression
analysis was then conducted on Cusum data with Pearson
coefficient analysis (SYSTAT Version 8, SPSS), and cross-
correlation was used to detect a possible delayed effect.
Statistical significance was set at p < 0.05. Degrees of
freedom in the statistical tests were adjusted in order to
remove autocorrelation (Pyper and Peterman 1998).

Interannual variability of spring blooms between 1988
and 2001: Because of the transient nature of Phaeocystis
blooms compared to that of diatoms (Fig. 2), the use of
Cusum was not relevant. The magnitude of Phaeocystis and
diatom blooms was therefore estimated by integrating over
time the phytoplankton data for the spring bloom period.
Correlations were calculated between Phaeocystis and
diatom spring blooms, NAO,,, wind magnitude, and the
available nitrate stock. The latter was estimated by
integrating concentrations between December and
March—April (i.e., up to the date of Phaeocystis onset).
Fitting of least-squares nonlinear regression was performed
using Sigmaplot (Version 7, SPSS). Accuracy was evaluated
based on r2, p values, and the pattern of residuals.

Results

Long-term trends: covariability of diatom biomass and
monthly NAO index—Figure 3 compares the 1992-2000
monthly fluctuations and Cusum of diatom biomass at Sta.
330 (Fig. 3B) with those of the NAO index (Fig. 3A). The
two series show a parallel trend, characterized by an
increase between 1992 and 1995 until a maximum is
reached, and a sharp decrease from 1995 to the end of
1998 (Fig. 3A,B). Thereafter, the two series diverge.
Nevertheless, the regression between Cusum of diatom
and NAO index is significant (r2 = 0.51, p < 0.001, n =
108; Fig. 3C). The mechanisms behind this relationship are
explored by investigating the links between NAO index
variability and Cusum of meteorological (wind and
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Fig. 3. 1992-2000 variations of monthly means and
Cusum of (A) NAO index, (B) diatom biomass (ug C L~1) at
Sta. 330; (C) Relationship between Cusum of NAO index and
diatom biomass.

rainfall) and hydrodynamical (ECWI in BCZ, Scheldt
runoff and freshwater influence at Sta. 330) variables
(Figs. 4, 5). The link between BCZ meteorological
conditions and the NAO index is shown by the significant
relationships between Cusum of wind dominance (ex-
pressed as the ratio between N+E and SW winds;
(N+E) : SW), rainfall, and the NAO index (Fig. 4A,B). A
decrease in (N+E) : SW is correlated to an increase in the
NAO index (r2 = 0.77, p < 0.001, n = 108; Fig. 4A) as
a result of the intensification of SW winds (Hurrell 1995). A
decrease in (N+E) : SW is also negatively correlated to
rainfall on the Scheldt watershed (r2 = 0.80, p < 0.001, n =
108; Fig. 4B). The effect of this wind dominance change on
the BCZ water mass signature is indicated by a negative
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Fig. 4. Effect of NAO index on meteorological variables.
Relationships between Cusum of (A) NAO index and (N+E) : SW
and (B) (N+E) : SW and rainfall on the Scheldt watershed.
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relationship between Cusum of ECWI and that of
(N+E) : SW (2 = 0.69, p < 0.001, n = 108; Fig. 5A). On
the other hand, correlation analysis between Cusum of
Scheldt runoff and rainfall shows a positive link, with a 2-
month delay (2 = 0.83, p < 0.001, n = 106; Fig. 5B). Wind
direction in turn influences the spreading of the Scheldt
plume at Sta. 330, as indicated by a significant positive
relationship between Cusum of freshwater influence at Sta.
330 and (N+E) : SW (#2=0.87, p < 0.001, n = 72; Fig. 6A).
This relationship is further evidenced by a positive re-
lationship between Cusum of SPM content at Sta. 330—an
indicator of river influence—and (N+E) : SW (2 = 0.67, p
< 0.001, » = 72; Fig. 6B). Surprisingly, Cusum of
freshwater influence at Sta. 330 is negatively correlated to
that of Scheldt runoff (#2 = 0.92, p < 0.001, n = 72;
Fig. 6C). This unexpected result is the consequence of two
opposite phenomena. On the one hand, Scheldt runoff is
positively related to the NAO index via rainfall on the
Scheldt watershed (Fig. 5B). On the other hand, freshwater
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influence depends on (N+E): SW, which is negatively
correlated to rainfall (Fig. 4B). Together, these results
strongly indicate that the long-term trend of diatom
biomass at Sta. 330 is mostly related to a change in
hydrodynamics (i.e., the balance between ECWI in the
BCZ and freshwater inputs from the Scheldt).

Interannual variability of Phaeocystis and diatom spring
blooms: The magnitude of spring Phaeocystis colony
blooms between 1988 and 2001 indicates a nonlinear and
nonmonotonic relationship with NAO,, (12 = 0.44, p <
0.05, n = 14; Fig. 7A). Phaeocystis blooms are positively
related to negative NAO,, (Fig. 7A). For positive NAO,,
the trend is reversed (Fig. 7A). The relationship between
the spring Phaeocystis-to-diatom biomass ratio (Phaeo :
dia) and NAO,, is also nonlinear and nonmonotonic (12 =
0.81, p < 0.001, n = 14; Fig. 7B), with Phaeo : dia being
negatively related to positive NAO,, but positively related
to negative NAO,, (Fig. 7B). Interestingly, maximum
Phaeo : dia at Sta. 330 is observed when NAO,, is close
to 0 and corresponds to a significant Phaeocystis bloom

(Fig. 7).
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The magnitude of Phaeocystis colony blooms also shows
increasing and decreasing trends depending on whether
(N+E) : SWis <l or >1 (2 = 0.74, p < 0.001, n = 14;
Fig. 8A). Likewise, Phaco : dia depends on the (N+E) : SW
according to a nonlinear and nonmonotonic relationship (2
= 0.606, p < 0.001, n = 14; Fig. 8B), with a slope disruption
when (N+E) : SW is close to 1 (Fig. 8B). An analogous
nonlinear and nonmonotonic relationship is observed
between winter nitrate stocks at Sta. 330 and winter
(N+E) : SW, with a reversed trend when the wind ratio
approaches 1 (r2 = 0.61, p < 0.01, n = 13; Fig. 9A). The
latter relationship results from the combined and opposite
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effect of the wind regime on Scheldt runoff and plume
spreading (Fig. 6A,C). Interestingly, this relationship was
not found to be significant for other nutrients (phosphate: 2
= 0.23, p > 0.05; silicate: r2 = 0.02, p > 0.05). Finally,
a nonlinear but monotonic relationship is found between
Phaeocystis colony blooms and winter nitrate enrichment at
Sta. 330 (2 = 0.53, p < 0.01, n = 13; Fig. 9B).

Discussion

Whether long-term changes in Phaeocystis colony
blooms in the Southern Bight of the North Sea are due
to climate (Owens et al. 1989) and/or human-induced
nutrient enrichment of coastal waters (Cadée and Hegeman
1991) is still the subject of debate. Our statistical analysis of
1988-2001 phytoplankton records in BCZ at Sta. 330 in
relation to hydro-meteorological data and Scheldt River
loads provides the first evidence of a synergy between
climate and human-induced river-based nitrate inputs with
respect to their effects on the magnitude of spring
Phaeocystis colony blooms and their dominance over
diatoms (Fig. 10). There appears to be a complex cascade
of natural events entangled with human activity in the
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watershed. The primary effects of climate variability are
local wind dominance and rainfall in the Scheldt watershed,
which determine water dynamics and budgets in the BCZ.
Meteorological conditions, in turn, modulate the spreading
in BCZ of continental nitrates discharged by the Scheldt.
That ultimately influences the magnitude of spring
Phaeocystis blooms at Sta. 330, as well as their dominance
over diatoms (Fig. 10). Indeed, by constraining rainfall and
wind, the NAO affects nitrate inputs (as a result of the
positive link between nitrate loads and runoff) and their
spreading in the coastal area. This process in turn
influences the winter nutrient level and, ultimately,
phytoplankton communities at Sta. 330 (Fig. 10).

Our results agree with current knowledge of the NAO’s
effect on marine phytoplankton dynamics and community
structure, both in oceanic and coastal areas of the North Sea
and Northeast Atlantic waters (e.g., Drinkwater et al. 2003).
However, most previous studies show a linear relationship
between NAO and plankton. Our results clearly indicate
a nonlinear and nonmonotonic response of phytoplankton
to NAO. Indeed, diatoms are positively (negatively) related
to positive (negative) NAO variations (Fig. 3C). The
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dominance of Phaeocystis over diatoms is negatively related
to positive NAO,, values, but the reverse holds for negative
NAO,, values (1996, 1997, and 2001; Fig. 7B).

Mysterud et al. (2003) demonstrated nonlinear and
nonmonotonic effects of climate variability on terrestrial
biology. They also suggested that the response of marine
organisms to climate variability could be explained by
a nonlinear relationship between climate variability and
meteorological conditions and/or a nonlinear response of
biology to local climate variability. In our case study, the
nonlinear relationship between phytoplankton and climate
variability results from the opposite NAO modulation of
Scheldt freshwater and nitrate discharge, on the one hand,
and their spreading in the BCZ on the other hand. Indeed,
high NAO values (>2) are associated with high rainfall and
river runoff, which results in high Scheldt nitrate inputs to
the BCZ (Fig. 10A). However, because high NAO values
are also related to the dominance of SW over N+E winds,
they drive the spreading of the Scheldt plume into
a northeasterly direction, which consequently reduces (or
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1408

prevents) the spreading of Scheldt nitrates to Sta. 330
(Fig. 10A). Therefore, during high NAO years, nitrate
loads at Sta. 330 are low and Phaeocystis blooms are
expected to be less important (Fig. 10A). Low NAO years
(<—2) also generate low Phaeocystis blooms, but that is
due to NAO-driven low Scheldt runoff (Fig. 10B). There-
fore, our results indicate that the conditions for intense
Phaeocystis blooms at Sta. 330 are those for which Scheldt
runoff and plume spreading do not offset each other (i.e.,
when these two parameters display average conditions,
which coincides with 0.5 < (N+E) : SW < 1.5 (Fig. 10C).

Temperature and wind conditions are often mentioned
as factors underlying the relationship between phytoplank-
ton and the NAO in oceanic regions (Drinkwater et al.
2003). However, in our coastal station, the significant
relationship obtained between spring Phaeocystis bloom
magnitude and winter nitrate concentrations indicates that
nitrate enrichment is the principal factor regulating the
magnitude of Phaeocystis blooms and phytoplankton
community. This result is consistent with those of previous
studies that demonstrate a positive link between Phaeocys-
tis cell density and nitrate excess after the early spring
diatom bloom controlled by phosphate and silicate
availability (Lancelot et al. 1998; Rousseau 2000).

Phaeocystis is known to be able to grow on organic
sources of phosphorus when phosphate is depleted (van
Boekel and Veldhuis 1990) and in springtime when
dissolved organic phosphorus is abundant (Van der Zee
and Chou 2004). In the central and northern North Sea and
western Swedish coastal waters, high NAO has been
suggested to increase the contribution of flagellates
(nonsiliceous phytoplankton) over diatoms (Drinkwater
et al. 2003). However, the opposite result was reported for
English Channel coastal waters (Irigoien et al. 2000). Our
analysis confirms these observations, as it indicates a de-
creasing importance of Phaeocystis at Sta. 330 during high
NAO years. These opposite conclusions on the effect of
NAO fluctuations on the North Atlantic phytoplankton
community indicate specific regional responses. These
regional differences are not due to local meteorological
conditions (Hurrell and Dickson 2004) but rather to the
way local wind and rainfall affect hydrodynamics and
nutrient loads. Because of these geographical peculiarities,
a deeper understanding of the causal mechanisms linking
NAO and phytoplankton is required before concluding
that there is a common rule that determines phytoplankton
structure over large areas (e.g., Stenseth et al. 2002).
Finally, our results point to the importance of the choice of
monitoring stations for studying eutrophication in coastal
areas such as the BCZ, where the geographical extent of
river loads is highly variable, depending in a complex and
opposite way on wind direction and rainfall, both of which
are driven by NAO.

References

ANTAJIAN, E., M. J. CHrRETIENNOT-DINET, C. LEBLANC, M. H.
Daro, aND C. LaNceLoT. 2004. 19’-hexanoyloxyfucoxanthin
may not be the appropriate pigment to trace occurrence and
fate of Phaeocystis: The case of P. globosa in Belgian coastal
waters. J. Sea Res. 52: 165-177.

Breton et al.

BeamisH, R. J., D. J. Noakes, G. A. McFARLANE, L. KLYASH-
TORIN, V. V. Ivanov, aND V. Kurasnov. 1999. The regime
concept and natural trends in the production of Pacific
salmon. Can. J. Fish. Aquat. Sci. 56: 516-526.

BELGrRANO, A., O. LiNDAHL, AND B. HErRNROTH. 1999. North
Atlantic Oscillation primary productivity and toxic phyto-
plankton in the Gullmar Fjord, Sweden (1985-1996). Proc. R.
Soc. Lond. 266: 425-430.

CaptE, G. C., anDp J. HEGEMAN. 1991. Historical phytoplankton
data of the Marsdiep. Hydrobiol. Bull. 24: 111-188.

CLoOERN, J. E. 1996. Phytoplankton bloom dynamics in coastal
ecosystems: A review with some general lessons from
sustained investigation of San Francisco Bay, California.
Rev. Geophys. 34: 127-168.

DE VRIES, H., AND oTHERS. 1995. A comparison of 2D storm surge
models applied to three shallow European seas. Environ.
Software 10: 23-42.

DriNkwWATER, K. F., AND oTHERS. 2003. The response of marine
ecosystems to climate variability associated with the North
Atlantic Oscillation. In J. W. Hurrell, Y. Kushnir, G.
Ottersen, and M. Visbeck [eds.], The North Atlantic
Oscillations: Climate significance and environmental impact.
Geophysical Monograph Series, No. 134.

Epwarps, M., P. RED, anDp B. PLANQUE. 2001. Long-term and
regional variability of phytoplankton biomass in the North-
east Atlantic (1960-1995). ICES J. Mar. Sci. 58: 39-49.

GrassHoF, K. 1983. Determination of nitrate, p. 143-150. In K.
Grasshoff, M. Ehrhardt, and K. Kremling [eds.], Methods of
seawater analysis. Verlag Chemie.

HowarTtH, R. W., AND oTHERS. 1996. Regional nitrogen budgets
and riverine N and P fluxes for the drainages to the North
Atlantic Ocean: Natural and human influences. Biogeochem-
istry 35: 75-139.

HurreLL, J. W. 1995. Decadal trends in the North Atlantic
Oscillation: regional temperatures and precipitation. Science
269: 676-679.

, AND R. R. Dickson. 2004. Climate variability over the
North Atlantic, p. 15-31. In N. C. Stenseth, G. Ottersen, J.
W. Hurrell, and A. Belgrano [eds.], Marine ecosystems and
climate variation—the North Atlantic. Oxford Univ. Press.

IriGoIieN, X., R. H. Harris, R. N. HEap, aAND D. HarBoUR. 2000.
North Atlantic Oscillation and spring bloom phytoplankton
composition in the English Channel. J. Plankton Res. 22:
2367-2371.

Lacroix, G., K. Rupbick, J. Ozer, anp C. LaNceLoT. 2004.
Modelling the impact of the Scheldt and Rhine/Meuse plumes
on the salinity distribution in Belgian waters (southern North
Sea). J. Sea Res. 52: 149-163.

LanceLot, C., M. KELLER, V. Rousseau, W. O. SMITH, Jr., AND S.
MatHoT. 1998. Autoecology of the marine haptophyte
Phaeocystis sp., p.209-224. In D. A. Anderson, A. M.
Cembella, and G. Hallegraef [eds.], NATO Advanced
Workshop on the physiological ecology of harmful algal
blooms. NATO-ASI Series, Series G: Ecological Science 41.

Lunp, J. W. G., C. KirLING, AND E. D. LE CreN. 1958. The
inverted microscope method of estimating algal numbers and
the statistical basis of estimations by counting. Hydrobiologia
11: 143-170.

MAKRIDAKIS, S., S. WHEELWRIGHT, AND V. McGEE. 1983. Fore-
casting: Methods and applications, 2nd ed. Wiley.

MENDEN-DEUER, S., anD E. J. Lessarp. 2000. Carbon to volume
relationships for dinoflagellates, diatoms, and other protist
plankton. Limnol. Oceanogr. 45: 569-579.

MysTERUD, A., N. C. STENSETH, N. G. Yoccoz, G. OTTERSEN, AND
R. LANGVATN. 2003. The response of the terrestrial ecosystems
to climate variability associated with the North Atlantic




Blooms in eutrophic coastal waters

Oscillation, p. 235-262. In J. W. Hurrell, Y. Kushnir, G.
Ottersen, and M. Visbeck [eds.], The North Atlantic
oscillation: Climatic significance and environmental impact.
AGU Geophysical Monograph No. 134.

Owens, N. J. P., D. Cook, M. CoLeEBroOK, H. HUNT, AND P. C.
REID. 1989. Long-term trends in the occurrence of Phaeocystis
sp. in the North-East Atlantic. J. Mar. Biol. Assoc. UK 69:
813-821.

PypER, B. J., aND R. M. PETERMAN. 1998. Comparison of methods
to account for autocorrelation in correlation analyses of fish
data. Can. J. Fish. Aquat. Sci. 55: 2127-2140.

RicHArRDsoN, K. 1997. Harmful or exceptional blooms in the
marine ecosystem. Adv. Mar. Biol. 31: 301-385.

Rousseau, V. 2000. Dynamics of Phaeocystis and diatom blooms
in the eutrophicated coastal waters of the Southern Bight of
the North Sea. Ph.D. thesis, Univ. Libre de Bruxelles.

, S. MatHOT, AND C. LANCELOT. 1990. Calculating carbon

biomass of Phaeocystis sp. from microscopic observations.

Mar. Biol. 107: 305-314.

, AND OTHERS. 2004. Identification of Belgian maritime

zones affected by eutrophication (IZEUT). Towards the

establishment of ecological criteria for the implementation
of the OSPAR Common Procedure to combat eutrophication.

Belgian Science Policy Publications D/2004/1191/28.

1409

SkoGEN, M. D., E. Svensen, J. BERNTSE, D. ASKkNES, AND K.
ULVESTAD. 1995. Modelling the primary production in the North
Sea using a coupled three-dimensional physical-chemical-
biological ocean model. Estuar. Coastal Shelf Sci. 41: 545-565.

STENSETH, N. C., A. MyYSTERUD, G. OTTERSEN, J. W. HURRELL,
K. S. CHAN, aND M. LimaA. 2002. Ecological effects of climate
fluctuations. Science 297: 1292-1296.

VAN BoekeL, W. H. M., aND M. J. W. VELDHUIS. 1990. Regulation
of alkaline phosphatase synthesis in Phaeocystis sp. Mar.
Ecol. Prog. Ser. 61: 282-289.

VAN DER ZEg, C., aNnD L. CnHou. 2004. Seasonal cycling of
phosphorus in the Southern Bight of the North Sea.
Biogeosci. Disc. 1: 681-707.

VaN RusseL, M., C. HamMm, AND W. GIESKES. 1997. Phaeocystis
globosa (Prymnesiophyceae) colonies: Hollow structures built
with small amounts of polysaccharides. Eur. J. Phycol. 32:
185-192.

YN, K., P. HARRISON, J. CHEN, W. HUANG, AND P. Y. QiaN. 1999.
Red tides during spring 1998 in Hong Kong: Is El Niio
responsible? Mar. Ecol. Prog. Ser. 187: 289-294.

Received: 9 June 2005
Amended: 5 December 2005
Accepted: 7 December 2005



