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Abstract

Measures to reduce eutrophication have often led to a more effective decline of phosphorus (P) than nitro-
gen (N) concentrations. The resultant changes in riverine nutrient loads can cause an increase in the N : P
ratios of coastal waters. During four research cruises along a 450 km transect, we investigated how reductions
in nutrient inputs during the past 25 yr have affected nutrient limitation patterns in the North Sea. This
revealed a strong offshore gradient of dissolved inorganic N : P ratios in spring, from 375 : 1 nearshore
toward 1 : 1 in the central North Sea. This gradient was reflected in high nearshore N : P and C : P ratios of
particulate organic matter (mainly phytoplankton), indicative of severe P deficiency of coastal phytoplank-
ton, which may negatively affect higher trophic levels in the food web. Nutrient enrichment bioassays per-
formed on-board showed P and Si limitation of phytoplankton growth nearshore, co-limitation of N and P in
a transitional region, and N limitation in the outer-shore waters, confirming the existence of an offshore gra-
dient from P to N limitation. Different species were limited by different nutrients, indicating that further
reductions of P loads without concomitant reductions of N loads will suppress colonial Phaceocystis blooms,
but will be less effective in diminishing harmful algal blooms by dino- and nanoflagellates. Hence, our results
provide evidence that de-eutrophication efforts in northwestern Europe have led to a large imbalance in the
N : P stoichiometry of coastal waters of the North Sea, with major consequences for the growth, species com-
position, and nutritional quality of marine phytoplankton communities.

Although nutrient limitation of phytoplankton growth is anthropogenic nutrient inputs and subsequent nutrient reduc-

well studied, our understanding of the “typical nutrient limi- tion efforts, this historical understanding is now blurred and
tation” of aquatic environments is constantly being revised. more complex than ever (Artioli et al. 2008; Abell et al. 2010;
Lakes have traditionally been considered phosphorus (P) lim- Paerl et al. 2014). In recent decades, a global rise in the relative
ited (Vollenweider 1976; Schindler 1977; Hecky and Kilham N to P content of the major riverine inputs to coastal zones has
1988), whereas oceans and coastal seas were considered pri- occurred, associated with an increased application of N fertil-
marily nitrogen (N) limited (Ryther and Dunstan 1971; izers (Turner et al. 2003; Glibert et al. 2014) and more effective
Blomgqvist et al. 2004; Howarth and Marino 2006). This tradi- P removal from domestic and industrial wastewater during de-

tional view has been challenged by reports on P limitation in eutrophication efforts (Grizzetti et al. 2012). This increase in
different marine environments (Thingstad et al. 1998, Wu riverine N : P ratios may induce major changes in nutrient
et al. 2000) and widespread N and P co-limitation in freshwater limitation of coastal waters. As Paerl et al. (2014) stated, the
ecosystems (Elser et al. 2007). Moreover, due to increased freshwater to marine environment exists as a continuum,
where changes in the prevailing nutrient conditions
“upstream” will inevitably influence nutrient conditions in
*Correspondence: j.huisman@uva.nl the “downstream” coastal environment.
Additional Supporting Information may be found in the online version of ’I:he North Sea is a pn.me e.xample- of a Cloa?tal.zone cxperl-
this article. encing pronounced shifts in nutrient limitation. Coastal
waters of the southern North Sea are strongly influenced
This is an open access article under the terms of the Creative Commons bv the disch f 1 E . includi th
Attribution License, which permits use, distribution and reproduction in any y the discharge ob several turopean rivers, including the
medium, provided the original work is properly cited. Scheldt, Maas, Rhine, Weser, and Elbe. From the 1960s to the
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mid-1980s a large increase of riverine P and N loads (Patsch
and Radach 1997) led to coastal eutrophication of the North
Sea, signified by enhanced primary production (Cadée and
Hegeman 2002), changes in phytoplankton species composi-
tion (Philippart et al. 2000), a marked increase in the intensity
and duration of nuisance blooms of Phaeocystis (Cadée and
Hegeman 1986; Lancelot et al. 1987), and the development of
hypoxia in the German Bight (Westernhagen and Dethlefsen
1983). In response, member states of the OSPAR Convention
agreed to reduce river nutrient loads by at least 50% compared
with the reference year 1985 (OSPAR 1988). By 2002, total P
inputs to the continental coastal waters of the North Sea were
down 50-70%, but the N load was reduced by only 20-30%
(Lenhart et al. 2010; Passy et al. 2013). This unbalanced de-
eutrophication has yielded riverine inputs to the coastal zones
with increasing N : P ratios that currently greatly exceed the
Redfield ratio of 16 : 1 (Radach and Patsch 2007; Thieu et al.
2010; Grizzetti et al. 2012).

Ecological theory predicts that a reduction in nutrient
loads and changes in ambient N : P ratios may cause major
changes in the productivity and species composition of phy-
toplankton communities (Tilman 1982; Smith and Bennett
1999; Brauer et al. 2012), with possible consequences for the
entire marine food web (Sterner and Elser 2002; Philippart
et al. 2007). The effect of reduced nutrient loads is expected
to be most pronounced in nearshore regions with high flu-
vial inputs (Skogen and Mathisen 2009). In the North Sea,
this region of freshwater influence (ROFI) extends along the
Dutch, German, and Danish coastal zone reaching up to
30-50 km offshore (Simpson et al. 1993). A bioassay study
with an isolate of Skeletonema costatum revealed co-limitation
by P and Si in the ROFI region, although this study did not
investigate the response of the natural phytoplankton assem-
blage (Peeters and Peperzak 1990). Furthermore, model anal-
yses point to an increased potential for P limitation in the
coastal waters of the North Sea (Loebl et al. 2009; Passy et al.
2013; Troost et al. 2014), and field studies have already indi-
cated changes in phytoplankton species composition and a
shift from N to P limitation of the phytoplankton spring
bloom in the adjacent western part of the Wadden Sea (Phil-
ippart et al. 2007; Ly et al. 2014). However, a comprehensive
understanding of the implications of changing riverine
nutrient inputs for the North Sea at large is still lacking.

In this study, we aim to investigate to what extent the
reductions in riverine nutrient loads have affected nutrient
limitation patterns in the North Sea. Four research cruises
were performed during the spring and summer seasons to
investigate ambient N : P ratios and phytoplankton commu-
nity composition along a 450 km transect extending from the
Dutch coast to the central North Sea. We used the molar Red-
field ratio of 16 : 1 as a preliminary guide to indicate whether
phytoplankton growth was limited by N or P. However, com-
parison of ambient nutrient concentrations against the Red-
field ratio provides, at best, a coarse indication of the
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potentially limiting nutrient. For instance, many phytoplank-
ton species show a high degree of physiological plasticity in
their cellular C : N : P ratios, particularly in response to
changes in nutrient and light availability (Droop 1973;
Ducobu et al. 1998; Sterner and Elser 2002). Furthermore, the
optimal N : P ratio of phytoplankton cells varies among spe-
cies, from ratios as low as 10 : 1 for species with low N require-
ments to as high as 45 : 1 for species with low P requirements
(Geider and La Roche 2002; Klausmeier et al. 2004).

Therefore, we also carried out on-board nutrient enrich-
ment bioassays with natural phytoplankton assemblages to
obtain a better understanding of the actual nutrient limita-
tion realised by the phytoplankton community (Hecky and
Kilham 1988; Tamminen and Andersen 2007). A key advant-
age of nutrient bioassays is that a factorial design can be
applied in which nutrients are added alone and in different
combinations to distinguish between single nutrient limita-
tions and co-limitation by different nutrients (Arrigo 2004;
Harpole et al. 2011).

Our hypothesis is that the unbalanced reduction of nutri-
ent loads and concomitant increase in N : P ratios of the riv-
erine input will have shifted phytoplankton growth in
coastal waters of the North Sea toward more P-limited condi-
tions. To address this hypothesis, we focus on the following
three related questions : (1) to what extent has P limitation
become more pronounced over the past decades, (2) how
does nutrient limitation vary during the seasons and along
an offshore gradient from the coast toward the central North
Sea, and (3) how do these shifts in nutrient limitation affect
the phytoplankton species composition and their nutritional
quality as a potential food source for higher trophic levels?

Methods

Offshore transect

Four research cruises were conducted with the Dutch
research vessel RV Pelagia along a 450 km transect in the
North Sea (Fig. 1). The most nearshore station was 7 km
from the Dutch coast north of the island of Terschelling.
This shallow station (8 m depth) is located in the Region of
Freshwater Influence (ROFI) of the river Rhine, which
stretches out along the Dutch coast (Simpson et al. 1993; De
Ruijter et al. 1997) with a salinity varying between 30 and
34. The water gradually deepens along the transect to ~45 m
depth at 150 km offshore, where the water mass is domi-
nated by southern North Sea water with a salinity of 34-35.
Subsequently, the transect passes the relatively shallow area
of the Dogger Bank (30 m depth) at 200-300 km offshore,
and then enters the deeper central North Sea which is
strongly influenced by mixing with water from the North
Atlantic Ocean (Fig. 1). During summer, the central North
Sea is thermally stratified and a deep chlorophyll maximum
may develop (van Haren et al. 1998; Weston et al. 2005).
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Fig. 1. Location of the transect with the eight sampling stations in the North Sea. Station names indicate the distance from shore. Arrows indicate

residual currents; ROFI, region of freshwater influence.

The cruises took place on 15-30 August 2011, 08-12 May
2012, 15-25 March 2013 and 24 April 2013-04 May 2013. The
timing of the cruises coincided with the early onset (March
2013), the peak (April 2013) and the decline (May 2012) of the
phytoplankton spring bloom, and the late summer period
(August 2011) (see Fig. S1 of the Supporting Information). Eight
stations were selected for sampling during the cruises and are
designated by their distance from shore : stations 7 km, 70 km,
100 km, 180 km, 250 km, 300 km, 360 km, and 450 km.

Vertical distributions of light, temperature, and salinity
were obtained using a CTD sampler (Sea-Bird SBE911+, Sea-
Bird Electronics, Bellevue, Washington) with a sensor for
photosynthetically active radiation (PAR; Satlantic logarith-
mic PAR-sensor). Water for nutrient analysis and bioassay
experiments was collected using a sampling rosette equipped
with 24 Niskin water samplers of 12 L each.

Nutrient and phytoplankton analysis

Nutrients

Samples for dissolved inorganic nutrients were collected
from all eight stations at depths of 2 m, 7 m, 10 m and then

871

every 5 m to the bottom of the water column, and transferred
into acid-washed 125 mL polypropylene bottles. In the on-
board lab, nutrient samples were gently syringe filtered over a
0.22 pum polycarbonate filter into 5 mL polyethylene vials,
rinsing three times, and stored in the dark at 4°C until analysis.
Nutrient concentrations were analyzed with a SEAL QuAAtro
autoanalyzer (SEAL Analytical, Fareham, UK) for nitrate and
nitrite (NOx; Grasshoff et al. 1983), ammonium (Helder and
de Vries 1979), dissolved inorganic phosphate (DIP; Murphy
and Riley 1962) and silicate (DSi; Strickland and Parsons
1972). Dissolved inorganic nitrogen (DIN) was defined as the
sum of nitrate, nitrite, and ammonium.

Samples for the elemental composition of the plankton
community were collected from 7 m depth at the four stations
that were also selected for the bioassay experiments (7 km, 100
km, 250 km, and 450 km). Particulate matter was concentrated
on-board, in triplicate, on pre-combusted and pre-weighed
0.45 pm pore size glass fiber filters (25 mm ¢; GF/F, Millipore
International Ltd., Maidstone, England) under gentle vacuum,
until filters were visibly clogged to ensure adequate collection
of biomass. The filters were quickly rinsed under vacuum with
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5 mL of 0.22 um filter sterilized milli-Q water to remove excess
salts and stored at —20°C until further processing onshore.
Prior to analysis, filters were dried at 60°C for 24 h. Particulate
organic nitrogen (PON) and particulate organic carbon (POC)
were analyzed using an elemental analyzer (VarioEL Cube, Ele-
mentar Analysensysteme GmbH, Hanau, Germany). Particu-
late organic phosphorus (POP) was analyzed using the ignition
method followed by acid digestion to ortho-phosphate (Ander-
son 1976), which was then measured using standard colori-
metric methods (Murphy and Riley 1962). Based on the typical
biochemical composition of algae and cyanobacteria, Geider
and La Roche (2002) estimated that the critical cellular N : P
ratio marking the transition from N- to P-limited growth
ranges from 15 to 30, and that cellular C : N ratios from 3 to 17
and C : P ratios from 27 to 135 are typical for nutrient-replete
conditions. We used these ratios as benchmarks for compari-
son against our PON, POP, and POC measurements, assuming
that PON : POP ratios < 15 and POC : PON ratios > 17 are indic-
ative of N limitation, whereas PON : POP ratios > 30 and POC :
POP ratios > 135 are indicative of P limitation.

Phytoplankton

Phytoplankton samples were collected from 7 m depth at
all stations. Water samples (45 mL) were transferred to pre-
rinsed 50 mL centrifuge tubes, preserved with 1% Lugol’s
iodine, and stored in the dark at 15°C until microscopic
analysis. Furthermore, 4.5 mL samples were preserved with
0.5 mL formaldehyde (18% v/v)-hexamine (10% w/v) solu-
tion in 5 mL cryogenic vials. These samples were placed in
4°C for 30 min, flash frozen in liquid nitrogen, and stored at
—80°C until analysis via flow cytometry.

Large phytoplankton (>5 um) were identified to genus
level and enumerated using light microscopy. Lugol’s iodine
preserved samples were settled in 10 mL Utermohl chambers
(Hydro-Bios, Kiel, Germany). The entire chamber was
counted at 40X magnification using an inverted microscope
(DM IRB, Leica Microsystems, Wetzlar, Germany). To investi-
gate whether different functional groups within the phyto-
plankton community responded differently to nutrient
limitation, the phytoplankton genera were sorted into four
major functional groups : diatoms, dinoflagellates, nanofla-
gellates (excluding Phaeocystis), and Phaeocystis spp. The cell
counts included both autotrophic and mixotrophic dinofla-
gellates and nanoflagellates, whereas heterotrophic species
(e.g., Protoperidinium spp.) were excluded from our analyses.

Picoyanobacteria and picoeukaryote abundances were
determined by flow cytometry (Marie et al. 2001), using an
Accuri C6 flow cytometer (BD Biosciences, San Jose, Califor-
nia) equipped with a blue laser (488 nm) and red laser
(640 nm). Frozen samples were thawed at 4°C, pre-filtered
through a 5 um polycarbonate filter, and then analyzed. Pico-
cyanobacteria and picoeukaryotes were distinguished based
on bivariate plots of side scatter against the autofluorescent
properties of the key phytoplankton pigments chlorophyll
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Table 1. Nutrient additions in the bioassay experiments.

Nitrate Phosphate Silicate
Treatment (uM) (uM) (uM) Light level
Control 0 0 0 Collection depth
+N 80 0 0 Collection depth
+P 0 5 0 Collection depth
+Si 0 0 80 Collection depth
+N+P 80 5 0 Collection depth
+N+P+Si 80 5 80 Collection depth
+Light 0 0 0 25% more

(excitation with 488 nm laser, autofluorescence with 670 nm
filter), phycoerythrin (excitation with 488 nm laser, autofluor-
escence with 585 nm filter) and phycocyanin (excitation with
640 nm laser, autofluorescence with 675 nm filter).

Biovolumes of the picocyanobacteria, picoeukaryotes and
larger phytoplankton were calculated from cellular dimen-
sions and geometry according to Hillebrand et al. (1999).
Subsequently, C-biomass of the phytoplankton was calcu-
lated from the cell counts and biovolumes of the cells
according to Menden-Deuer and Lessard (2000). The colony
matrix of Phaeocystis was not included in the phytoplankton
biomass calculations.

Bioassay experiments

We performed on-board bioassay experiments to test for
nutrient limitation in natural phytoplankton assemblages
sampled from the North Sea. During the March 2013 and April
2013 cruises, stations 7 km, 100 km, 250 km, and 450 km were
selected for the bioassay experiments. During the May 2012
cruise only station 7 km was selected due to time restrictions.
During the August 2011 cruise, stations 180 km and 450 km
were selected. Water samples for the bioassay experiments
were always collected at 08:00 from 7 m depth. Immediately
after sampling 3 L of water was transferred into 3.2 L polyeth-
ylene carboys which had been thoroughly rinsed with sample
water prior to the filling. Nutrients were added (1 mL addi-
tions) in accordance with the nutrient treatments described
below, and within 45 min after sampling the carboys were
placed in four flow-through incubation containers on the aft
deck of the research vessel. Sea water was continuously
pumped through all incubation containers to maintain con-
sistent ambient temperature. Incubations continued for
96-144 h depending on the cruise length.

Given space limitations on-board, we selected seven dif-
ferent treatments : Control, +N (addition of 80 uM NaNOs),
+P (5 uM K HPOy), +Si (80 uM Na,SiO3), +N+P, +N+P+S5i,
and +light (Table 1). Neutral density filters covered the top
of the incubators to obtain the same irradiance (PAR range;
measured with a LI-250 LI-COR light meter; Lincoln,
Nebraska) as at the sampling depth (7 m) from which the
phytoplankton assemblage originated. For the +light
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treatment, we reduced the neutral density filters to obtain a
25% higher irradiance level. The bioassay experiments dur-
ing the May 2012 and August 2011 cruise had five replicates
per treatment, while we used four replicates per treatment in
the March 2013 and April 2013 cruise.

Progress was monitored by taking a 250 mL sample from
each carboy every 48 h, which was filtered onto 0.45 ym pore
size glass fiber filters (GF/F, Whatman, Maidstone, England)
using a vacuum manifold (model 1225, Millipore, Eschborn,
Germany). The loaded filters were dark adapted for 10 min,
after which chlorophyll fluorescence was measured with a
mini-PAM fluorometer (Walz, Effeltrich, Germany).

At the beginning and end of the incubation period, from
each carboy a water sample (15 mL) was collected and pre-
served for identification, cell counts and C-biomass calcula-
tions of the phytoplankton at the genus level, according to
the methods described above. Furthermore, samples of
500 mL (beginning) and 250 mL (end of incubation) taken
from the carboys were filtered onto 0.45 um pore size glass
fiber filters (GF/F, Whatman). Filters were folded into alu-
minium foil and stored at —20°C until analysis. Chlorophyll
a (Chl a) was extracted with 90% acetone and measured
using standard fluorometric analysis (Welschmeyer 1994).

Statistical analysis

Particulate organic nutrients

We performed a two-way analysis of variance to test
whether the PON : POP, POC : POP, and POC : PON ratios
varied significantly with distance from shore (stations 7 km,
100 km, 250 km, and 450 km) and month of the cruise
(March, April, and May/August). To improve homogeneity of
variance, as tested by Levene’s test, dependent variables were
log-transformed prior to analysis. Type IV sum of squares
was used to account for missing data at station 100 km in
May/August. Post-hoc comparison of the means was based
on Tukey’s HSD test using a significance level («) of 0.05.

Bioassay experiments

Net growth rates (d~') were calculated as p = In(B,/Bo)/t,
where By and B, are the initial and final total phytoplankton
biomass or Chl a concentrations determined from the bioas-
say experiments and t is the incubation time in days. Net
growth rates based on phytoplankton biomass were also
determined for each phytoplankton group separately (dia-
toms, dinoflagellates, nanoflagellates, Phaeocystis spp.,
picoeukaryotes, and picocyanobacteria). One-way analysis of
variance with post-hoc comparison of the means (Tukey’s
HSD test) was used to assess significant differences in net
growth rates among the treatments.

Based on the statistical results, we distinguished between
three different types of co-limitation (Harpole et al. 2011).
“Independent co-limitation” was defined as the stimulation
of phytoplankton growth by two or more single nutrient
treatments (e.g., +N only and +P only) as well as by the
combined nutrient treatment (+N+P). “Simultaneous co-
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limitation” was defined as the stimulation of phytoplankton
growth by the combined nutrient treatment, but not by the
single nutrient treatments. Finally, “serial co-limitation” was
defined as the stimulation of growth by only one of the sin-
gle nutrient treatments (e.g., +N only, but not +P only) and
an even stronger stimulation by the combined nutrient treat-
ment (+N+P).

Results

Dissolved nutrients

In March, DIN concentrations were highest (~30 wmol
LY in nearshore waters and gradually decreased offshore,
with a local minimum at station 300 km (Fig. 2a). In April,
during the phytoplankton spring bloom, nitrogen depletion
occurred throughout most of the transect, except in the
nearshore waters where the DIN concentration was still rela-
tively high (Fig. 2b). During late spring and summer, DIN
concentrations were low throughout the entire transect,
with slightly higher concentrations below the thermocline
in the outer-shore region (Fig. 2¢,d; see Fig. S2¢,d of the Sup-
porting Information for temperature).

In March, DIP concentrations were also highest (~0.63
umol L™1) in nearshore waters (Fig. 2e). In April, however,
nearshore DIP concentrations were strongly depleted
to <0.05 umol L', while outer-shore concentrations were
depleted but to a lesser extent (~0.18 umol L™' at station
450 km) (Fig. 2f). Nearshore DIP concentrations remained
below 0.05 ymol L' in late spring and summer (Fig. 2g,h).
During summer stratification, outer-shore DIP concentra-
tions were low in the top 40 m, but higher (up to ~1 umol
L") below the thermocline (Fig. 2h).

Like DIN and DIP, in March, silicate (Si) concentrations
were highest (~12 pmol LY in nearshore waters (Fig. 2i).
Silicate concentrations were strongly depleted along the
entire transect during the phytoplankton spring bloom in
April, and slowly increased into the summer (Fig. 2j-1).

During most cruises, the molar DIN : DIP ratio decreased
with distance from the coast (Fig. 3). The high DIN : DIP
ratio nearshore is associated with freshwater influence, as
supported by a negative correlation between salinity and
molar DIN DIP ratios (Pearson correlation coef-
ficient = -0.69, n=29, p<0.001; see Fig. S2e-h of the Sup-
porting Information for the salinity gradient). In March, the
DIN : DIP ratio ranged from 54 : 1 in the nearshore region
to 4 : 1 in the outer-shore region. The Redfield isocline (DIN :
DIP ratio of 16 : 1) occurred at ~130 km from shore (Fig. 3a).
In April, the spatial gradient in DIN : DIP was most extreme,
with ratios of 375 : 1 in nearshore and 1 : 1 in outer-shore
waters. The Redfield isocline was also the furthest offshore, at
~200 km from the Dutch coast (Fig. 3b). In May, the DIN : DIP
gradient was slightly less extreme, ranging from 152:1to1:1,
and the Redfield isocline moved landward to ~75 km from
shore (Fig. 3¢). Finally, in August, DIN : DIP ratios were below
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Fig. 2. Concentrations of (a-d) DIN, (e-h) DIP and (i-I) DSi along the offshore transect, during research cruises in March 2013, April 2013, May
2012, and August 2011. Dots indicate depths from which samples were collected. Shading indicates depths below the euphotic zone (i.e., light
levels < 1% of surface light intensity). Graphs were generated using Ocean Data View software (http://odv.awi.de).

Redfield throughout the transect and the offshore DIN : DIP
gradient had disappeared (Fig. 3d).

The molar DSi : DIP ratio showed a similar offshore gradi-
ent as the DIN : DIP ratio in March, with higher than Red-
field ratios at the nearshore region and lower than Redfield
ratios further offshore (Fig. 3e). The DSi : DIP ratio dropped
below Redfield along the entire transect during the phyto-
plankton spring bloom in April (Fig. 3f), showed an offshore
gradient in May (Fig. 3g), and was near or above Redfield in
the surface layer in August (Fig. 3h).

Particulate organic nutrients

POC, PON, and POP were measured at four stations along
the transect. Microscopic inspection showed that the partic-
ulate matter was dominated by phytoplankton at all four sta-
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tions, except for station 7 km of the March 2013 cruise
which also contained a lot of detritus and sediment particles.
Comparison of the POC measurements against the total C-
biomass of the phytoplankton community calculated from
cell counts, after removal of the 7 km station of March 2013,
confirmed that the particulate organic matter largely con-
sisted of phytoplankton (linear regression through the origin
: C-biomass=0.977 x POC; R*=0.93, N=10, p<0.001).
The PON : POP, POC : POP, and POC : PON ratios all varied
significantly with distance from shore (Station) and season
(Month), and also the interaction terms (Station X Month)
were significant (Table 2). The PON : POP ratio showed a
similar offshore gradient as the DIN : DIP ratio, with values
high above the transition zone between N- and P-limited
growth (Geider and La Roche 2002), indicative of P
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limitation, at the nearshore station 7 km (Fig. 4a). PON :
POP ratios were significantly lower further offshore, with val-
ues below the transition zone between N- and P-limited
growth, indicative of N limitation, at station 250 km in April
and stations 250 km and 450 km in May/August (Fig. 4a).
The POC : POP ratio followed a similar pattern, with high
nearshore values indicative of P limitation in April and May/
August and significantly lower values indicative of P replete
conditions offshore (Fig. 4b). The POC : PON ratio showed a
reverse pattern, with low values indicative of N replete con-
ditions nearshore and significantly higher values indicative
of N limitation at offshore station 250 km in April and sta-
tions 250 km and 450 km in May/August (Fig. 4c).

Phytoplankton community

The phytoplankton community varied according to month
and location (Fig. 5). Total phytoplankton biomass was
highest at the nearshore station 7 km in the spring months
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Table 2. Two-way analysis of variance, with the particulate
organic nutrient ratios as dependent variable, and station and
month as independent variables.

Effect df,, df, F p
PON : POP ratio
Station 3,22 52.41 <0.001
Month 2,22 12.26 <0.001
Station X month 5,22 5.59 0.002
POC : POP ratio
Station 3,22 33.91 <0.001
Month 2,22 44.96 <0.001
Station X month 5,22 3.81 0.012
POC : PON ratio
Station 3,22 3.46 0.034
Month 2,22 189.50 <0.001
Station X month 5,22 13.73 <0.001
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indicate the range of cellular C : P and C : N ratios reported under nutrient-replete conditions (Geider and La Roche 2002). Bars that do not share the
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test). The letters “n.d.” indicate that we have no data for May/August at station 100 km.

March-May and also reached high values at stations 70 km
and 100 km in April and station 250 km in March and May
(Fig. Se-g), while total phytoplankton biomass was low at all
five stations sampled in August (Fig. Sh). Numerically, pico-
cyanobacteria and picoeukaryotes dominated the phytoplank-
ton community throughout the entire transect, with co-
dominance of Phaeocystis at stations 7 km and 450 km in April
and at stations 7 km and 300 km in May (Fig. Sa-d). In terms
of phytoplankton biomass, diatoms and dinoflagellates were
the main contributors, with diatoms dominating at the major-
ity of stations in March and April while diatoms and dinofla-
gellates were co-dominant at most stations in May and August
(Fig. S5e-h). Furthermore, Phaeocystis and nanoflagellates con-
tributed substantially to phytoplankton biomass at several sta-
tions in April and May (Fig. 5f,g). Among the dinoflagellates,
seven of the nine identified genera consisted largely of species
described as mixotrophs in the literature (Table S1 Supporting
Information). Likewise, the nanoflagellates were dominated
by potential mixotrophs such as Cryptomonas and Prymnesium
species (Table S2 Supporting Information).

Bioassay experiments

Bioassay experiments were performed on-board at four
stations along the transect to assess which nutrients limit
phytoplankton growth. Monitoring of chlorophyll fluores-
cence indicated that the phytoplankton concentration either
increased or remained constant during the bioassay experi-
ments depending on the treatment and station (Fig. S3
Supporting Information). An exception is the 100 km station
in March, which showed a decrease in chlorophyll fluores-
cence during the first 48 h of the bioassay experiments
(Fig. S3b Supporting Information). Growth responses based
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on phytoplankton biomass (Fig. 6) and Chl a concentration
(Fig. S4 Supporting Information) showed consistent results.

At the nearshore station 7 km, nutrient additions did not
result in a significant increase of the phytoplankton growth
rate in March (Fig. 6a). In April, both the +P and +Si treat-
ment significantly increased the net growth rate of the total
phytoplankton community when compared with the con-
trol, pointing at independent co-limitation of P and Si (Fig.
6e). The +N+P and +N+P+Si treatments did not stimulate
significantly more growth than the +P and +Si treatment.
In May, growth of the phytoplankton community was also
significantly enhanced by the +P and +Si treatments, indi-
cating again independent co-limitation of P and Si (Fig. 6i).
Furthermore, the growth rate was significantly higher in the
+N+P+Si treatment than in the +P and +Si treatments,
suggesting an interactive effect by the simultaneous addition
of P and Si. The different phytoplankton groups responded
differently to the bioassay experiments (Table 3). The net
growth rates of diatoms at station 7 km were limited by Si in
April and co-limited by Si and P in May, dinoflagellates and
nanoflagellates were co-limited by N and P, Phaeocystis was
limited by P and slightly by light, and picocyanobacteria
were limited by P only (Table 3; see Figs. S5-S10 in the Sup-
porting Information for details).

At station 100 km, total phytoplankton growth rates were
negative and nutrient additions did not result in a signifi-
cant increase in March (Fig. 6b). In April, however, the +P
treatment and +N+P+Si treatment showed significantly
higher growth rates of the total phytoplankton community
than the control, while the +N+P treatment did not (Fig.
6f). This indicates serial co-limitation of P followed by Si as
secondary limiting nutrient. Diatoms were independently
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co-limited by Si and P, nanoflagellates showed serial co-
limitation by N and P with independent co-limitation by
light, and Phacocystis and picoeukaryotes were limited by P
only (Table 3; Figs. S5-S10 Supporting Information).

At station 250 km, nutrient additions again did not
enhance total phytoplankton growth rates in March (Fig.
6¢). In April, single nutrient additions did not significantly
increase the growth rate of the total phytoplankton commu-
nity, but the combined +N+P and +N+P+Si treatments
enhanced phytoplankton growth, indicating simultaneous N
and P co-limitation (Fig. 6g). In August, +N addition
increased total phytoplankton growth, while the +N+P and
+N+P+Si treatments led to an even higher growth rate,
which points to serial co-limitation with N as primary limit-
ing nutrient followed by P as secondary limiting nutrient
(Fig. 6k). Diatoms, dinoflagellates, nanoflagellates, Phaeocys-
tis, picoeukaryotes and picocyanobacteria were all co-limited
by N and P during one or two of the months, while nanofla-
gellates were limited by N and picoeukaryotes by P in April
(Table 3; Figs. S5-S10 Supporting Information).

At the outer-shore station 450 km, the +N, +N+P and
+N+P+S treatments stimulated significantly higher growth
rates of the total phytoplankton community than the con-
trol in both April and August (Fig. 6h,l). However, the +N
treatment did not differ significantly from the +N+P and
+N+P+Si treatments. These results show that N was the key
limiting nutrient for phytoplankton growth at station
450 km. The growth rates of diatoms, dinoflagellates and
nanoflagellates were limited by N, while Phaeocystis was co-
limited by N and P and/or limited by light (Table 3; Figs. S5-
S10 Supporting Information).

Discussion

Increasing P limitation

Our results show phosphorus limitation of phytoplankton
growth in the coastal waters of the North Sea. It is useful to
interpret these results in a long-term context. Historical data
on nutrient concentrations measured in our study area were
obtained from Rijkswaterstaat, a branch of the Dutch Minis-
try for Infrastructure and the Environment, for their station
Terschelling 4 km. This station is only 3 km south of our sta-
tion 7 km, in the same transect. Both stations have a compa-
rable depth of 6-8 m and are within the ROFI region with a
salinity varying between 30 and 34. The data show a distinct
decline in DIP concentration in the early 1990s (Fig. 7a), but
only a slight decrease in DIN (Fig. 7b) and no evident
change in the DSi concentration (Fig. 7c). The strongly
reduced DIP concentration from the early 1990s onward was
not accompanied by a similar decrease of the chlorophyll
concentration, although there was a temporary reduction in
chlorophyll levels during the years 1990-1995 (Fig. 7d).
Rijkswaterstaat ended their measurements at station 4 km in
2007. The chlorophyll concentrations that we measured at
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station 7 km during our cruises (Fig. 7d) and estimated from
satellite data (Fig. S1 Supporting Information) in 2011-2013
seem somewhat lower, although the number of datapoints is
too limited to draw firm conclusions. Hence, although over-
all reduction of phytoplankton biomass was one of the pri-
mary goals of the nutrient reduction policy, in terms of
chlorophyll concentrations this policy has not yet proven
successful, except perhaps for a decrease of the chlorophyll
concentration during recent years.

The decreasing DIP concentration has caused an increase
in the DIN : DIP ratio, particularly in spring, from the late
1990s onward (Fig. 7e). Comparison with our 2011-2013
data of nearshore station 7 km indicates that the upward
trend in DIN : DIP ratio has continued during the past dec-
ade. The DSi : DIP ratio shows a similar increase, from values
that remained largely below the Redfield ratio of 15 : 1
throughout the year in the 1970s and 1980s to higher values
exceeding Redfield every summer from the early 1990s
onward (Fig. 7f). These data indicate that nutrient limitation
of these coastal waters has shifted from a balanced N+P co-
limitation to severe P limitation for non-siliceous phyto-
plankton, and from Si limitation to Si+P co-limitation for
diatoms.

Comparisons of ambient nutrient ratios against the Red-
field ratio should be interpreted with caution, however,
because ambient nutrient ratios do not necessarily reflect the
flux rates of these nutrients and because of the known vari-
ability of the nutrient stoichiometry of phytoplankton
(Geider and La Roche 2002; Sterner and Elser 2002; Klausme-
ier et al. 2004). We therefore performed on-board bioassays
with sampled seawater to obtain a better understanding of
the nutrient response of the phytoplankton community
along the offshore gradient. The bioassay experiments show
that at stations 7 km and 100 km growth rates of the total
phytoplankton community and of the diatoms were co-
limited by P and Si, dinoflagellates and nanoflagellates were
co-limited by N and P, Phaeocystis was co-limited by P and
light, and picoeukaryotes and picocyanobacteria were lim-
ited by P alone during and directly after the phytoplankton
spring bloom (Table 3). Hence, the bioassay experiments
confirm that P has become one of the key limiting nutrients
in coastal waters of the North Sea.

Our findings provide firm experimental support for earlier
indications of enhanced P limitation in the North Sea. Loebl
et al. (2009) have alluded to an increasing P limitation
potential along the North Sea coast since the 1990s. The
authors used a Liebig’s Law-based model (Cloern 1999) to
investigate the potential limiting nutrient for phytoplankton
growth in the North Sea. Based on a dataset of nutrient con-
centrations from 1990 to 2005 at several locations along the
North Sea coast, they found indications for a general
increase of the P limitation potential near-shore. Passy et al.
(2013) and Troost et al. (2014) evaluated historical changes
in riverine nutrient input and atmospheric nitrogen
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Table 3. Nutrient limitation of the phytoplankton community
along the offshore transect, based on the bioassay experiments.

Station

Species group 7 km 100 km 250 km 450 km
Total phytoplankton

March n.s. n.s. n.s. n.s.

April P+Si* P+Sit N-+P* N

May/August P-+Si* no data NERE N
Diatoms

March n.s n.s. n.s. n.s.

April Si Si-+P* N-+P* N

May/August  Si+P* no data N-+Pp* n.s.
Dinoflagellates

March n.s. n.s. n.s. n.s.

April N-+PT n.s. n.s. n.s.

May/August N-+PT no data N-+P* N
Nanoflagellates

March n.s. n.s. n.s. n.s.

April n.s. N+P+lightt N n.s.

May/August N-+PT no data NER N
Phaeocystis

March n.s. n.s. n.s. light

April P+light* P N-+P* N-+PT

May/August P no data N+P* N+P-+light*
Picoeukaryotes

March n.s. n.s. n.s. n.s.

April n.s. P P n.s.

May/August n.s. no data N+P+light™ n.s.
Picocyanobacteria

March n.s. n.s. n.s. n.s.

April P n.s. N-+P* n.s.

May/August n.s. no data n.s. n.s.

The table summarizes the growth responses of the total phytoplankton
community (Fig. 6) and of the different phytoplankton groups (Figs. S5—
S10 of the Supporting Information). Nutrients or light were considered
limiting if their addition significantly enhanced phytoplankton growth
rate in comparison to the control. The nutrient that gave the strongest
growth response is mentioned first, in case of independent or serial co-
limitation. See the Supporting Information for further details.
*Independent co-limitation.

TSimultaneous co-limitation.

*Serial co-limitation.

n.s., no significant response.

deposition into the North Sea using model analyses, and
their model results also point at a recent shift toward P limi-
tation. Ly et al. (2014) have performed bioassays on natural
phytoplankton assemblages, which demonstrated P limita-
tion of the spring bloom in the adjacent western Wadden
Sea. All of these results converge to the conclusion that
changes in riverine nutrient inputs have pushed the coastal
waters of the North Sea toward severe P limitation.
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Offshore gradient from P to N limitation

Whereas the nearshore waters have become P limited, the
central North Sea is strongly influenced by exchanges with
North Atlantic Ocean water which has a relatively low DIN :
DIP ratio. Our results show that this has created an offshore
gradient from P limitation to N limitation of phytoplankton
growth. This gradient is clearly seen in the DIN : DIP ratios
and in the results of the nutrient bioassay experiments. The
gradient was most evident in April, when nutrients were
depleted by the phytoplankton spring bloom. During this
time, the DIN : DIP ratio at the nearshore station was at the
highest of the study (Fig. 3b), and P addition elicited signifi-
cant growth in the nearshore bioassay experiments while N
addition had no effect (Fig. 6e). The opposite result occurred
at the most outer-shore station with a DIN : DIP ratio of 1 :
1, where N addition stimulated phytoplankton growth while
P addition gave no response (Figs. 3b, 6h). Furthermore, the
intermediate DIN : DIP ratios (Fig. 3b) and the results of the
bioassay experiments at station 250 km (Table 3) point at a
transitional zone between the coastal waters and the central
North Sea with co-limitation of N and P.

The offshore gradient in nutrient limitation is also
reflected in the elemental composition of particulate organic
matter, with high PON : POP and POC : POP but low POC :
PON ratios nearshore, intermediate values in the transitional
zone, and the reverse pattern offshore (Fig. 4). Particulate
organic matter in our samples consisted largely of phyto-
plankton, except for station 7 km in March, as verified by
microscopic inspection and comparison against the C-
biomass calculated from the phytoplankton counts. Hence,
the wide range of PON : POP ratios, from 5-10 at the outer-
shore stations to 175 at the nearshore station, signifies the
response of the phytoplankton stoichiometry to changes in
ambient nutrient conditions. The observed range spans the
entire spectrum of cellular N : P ratios observed in laboratory
experiments with marine phytoplankton. For instance, the
classic lab experiments of Goldman et al. (1979) showed that
cellular N : P ratios of the diatom Thalassiosira pseudonana
and the chrysophyte Monochrysis lutheri varied with the
growth conditions, ranging from S for N-limited growth to
110 for P-limited growth. Geider and La Roche (2002) sum-
marized the literature by pointing out that the physiological
range of cellular N : P ratios in phytoplankton experiments
ranges from <5 under severe N limitation to>100 under
severe P limitation, and Klausmeier et al. (2004) report phy-
toplankton N : P ratios ranging from 6 to 136. Hence, the
wide span of PON : POP values in the North Sea emphasizes
once more the striking offshore gradient from P-limited to
N-limited conditions.

The steepness of the offshore gradient in nutrient limita-
tion has a seasonal component, with the most pronounced P
limitation during and after the phytoplankton spring bloom.
In March, before the phytoplankton spring bloom, the DIN :
DIP gradient was present but the nitrate and phosphate
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concentrations were not yet fully depleted. Thus, none of
the added nutrients in the bioassays stimulated growth in
March. In August, the strong offshore gradient in DIN : DIP
ratio was absent, although the bioassays indicate that P
remained a co-limiting nutrient nearshore. Colijn and Cadée
(2003) suggest that the influence of freshwater riverine
inputs tapers off in the late summer months allowing a
higher influence of Atlantic water with a relatively low DIN :
DIP ratio to the entire North Sea basin. However, we found
that the salinity gradient persisted in the late summer (Fig.
S2 Supporting Information), and hence our data do not pro-
vide support for a reduced freshwater inflow that might
explain the absence of the DIN : DIP gradient in August. An
alternative explanation for the low DIN : DIP ratios in
August might be regeneration of P from sediments triggered
by higher water temperatures in summer (Jensen et al.
1995), which is consistent with the relatively high P concen-
trations near the sediment. Furthermore, Radach and Patsch
(2007) found a strong seasonal variation of N : P ratios
within the riverine inputs to the North Sea. They found ele-
vated N : P ratios during the spring months in the Elbe and
Rhine rivers, but values much closer to Redfield occurred in
the late summer. Therefore, the combined effects of P regen-
eration and closer-to-Redfield riverine inputs are likely driv-
ers for the ubiquitous low DIN : DIP ratio in the late
summer.

Effects at the phytoplankton community level

Eutrophication of the coastal North Sea from the 1960s to
mid 1980s has led to major shifts in phytoplankton commu-
nity composition. In particular, dinoflagellates, nanoflagel-
lates and large diatom species such as Rhizosolenia and
Thalassiosira spp. appeared to benefit from the high nutrient
levels (Philippart et al. 2000). Recurrent blooms of the dino-
flagellate Dinophysis acuminata in the coastal North Sea dur-
ing the 1970s and early 1980s were related to several cases of
diarrhetic shellfish poisoning (Kat 1983). Raphidophytes of
the red-tide genera Chattonella and Fibrocapsa were discov-
ered for the first time in Dutch coastal waters in 1991, and
in 1993 the potentially neurotoxic species Chattonella marina
even developed a minor bloom at station 100 km (Vrieling
et al. 1995). Furthermore, nuisance blooms of Phaeocystis
markedly increased along the coast during this eutrophica-
tion period (Cadée and Hegeman 2002; Lancelot et al. 2007;
Prins et al. 2012), causing extensive foam accumulation on
the beaches (Lancelot 1995; Blauw et al. 2010).

Thus, the OSPAR convention reasoned a reduction of nutri-
ent loads may reverse these trends. However, as our results
illustrate, at present Phacocystis, dinoflagellates and nanofla-
gellates are still a major component of the phytoplankton
community in the North Sea. For instance, during the spring
bloom, Phaceocystis still comprised ~20% of the phytoplankton
biomass at station 7 km while dinoflagellates and nanoflagel-
lates together made up another 20% (Fig. 5f). Phaeocystis spp.
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appear to be strong competitors for phosphorus (Hegarty and
Villareal 1998; Schoemann et al. 2005; Gypens et al. 2007; but
see Riegman et al. 1992) and can grow on organic P sources in
low inorganic P environments (Veldhuis and Admiraal 1987;
Van Boekel 1991). This may explain why, despite a 70% reduc-
tion of the P loads, Phaeocystis blooms are still a common phe-
nomenon in many coastal areas of the North Sea (Lacroix et al.
2007; Blauw et al. 2010; Prins et al. 2012).

Our bioassay experiments revealed that the total phytoplank-
ton community of the coastal waters (station 7 km) experienced
independent co-limitation by P and Si during the spring months.
A possible interpretation of independent co-limitation is that dif-
ferent members of the community are limited by different
nutrients (Arrigo 2004; Harpole et al. 2011). Indeed, the bioas-
says showed that the dominant phytoplankton groups differed
in their growth response to the nutrient additions. Diatoms of
coastal waters were limited by Si only in April and co-limited by
Si and P in May, growth rates of Phaeocystis, picoeukaryotes and
picocyanobacteria were limited by P, and dinoflagellates and
nanoflagellates were co-limited by N and P (Table 3).

These results are in agreement with the recent model study
of Passy et al. (2013), who reconstructed changes in riverine
nutrient loads to the Belgian coastal zone of the North Sea dur-
ing the years 1984-2007, and investigated the resulting effects
on coastal Phaeocystis and diatom blooms. In essence, their
model study showed that diatom growth in spring is largely
controlled by Si, in agreement with our bioassay results,
whereas the N and P left over by the diatoms is available for
non-siliceous phytoplankton. In the 1980s, P was in excess and
N was the major limiting nutrient for non-siliceous phytoplank-
ton in the coastal zone (see also Riegman et al. 1992; Brussaard
et al. 1996). However, from the 2000s onward, the annual bio-
mass production of Phaeocystis was controlled by P loads, in
agreement with P limitation of Phaeocystis reported in our bioas-
says. The model results indicate that, in the Belgian coastal
zone, reduced P loads have led to a 50% decrease of both the
magnitude and duration of Phaeocystis blooms from 1984 to
2007 (Passy et al. 2013). However, Phaeocystis blooms have not
yet disappeared and annual peak abundances are still far above
desired levels. Based on our bioassay experiments and the
model predictions of Passy et al. (2013), a further reduction of
the riverine P input is expected to further diminish the relative
contribution of Phaeocystis to the coastal spring bloom.

Interestingly, our bioassay experiments indicate that dino-
flagellates and nanoflagellates (other than Phaeocystis) were co-
limited by N and P in the coastal zone (Table 3), despite the
extremely high DIN : DIP ratios of these coastal waters. We
note that the dinoflagellates and nanoflagellates were domi-
nated by potentially mixotrophic species (Tables S1, S2 Sup-
porting Information), which can obtain their nutrients not
only through uptake of inorganic nutrients but also from dis-
solved organic substances or through predation on other spe-
cies. In several of these mixotrophic species, inorganic nutrient
limitation stimulates grazing (Li et al. 2000; Legrand et al.
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2001; Smalley et al. 2003; but see Skovgaard et al. 2003). Their
ability to access alternative P sources may explain why dinofla-
gellates and nanoflagellates in the coastal zone were co-limited
by N and P rather than by P alone, and may also explain the
competitive success of these mixotrophic species when inor-
ganic P is depleted (Nygaard and Tobiesen 1993; Lagus et al.
2004). We may thus hypothesize that mixotrophic dinoflagel-
lates and nanoflagellates, including several harmful algal spe-
cies (e.g., Burkholder et al. 2008), are likely to benefit from
reduced P inputs into the coastal zone.

It will be interesting to continue monitoring of the
coastal phytoplankton in the North Sea to establish how the
species composition, and in particular Phaeocystis and poten-
tially toxic dinoflagellate and nanoflagellate species, will
develop in the coming years.

Higher trophic levels

Changes in the nutrient stoichiometry of phytoplankton
may also affect the marine food web. Our results show high
POC : POP ratios at the nearshore station, indicative of P
deficiency of coastal phytoplankton. In particular, during
the spring bloom in April we found POC : POP levels of
~550 : 1, which is similar to POC : POP ratios observed in
severely P-limited freshwater ecosystems (Hecky et al. 1993;
Hassett et al. 1997). Phytoplankton with such low P content
may offer food of a poor nutritional quality for herbivorous
zooplankton and benthic filter feeders (Sterner and Elser
2002). Several studies have shown that DP-deficient
phytoplankton may cause lower growth rates in marine
zooplankton (Malzahn et al. 2007; Malzahn and Boersma
2012; Schoo et al. 2013). Furthermore, herbivores feeding on
high C : P phytoplankton have to get rid of the excess car-
bon, for instance by enhanced respiration or DOC excretion.
This waste of photosynthetically fixed carbon results in a
decreased efficiency of the food chain (Sterner et al. 1998;
Hessen et al. 2004; Boersma et al. 2009) while it may exacer-
bate P deficiency of DOC-processing bacteria in the micro-
bial loop (Hessen and Anderson 2008; Li et al. 2014). The
decreasing P availability in coastal waters of the North Sea
coincides with rising atmospheric CO, levels, which may
contribute to further increases of the C : P ratios of primary
producers (Maat et al. 2014; Verspagen et al. 2014), and
hence further deterioration of their nutritional quality (Van
de Waal et al. 2010; Schoo et al. 2013).

Changes in the nutritional quality of phytoplankton may
also affect trophic levels beyond the primary consumers. Ele-
vated C : P ratios of copepod grazers fed on P-deficient phyto-
plankton can have detrimental effects on larval growth of
economically valuable species such as herring (Malzahn et al.
2007) and European lobster (Schoo et al. 2014). In contrast,
elevated C : P ratios of the same copepods had no significant
effects on the biomass growth and reproductive rates of gelati-
nous predators such as ctenophores and jellyfish (Malzahn
et al. 2010; Schoo et al. 2010). This disparity in response to
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P-deficient phytoplankton may allow gelatinous species to
dominate over larval fish in their competition for shared cope-
pod prey in P-limited systems. Dominance by gelatinous
organisms can have strong impacts on the structure and func-
tioning of marine food webs (Condon et al. 2011; Dinasquet
et al. 2012) with potentially negative impacts on fish produc-
tions (e.g., Purcell and Arai 2001; Acuna et al. 2011). Further-
more, Philippart et al. (2007) showed that reduced P loading
of the Wadden Sea from the mid 1980s onward was associated
with changes in the species composition of the phytoplank-
ton community, of the macrozoobenthic community feeding
on the phytoplankton, and of the bird community feeding on
the macrozoobenthos.

Challenges of de-eutrophication efforts

There is considerable debate about the question of whether
single nutrient reductions are adequate or if de-eutrophication
efforts should implement dual nutrient reductions of both N
and P (Bryhn and Hakanson 2009; Conley et al. 2009; Schelske
2009; Schindler and Hecky 2009). Our results demonstrate that
a strong emphasis on P reduction in lakes and rivers on the
European mainland has caused a shift to P limitation in the
downstream coastal waters of the North Sea. This phenomenon
is most likely not unique to the North Sea. Many studies have
shown a steady increase of N : P ratios in coastal areas, for exam-
ple in the Baltic and Mediterranean seas (Granéli et al. 1990;
Krom et al. 2004; Nausch et al. 2004), the highly eutrophied
Mississippi River plume in the northern Gulf of Mexico (Sylvan
et al. 2006), the Chesapeake Bay estuary (Fisher et al. 1999) and
the estuary of the Pearl River in Hong Kong (Xu et al. 2008).

One important lesson from our work is that large-scale
de-eutrophication measures must be approached with a
long-term view and, if implemented, the consequences of
future shifts in nutrient limitation should be considered at
the landscape level (cf. Granéli et al. 1990). Banning of phos-
phates from laundry detergents and increased P removal
from domestic and industrial wastewater have led to a pro-
nounced decrease of the riverine P inputs into the North Sea
during the past 25 yr (Grizzetti et al. 2012). In contrast,
despite more effective N removal from wastewater, the N
load of European rivers has been only marginally reduced
due to further intensification of agriculture and extensive
use of N-rich fertilizers (Lenhart et al. 2010; Passy et al.
2013). This imbalance in the reduction of P when compared
with N inputs has resulted in severely P-limited conditions
in the coastal zone, particularly in spring.

The goals of the OSPAR convention included the reduction
of eutrophication with hopes of ultimately eliminating exten-
sive blooms by nuisance species. Our results show that
responses to reduced nutrient inputs differ among phytoplank-
ton groups, and vary in space and time. Although Phaceocystis
blooms are still a common phenomenon, our field results and
earlier model studies (Passy et al. 2013) show that the growth
of Phaeocystis in the coastal zone is currently P controlled.
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Further reductions of the P loads are therefore likely to further
reduce colonial Phaeocystis blooms. Our results also show that
dinoflagellates and nanoflagellates are co-limited by N and P in
the coastal zone, and consist largely of potentially mixotrophic
species that can access alternative P sources. Hence, further
reduction of P loads without concomitant reduction of the N
loads may be less effective in diminishing the risk of harmful
algal blooms by potentially toxic nano- and dinoflagellates.
Furthermore, and possibly more disconcerting, our results illus-
trate that P limitation can lead to a very high C : P stoichiome-
try of the phytoplankton, which may reduce their nutritional
quality as food for zooplankton and benthic filter feeders.
Therefore, P reduction in concert with N reduction, leading to
a more balanced N : P ratio, is likely to be more beneficial to
coastal zones than further P-dominated reduction efforts alone.

References

Abell, J. M., D. Ozkundakci, and D. P. Hamilton. 2010. Nitro-
gen and phosphorus limitation of phytoplankton growth in
New Zealand lakes : Implications for eutrophication control.
Ecosystems 13: 966-977. doi:10.1007/s10021-010-9367-9

Acuna, J. L., A. Lopez-Urrutia, and S. Colin. 2011. Faking giants
: The evolution of high prey clearance rates in jellyfishes. Sci-
ence 333: 1627-1629. doi:10.1126/science.1205134

Andersen, J. M. 1976. An ignition method for determination
of total phosphorus in lake sediments. Water Res. 10:
329-331. doi:10.1016/0043-1354(76)90175-5

Arrigo, K. R. 2004. Marine microorganisms and global nutrient
cycles. Nature 437: 349-355. doi:10.1038/nature04159

Artioli, Y., and others. 2008. Nutrient budgets for European
seas : A measure of the effectiveness of nutrient reduction
policies. Mar. Pollut. Bull. 56: 1609-1617. doi:10.1016/
j.marpolbul.2008.05.027

Blauw, A. N., F. J. Los, J. Huisman, and L. Peperzak. 2010.
Nuisance foam events and Phaeocystis globosa blooms in
Dutch coastal waters analyzed with fuzzy logic. J. Mar.
Syst. 83: 115-126. d0i:10.1016/j.jmarsys.2010.05.003

Blomgqvist, S., A. Gunnars, and R. Elmgren. 2004. Why the
limiting nutrient differs between temperate coastal seas
and freshwater lakes : A matter of salt. Limnol. Oceanogr.
49: 2236-2241. doi:10.4319/10.2004.49.6.2236

Boersma, M., C. Becker, A. M. Malzahn, and S. Vernooij.
2009. Food chain effects of nutrient limitation in primary
producers. Mar. Freshw. Res. 60: 983-989. doi:10.1071/
MF08240

Brauer, V. S., M. Stomp, and J. Huisman. 2012. The nutrient-
load hypothesis : Patterns of resource limitation and com-
munity structure driven by competition for nutrients and
light. Am. Nat. 179: 721-740. doi:10.1086/665650

Brussaard, C. P. D., G. ]J. Gast, F. van Duyl, and R. Riegman.
1996. Impact of phytoplankton bloom magnitude on a
pelagic microbial food web. Mar. Ecol. Prog. Ser. 14: 211-
221. doi:10.3354/meps144211

884

Offshore gradient from P to N limitation

Bryhn, A. C., and L. Hakanson. 2009. Eutrophication : Model
before acting. Science 324: 723. doi:10.1126/science.
324_723a

Burkholder, J. M., P. M. Glibert, and H. M. Skelton. 2008.
Mixotrophy, a major mode of nutrition for harmful algal
species in eutrophic waters. Harmful Algae 8: 77-93. doi:
10.1016/j.hal.2008.08.010

Cadée, G. C., and J. Hegeman. 1986. Seasonal and annual
variation in Phaeocystis pouchetti (haptophyceae) in the
westernmost inlet of the Wadden Sea during the 1973 to
1985 period. Neth. ]J. Sea Res. 20: 29-36. doi:10.1016/
0077-7579(86)90058-x

Cadée, G. C.,, and ]. Hegeman. 2002. Phytoplankton in the
Marsdiep at the end of the 20th century; 30 years monitor-
ing biomass, primary production, and Phaeocystis blooms. J.
Sea Res. 48: 97-110. doi:10.1016/5S1385-1101(02)00161-2

Cloern, J. E. 1999. The relative importance of light and nutri-
ent limitation of phytoplankton growth : A simple index
of coastal ecosystem sensitivity to nutrient enrichment.
Aquat. Ecol. 33: 3-15. doi:10.1023/A:1009952125558

Colijn, F., and G. C. Cadée. 2003. Is phytoplankton growth
in the Wadden Sea light or nitrogen limited? J. Sea Res.
49: 83-93. doi:10.1016/51385-1101(03)00002-9

Condon, R. H., D. K. Steinberg, P. A. del Giorgio, T. C.
Bouvier, D. A. Bronk, W. M. Graham, and H. W. Ducklow.
2011. Jellyfish blooms result in a major microbial respira-
tory sink of carbon in marine systems. Proc. Natl. Acad.
Sci. USA 108: 10225-10230. doi:10.1073/pnas.1015782108

Conley, D. J., and others. 2009. Controlling eutrophication :
Nitrogen and phosphorus. Science 323: 1014-1015. doi:
10.1126/science.1167755

De Ruijter, W. P. M., A. W. Visser, and W. G. Bos. 1997. The
Rhine outflow : A prototypical pulsed discharge plume in
a high energy shallow sea. J. Mar. Syst. 12: 263-276. doi:
10.1016/50924-7963(96)00102-9

Dinasquet, J., and others. 2012. Cascading effects of the
ctenophore Mnemiopsis leidyi on the planktonic food web
in a nutrient-limited estuarine system. Mar. Ecol. Prog.
Ser. 460: 49-61. doi:10.3354/meps09770

Droop, M. R. 1973. Some thoughts on nutrient limitation in
algae. J. Phycol. 9: 264-272. doi:10.1111/j.1529-8817.
1973.tb04092.x

Ducobu, H., J. Huisman, R. R. Jonker, and L. R. Mur. 1998.
Competition between a prochlorophyte and a cyanobacte-
rium under various phosphorus regimes : Comparison
with the Droop model. J. Phycol. 34: 467-476. doi:
10.1046/j.1529-8817.1998.340467 .x

Elser, J. J., and others. 2007. Global analysis of nitrogen and
phosphorus limitation of primary producers in freshwater,
marine and terrestrial ecosystems. Ecol. Lett. 10: 1-8. doi:
10.1111/.1461-0248.2007.01113.x

Fisher, T. R., and others. 1999. Spatial and temporal varia-
tion of resource limitation in Chesapeake Bay. Mar. Biol.
133: 763-778. doi:10.1007/s002270050518


http://dx.doi.org/10.1007/s10021-010-9367-9
http://dx.doi.org/10.1126/science.1205134
http://dx.doi.org/10.1016/0043-1354(76)90175-5
http://dx.doi.org/10.1038/nature04159
http://dx.doi.org/10.1016/j.marpolbul.2008.05.027
http://dx.doi.org/10.1016/j.marpolbul.2008.05.027
http://dx.doi.org/10.1016/j.jmarsys.2010.05.003
http://dx.doi.org/10.4319/lo.2004.49.6.2236
http://dx.doi.org/10.1071/MF08240
http://dx.doi.org/10.1071/MF08240
http://dx.doi.org/10.1086/665650
http://dx.doi.org/10.3354/meps144211
http://dx.doi.org/10.1126/science.324_723a
http://dx.doi.org/10.1126/science.324_723a
http://dx.doi.org/10.1016/j.hal.2008.08.010
http://dx.doi.org/10.1016/0077-7579(86)90058-x
http://dx.doi.org/10.1016/0077-7579(86)90058-x
http://dx.doi.org/10.1016/S1385-1101(02)00161-2
http://dx.doi.org/10.1023/A:1009952125558
http://dx.doi.org/10.1016/S1385-1101(03)00002-9
http://dx.doi.org/10.1073/pnas.1015782108
http://dx.doi.org/10.1126/science.1167755
http://dx.doi.org/10.1016/S0924-7963(96)00102-9
http://dx.doi.org/10.3354/meps09770
http://dx.doi.org/10.1111/j.1529-8817.1973.tb04092.x
http://dx.doi.org/10.1111/j.1529-8817.1973.tb04092.x
http://dx.doi.org/10.1046/j.1529-8817.1998.340467.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01113.x
http://dx.doi.org/10.1007/s002270050518

Burson et al.

Geider, R.J., and J. La Roche. 2002. Redfield revisited : Variabili-
ty of C:N:P in marine microalgae and its biochemical basis.
Eur. J. Phycol. 37: 1-17. doi:10.1017/S0967026201003456

Glibert, P. M., R. Maranger, D. J. Sobota, and L. Bouwman.
2014. The Haber Bosch-harmful algal bloom (HB-HAB)
link. Environ. Res. Lett. 9: 105001. doi:10.1088/1748-
9326/9/10/105001

Goldman, J. C,, J. J. McCarthy, and D. G. Peavey. 1979.
Growth rate influence on the chemical composition of
phytoplankton in oceanic waters. Nature 279: 210-215.
doi:10.1038/27920a0

Granéli, E., K. Wallstrom, U. Larsson, W. Granéli, and R.
Elmgren. 1990. Nutrient limitation of primary production
in the Baltic Sea area. Ambio 19: 142-151.

Grasshoff, K., M. Ehrhardt, and K. Kremling. 1983. Methods
of seawater analysis, 2nd ed. Verlag Chemie GmbH.

Grizzetti, B., F. Bouraoui, and A. Aloe. 2012. Changes of nitro-
gen and phosphorus loads to European seas. Glob. Chang.
Biol. 18: 769-782. d0i:10.1111/j.1365-2486.2011.02576.x

Gypens, N., G. Lacroix, and C. Lancelot. 2007. Causes of var-
iability in diatom and Phaeocystis blooms in Belgian
coastal waters between 1989 and 2003 : A model study. J.
Sea Res. §7: 19-35. d0i:10.1016/j.seares.2006.07.004

Harpole, W. S., and others. 2011. Nutrient co-limitation of
primary producer communities. Ecol. Lett. 14: 852-862.
doi:10.1111/j.1461-0248.2011.01651.x

Hassett, R. P., B. Cardinale, L. B. Stabler, and J. J. Elser.
1997. Ecological stoichiometry of N and P in pelagic
ecosystems : Comparison of lakes and oceans with
emphasis on the zooplankton-phytoplankton interac-
tion. Limnol. Oceanogr. 42: 648-662. doi:10.4319/
10.1997.42.4.0648

Hecky, R. E., and P. Kilham. 1988. Nutrient limitation of
phytoplankton in freshwater and marine environments :
A review of recent evidence on the effects of enrichment.
Limnol. Oceanogr. 33: 796-822. doi:10.4319/10.1988.33.
4_part_2.0796

Hecky, R. E., P. Campbell, and L. L. Hendzel. 1993. The stoi-
chiometry of carbon, nitrogen, and phosphorus in partic-
ulate matter of lakes and oceans. Limnol. Oceanogr. 38:
709-724. doi:10.4319/10.1993.38.4.0709

Hegarty, S. G., and T. A. Villareal. 1998. Effects of light level
and N:P supply ratio on the competition between Phaeo-
cystis cf. pouchetii (Hariot) Lagerheim (prymnesiophyceae)
and five diatom species. J. Exp. Mar. Biol. Ecol. 266: 241-
258. doi:10.1016/5S0022-0981(97)00254-2

Helder, W., and R. T. P. de Vries. 1979. An automatic
phenol-hypochlorite method for the determination of
ammonia in sea- and brackish waters. Neth. J. Sea Res.
13: 154-160. doi:10.1016/0077-7579(79)90038-3

Hessen, D. O., G. 1. Agren, T. R. Anderson, J. J. Elser, and P.
C. de Ruiter. 2004. Carbon sequestration in ecosystems :
The role of stoichiometry. Ecology 85: 1179-1192. doi:
10.1890/02-0251

885

Offshore gradient from P to N limitation

Hessen, D. O., and T. R. Anderson. 2008. Excess carbon in
aquatic organisms and ecosystems : Physiological, ecologi-
cal, and evolutionary implications. Limnol. Oceanogr. 53:
1685-1696. doi:10.4319/10.2008.53.4.1685

Hillebrand, H., C. D. Durselen, D. Kirschtel, U. Pollingher,
and T. Zohary. 1999. Biovolume calculation for pelagic
and benthic microalgae. ]J. Phycol. 3§5: 403-424. doi:
10.1046/j.1529-8817.1999.3520403

Howarth, R. W., and R. Marino. 2006. Nitrogen as the limiting
nutrient for eutrophication in coastal marine ecosystems :
Evolving views over three decades. Limnol. Oceanogr. 51:
364-376.d0i:10.4319/10.2006.51.1_part_2.0364

Jensen, H. S., P. B. Mortensen, F. O. Anderson, E. Rasmussen,
and A. Jensen. 1995. Phosphorus cycling in a coastal
marine sediment, Aarhus Bay, Denmark. Limnol. Ocean-
ogr. 40: 908-917. doi:10.4319/10.1995.40.5.0908

Kat, M. 1983. Dinophysis acuminata blooms in the Dutch
coastal area related to diarrhetic mussel poisoning in the
Dutch Waddensea. Sarsia 68: 81-84. doi:10.1080/
00364827.1983.10420559

Klausmeier, C. A., E. Litchman, T. Daufresne, and S. A.
Levin. 2004. Optimal nitrogen-to-phosphorus stoichiome-
try of phytoplankton. Nature 429: 171-174. doi:10.1038/
nature02454

Krom, M. D., B. Herut, and R. F. C. Mantoura. 2004. Nutri-
ent budget for the eastern Mediterranean : Implications
for phosphorus limitation. Limnol. Oceanogr. 49: 1582-
1592. doi:10.4319/10.2004.49.5.1593

Lacroix, G., K. Ruddich, N. Gypens, and C. Lancelot. 2007.
Modelling the relative impact of rivers (Scheldt/Rhine/
Seine) and Western Channel waters on the nutrient and
diatoms/Phacocystis distributions in Belgian waters (South-
ern North Sea). Cont. Shelf Res. 27: 1422-1446. doi:
10.1016/j.csr.2007.01.013

Lagus, A., J. Suomela, G. Weithoff, K. Heikkila, H. Helminen,
and J. Sipura. 2004. Species-specific differences in phyto-
plankton responses to N and P enrichments and the N:P
ratio in the Archipelago Sea, northern Baltic Sea. J. Plank-
ton Res. 26: 779-798. doi:10.1093/plankt/fbh070

Lancelot, C. 1995. The mucilage phenomenon in the conti-
nental coastal waters of the North Sea. Sci. Total Environ.
165: 83-102. d0i:10.1016/0048-9697(95)04545-C

Lancelot, C., and others. 1987. Phaeocystis blooms and nutri-
ent enrichment in the continental coastal zones of the
North Sea. Ambio 16: 38-46.

Lancelot, C., N. Gypens, G. Billens, J. Garnier, and V.
Roubeix. 2007. Testing an integrated river-ocean mathe-
matical tool for marine eutrophication to land use : The
Phaeocystis-dominated Belgian coastal zone (Southern
North Sea) over the past 50 years. J. Mar. Syst. 64: 216-
228. doi:10.1016/j.jmarsys.2006.03.010

Legrand, C., N. Johansson, G. Johnsen, K. Y. Bgrsheim, and
E. Granéli. 2001. Phagotrophy and toxicity variation in
the mixotrophic Prymnesium patellliferum (Haptophyceae).


http://dx.doi.org/10.1017/S0967026201003456
http://dx.doi.org/10.1088/1748-9326/9/10/105001
http://dx.doi.org/10.1088/1748-9326/9/10/105001
http://dx.doi.org/10.1038/27920a0
http://dx.doi.org/10.1111/j.1365-2486.2011.02576.x
http://dx.doi.org/10.1016/j.seares.2006.07.004
http://dx.doi.org/10.1111/j.1461-0248.2011.01651.x
http://dx.doi.org/10.4319/lo.1997.42.4.0648
http://dx.doi.org/10.4319/lo.1997.42.4.0648
http://dx.doi.org/10.4319/lo.1988.33.4_part_2.0796
http://dx.doi.org/10.4319/lo.1988.33.4_part_2.0796
http://dx.doi.org/10.4319/lo.1993.38.4.0709
http://dx.doi.org/10.1016/S0022-0981(97)00254-2
http://dx.doi.org/10.1016/0077-7579(79)90038-3
http://dx.doi.org/10.1890/02-0251
http://dx.doi.org/10.4319/lo.2008.53.4.1685
http://dx.doi.org/10.1046/j.1529-8817.1999.3520403
http://dx.doi.org/10.4319/lo.2006.51.1_part_2.0364
http://dx.doi.org/10.4319/lo.1995.40.5.0908
http://dx.doi.org/10.1080/00364827.1983.10420559
http://dx.doi.org/10.1080/00364827.1983.10420559
http://dx.doi.org/10.1038/nature02454
http://dx.doi.org/10.1038/nature02454
http://dx.doi.org/10.4319/lo.2004.49.5.1593
http://dx.doi.org/10.1016/j.csr.2007.01.013
http://dx.doi.org/10.1093/plankt/fbh070
http://dx.doi.org/10.1016/0048-9697(95)04545-C
http://dx.doi.org/10.1016/j.jmarsys.2006.03.010

Burson et al.

Limnol. Oceanogr. 46: 1208-1214. doi:10.4319/10.2001.
46.5.1208

Lenhart, H., and others. 2010. Predicting the consequences
of nutrient reduction on the eutrophication status of the
North Sea. J. Mar. Syst. 81: 148-170. doi:10.1016/j.
jmarsys.2009.12.014

Li, A., D. K. Stoecker, and D. W. Coats. 2000. Mixotrophy in
Gyrodinium  galatheanum  (Dinophyceae) Grazing
responses to light intensity and inorganic nutrients. J.
Phycol. 36: 33-45. do0i:10.1046/j.1529-8817.2000.98076.x

Li, Y., G. Gal, V. Makler-Pick, A. M. Waite, L. C. Bruce, and
M. R. Hipsey. 2014. Examination of the role of the micro-
bial loop in regulating lake nutrient stoichiometry and
phytoplankton dynamics. Biogeosciences 11: 2939-2960.
doi:10.5194/bg-11-2939-2014

Loebl, M., and others. 2009. Recent patterns in potential
phytoplankton limitation along the Northwest European
continental coast. J. Sea Res. 61: 34-43. doi:10.1016/
j.seares.2008.10.002

Ly, J., C. J. M. Philippart, and J. C. Kromkamp. 2014. Phos-
phorus limitation during a phytoplankton spring bloom
in the western Dutch Wadden Sea. J. Sea Res. 88: 109-
120. doi:10.1016/j.seares.2013.12.010

Maat, D. S., K. J. Crawfurd, K. R. Timmermans, and C. P. D.
Brussaard. 2014. Elevated CO, and phosphate limitation
favor Micromonas pusilla through stimulated growth and
reduced viral impact. Appl. Environ. Microbiol. 80: 3119-
3127. doi:10.1128/AEM.03639-13

Malzahn, A. M., N. Aberle, C. Clemmesen, and M. Boersma.
2007. Nutrient limitation of primary producers affects
planktivorous fish condition. Limnol. Oceanogr. 52:
2062-2071. doi:10.4319/10.2007.52.5.2062

Malzahn, A. M., F. Hantzsche, K. L. Schoo, M. Boersma, and N.
Aberle. 2010. Differential effects of nutrient-limited primary
production on primary, secondary or tertiary consumers.
Oecologia 162: 35-48. doi:10.1007/s00442-009-1458-y

Malzahn, A. M., and M. Boersma. 2012. Effects of poor food
quality on copepod growth are dose dependent and non-
reversible. Oikos 121: 1408-1416. doi:10.1111/j.1600-
0706.2011.20186.x

Marie, D., F. Partensky, D. Vaulot, and C. Brussaard. 2001.
Enumeration of phytoplankton, bacteria, and viruses in
marine samples, p. 11.11.1-11.11.15. In J. P. Robinson, Z.
Darzynkiewicz, J. P. Nolan, T. V. Shankey, W. Telford,
and S. Watkins [eds.] Current protocols in cytometry.
Wiley. doi:10.1002/0471142956.cy1111510

Menden-Deuer, S., and E. J. Lessard. 2000. Carbon to volume
relationships for dinoflagellates, diatoms, and other pro-
tist plankton. Limnol. Oceanogr. 45: 569-579. doi:
10.4319/10.2000.45.3.0569

Murphy, J., and J. P. Riley. 1962. A modified single solution
method for the determination of phosphate in natural
waters. Anal. Chim. Acta 27: 31-36. doi:10.1016/S0003-
2670(00)88444-5

886

Offshore gradient from P to N limitation

Nausch, M., G. Nausch, and N. Wasmund. 2004. Phosphorus
dynamics during the transition from nitrogen to phos-
phate limitation in the central Baltic Sea. Mar. Ecol. Prog.
Ser. 266: 15-25. doi:10.3354/meps266015

Nygaard, K., and A. Tobiesen. 1993. Bacterivory in algae : A
survival strategy during nutrient limitation. Limnol. Oce-
anogr. 38: 273-279. doi:10.4319/10.1993.38.2.0273

OSPAR. 1988. PARCOM recommendation 88/2 : On the
reduction in nutrients to the Paris convention area. Publi-
cation number 88/2, Paris Commission.

Paerl, H. W., N. S. Hall, B. L. Peierls, and K. L. Rossignol.
2014. Evolving paradigms and challenges in estuarine and
coastal eutrophication dynamics in a culturally and cli-
matically stressed world. Estuarine Coast. 37: 243-258.
doi:10.1007/s12237-014-9773-x

Passy, P., and others. 2013. A model reconstruction of river-
ine nutrient fluxes and eutrophication in the Belgian
Coastal Zone since 1984. J. Mar. Syst. 128: 106-122. doi:
10.1016/j.jmarsys.2013.05.005

Patsch, J., and G. Radach. 1997. Long-term simulation of the
eutrophication of the North Sea : Temporal development
of nutrients, chlorophyll and primary production in com-
parison to observations. ]J. Sea Res. 38: 275-310. doi:
10.1016/51385-1101(97)00051-8

Peeters, J. C. H., and L. Peperzak. 1990. Nutrient limitation
in the North Sea : A bioassay approach. Neth. J. Sea Res.
26: 61-73. doi:10.1016/0077-7579(90)90056-M

Philippart, C. J. M., G. C. Cadée, W. van Raaphorst, and R.
Riegman. 2000. Long-term phytoplankton-nutrient interac-
tions in a shallow coastal sea : Algal community structure,
nutrient budgets, and denitrification potential. Limnol.
Oceanogr. 45: 131-144. do0i:10.4319/10.2000.45.1.0131

Philippart, C. J. M., and others. 2007. Impacts of nutrient
reduction on coastal communities. Ecosystems 10: 96—
119. doi:10.1007/s10021-006-9006-7

Prins, T. C., X. Desmit, and ]J. G. Baretta-Bekker. 2012. Phy-
toplankton composition in Dutch coastal waters responds
to changes in riverine nutrient loads. J. Sea Res. 73: 49—
62. doi:10.1016/j.seares.2012.06.009

Purcell, J. E., and M. N. Arai. 2001. Interactions of pelagic
cnidarians and ctenophores with fish : A review. Hydro-
biologia 451: 27-44. doi:10.1023/A:1011883905394

Radach, G., and J. Patsch. 2007. Variability of continental
riverine freshwater and nutrient inputs into the North Sea
for the years 1977-2000 and its consequences for the
assessment of eutrophication. Estuaries Coast. 30: 66-81.
doi:10.1007/BF02782968

Riegman, R., A. A. M. Noordeloos, and G. C. Cadée. 1992.
Phaeocystis blooms and eutrophication of the continental
coastal zones of the North Sea. Mar. Biol. 112: 479-484.
doi:10.1007/BF00356293

Ryther, J. H., and W. M. Dunstan. 1971. Nitrogen, phosphorus,
and eutrophication in the coastal marine environment. Sci-
ence 171: 1008-1013. doi:10.1126/science.171.3975.1008


http://dx.doi.org/10.4319/lo.2001.46.5.1208
http://dx.doi.org/10.4319/lo.2001.46.5.1208
http://dx.doi.org/10.1016/j.jmarsys.2009.12.014
http://dx.doi.org/10.1016/j.jmarsys.2009.12.014
http://dx.doi.org/10.1046/j.1529-8817.2000.98076.x
http://dx.doi.org/10.5194/bg-11-2939-2014
http://dx.doi.org/10.1016/j.seares.2008.10.002
http://dx.doi.org/10.1016/j.seares.2008.10.002
http://dx.doi.org/10.1016/j.seares.2013.12.010
http://dx.doi.org/10.1128/AEM.03639-13
http://dx.doi.org/10.4319/lo.2007.52.5.2062
http://dx.doi.org/10.1007/s00442-009-1458-y
http://dx.doi.org/10.1111/j.1600-0706.2011.20186.x
http://dx.doi.org/10.1111/j.1600-0706.2011.20186.x
http://dx.doi.org/10.1002/0471142956.cy1111s10
http://dx.doi.org/10.4319/10.2000.45.3.0569
http://dx.doi.org/10.1016/S0003-2670(00)88444-5
http://dx.doi.org/10.1016/S0003-2670(00)88444-5
http://dx.doi.org/10.3354/meps266015
http://dx.doi.org/10.4319/lo.1993.38.2.0273
http://dx.doi.org/10.1007/s12237-014-9773-x
http://dx.doi.org/10.1016/j.jmarsys.2013.05.005
http://dx.doi.org/10.1016/S1385-1101(97)00051-8
http://dx.doi.org/10.1016/0077-7579(90)90056-M
http://dx.doi.org/10.4319/lo.2000.45.1.0131
http://dx.doi.org/10.1007/s10021-006-9006-7
http://dx.doi.org/10.1016/j.seares.2012.06.009
http://dx.doi.org/10.1023/A:1011883905394
http://dx.doi.org/10.1007/BF02782968
http://dx.doi.org/10.1007/BF00356293
http://dx.doi.org/10.1126/science.171.3975.1008

Burson et al.

Schelske, C. L. 2009. Eutrophication : Focus on phosphorus.
Science 324: 722. doi:10.1126/science.324_722

Schindler, D. W. 1977. Evolution of phosphorus limitation in
lakes. Science 195: 260-262. doi:10.1126/science.195.
4275.260

Schindler, D. W., and R. E. Hecky. 2009. Eutrophication :
More nitrogen data needed. Science 324: 721-722. doi:
10.1126/science.324_721b

Schoemann, V., S. Becquevort, J. Stefels, V. Rousseau, and C.
Lancelot. 2005. Phacocystis blooms in the global ocean
and their control mechanisms : A review. J. Sea Res. 53:
43-66. doi:10.1016/j.seares.2004.01.008

Schoo, K. L., N. Aberle, A. M. Malzahn, and M. Boersma.
2010. Does the nutrient stoichiometry of primary pro-
ducers affect the secondary consumer Pleurobrachia
pileus? Aquat. Ecol. 44: 233-242. doi:10.1007/s10452-
009-9265-4

Schoo, K. L., A. M. Malzahn, E. Krause, and M. Boersma.
2013. Increased carbon dioxide availability alters phyto-
plankton stoichiometry and affects carbon cycling and
growth of a marine planktonic herbivore. Mar. Biol. 160:
2145-2155. doi:10.1007/s00227-012-2121-4

Schoo, K. L., N. Aberle, A. M. Malzahn, I. Schmalenbach,
and M. Boersma. 2014. The reaction of European lobster
larvae (Homarus gammarus) to different quality food :
Effects of ontogenetic shifts and pre-feeding history.
Oecologia 174: 581-594. doi:10.1007/s00442-013-2786-5

Simpson, J. H., W. G. Bos, F. Schirmer, A. J. Souza, T. P. Rippeth,
S. E. Jones, and D. Hydes. 1993. Periodic stratification in the
Rhine ROFI in the North Sea. Oceanol. Acta 16: 23-32.

Skogen, M. D., and L. R. Mathisen. 2009. Long-term effects
of reduced nutrient inputs to the North Sea. Estuar.
Coast. Shelf Sci. 82: 433-442. doi:10.1016/j.ecss. 2009.
02.006

Skovgaard, A., C. Legrand, P. J. Hansen, and E. Granéli.
2003. Effects of nutrient limitation on food uptake in the
toxic haptophyte Prymnesium parvum. Aquat. Microb.
Ecol. 31: 259-265. doi:10.3354/ame031259

Smalley, G. W., D. W. Coats, and D. K. Stoecker. 2003. Feed-
ing in the mixotrophic dinoflagellate Ceratium furca is
influenced by intracellular nutrient concentrations. Mar.
Ecol. Prog. Ser. 262: 137-151. doi:10.3354/meps262137

Smith, V. H., and S. J. Bennett. 1999. Nitrogen:phosphorus
supply ratios and phytoplankton community structure in
lakes : Nutrient ratios. Arch. Hydrobiol. 146: 37-53.

Sterner, R. W., J. Clasen, W. Lampert, and T. Weisse. 1998. Car-
bon:phosphorus stoichiometry and food chain production.
Ecol. Lett. 1: 146-150. doi:10.1046/j.1461-0248.1998.00030.x

Sterner, R. W., and ]J. J. Elser. 2002. Ecological stoichiometry:
The biology of elements from molecules to the biosphere.
Princeton Univ. Press.

Strickland, J. D. H., and T. R. Parsons. 1972. A practical
handbook of seawater analysis, 2nd ed. Bulletin No 167.
Fisheries Research Board of Canada.

Offshore gradient from P to N limitation

Sylvan, J. B., Q. Dortch, D. M. Nelson, A. F. Maier Brown, W.
Morrison, and J. W. Ammerman. 2006. Phosphorus limits
phytoplankton growth on the Louisiana shelf during the
period of hypoxia formation. Environ. Sci. Technol. 40:
7548-7553. doi:10.1021/es061417t

Tamminen, T., and T. Andersen. 2007. Seasonal phytoplankton
nutrient limitation patterns as revealed by bioassays over
Baltic Sea gradients of salinity and eutrophication. Mar. Ecol.
Prog. Ser. 340: 121-138. doi:10.3354/meps340121

Thieu, V., J. Garnier, and G. Billen. 2010. Assessing the effect
of nutrient mitigation measures in the watersheds of the
Southern Bight of the North Sea. Sci. Total Environ. 408:
1245-1255. doi:10.1016/j.scitotenv.2009.12.031

Thingstad, T. F., U. L. Zweifel, and F. Rassoulzadegan. 1998.
P limitation of heterotrophic bacteria and phytoplankton
in the northwest Mediterranean. Limnol. Oceanogr. 43:
88-94, do0i:10.4319/10.1998.43.1.0088

Tilman, D. 1982. Resource competition and community
structure. Princeton Univ. Press.

Troost, T. A., A. de Kluijver, and F. J. Los. 2014. Evaluation
of eutrophication variables and thresholds in the Dutch
North Sea in a historical context : A model analysis. J.
Mar. Syst. 134: 45-56. doi:10.1016/j.jmarsys.2014.01.015

Turner, R. E., N. N. Rabalais, D. Justi¢, and Q. Dortch. 2003.
Global patterns of dissolved N, P, and Si in large rivers. Bio-
geochemistry 64: 297-317. d0i:10.1023/A:1024960007569

Van Boekel, W. H. M. 1991. Ability of Phaeocystis sp. to grow
on organic phosphates : Direct measurement and predic-
tion with the use of an inhibition constant. J. Plankton
Res. 13: 959-970. doi:10.1093/plankt/13.5.959

Van de Waal, D. B., A. M. Verschoor, J. M. H. Verspagen, E.
van Donk, and J. Huisman. 2010. Climate-driven changes
in the ecological stoichiometry of aquatic ecosystems.
Front. Ecol. Environ. 8: 145-152. do0i:10.1890/080178

Van Haren, H., D. K. Mills, and L. P. M. J. Wetsteyn. 1998.
Detailed observations of the phytoplankton spring bloom
in the stratifying central North Sea. J. Mar. Res. 56: 655-
680. doi:10.1357/002224098765213621

Veldhuis, M. J. W., and W. Admiraal. 1987. Influence of
phosphate depletion on the growth and colony formation
of Phaeocystis pouchetii. Mar. Biol. 95: 47-54. doi:10.1007/
BF00447484

Verspagen, J. M. H.,, D. B. Van de Waal, ]J. F. Finke, P. M.
Visser, and J. Huisman. 2014. Contrasting effects of rising
CO, on primary production and ecological stoichiometry
at different nutrient levels. Ecol. Lett. 17: 951-960. doi:
10.1111/ele.12298

Vollenweider, R. A. 1976. Advances in defining critical load-
ing levels for phosphorus in lake eutrophication. Mem.
1st. Ital. Idrobiol. 33: 53-83.

Vrieling, E. G., R. P. Koeman, K. Nagasaki, Y. Ishida, L.
Peperzak, W. W. C. Gieskes, and M. Veenhuis. 1995. Chat-
tonella and Fibrocapsa (Raphidophyceae) : First observation
of, potentially harmful, red tide organisms in Dutch

887


http://dx.doi.org/10.1126/science.324_722
http://dx.doi.org/10.1126/science.195.4275.260
http://dx.doi.org/10.1126/science.195.4275.260
http://dx.doi.org/10.1126/science.324_721b
http://dx.doi.org/10.1016/j.seares.2004.01.008
http://dx.doi.org/10.1007/s10452-009-9265-4
http://dx.doi.org/10.1007/s10452-009-9265-4
http://dx.doi.org/10.1007/s00227-012-2121-4
http://dx.doi.org/10.1007/s00442-013-2786-5
http://dx.doi.org/10.1016/j.ecss.2009.02.006
http://dx.doi.org/10.1016/j.ecss.2009.02.006
http://dx.doi.org/10.3354/ame031259
http://dx.doi.org/10.3354/meps262137
http://dx.doi.org/10.1046/j.1461-0248.1998.00030.x
http://dx.doi.org/10.1021/es061417t
http://dx.doi.org/10.3354/meps340121
http://dx.doi.org/10.1016/j.scitotenv.2009.12.031
http://dx.doi.org/10.4319/lo.1998.43.1.0088
http://dx.doi.org/10.1016/j.jmarsys.2014.01.015
http://dx.doi.org/10.1023/A:1024960007569
http://dx.doi.org/10.1093/plankt/13.5.959
http://dx.doi.org/10.1890/080178
http://dx.doi.org/10.1357/002224098765213621
http://dx.doi.org/10.1007/BF00447484
http://dx.doi.org/10.1007/BF00447484
http://dx.doi.org/10.1111/ele.12298

Burson et al.

coastal waters. Neth. J. Sea Res. 33: 183-191. doi:10.1016/
0077-7579(95)90005-5

Welschmeyer, N. A. 1994. Fluorometric analysis of chloro-
phyll a in the presence of chlorophyll b and pheopig-
ments. Limnol. Oceanogr. 39: 1985-1992. do0i:10.4319/
10.1994.39.8.1985

Westernhagen, H., and V. Dethlefsen. 1983. North Sea oxy-
gen deficiency 1982 and its effects on the bottom fauna.
Ambio 12: 264-266.

Weston, K., L. Fernand, D. K. Mills, R. Delahunty, and ]J.
Brown. 2005. Primary production in the deep chlorophyll
maximum of the central North Sea. ]J. Plankton Res. 27:
909-922. doi:10.1093/plankt/fbi064

Wu, J.,, W. Sunda, E. A. Boyle, and D. M. Karl. 2000. Phos-
phate depletion in the western North Atlantic Ocean. Sci-
ence 289: 759-762. doi:10.1126/science.289.5480.759

Xu, J., K Yin, L. He, X. Yuan, A. Y. Ho, and P. ]J. Harrison.
2008. Phosphorus limitation in the northern South China

888

Offshore gradient from P to N limitation

Sea during late summer : Influence of the Pearl River. Deep-
Sea Res. I. 55: 1330-1342. doi:10.1016/j.dsr.2008.05.007

Acknowledgments

We thank the anonymous reviewers for their helpful comments. We
are grateful to Nicole Bale, all NIOZ technicians and the crew of the RV
Pelagia for ensuring safe and successful cruises, and to Emma Greenwell,
Evanthia Mantzouki, Jim van Oosten and Tom Vaes for their skilled assis-
tance with the on-board bioassays. We thank Sharyn Ossebaar, Jan van
Ooijen and Leo Hoitinga for the nutrient analysis. We acknowledge the
Turner-Kirk Charitable Trust and the Isaac Newton Institute of the Uni-
versity of Cambridge for their support during the writing of this manu-
script. This research is part of the CHARLET project, funded by the Sea
and Coastal Research (ZKO) program of the Netherlands Organization
for Scientific Research (NWO).

Submitted 5 February 2015
Revised 30 October 2015
Accepted 8 December 2015

Associate editor: Josette Garnier


http://dx.doi.org/10.1016/0077-7579(95)90005-5
http://dx.doi.org/10.1016/0077-7579(95)90005-5
http://dx.doi.org/10.4319/lo.1994.39.8.1985
http://dx.doi.org/10.4319/lo.1994.39.8.1985
http://dx.doi.org/10.1093/plankt/fbi064
http://dx.doi.org/10.1126/science.289.5480.759
http://dx.doi.org/10.1016/j.dsr.2008.05.007

