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Introduction
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General Introduction
Phytoplankton are the base of the food web in both freshwater and marine
ecosystems and create nearly half of global net primary production (Field et al.,
1998). Represented by thousands of species distributed over more than 10 phyla
(Guiry, 2012), phytoplankton are diverse in structure and growth strategy.
Diatoms utilize silica to build rigid and complex cell walls, dinoflagellates
challenge the plankton meaning of passive “wanderer” by propelling themselves
with whipping flagella, while cyanobacteria straddle the worlds of bacteria and
photosynthetic organisms. All, however, possess a need for nitrogen and
phosphorus, two major critical elements for phytoplankton growth. While there
are notable exceptions, such as N 2-fixation or phagotrophy of organic matter,
most phytoplankton acquire nitrogen and phosphorus through uptake of dissolved
inorganic forms from the surrounding environment.
Given the universal need for nitrogen and phosphorus by photosynthetic
phytoplankton, the paradoxical diversity of phytoplankton has long been queried
by ecologists. Survival of the fittest should, in theory, lead to dominance of only
a few species, i.e., the best competitors for the limiting resources. If there are
only a handful of limiting resources (e.g., nitrogen, phosphorus, iron, light), why
does the diversity of phytoplankton greatly exceed this number? Hutchinson
(1961) famously described this mismatch between theory and reality as the
“paradox of the plankton.” This thesis investigates the role that limiting resources
have on the community composition of phytoplankton both in laboratory and
natural systems through studies of competition, and by exploring impacts of
changing nitrogen and phosphorus abundances.
Nutrients and the North Sea
Although nutrients such as nitrogen (N) and phosphorus (P) are required
for growth, they can also be overly abundant leading to eutrophic conditions.
Eutrophication is linked to a suite of negative environmental impacts including
increases in toxic algal blooms (Heisler et al., 2008; O’Neil et al., 2012),
depletion of oxygen (i.e., hypoxia; Westernhagen and Dethlefsen, 1983; Diaz and
Rosenberg, 2008; Breitburg et al., 2018) and light limitation to benthic zones
(Bricker et al., 2008; Hautier et al., 2009). The global increase in eutrophication
is due to anthropogenic factors, especially fertilization for agriculture and the
waste water of urban regions (Vitousek et al., 1997; Glibert et al., 2005; Rabalais
8

et al., 2009).
The North Sea is a primary example of a coastal region impacted by
anthropogenically caused eutrophication. The overabundance of nutrients which
entered the North Sea came predominantly from major European rivers such as
the Scheldt, Maas, Rhine, Weser and Elbe. Residual currents transport fluvialderived nutrients along the length of the Dutch coastline (Fig. 1.1).

Figure 1.1 Map of North Sea with main and residual currents (pink arrows) and major rivers
(from https://www.eea.europa.eu/data-and-maps/figures/north-sea-physiography
-depth-distribution-and-main-currents).

Substantial increases of riverine P and N from the 1960’s to mid-1980’s
(Pätsch and Radach, 1997) led to increases in primary production (Cadée and
Hegeman, 2002), changes in the phytoplankton community composition
(Philippart et al., 2000), hypoxia in the German Bight (Westernhagen and
Dethlefsen, 1983) and an increase in the occurrence of Phaeocystis spp. blooms
(Cadée and Hegeman, 1986; Lancelot et al., 1987). The nuisance blooms of
Phaeocystis spp. led to large foam scums covering beaches along the Belgian,
Dutch, German and Danish coast and impacted beach users (Fig. 1.2).
9

Figure 1.2 Foam from a bloom of Phaeocystis spp. on the beaches of the North Sea in the
Netherlands (Reproduced from Howarth et al., 2011).

As a response to the eutrophication issue, a coalition of countries bordering
the North Sea convened to develop solutions. In 1986, the OSPAR convention
(Convention for the Protection of the Marine Environment of the North East
Atlantic) established regulatory goals to reduce the nitrogen and phosphorus
loads of the major rivers entering the North Sea to half of 1985 levels. This
proved to be a mixed success. By 2002, P loads were reduced by 50-70% while
N loads were down only 20-30%, thus increasing the N:P ratio of nutrients
entering the North Sea (Lenhart et al., 2010; Passy et al., 2013). Traditionally,
primary production in marine systems is considered limited by N (Ryther and
Dunstan, 1971; Blomqvist et al., 2004; Howarth and Marino, 2006) while
terrestrial waters are typically P-limited (Schindler, 1977; Hecky and Kilham,
1988; Schindler et al., 2008). However, as anthropogenic processes continue to
alter the nutrients in these waters, historical limitation patterns are being altered
(Elser et al., 2007; Abell et al., 2010; Paerl et al., 2014). The North Sea is not the
only region experiencing elevated N:P ratios; particularly as globally the use of
N-rich fertilization is increasing (Turner et al., 2003; Glibert et al., 2014) while
efforts to remove P from domestic and industrial wastewater have improved
(Grizzetti et al., 2012). Riverine influenced coastal zones such as the Gulf of
Mexico (Sylvan et al., 2006), the Baltic and Mediterranean seas (Granéli et al.,
1990; Krom et al., 2004), and the Pearl River estuary (Xu et al., 2008) have all
shown a transition towards P limitation during some part of the year. How
shifting N:P ratios toward P-limiting conditions will impact the phytoplankton
10

community composition, and nutritional quality for the rest of the food web, is
of primary concern to those utilizing these systems.
Harmful Algal Blooms
The ability to predict phytoplankton community dynamics is valuable to
understand, and hopefully avoid, occurrences of harmful algal blooms. Harmful
algal blooms vary in environmental impact. Nuisance blooms affect recreational
and economical use of beaches or waterways, such as the Phaeocystis blooms
mentioned previously. Toxic algal species have more severe consequences.
Blooms of cyanobacterial species producing microcystin, a potent hepatatoxin
(MacKintosh et al., 1990), have increased globally with increased eutrophication
and climate change (Huisman et al., 2005; Paerl and Huisman, 2009; Carmichael
and Boyer, 2016). Several species of dinoflagellates and some diatom species
produce toxins affecting human health through shellfish poisoning (Table 1.1).
Filter feeding shellfish, many of which are consumed by humans, can
amplify toxin effects as they concentrate toxins within their tissue after ingestion
of toxic phytoplankton cells (Anderson, 1989; Van Dolah, 2000; James et al.,
2010; Fig 1.3). Marine mammals have also been affected by toxic phytoplankton
with mass strandings being attributed to phytoplankton toxin poisoning (Scholin
et al., 2000).

Figure 1.3 Diagram illustrating the interrelationships between harmful algae and shellfish, finfish,
birds and mammals (Reproduced from James et al., 2010).
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Table 1.1 Toxic syndromes caused by human consumption of marine seafood containing
accumulated algal toxins (Reproduced from James et al., 2010).

Toxic syndrome
Paralytic shellfish
poisoning (PSP)

Toxins
Saxitoxin (STX),
neosaxitoxin (NEO),
gonyautoxin (GTX)
and 18 analogues

Affected seafood
Bivalve shellfish,
crustaceans

Toxic algae
Alexandrium spp.,
Gymnodinium spp.

Diarrhetic shellfish
poisoning (DSP)

Okadaic acid (OA),
dinophysistoxins
(DTXs), pectenotoxins
(PTXs)

Bivalve shellfish

Dinophysis spp.,
Prorocentrum spp.

Neurotoxic shellfish
poisoning (NSP)

Brevetoxins (PbTx)

Bivalve shellfish

Karenia brevis

Amnesic shellfish
poisoning (ASP)

Domoic acid (DA) and
analogues

Bivalve shellfish,
finfish

Pseudonitzschia spp.

Azaspiracid
poisoning (AZP)

Azaspiracids (AZAs)
and analogues

Bivalve shellfish

Protoperidinium
crassipes,
Azadinium spinosum

Toxic blooms have been linked to anthropogenic eutrophication, since N
and P enrichment stimulates algal growth (Hallegraeff, 1993; Anderson et al.,
2002; Heisler et al., 2008; O’Neil et al., 2012). Ultimately, reducing
eutrophication would help to stem the rise in the occurrence and intensity of
harmful algal blooms, but requires significant time and financial investment and
is challenging to implement. Thus, water managers often use response rather than
prevention tactics for chronic blooms. One such technique which has been
utilized to suppress toxin-producing cyanobacterial blooms is dosing the bloom
waters with hydrogen peroxide (Matthijs et al., 2012; Barrington et al., 2013).
Other techniques include artificial mixing (Visser et al., 1996), flushing
(Mitrovic et al., 2010), or even flocculation with clay (Sengco and Anderson,
2004). However, with all of these methods, the long-term eradication of toxic
blooms is not consistently obtained.
Stoichiometry of Phytoplankton
The N and P contents of phytoplankton cells are quite plastic, and strongly
affected by changes in N and P availability in their environment. The ratio of
carbon (C) to N to P within phytoplankton can dramatically influence their
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nutritional value to zooplankton grazers and higher trophic levels in the food
web. Redfield (1934) proposed an ideal ratio of C:N:P atoms of 106:16:1. In
reality, the range of ideal elemental stoichiometry is a bit broader and dependent
on the species. Species with low N requirements can have optimal N:P ratios of
10:1 while those with low P requirements can be 45:1 (Geider and La Roche,
2002; Klausmeier et al., 2004). While the elemental stoichiometry of
phytoplankton may be relatively broad, for example the C:P ratio of green algae
can range from 100 to 2000, the nutritional needs of most animals (including
zooplankton and fish) are much more constrained due to a requirement to sustain
homeostasis (Fig. 1.4; Urabe and Watanabe, 1992; Sterner, 1997). Under P
limited conditions, the C:P ratio of phytoplankton increases, causing problems in
the ecological stoichiometry (Sterner and Elser, 2002) for higher organisms.
High C:P ratios are further compounded by rising inorganic C in aquatic systems
(Verspagen et al., 2014).

Figure 1.4 Phytoplankton display a wide range of relatively high C:P ratios. Zooplankton and fish
have rather narrow stoichiometric ranges (Reproduced from Van de Waal et al., 2010a).

Changes in N and P loads of coastal waters have impacts beyond the
overall C:N:P ratio of phytoplankton cells and influence the biomolecule
composition of phytoplankton as well. Converting glucose, a product of
photosynthesis, to other cellular biomolecules is dependent on nutrient
availability (Arrigo et al., 1999). For example, nitrogen is required for amino
13

acid synthesis and both N and P are required for RNA and DNA synthesis.
Nutrient-limited North Sea phytoplankton were shown to adjust their
biosynthesis of these critical biomolecules within 24 hours of relief from nutri ent
limitation (Grosse et al., 2017). Understanding the variation of synthesis rates
and composition of critical biomolecules under sustained nutrient stress can help
to predict growth patterns of phytoplankton and their nutritional value for
zooplankton under changing nutrient conditions.
Resource Limitation and Community Structure
In an effort to address the “paradox of the plankton,” ecologists have
developed theories which attempt to encapsulate and predict the biodiversity of
primary producers. Theories predominantly diverge along the key concept of the
role of competition. Species either 1) display niche-based competition which
results in deterministic changes in community structure, or 2) are entirely neutral
and equal in their resource use which results in random species fluctuations
within the community. As is common, natural patterns of species composition
seem to fall somewhere in between these opposing concepts.
Niche-based competition was utilized to develop the resource ratio
hypothesis of Tilman (1985). The resource ratio hypothesis posits that changes
in the proportions of two critical resources, such as N and P, can lead to
predictable species succession when the competitive abilities of the species for
these resources are known. A species’ minimum requirement for a specific
nutrient is characterized by its R * for that nutrient, which is defined as the
environmental concentration of the nutrient at which this species is at
equilibrium; it is neither increasing nor decreasing in abundance. Competition
theory predicts that the species with the lowest R * for a nutrient will
competitively displace all other species if this nutrient is the limiting factor in
the environment (Stewart and Levin, 1973; Armstrong and McGehee, 1980).
However, theory also predicts scenarios for the coexistence of multiple species,
thus providing a possible solution to the “paradox of the plankton.” One
explanation for coexistence is if the two species (A and B) are competing for two
nutrients (R1 and R2), but species A is the better competitor for R 1 and species B
is the better competitor for R 2 (Tilman 1982; 1985). This “trade-off" of
competitive abilities allows both species to coexist at intermediate ratios of the
two nutrients (Fig. 1.5). Hence, nutrient ratios (such as the N:P ratios in coastal
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waters) are predicted to be a key determinant of the phytoplankton community
composition.

Figure 1.5 Solid lines with right-angle corners are the zero-net-growth isoclines (ZNGIs) for
species A and B. The points x, y, and z represent different supply points of nutrients (R 1 and R 2).
The outcome of competition is dependent on the ratio of R 1:R2, where species A wins (supply
point x), both species coexist (supply point y) or species B wins (supply point z). Species
coexistence can occur only if there is an interspecific trade-off in nutrient requirements (i.e. if the
two ZNGIs intersect). Intersection of the two ZNGIs is indicated by the two -species equilibrium
point y’ (Reproduced from Tilman 1985).

Another critical resource utilized by all photosynthetic organisms is light.
Due to the unidirectional nature of the light flux, modeling competition for light
requires a different approach than modeling competition for nutrients (Huisman
and Weissing, 1994; Huisman and Weissing, 1995; Huisman et al., 1999b). Light
becomes limiting in dense phytoplankton populations where shading from cooccurring cells block the light reaching other phytoplankton cells, thus limiting
their growth. This can drive competition in a similar manner to nutrient
competition wherein the species with the lowest light requirement can
competitively exclude other species. In order to experimentally include light as
15

a limiting resource, specialized growth chambers called chemostats were
developed which allow for the regulation of the unidirectional light source
(Huisman et al., 1999a). Chemostats of the same design were used for the
experiments conducted in this thesis (Fig. 1.6).

Figure 1.6 Schematic diagram of the chemost used in this study. (A) Side-view with light source,
water jacket (for temperature regulation), and culture vessel. (B) Front view of the culture vessel
(Reproduced from Huisman et al., 1999a).

Including light as a limiting resource was an important step in developing
competition theory. Because light limitation is linked to nutrient load, wherein
high concentrations of nutrients induce high biomass and self-shading, it is a
logical step to combine nutrients with light. Naturally this complicates the model
analysis, but by merging the models of the resource ratio theory of two nutrients
with growth under unidirectional light, Brauer et al. (2012) developed the
‘nutrient-load hypothesis’ which allows for light limitation at high nutrient loads
(Fig. 1.7). By incorporating the growth characteristics of nine species under these
three resources, the model of Brauer et al. (2012) predicted a high occurrence of
stable coexistence of two or three species at moderate resource levels where co limitation arises. While both the resource ratio hypothesis and nutrient-load
hypothesis are niche-based models, the latter predicts that not only nutrient ratios
but also the absolute loads of nutrients have a major impact on community
composition.
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Figure 1.7 Resource limitation of a single species. In the “no growth” regions, nutrient availability
is too low to support a phytoplankton population. At low nutrient loads, the growth rate is limited
by either nutrient 1 or nutrient 2, depending on the ratio of the nutrient loads. At intermediate
nutrient loads, growth is co-limited either by nutrient 1 and light or by nutrient 2 and light, again
depending on the ratio of the nutrient loads. At high nutrient loads, growth is limited by light
irrespective of the nutrient ratios (Reproduced from Brauer et al., 2012).

Further extensions of these niche-based competition models have
incorporated different colors of light into resource competition (Stomp et al.,
2004; 2007b). Phytoplankton species differ widely in pigment composition, by
which they absorb different parts of the underwater light spectrum. Mathematical
models, lab experiments and field data have shown that niche differentiation in
the light spectrum may create ample opportunities for species coexistence, a s
illustrated by the classic experiments of Stomp et al. (2004) in which green and
red picocyanobacteria coexisted in white light.
An alternative explanation for species coexistence is the neutral theory of
biodiversity (Bell, 2000; Hubbell, 2001). Neutral theory proposes that all species
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within the same functional group are equivalent in their competitive abilities for
common resources (Hubbell, 2005; 2006). Accordingly, population abundances
of the species are a result of stochastic changes in demographic properties (i.e.
birth, death and migration rates) and predictions of community structure are
based on probability rather than ability (Hubbell, 2001; Etienne and Olff, 2004;
Fig. 1.8). As a result, the population abundances produce random ups and downs,
called ecological drift (Volkov et al., 2003; Hubbell, 2005; 2006). Studies which
apply the neutral theory of biodiversity to community data have found reasonable
fits to observed biodiversity patterns (Bell, 2000; Alonso and McKane, 2004;
Woodcock et al., 2007; De Aguiar et al., 2009), but proving its operation
experimentally has been challenging (Wootton, 2005; Alonso et al., 2006).

Figure 1.8 The mechanics of neutral theory in the local community. In this example, the total
community population size is 20 individuals, so the probability of the indicated individual dying
1
is , the probability of birth happening within the local community, as indicated in the third panel,
20

1

is (1 − 𝑚) for each living individual and the probability of immigration is m (Reproduced from
20
Rosindell et al., 2011).

Neutral theory has recently been applied to phytoplankton communities to
explain seemingly random variation in the relative abundances of species (Chust
et al., 2013; Mutshinda et al., 2016). Some studies have applied neutral theory to
so-called “clumpy” distributions of plankton based on traits such as cell size
(Vergnon et al., 2009; Segura et al., 2013). This is an interesting adaptation of
the neutral theory, suggesting within each ‘clump’ the species have similar traits
and are functionally neutral (Segura et al., 2013; Sakavara et al., 2018). While
this may explain the relative distribution of species to a particular aggregation,
niche-based theory may still be applied to predict the abundances of the clumps
themselves. Testing these ideas experimentally is required to further define
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where and when each respective theory may be operating to drive diversity of
phytoplankton, or if more complex dimensions of competition are at play.
Thesis Outline
This thesis has three related aims, which collectively serve to better our
understanding of the influence of changing N, P and light conditions on the
productivity and phytoplankton species composition of coastal waters. I have
used the North Sea as the primary ecosystem for this research, given its major
changes in nutrient loads over the past several decades.
 The first aim is to determine if multi-decadal de-eutrophication
efforts have changed the nutrient stoichiometry of the North Sea and
therefore the nutrients limiting the primary production of these
waters.
 The second aim is to investigate how observed shifts in resource
limitation and nutrient stoichiometry may have influenced the
species and biochemical composition of phytoplankton communities
in the North Sea.
 The third aim is to use the North Sea phytoplankton as a model
system to contribute to an improved conceptual understanding of
how competition between species affects the species composition of
natural communities.
In Chapter 2 spatial and temporal variation in nutrient limitation of the
North Sea is investigated. Multiple research cruises over a 450 km transect
revealed a gradient from P and silicate (Si) limitation nearshore to N limitation
in central North Sea waters. Additionally, nutrient enrichment bioassays
performed on-board linked in situ N:P ratios of dissolved inorganic nutrients with
realized nutrient limitation of phytoplankton growth. In-depth analysis of the
growth responses of different functional groups to nutrient enrichment provides
insights into which types of phytoplankton are expected to thrive under the range
of nutrient limitations. The phytoplankton community composition is discussed
with respect to potentially harmful species and nutritional deficiency trends
under increasing N:P ratios.
In Chapter 3 controlled chemostat experiments were utilized to test
predictions of resource competition theory using phytoplankton communities
19

collected from the North Sea. As demonstrated in Chapter 2, the North Sea
system experiences a range of N:P ratios as well as varying nutrient loads, thus
raising the question how these changes in N and P availability may have affected
phytoplankton community composition. Seven chemostats, each with a unique
combination of N and P loads, were used to experimentally compare predictions
of the resource-ratio hypothesis (Tilman, 1985) and nutrient-load hypothesis
(Brauer et al., 2012).
In Chapter 4 the phytoplankton communities grown in the seven
experiments of Chapter 3 were further analyzed to determine how different N
and P loads affect the biomolecule composition of algal biomass and
corresponding biosynthesis rates of structural and storage biomolecules u nder
controlled conditions.
Chapter 5 presents further chemostat experiments designed to investigate
whether neutral theory may (at least partially) explain the species diversity in
phytoplankton communities. First, phytoplankton communities sampled from the
North Sea were grown under N and P limiting conditions. The two most abundant
species in these multispecies experiments were isolated to measure their
competitive traits (including their R* values for N and P). Subsequently, the two
species were put together in pairwise competition experiments starting from
different initial abundances to investigate whether their co-occurrence reflects
the randomness predicted by neutral theory (Bell, 2000; Hubbell, 2001) or the
stable coexistence predicted by resource competition models (Tilman, 1985;
Stomp et al., 2004; Brauer et al., 2012).
Chapter 6 discusses the treatment of an unprecedented and highly toxic
Alexandrium ostenfeldii bloom in Zeeland, The Netherlands, using hydrogen
peroxide additions. While the treatment was successful and the threat to the local
shellfish industry was mitigated, the occurrence of the bloom itself speaks to the
potential of future HAB events in Dutch coastal and estuarine waters. This
chapter serves as a reminder of the critical importance of well-considered
nutrient management strategies.
Finally, in Chapter 7 the results of all chapters are synthesized and
recommendations are presented for future nutrient management strategies as well
as thoughts on further development of competition theory.
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Chapter 2

Unbalanced reduction of nutrient loads has created an
offshore gradient from phosphorus to nitrogen limitation in
the North Sea
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Abstract
Measures to reduce eutrophication have often led to a more effective
decline of phosphorus (P) than nitrogen (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 phytoplankton, which may negatively affect
higher trophic levels in the food web. Nutrient enrichment bioassays performed
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 gradient 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 Phaeocystis 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 composition, and nutritional quality of
marine phytoplankton communities.

Introduction
Although nutrient limitation of phytoplankton growth is well studied, our
understanding of the “typical nutrient limitation” of aquatic environments is
constantly being revised. Lakes have traditionally been considered phosphorus
(P) limited (Vollenweider, 1976; Schindler, 1977; Hecky and Kilham, 1988),
whereas oceans and coastal seas were considered primarily nitrogen (N) limited
(Ryther and Dunstan, 1971; Blomqvist et al., 2004; Howarth and Marino, 2006).
This traditional view has been challenged by reports on P limitation in different
marine environments (Thingstad et al., 1998; Wu et al., 2000) and widespread N
and P co‐limitation in freshwater ecosystems (Elser et al., 2007). Moreover, due
to increased anthropogenic nutrient inputs and subsequent nutrient reduction
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efforts, this historical understanding is now blurred and more complex than ever
(Artioli et al., 2008; Abell et al., 2010; Paerl et al., 2014). In recent decades, a
global rise in the relative N to P content of the major riverine inputs to coastal
zones has occurred, associated with an increased application of N fertilizers
(Turner et al., 2003; Glibert et al., 2014) and more effective P removal from
domestic and industrial wastewater during de‐eutrophication efforts (Grizzetti et
al., 2012). This increase in riverine N:P ratios may induce major changes in
nutrient limitation of coastal waters. As Paerl et al. (2014) stated, the freshwater
to marine environment exists as a continuum, where changes in the prevailing
nutrient conditions “upstream” will inevitably influence nutrient conditions in
the “downstream” coastal environment.
The North Sea is a prime example of a coastal zone experiencing
pronounced shifts in nutrient limitation. Coastal waters of the southern North Sea
are strongly influenced by the discharge of several European rivers, including the
Scheldt, Maas, Rhine, Weser, and Elbe. From the 1960s to the mid‐1980s a large
increase of riverine P and N loads (Pätsch and Radach, 1997) led to coastal
eutrophication of the North Sea, signified by enhanced primary production
(Cadée and Hegeman, 2002), changes in phytoplankton species composition
(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
Pätsch, 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 phytoplankton 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 regi ons
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with high fluvial 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 assemblage (Peeters and Peperzak, 1990).
Furthermore, model analyses 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 indicated 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 (Philippart 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 community composition along
a 450 km transect extending from the Dutch coast to the central North Sea. We
used the molar Redfield ratio of 16:1 as a preliminary guide to indicate whether
phytoplankton growth was limited by N or P. However, comparison of ambient
nutrient concentrations against the Redfield ratio provides, at best, a coarse
indication of the potentially limiting nutrient. For instance, many phytoplankton
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 species, from ratios as low
as 10:1 for species with low N requirements 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 enrichment bioassays with
natural phytoplankton assemblages to obtain a better understanding of the actual
nutrient limitation realised by the phytoplankton community (Hecky and
Kilham, 1988; Tamminen and Andersen, 2007). A key advantage 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
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limitations and co‐limitation by different nutrients (Arrigo, 2004; Harpole et
al., 2011).
Our hypothesis is that the unbalanced reduction of nutrient loads and
concomitant increase in N:P ratios of the riverine input will have shifted
phytoplankton growth in coastal waters of the North Sea toward more P‐limited
conditions. 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. 2.1). 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 dominated 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. 2.1). 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).
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. S2.1). 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.
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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 logarithmic 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.

Figure 2.1 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.

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 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 μm
polycarbonate filter into 5 mL polyethylene vials, rinsing three times, and stored
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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
μm 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 5 mL of 0.22 μm 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, Elementar Analysensysteme GmbH, Hanau, Germany).
Particulate organic phosphorus (POP) was analyzed using the ignition method
followed by acid digestion to ortho‐phosphate (Anderson, 1976), which was then
measured using standard colorimetric 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 comparison against
our PON, POP, and POC measurements, assuming that PON:POP ratios < 15 and
POC:PON ratios > 17 are indicative 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
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formaldehyde (18% v/v)‐hexamine (10% w/v) solution 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 μm) were identified to genus level and
enumerated using light microscopy. Lugol's iodine preserved samples were
settled in 10 mL Utermöhl chambers (Hydro‐Bios, Kiel, Germany). The entire
chamber was counted at 40X magnification using an inverted microscope (DM
IRB, Leica Microsystems, Wetzlar, Germany). To investigate whether different
functional groups within the phytoplankton community responded differently to
nutrient limitation, the phytoplankton genera were sorted into four major
functional groups: diatoms, dinoflagellates, nanoflagellates (excluding
Phaeocystis), and Phaeocystis spp. The cell counts included both autotrophic and
mixotrophic dinoflagellates 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, California) equipped with a blue laser (488 nm) and red
laser (640 nm). Frozen samples were thawed at 4°C, pre‐filtered through a 5 μm
polycarbonate filter, and then analyzed. Picocyanobacteria and picoeukaryotes
were distinguished based on bivariate plots of side scatter against the
autofluorescent properties of the key phytoplankton pigments chlorophyll
(excitation with 488 nm laser, autofluorescence with 670 nm filter),
phycoerythrin (excitation with 488 nm laser, autofluorescence 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 dimensions and geometry according
to Hillebrand et al. (1999). Subsequently, C‐biomass of the phytoplankton was
calculated 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
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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 polyethylene carboys which had
been thoroughly rinsed with sample water prior to the filling. Nutrients were
added (1 mL additions) 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
consistent ambient temperature. Incubations continued for 96–144 h depending
on the cruise length.
Given space limitations on‐board, we selected seven different treatments:
Control, +N (addition of 80 μM NaNO3), +P (5 μM K 2HPO4), +Si (80 μM
Na2SiO3), +N+P, +N+P+Si, and +light (Table 2.1). 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 treatment, we reduced the neutral density filters to obtain a 25% higher
irradiance level. The bioassay experiments during 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 μm 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 preserved for identification, cell counts
and C‐biomass calculations 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 μm
pore size glass fiber filters (GF/F, Whatman). Filters were folded into aluminium
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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).
Table 2.1 Nutrient additions in the bioassay experiments.

Treatment

Nitrate (µM)

Phosphate (µM)

Silicate (µM)

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

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 (α) of 0.05.
Bioassay experiments
Net growth rates (d −1) were calculated as µ = ln(Bt/B0)/t,
where B0 and Bt are the initial and final total phytoplankton biomass or
Chl a concentrations determined from the bioassay experiments and t is the
incubation time in days. Net growth rates based on phytoplankton biomass were
also determined for each phytoplankton group separately (diatoms,
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.
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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‐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 single nutrient treatments (e.g., +N
only, but not +P only) and an even stronger stimulation by the combined nutrient
treatment (+N+P).

Results
Dissolved nutrients
In March, DIN concentrations were highest (∼30 μmol L−1) in nearshore
waters and gradually decreased offshore, with a local minimum at station 300 km
(Fig. 2.2a). 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 relatively high (Fig. 2.2b). 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. 2.2c,d; see Fig. S2.2c,d).
In March, DIP concentrations were also highest (∼0.63 μmol L−1) in
nearshore waters (Fig. 2.2e). In April, however, nearshore DIP concentrations
were strongly depleted to < 0.05 μmol L −1, while outer‐shore concentrations were
depleted but to a lesser extent (∼0.18 μmol L−1 at station 450 km) (Fig. 2.2f).
Nearshore DIP concentrations remained below 0.05 μmol L−1 in late spring and
summer (Fig. 2.2g,h). During summer stratification, outer‐shore DIP
concentrations were low in the top 40 m, but higher (up to ∼1 μmol L−1) below
the thermocline (Fig. 2.2h).
Like DIN and DIP, in March, silicate (Si) concentrations were highest
(∼12 μmol L−1) in nearshore waters (Fig. 2.2i). Silicate concentrations were
strongly depleted along the entire transect during the phytoplankton spring bloom
in April, and slowly increased into the summer (Fig. 2.2j–l).
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Figure 2.2 Concentrations of (a–d) DIN, (e–h) DIP and (i–l) 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 euph otic zone (i.e.,
light levels < 1% of surface light intensity). Graphs were generated using Ocean Data View
software (http://odv.awi.de).

During most cruises, the molar DIN:DIP ratio decreased with distance
from the coast (Fig. 2.3). 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 coefficient = −0.69, n = 29,
p < 0.001; see Fig. S2.2e–h 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. 2.3a). 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. 2.3b). In
May, the DIN:DIP gradient was slightly less extreme, ranging from 152:1 to 1:1,
and the Redfield isocline moved landward to ∼75 km from shore (Fig. 2.3c).
Finally, in August, DIN:DIP ratios were below Redfield throughout the transect
and the offshore DIN:DIP gradient had disappeared (Fig. 2.3d).
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Figure 2.3 Molar ratios of (a–d) DIN:DIP and (e–h) DSi:DIP along the offshore transect, during
research cruises in (a, e) March 2013, (b, f) April 2013, (c, g) May 2012 and (d, h) August 2011.
The Redfield ratio of 16:1 for DIN:DIP and 15:1 for DSi:DIP is indicated by the black contour
line. Shading indicates depths below the euphotic zone (i.e., light levels < 1% of surface light
intensity). Arrows on x‐axis indicate the four stations (7 km, 100 km, 250 km and 450 km) of the
nutrient bioassay experiments.

The molar DSi:DIP ratio showed a similar offshore gradient as the
DIN:DIP ratio in March, with higher than Redfield ratios at the nearshore region
and lower than Redfield ratios further offshore (Fig. 2.3e). The DSi:DIP ratio
dropped below Redfield along the entire transect during the phytoplankton spring
bloom in April (Fig. 2.3f), showed an offshore gradient in May (Fig. 2.3g), and
was near or above Redfield in the surface layer in August (Fig. 2.3h).
Particulate organic nutrients
POC, PON, and POP were measured at four stations along the transect.
Microscopic inspection showed that the particulate matter was dominated by
phytoplankton at all four stations, 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 consisted of
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phytoplankton (linear regression through the origin:C‐biomass = 0.977 × POC;
R2 =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 × Month) were significant (Table 2.2).
Table 2.2 Two-way analysis of variance, with the particulate organic nutrient ratios as dependent
variable, and station and month as independent variables.

Effect

df1, df 2

F

p

Station
Month
Station ×Month
POC:POP ratio
Station

3, 22
2, 22
5, 22

52.41
12.26
5.59

<0.001
<0.001
0.002

3, 22

33.91

<0.001

Month
Station × Month
POC:PON ratio
Station
Month
Station × Month

2, 22
5, 22

44.96
3.81

<0.001
0.012

3, 22
2, 22
5, 22

3.46
189.50
13.73

0.034
<0.001
<0.001

PON:POP ratio

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 limitation, at the nearshore
station 7 km (Fig. 2.4a). PON:POP ratios were significantly lower further
offshore, with values 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. 2.4a). 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. 2.4b). The POC:PON ratio showed a reverse pattern, with low
values indicative of N replete conditions nearshore and significantly higher
values indicative of N limitation at offshore station 250 km in April and stations
250 km and 450 km in May/August (Fig. 2.4c).
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Figure 2.4 (a) PON:POP, (b) POC:POP, and (c) POC:PON ratios (± SD) at four stations (7 km, 100
km, 250 km, and 450 km) along the offshore transect, measured at 7 m depth. Horizontal dashed
lines represent the Redfield ratio of C:N:P = 106:16:1. For comparison, the horizontal grey band in
(a) marks the transition between N and P limitation of phytoplankton growth according to Geider
and La Roche (2002); PON:POP ratios below this band (<15) are indicative of N limitation and
PON:POP ratios above this band (>30) of P limitation. Horizontal grey bands in (b) and (c) 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 same letter are significantly different, as tested by two ‐way
analysis of variance (Table 2.2) followed by post‐hoc comparison of the means (Tukey's HSD test).
The letters “n.d.” indicate that we have no data for May/August at station 100 km.
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Phytoplankton community
The phytoplankton community varied according to month and location
(Fig. 2.5). Total phytoplankton biomass was highest at the nearshore station 7
km in the spring months 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. 2.5e–g),
while total phytoplankton biomass was low at all five stations sampled in August
(Fig. 2.5h). Numerically, picocyanobacteria and picoeukaryotes dominated the
phytoplankton 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. 2.5a–d). In terms of phytoplankton biomass, diatoms and
dinoflagellates were the main contributors, with diatoms dominating at the
majority of stations in March and April while diatoms and dinoflagellates were
co‐dominant at most stations in May and August (Fig. 2.5e–h). Furthermore,
Phaeocystis and nanoflagellates contributed substantially to phytoplankton
biomass at several stations in April and May (Fig. 2.5f,g). Among the
dinoflagellates, seven of the nine identified genera consisted largely of species
described as mixotrophs in the literature (Table S2.1). Likewise, the
nanoflagellates were dominated by potential mixotrophs such as Cryptomonas
and Prymnesium species (Table S2.2).
Bioassay experiments
Bioassay experiments were performed on‐board at four stations along the
transect to assess which nutrients limit phytoplankton growth. Monitoring of
chlorophyll fluorescence indicated that the phytoplankton concentration either
increased or remained constant during the bioassay experiments depending on
the treatment and station (Fig. S2.3). An exception is the 100 km station in
March, which showed a decrease in chlorophyll fluorescence during the first 48
h of the bioassay experiments (Fig. S2.3b). Growth responses based on
phytoplankton biomass (Fig. 2.6) and Chl a concentration (Fig. S2.4) 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. 2.6a). In
April, both the +P and +Si treatment significantly increased the net growth rate
of the total phytoplankton community when compared with the control, pointing
at independent co‐limitation of P and Si (Fig. 2.6e). The +N+P and +N+P+Si
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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, indicating again
independent co‐limitation of P and Si (Fig. 2.6i). 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 2.3). 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 2.3; see
Figs. S2.5–S2.10 for details).
At station 100 km, total phytoplankton growth rates were negative and
nutrient additions did not result in a significant increase in March (Fig. 2.6b). 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. 2.6f). This indicates serial co‐limitation of P
followed by Si as secondary limiting nutrient. Diatoms were independently co‐
limited by Si and P, nanoflagellates showed serial co‐limitation by N and P with
independent co‐limitation by light, and Phaeocystis and picoeukaryotes were
limited by P only (Table 2.3; Figs. S2.5–S2.10).
At station 250 km, nutrient additions again did not enhance total
phytoplankton growth rates in March (Fig. 2.6c). In April, single nutrient
additions did not significantly increase the growth rate of the total phytoplankton
community, but the combined +N+P and +N+P+Si treatments enhanced
phytoplankton growth, indicating simultaneous N and P co‐limitation (Fig. 2.6g).
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 limiting nutrient followed by P as secondary
limiting nutrient (Fig. 2.6k). Diatoms, dinoflagellates, nanoflagellates,
Phaeocystis, picoeukaryotes and picocyanobacteria were all co‐limited by N and
P during one or two of the months, while nanoflagellates were limited by N and
picoeukaryotes by P in April (Table 2.3; Figs. S2.5–S2.10).
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Figure 2.5 Phytoplankton community composition, quantified as (a–d) cell abundances and (e–h)
phytoplankton biomass (expressed in terms of C) along the offshore transect, during the research
cruises in (a, e) March 2013, (b, f) April 2013, (c, g) May 2012, and (d, h) August 2011. n.d., no
data.
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Figure 2.6 Growth rates (± SD) of total phytoplankton in the nutrient bioassay experiments, based on
changes in phytoplankton biomass. The experiments were performed at four stations (7 km, 100 km,
250 km, and 450 km) along the offshore transect, during the (a–d) March 2013 cruise, (e–h) April 2013
cruise, (i) May 2012 cruise, and (k, l) August 2011 cruise. Treatments included the control (C) and
additions of nitrate (N), phosphate (P), silicate (Si) and light (Table 1), with n = 4 replicates per
treatment in March and April and n = 5 replicates per treatment in May and August. Within each panel,
bars with different letters were significantly different, as tested by one‐way analysis of variance
followed by post‐hoc comparison of the means (Tukey's HSD test).
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Table 2.3 Nutrient limitation of the phytoplankton community along the offshore transect, based
on the bioassay experiments.

Species group
Total phytoplankton
- March
- April
- May/August
Diatoms
- March
- April
- May/August
Dinoflagellates
- March
- April
- May/August
Nanoflagellates
- March
- April
- May/August
Phaeocystis spp.
- March
- April
- May/August
Picoeukaryotes
- March
- April
- May/August
Picocyanobacteria
- March
- April
- May/August

7km

100km

Station
250km

450km

n.s.
P+Sia
P+Sia

n.s.
P+Sic
no data

n.s.
N+Pb
N+Pc

n.s.
N
N

n.s.
Si
Si+Pa

n.s.
Si+Pa
no data

n.s.
N+Pb
N+Pc

n.s.
N
n.s.

n.s.
N+Pb
N+Pb

n.s.
n.s.
no data

n.s.
n.s.
N+Pb

n.s.
n.s.
N

n.s.
n.s.
N+Pb

n.s.
N+P+light c
no data

n.s.
N
N+Pb

n.s.
n.s.
N

n.s.
P+light a
P

n.s.
P
no data

n.s.
N+Pa
N+Pa

light
N+Pb
N+P+light a

n.s.
n.s.
n.s.

n.s.
P
no data

n.s.
P
N+P+light b

n.s.
n.s.
n.s.

n.s.
P
n.s.

n.s.
n.s.
no data

n.s.
N+Pb
n.s.

n.s.
n.s.
n.s.

The table summarizes the growth responses of the total phytoplankton community (Fig. 2.6) and
of the different phytoplankton groups (Figs. S2.5-S2.10). Nutrients or light were considered
limiting if their addition significantly enhanced phytoplankton growth rate in comparison to the
control. a=independent co-limitation; b=simultaneous co-limitation; c= serial co-limitation;
n.s.=no significant response; 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.

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 control in both April and August (Fig. 2.6h, l). However, the
+N treatment did not differ significantly from the +N+P and +N+P+Si
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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 2.3; Figs. S2.5–S2.10).

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 Ministry for
Infrastructure and the Environment, for their station Terschelling 4 km. This
station is only 3 km south of our station 7 km, in the same transect. Both stations
have a comparable 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. 2.7a), but only a slight decrease in DIN (Fig. 2.7b) and
no evident change in the DSi concentration (Fig. 2.7c). 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. 2.7d).
Rijkswaterstaat ended their measurements at station 4 km in 2007. The
chlorophyll concentrations that we measured at station 7 km during our cruises
(Fig. 2.7d) and estimated from satellite data (Fig. S2.1) in 2011–2013 seem
somewhat lower, although the number of datapoints is too limited to draw firm
conclusions. Hence, although overall reduction of phytoplankton biomass was
one of the primary 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. 2.7e). 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 decade. 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. 2.7f). These
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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
phytoplankton, and from Si limitation to Si+P co‐limitation for diatoms.

Figure 2.7 Concentrations of (a) DIP, (b) DIN, (c) DSi, and (d) Chl a, and molar ratios of (e)
DIN:DIP and (f) DSi : DIP in nearshore waters of the North Sea over the past 37 yr. The 1975–
2006 data (circles) are from station 4 km of the monthly monitoring program along the
Terschelling transect by Rijkswaterstaat. The 2011–2013 data (triangles) are from the nearshore
station 7 km of this study.
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Comparisons of ambient nutrient ratios against the Redfield 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
variability of the nutrient stoichiometry of phytoplankton (Geider and La
Roche, 2002; Sterner and Elser, 2002; Klausmeier 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 limited by P alone during and directly after the
phytoplankton spring bloom (Table 2.3). 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 concentrations 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
deposition into the North Sea using model analyses, and their model results also
point at a recent shift toward P limitation. Ly et al. (2014) have performed
bioassays on natural phytoplankton assemblages, which demonstrated P
limitation 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.
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
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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. 2.3b), and P
addition elicited significant growth in the nearshore bioassay experiments while
N addition had no effect (Fig. 2.6e). 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. 2.3b; 2.6h).
Furthermore, the intermediate DIN:DIP ratios (Fig. 2.3b) and the results of the
bioassay experiments at station 250 km (Table 2.3) 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. 2.4). Particulate organic
matter in our samples consisted largely of phytoplankton, 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 outershore 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 5 for N‐limited growth to 110 for P‐limited growth. Geider and La Roche
(2002) summarized 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
phytoplankton 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.
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The steepness of the offshore gradient in nutrient limitation 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 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. S2.2), and hence our data do not provide 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
concentrations near the sediment. Furthermore, Radach and Pätsch (2007) found
a strong seasonal variation of N:P ratios within the riverine inputs to the North
Sea. They found elevated 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 regeneration and closer‐to‐Redfield riverine
inputs are likely drivers 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 community composition. In particular,
dinoflagellates,
nanoflagellates
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
dinoflagellate Dinophysis acuminata in the coastal North Sea during 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 discovered 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
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eutrophication 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 nutrient loads may
reverse these trends. However, as our results illustrate, at present Phaeocystis,
dinoflagellates and nanoflagellates are still a major component of the
phytoplankton community in the North Sea. For instance, during the spring
bloom, Phaeocystis still comprised ∼20% of the phytoplankton biomass at
station 7 km while dinoflagellates and nanoflagellates together made up another
20% (Fig. 2.5f). Phaeocystis spp. 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% reduction of the P loads, Phaeocystis blooms are still
a common phenomenon 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 phytoplankton 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 different members of the community are limited by different
nutrients (Arrigo, 2004; Harpole et al., 2011). Indeed, the bioassays 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 2.3).
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 during 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 phytoplankton in the coastal
zone (see also Riegman et al., 1992; Brussaard et al., 1996). However, from the
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2000s onward, the annual biomass production of Phaeocystis was controlled by
P loads, in agreement with P limitation of Phaeocystis reported in our bioassays.
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 dinoflagellates and
nanoflagellates (other than Phaeocystis) were co‐limited by N and P in the
coastal zone (Table 2.3), despite the extremely high DIN:DIP ratios of these
coastal waters. We note that the dinoflagellates and nanoflagellates were
dominated by potentially mixotrophic species (Tables S2.1, S2.2), which can
obtain their nutrients not only through uptake of inorganic nutrients but also from
dissolved organic substances or through predation on other species. In several of
these mixotrophic species, inorganic nutrient limitation stimulates grazing (Li et
al., 2000; Legrand et al., 2001; Smalley et al., 2003; but see Skovgaard et
al., 2003). Their ability to access alternative P sources may explain why
dinoflagellates 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 inorganic P is depleted (Nygaard and Tobiesen, 1993;
Lagus et al., 2004). We may thus hypothesize that mixotrophic dinoflagellates
and nanoflagellates, including several harmful algal species (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 potentially 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
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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 P‐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
carbon, 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 exacerbate P deficiency of DOC‐processing bacteria in the microbial 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 2 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., 2010a; Schoo et al., 2013).
Changes in the nutritional quality of phytoplankton may also affect trophic
levels beyond the primary consumers. Elevated C:P ratios of copepod grazers fed
on P‐deficient phytoplankton 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 gelatinous predators such as ctenophores and jellyfish (Malzahn et al., 2010;
Schoo et al., 2010). This disparity in response to P‐deficient phytoplankton may
allow gelatinous species to dominate over larval fish in their competition for
shared copepod prey in P‐limited systems. Dominance by gelatinous organisms
can have strong impacts on the structure and functioning of marine food webs
(Condon et al., 2011; Dinasquet et al., 2012) with potentially negative impacts
on fish productions (e.g., Purcell and Arai, 2001; Acuña et al., 2011).
Furthermore, 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 phytoplankton community, of the macrozoobenthic
community feeding on the phytoplankton, and of the bird community feeding on
the macrozoobenthos.
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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 Håkanson, 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 example
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 phosphates from laundry
detergents and increased P removal from domestic and industrial wastewater
have led to a pronounced 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 extensive blooms by
nuisance species. Our results show that responses to reduced nutrient inputs
differ among phytoplankton groups, and vary in space and time.
Although Phaeocystis 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. 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
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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 illustrate that P
limitation can lead to a very high C:P stoichiometry 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.
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Supporting Information

Figure S2.1 Seasonal variation in surface chlorophyll concentrations at the different stations in
(a) 2011, (b) 2012, and (c) 2013. The surface chlorophyll concentrations are 8 -day image
composites derived from the Moderate Resolution Imaging Spectroradiometer (MODIS ) sensor
on NASA's Aqua satellite. The data were downloaded from the National Oceanic and Atmospheric
Administration (NOAA) Coast Watch Program (http://coastwatch.pfeg.noaa.gov). Gray bars
indicate the cruise periods.
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Figure S2.2 (a-d) Temperature, and (e-h) salinity 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. In (a-d), salinity of 34 psu is indicated by the black isocline. Graphs were
generated using Ocean Data View software (http://odv.awi.de).
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Figure S2.3 Development of the phytoplankton concentration (expressed as chlorophyll
fluorescence; ± SD) during the bioassay experiments. The experiments were performed at four
stations (7km, 100km, 250km and 450km) along the offshore transect, during the (a -d) March
2013 cruise, (e-h) April 2013 cruise, (i) May 2012 cruise, and (k, l) August 2011 cruise.
Treatments included the control (C) and additions of nitrate (N), phosphate (P), sil icate (Si) and
light (Table 2.1). The bioassay experiments were harvested for further analysis after 96-144 hours,
depending on the cruise length.

54

Figure S2.4 Growth rates (± SD) of total phytoplankton in the nutrient bioassay experiments,
based on changes in chlorophyll a concentration. The experiments were performed at four stations
(7km, 100km, 250km and 450km) along the offshore transect, during the (a-d) March 2013 cruise,
(e-h) April 2013 cruise, (i) May 2012 cruise, and (k, l) August 2011 cruise. Treatments included
the control (C) and additions of nitrate (N), phosphate (P), silicate (Si) and light (Table 1). Within
each panel, bars with different letters were significantly different, as tested by one-way analysis
of variance followed by post hoc comparison of the means (Tukey’s HSD test).
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Figure S2.5 Growth rates (± SD) of diatoms in the nutrient bioassay experiments, based on
changes in their C-biomass. For further details, see the legend of Fig. S2.4.
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Figure S2.6 Growth rates (± SD) of dinoflagellates in the nutrient bioassay experiments, based
on changes in their C-biomass. For further details, see the legend of Fig. S2.4.
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Figure S2.7 Growth rates (± SD) of nanoflagellates in the nutrient bioassay experiments, based
on changes in their C-biomass. For further details, see the legend of Fig. S2.4.
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Figure S2.8 Growth rates (± SD) of Phaeocystis spp. in the nutrient bioassay experiments, based
on changes in their C-biomass. For further details, see the legend of Fig. S2.4.
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Figure S2.9 Growth rates (± SD) of picoeukaryotes in the nutrient bioassay experiments , based
on changes in their C-biomass. For further details, see the legend of Fig. S2.4.
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Figure S2.10 Growth rates (± SD) of picocyanobacteria in the nutrient bioassay experiments,
based on changes in their C-biomass. For further details, see the legend of Fig. S2.4.
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Nutrient limitation of the different phytoplankton groups
Below we summarize, for the total phytoplankton community and for each
individual phytoplankton group, the nutrient limitation patterns deduced from the
bioassay experiments. One-way analysis of variance with post-hoc comparison
of the means (Tukey’s HSD test) was used to assess significant differences in
growth rates among the treatments, using a significance level α = 0.05. Nutrients
(or light) were considered limiting if their addition significantly enhanced
phytoplankton growth rate in comparison to the control. We distinguished
between three different types of co-limitation (Harpole et al., 2011).
‘Independent co-limitation’ was defined as the significant 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-limitation’ was defined as the significant stimulation of
phytoplankton growth by the combined nutrient treatment, but not by the single
nutrient treatments. Finally, ‘serial colimitation’ was defined as the significant
stimulation of growth by only one of the single nutrient treatments (e.g., +N only,
but not +P only) and a significantly stronger stimulation by the combined nutrient
treatment (+N+P). In case of independent or serial co-limitation, the nutrient that
gave the strongest growth response is mentioned first.
Total phytoplankton community (based on phytoplankton biomass)
March 7km, 100km, 250km and 450km (Fig. 2.6a-d): None of the treatments
gave significantly higher growth rates than the control. Conclusion: n.s.
April 7km (Fig. 2.6e): Growth rates of the +P, +Si, +N+P and +N+P+Si
treatments were significantly higher than the control; the +P, +Si, +N+P
and +N+P+Si treatments did not differ significantly from each other.
Conclusion: independent P+Si co-limitation.
April 100km (Fig. 2.6f): Growth rates of the +P and +N+P+Si treatments were
significantly higher than the control; the growth rate of the +N+P+Si
treatment was significantly higher than the +P treatment. Conclusion:
serial P+Si co-limitation (first P, then Si).
April 250 km (Fig. 2.6g): Growth rates of the +N+P and +N+P+Si treatments
were significantly higher than the control; the +N+P and +N+P+Si
treatments did not differ significantly from each other, and +N and +P
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alone did not stimulate significantly higher growth rates than the control.
Conclusion: simultaneous N+P co-limitation.
April 450km (Fig. 2.6h): Growth rates of the +N, +N+P, and +N+P+Si treatments
were significantly higher than the control; the +N, +N+P and +N+P+Si
treatments did not differ significantly from each other. Conclusion: N
limitation.
May 7km (Fig. 2.6i): Growth rates of the +P, +Si, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N+P+Si
treatment was significantly higher than the +P and +Si treatments, but the
+N+P was not significantly higher than the +P treatment. Conclusion:
independent P+Si co-limitation.
August 250km (Fig. 2.6k): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N+P and
+N+P+Si treatments were significantly greater than the +N but did not
differ significantly from each other. Conclusion: serial N+P co-limitation
(first N, then P).
August 450km (Fig. 2.6l): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N, +N+P and
+N+P+Si treatments did not differ significantly from each other.
Conclusion: N limitation.
Total phytoplankton community (based on chlorophyll a concentration)
March 7km, 100km, 250km and 450km (Fig. S2.4a-d): None of the treatments
gave significantly higher growth rates than the control. Conclusion: n.s.
April 7km (Fig. S2.4e): Growth rates of the +P, +Si, +N+P and +N+P+Si
treatments were significantly higher than the control; the +N+P and
+N+P+Si treatments did not differ significantly from each other.
Conclusion: independent P+Si co-limitation.
April 100km (Fig. S2.4f): Growth rates of the +Si and +N+P+Si treatments were
significantly higher than the control; the growth rate of the +N+P+Si
treatment was significantly higher than the +Si treatment. Conclusion:
serial N+P+Si co-limitation (first Si, then N or P).
April 250 km (Fig. S2.4g): Growth rates of the +N, +P, +N+P and +N+P+Si
treatments were significantly higher than the control; the +N+P and
+N+P+Si treatments did not differ significantly from each other.
Conclusion: independent N+P co-limitation.
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April 450km (Fig. S2.4h): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N, +N+P and
+N+P+Si treatments did not differ significantly from each other.
Conclusion: N limitation.
May 7km (Fig. S2.4i): Growth rates of the +P, +N+P, and +N+P+Si treatments
were significantly higher than the control; the growth rate of the +N+P+Si
treatment was significantly higher than the +P and +N+P treatments which
did not differ significantly. Conclusion: serial P+Si co-limitation (first P,
then Si).
August 250km (Fig. S2.4k): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N, +N+P and
+N+P+Si treatments did not differ significantly from each other.
Conclusion: N limitation.
August 450km (Fig. S2.24l): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N+P and
+N+P+Si treatments were significantly higher than the +N but did not
differ significantly from each other.
Conclusion: serial N+P co-limitation (first N, then P).
Diatoms
March 7km, 100km, 250km and 450km (Fig. S2.5a-d): None of the treatments
gave significantly higher growth rates than the control. Conclusion: n.s.
April 7km (Fig. S2.5e): Growth rates of the +Si and +N+P+Si treatments were
significantly higher than the control; the +Si and +N+P+Si treatments did
not differ significantly from each other. Conclusion: Si limitation.
April 100km (Fig. S2.5f): Growth rates of the +P, +Si, and +N+P+Si treatments
were significantly higher than the control; the growth rate of the +N+P+Si
treatment was significantly higher than the +P and +Si treatments.
Conclusion: independent Si+P co-limitation.
April 250 km (Fig. S2.5g): Growth rates of the +N+P and +N+P+Si treatments
were significantly higher than the control; the +N+P and +N+P+Si
treatments did not differ significantly from each other, and +N and +P
alone did not stimulate significantly higher growth rates than the control.
Conclusion: simultaneous N+P co-limitation.
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April 450km (Fig. S2.5h): Growth rates of the +N treatment were significantly
higher than the control; the +N, +N+P and +N+P+Si treatments did not
differ significantly. Conclusion: N limitation.
May 7km (Fig. S2.5i): Growth rates of the +P, +Si, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +P and +N+P
treatments did not differ significantly from each other. Conclusion:
independent Si+P co-limitation.
August 250km (Fig. S2.5k): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N+P and
+N+P+Si treatments did not differ significantly from each other. +N+P
was significantly higher than +N. Conclusion: serial N+P co-limitation
(first N, then P).
August 450km (Fig. S2.5l): None of the treatments gave a significantly higher
growth rates than the control. Conclusion: n.s.
Dinoflagellates
March 7km, 100km, 250km and 450 km (Fig. S2.6a-d): None of the treatments
gave significantly higher growth rates than the control. Conclusion: n.s.
April 7km (Fig. S2.6e): Growth rates of the +N+P treatment were significantly
higher than the control; +N and +P alone did not significantly stimulate
higher growth than the control. Conclusion: simultaneous N+P colimitation.
April 100km, 250km, and 450km (Fig. S2.6f-h): None of the treatments gave
significantly higher growth rates than the control. Conclusion: n.s.
May 7km (Fig. S2.6i): Growth rates of the +N+P and +N+P+Si treatments were
significantly higher than the control; the +N+P and +N+P+Si treatments
did not differ significantly from each other; +N and +P alone did not
significantly stimulate higher growth than the control. Conclusion:
simultaneous N+P co-limitation.
August 250km (Fig. S2.6k): Growth rates of the +N+P treatment were
significantly higher than the control; the single +N and +P treatments did
not significantly stimulate higher growth than the control. Conclusion:
simultaneous N+P co-limitation.
August 450km (Fig. S2.6l): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N, +N+P and
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+N+P+Si treatments not differ significantly from each other. Conclusion:
N limitation.
Nanoflagellates
March 7km, 100km, 250km and 450km (Fig. S2.7a-d): None of the treatments
gave significantly higher growth rates than the control. Conclusion: n.s.
April 7km (Fig. S2.7e): None of the treatments gave significantly higher growth
rates than the control. Conclusion: n.s.
April 100km (Fig. S2.7f): Growth rates of the +N, +N+P, +N+P+Si and +light
treatments were significantly higher than the control; the growth rate of the
+N+P treatment was significantly higher than the +N treatment and did not
differ significantly from the +N+P+Si treatment. Conclusion: serial N+P
co-limitation (first N, then P), and light limitation.
April 250 km (Fig. S2.7g): Growth rates of the +N treatment were significantly
higher than the control. Conclusion: N limitation.
April 450km (Fig. S2.7h): None of the treatments gave significantly higher
growth rates than the control. Conclusion: n.s.
May 7km (Fig. S2.7i): Growth rates of the +N+P treatment were significantly
higher than the control; the single +N and +P treatments did not
significantly stimulate higher growth than the control. Conclusion:
simultaneous N+P co-limitation.
August 250km (Fig. S2.7k): Growth rates of the +N+P, and +N+P+Si treatments
were significantly higher than the control; the +N+P and +N+P+Si
treatments did not differ significantly from each other. The single +N and
+P treatments did not significantly stimulate higher growth than the
control. Conclusion: simultaneous N+P co-limitation.
August 450km (Fig. S2.7l): Growth rates of the +N, +N+P, and +N+P+Si
treatments were significantly higher than the control; the +N, +N+P and
+N+P+Si treatments not differ significantly from each other. Conclusion:
N limitation.
Phaeocystis spp.
March 7km, 100km, and 250km (Fig. S2.8a-c): None of the treatments gave
significantly higher growth rates than the control. Conclusion: n.s.
March 450km (Fig. S2.8d): Growth rates of the +light treatment were
significantly higher than the control. Conclusion: light limitation.
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April 7km (Fig. S2.8e): Growth rates of the +P, +N+P, +N+P+Si and +light
treatments were significantly higher than the control; growth rates of the
+N+P and +N+P+Si treatments were not significantly higher than the +P
treatment. Conclusion: independent P+light colimitation.
April 100km (Fig. S2.8f): Growth rates of the +P, +N+P, and +N+P+Si
treatments were significantly higher than the control; the growth rates of
the +P, +N+P and +N+P+Si did not differ significantly. Conclusion: P
limitation.
April 250 km (Fig. S2.8g): Growth rates of the +N, +P, +N+P, and +N+P+Si
treatments were significantly higher than the control; growth rates of the
+N+P treatment were significantly higher than the +N and +P treatments;
the +N+P and +N+P+Si treatments not differ significantly from each other.
Conclusion: independent N+P co-limitation.
April 450km (Fig. S2.8h): Growth rates of the +N+P and +N+P+Si treatments
were significantly higher than the control; the single +N and +P treatments
did not significantly stimulate higher growth than the control and the +N+P
and +N+P+Si treatments did not differ significantly. Conclusion:
simultaneous N+P co-limitation.
May 7km (Fig. S2.8i): Growth rates of the +P, +N+P and +N+P+Si treatments
were significantly higher than the control; the +P, +N+P and +N+P+Si
treatments did not significantly differ. Conclusion: P limitation.
August 250km (Fig. S2.8k): Growth rates of the +N and +P treatments were
significantly higher than the control. Conclusion: independent N+P colimitation.
August 450km (Fig. S2.8l): Growth rates of the +N, +P, +N+P, +N+P+Si and
light treatments were significantly higher than the control; the +N, +P,
+N+P and +N+P+Si treatments not differ significantly from each other.
Conclusion: independent N+P+light colimitation.
Picoeukaryotes
March 7km, 100km, 250km and 450km (Fig. S2.9a-d): None of the treatments
gave significantly higher growth rates than the control. Conclusion: n.s.
April 7km (Fig. S2.9e): Growth rates of all treatments were significantly higher
than the control; however, it is more likely an error of the control treatment
than a real growth response of picoeukaryotes to all other treatments.
Conclusion: n.s.
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April 100km (Fig. S2.9f): Growth rates of the +P, +N+P, and +N+P+Si
treatments were significantly higher than the control; the growth rates of
the +P, +N+P and +N+P+Si treatments did not differ significantly from
each other. Conclusion: P limitation.
April 250 km (Fig. S2.9g): Growth rates of the +P treatment were significantly
higher than the control. Conclusion: P limitation.
April 450km (Fig. S2.9h): None of the treatments gave significantly higher
growth rates than the control. Conclusion: n.s.
May 7km (Fig. S2.9i): None of the treatments gave significantly higher growth
rates than the control. Conclusion: n.s.
August 250km (Fig. S2.9k): Growth rates of the +N+P, +N+P+Si and +light
treatments were significantly higher than the control; the single +N and +P
treatments did not significantly stimulate higher growth than the control,
and the +N+P and +N+P+Si treatments did not differ significantly from
each other. Conclusion: simultaneous N+P co-limitation with independent
light limitation.
August 450km (Fig. S2.9l): None of the treatments gave significantly higher
growth rates than the control. Conclusion: n.s.
Picocyanobacteria
March 7km, 100km, 250km and 450km (Fig. S2.10a-d): None of the treatments
gave significantly higher growth rates than the control. Conclusion: n.s.
April 7km (Fig. S2.10e): Growth rates of the +N+P+Si treatment were
significantly higher than the control; growth rates of the +N+P+Si
treatment did not differ significantly from the +P and +N+P treatments,
even though the latter two treatments were not significantly greater than
the control; growth rates of the +P treatment were significantly higher than
the +N, the +Si and the +light treatments. Conclusion: Most likely P
limitation rather than simultaneous N+P+Si co-limitation.
April 100km (Fig. S2.10f): None of the treatments gave significantly higher
growth rates than the control. Conclusion: n.s.
April 250 km (Fig. S2.10g): Growth rates of the +N+P treatment were
significantly higher than the control; the single +N and +P treatments did
not significantly stimulate higher growth than the control. Conclusion:
simultaneous N+P co-limitation.
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April 450km (Fig. S2.10h): None of the treatments gave significantly higher
growth rates than the control. Conclusion: n.s.
May 7km (Fig. S2.10i): None of the treatments gave significantly higher growth
rates than the control. Conclusion: n.s.
August 250km and 450km (Fig. S2.10k,l): None of the treatments gave
significantly higher growth rates than the control. Conclusion: n.s.
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Abstract
A key challenge in ecology is to understand how nutrients and light affect
the biodiversity and community structure of phytoplankton and plant
communities. According to resource competition models, ratios of limiting
nutrients are major determinants of species composition. At high nutrient levels,
however, species interactions may shift to competition for light, which might
make nutrient ratios less relevant. The “nutrient‐load hypothesis” merges these
two perspectives, by extending the classic model of competition for two nutrients
to include competition for light. Here, we test five key predictions of the nutrient‐
load hypothesis using multispecies competition experiments. A marine
phytoplankton community sampled from the North Sea was inoculated in
laboratory chemostats provided with different nitrogen (N) and phosphorus (P)
loads to induce either single resource limitation or co‐limitation of N, P, and
light. Four of the five predictions were validated by the experiments. In
particular, different resource limitations favored the dominance of different
species. Increasing nutrient loads caused changes in phytoplankton species
composition, even if the N:P ratio of the nutrient loads remained constant, by
shifting the species interactions from competition for nutrients to competition for
light. In all treatments, small species became dominant whereas larger species
were competitively excluded, supporting the common view that small cell size
provides a competitive advantage under resource‐limited conditions. Contrary to
expectation, all treatments led to coexistence of diatoms, cyanobacteria and green
algae, resulting in a higher diversity of species than predicted by theory. Because
the coexisting species comprised three phyla with different photosynthetic
pigments, we speculate that niche differentiation in the light spectrum might play
a role. Our results show that mechanistic resource competition models that
integrate nutrient‐based and light‐based approaches provide an important step
forward to understand and predict how changing nutrient loads affect community
composition.

Introduction
Hutchinson's (1961) “paradox of the plankton” raised a fundamental
question in ecology: how can we explain coexistence of a rich diversity of species
in simple unstructured habitats with only a handful of limiting resources? One
possible answer is provided by resource competition theory, an influential theory
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explaining how competition for limiting nutrients affects biodiversity and
community structure (Tilman, 1982; Grover, 1997). Theoretical studies have
developed the mathematical underpinnings of this theory (León and
Tumpson, 1975; Tilman, 1982; Huisman and Weissing, 2001; Yoshiyama
et al., 2009). The theory has been confirmed by laboratory competition
experiments (Tilman, 1977; Sommer, 1985; Van Donk and Kilham, 1990),
applied to both freshwater and marine plankton (Sommer 1993, 1994; Edwards
et al., 2011), and extended to terrestrial plant communities (Tilman, 1988; Wedin
and Tilman, 1993; Harpole and Tilman, 2007).
Yet, there are some tensions between the predictions of resource
competition models and real‐world observations that have led to considerable
debate. One of the points of debate concerns the role of nutrient ratios versus
absolute nutrient loads in determining the species composition. Resource
competition theory has advanced the “resource‐ratio hypothesis”, which predicts
that the outcome of competition depends on the ratios at which limiting resources
are supplied (Tilman, 1985). For instance, cyanobacterial dominance in aquatic
ecosystems has been associated with low nitrogen‐to‐phosphorus ratios
(Smith, 1983; Havens et al., 2003; Vrede et al., 2009). However, other studies
have emphasized high nutrient loads, rather than low nitrogen‐to‐phosphorus
ratios, as major triggers for an increased frequency, intensity, and duration of
cyanobacterial blooms (Reynolds, 1998; Downing et al., 2001; McCarthy
et al., 2009). Furthermore, enrichment with excessive amounts of nutrients is
commonly seen as one of the main causes of diversity loss in terrestrial plant
communities, as nutrient addition shifts the species interactions from competition
for nutrients to competition for light (Stevens et al., 2004; Harpole and
Tilman, 2007; Hautier et al., 2009; Harpole et al., 2016). Hence, it appears that
not only nutrient ratios but also absolute nutrient levels can have a major impact
on the species composition of natural communities.
One possible way out of this debate is to incorporate light as a limiting
resource in resource competition models (Tilman, 1985; Huisman and
Weissing, 1994). Competition for light is fundamentally different from
competition for nutrients, because of the unidirectional nature of the light
gradient (Weiner, 1990; Huisman et al., 1999a; Hautier et al., 2009). Resource
competition models that take the vertical light gradient into account predict that
nutrient enrichment causes increased shading among species, resulting in a lower
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light availability further down the gradient and hence competition for light
(Huisman and Weissing, 1995; Passarge et al., 2006; Yoshiyama et al., 2009).
As a next step, Brauer et al. (2012) developed the “nutrient‐load hypothesis.”
Their model extends the classic resource competition model for two nutrients
(Tilman, 1982) by incorporating light (Huisman and Weissing, 1994; 1995) as a
third resource. Similar to the classic resource competition models (Fig. 3.1A),
the nutrient‐load hypothesis predicts that nutrient ratios determine the species
composition in nutrient‐poor environments (Fig. 3.1B). In such environments,
strong nutrient competitors will be dominant, while competition for light is
negligible because nutrient limitation prevents the build‐up of sufficient biomass
for the species to affect each other through shading. However, the nutrient‐load
hypothesis predicts that increasing nutrient loads will also cause changes in
species composition if the N:P ratio of the nutrient loads remains constant
(Fig. 3.1B). In eutrophic environments, biomass accumulates, the species interact
through mutual shading, and the best light competitor is expected to prevail.
Highest species diversity is predicted at intermediate nutrient levels where co‐
limitation by two nutrients and light provides ample opportunities for species
coexistence (Brauer et al., 2012; Harpole et al., 2016).

Figure 3.1 Conceptual models of resource limitation as function of the nitrogen and phosphorus
loads. (A) The classic resource‐ratio hypothesis predicts that the pattern of resource limitation
depends on the ratio of the nitrogen and phosphorus loads. (B) The nutrient‐load hypothesis
incorporates light as a third limiting resource, and consequently the resource limitation pattern
depends not only on the ratio but also on the absolute values of the nitrogen and phosphorus loads.
Both models predict that different resource limitations will favor the dominance of different
species. Dashed circles represent the targeted resource limitations of the seven competition
experiments.
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In this paper, we perform controlled experiments specifically designed to
investigate this three‐way interaction of competition for two nutrients and light.
A common approach in tests of resource competition theory is to select a limited
number of isolated species that are grown in monoculture and competition
experiments (e.g., Tilman, 1977; Huisman et al., 1999a; Passarge et al., 2006; Ji
et al., 2017). This approach has the main advantage that the relevant species traits
can be measured in monoculture, which enables independent prediction of the
outcome of competition prior to the actual competition experiments. However,
these experiments do not mimic the high biodiversity and potential complexity
of natural communities. Many natural phytoplankton and plant communities
consist of dozens and sometimes even hundreds of different species. Resource
competition models predict that multispecies competition for three or more
limiting resources will not always result in stable communities, but can also
produce species oscillations and chaos if the competitive abilities of the species
form intransitive loops (Huisman and Weissing, 1999; 2001). Hence, an
interesting alternative approach to test predictions of resource competition
theory, specifically in case of three or more limiting resources, is to incorporate
the high species richness of natural communities in the experiments.
We inoculated a diverse phytoplankton community sampled from the
North Sea into laboratory chemostats provided with different N and P
concentrations to mimic different N and P loads. The following predictions were
investigated (Fig. 3.1B, see also Brauer et al., 2012):
1. Low N loads lead to N limitation, low P loads to P limitation, combined
low N and P loads to N + P co‐limitation, combined intermediate N and
P loads to co‐limitation by nutrients and light, and combined high N and
P loads to light limitation.
2. N limitation, P limitation and light limitation favor the dominance of
different phytoplankton species.
3. Co‐limitation by multiple resources enables species coexistence, whereas
single resource limitation leads to competitive exclusion.
4. Co‐limitation can lead to stable coexistence, alternative stable states,
species oscillations, or chaos depending on the traits of the competing
species.
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Changes in nutrient loads will cause changes in species composition,
even if the N:P ratio of the nutrient loads remains constant.

All competition experiments were seeded with the same mixture of natural
phytoplankton and hence they all started from the same community composition.

Methods
Collection of natural community
Natural phytoplankton communities were sampled at eight stations along
a 450‐km transect in the North Sea, during a research cruise with the R.V.
Pelagia from 15 to 25 March 2013 (see Chapter 2 for details of cruise route). The
transect captured the full range from P‐limited phytoplankton in coastal waters,
via N and P co‐limitation further offshore, to N‐limited phytoplankton
communities in the central North Sea (Chapter 2). At each station, a 20‐L carboy
was rinsed and filled with water collected at 7 m depth using a sampling rosette
equipped with 24 Niskin bottles. Water was passed through an 80‐μm mesh to
remove large zooplankton, and then gently bubbled for 30 min with N2 gas and
30 min with CO2 to eliminate smaller grazers via oxygen displacement while
ensuring sufficient inorganic carbon availability for phytoplankton
photosynthesis. The carboys were kept at 4°C, until initiation of the chemostat
experiments at the University of Amsterdam 2 d after the cruise ended. Prior to
being added to the chemostats, 2 L of water from each station were combined,
resulting in a single inoculum containing a mixture of phytoplankton species
from all eight stations. Hence, all chemostat experiments were inoculated at the
same day with the same initial community composition.
Laboratory experiments
The experiments were conducted in flat‐walled chemostats, specifically
built to study the population dynamics of phytoplankton species (Huisman
et al., 1999a; Stomp et al., 2004; Passarge et al., 2006). The chemostats allowed
full control of light conditions, temperature, pCO 2 in the gas flow, and nutrient
concentrations in the mineral medium. The working volume of the chemostat
vessels was 1.7 L. To initiate experiments, each chemostat was provided with
0.5 L of the North Sea inoculum and filled up with mineral medium with different
nitrate and phosphate concentrations.
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In total, we ran seven competition experiments according to the design laid
out in Fig. 3.1B. The nitrate concentration in the mineral medium was either low
(LN = 64 μmol/L), medium (MN = 160 μmol/L), or high (HN = 2,000 μmol/L).
Likewise, the phosphate concentration in the mineral medium was low (LP = 4
μmol/L), medium (MP = 10 μmol/L), or high (HP = 125 μmol/L). All other
macro‐ and micronutrients were provided at high non‐limiting concentrations at
a salinity of 35 psu (Table S3.1). With this design, we aimed for N limitation in
the LN : HP experiment, P limitation in the HN : LP experiment, light limitation
in the HN : HP experiment, and different co‐limitations in the other experiments
to test Predictions 1–4. Furthermore, the N:P ratios in the mineral medium of the
LN : LP experiment, MN : MP experiment, and HN : HP experiment were all equal
to the Redfield ratio of 16:1 to enable testing of Prediction 5.
The front surfaces of the flat chemostat vessels were lit with a constant
incident irradiance (Iin) of 40 μmol photons·m−2·s−1, provided by white
fluorescent tubes (Philips PL‐L 24W/840/4P, Philips Lighting, Eindhoven, The
Netherlands). This irradiance level is comparable to the irradiance of 30–
100 μmol photons·m−2·s−1 that we measured at 5–10 m depth when collecting the
samples during the North Sea cruise. The chemostat vessels had an optical path
length (“mixing depth”) of 5 cm. Irradiance passing through the chemostats (Iout)
was measured daily with a LI‐COR LI‐250 quantum photometer (LI‐COR
Biosciences, Lincoln, Nebraska, USA) placed at 10 evenly distributed positions
at the back surface of the chemostat vessel.
Inorganic carbon was added as sodium bicarbonate (0.5 mmol/L) in the
mineral medium and as CO 2 in filtered air, which was bubbled through the
chemostats at a flow rate of 80 L/h using Brooks instrument pressure flow
systems (Hartford, Pennsylvania, USA). Concentrations of CO 2 in the air flow
were adjusted as biomass increased to maintain a pH of 8.2, which was checked
daily with a SCHOTT pH meter (SCHOTT AG, Mainz, Germany). Bubbling of
the chemostats further ensured homogeneous mixing of the phytoplankton
community, while daily scraping with a magnetic stir bar minimized wall growth.
Temperature was maintained at 18°C using cooling plates connected to a
thermocryostat, and dilution rates of the chemostats were set at 0.2 d−1. The
chemostat experiments continued until the biovolume of the total phytoplankton
community remained stable for at least 5 d.
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Phytoplankton and nutrient analysis
Samples were taken every other day for phytoplankton counts and nutrient
analysis. Phytoplankton samples (45 mL) were transferred to 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) solution 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. Nutrient samples (15 mL) were
gently filtered over a 0.22 μm polycarbonate filter into 20 mL polyethylene vials,
and stored in the dark at −20°C until analysis.
Phytoplankton larger than 3 μm were identified to genus level and counted
with an inverted microscope (DM IRB, Leica Microsystems, Wetzlar, Germany)
using 1 mL gridded Sedgewick Rafter counting chambers. We counted the entire
chamber or 200 cells per species depending on cell concentrations. Smaller
phytoplankton cells (<3 μm) were counted using an Accuri C6 flow cytometer
(BD Biosciences, San Jose, California, USA) equipped with a blue laser (488 nm)
and red laser (640 nm). The flow cytometer counts were dominated by
two Synechococcus clusters, which partially overlapped, and were therefore
grouped as Synechococcus spp. Biovolumes of the phytoplankton were
calculated from cellular dimensions and geometry according to Hillebrand et al.
(1999). Nutrients were analyzed using standard colorimetric methods for nitrate
and nitrite (Grasshoff et al., 1983), ammonium (Helder and de Vries, 1979), and
dissolved inorganic phosphorus (DIP; Murphy and Riley, 1962). Dissolved
inorganic nitrogen (DIN) was defined as the sum of nitrate, nitrite, and
ammonium. The dominant species in the experiments were isolated, and their
light absorption spectra were measured at a 0.4 nm resolution using an AMINCO
DW‐2000 double‐beam spectrophotometer (Olis, Bogart, Georgia, USA).

Results
Nutrient and light conditions
Total phytoplankton in the competition experiments gradually increased,
while DIN and DIP concentrations and irradiance passing through the chemostats
(Iout) decreased, until steady‐state conditions were reached after 20–75 d
depending on the experiment (Fig. S3.1).
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In the HN : LP experiment the DIP concentration was depleted to
0.5 μmol/L at steady state, while DIN levels remained high at 1,190 μmol/L
(Fig. 3.2A; Table S3.2). Consequently, the steady‐state DIN : DIP ratio was
2,380, far above the Redfield ratio of 16:1. The low phosphate concentration in
the mineral medium supplied to this experiment kept the total biovolume low,
and hence light passing through the chemostat stayed high at Iout = 23 μmol
photons·m−2·s−1 (Fig. 3.2B). Nutrient dynamics in the HN : MP experiment were
similar to the HN : LP experiment, resulting again in a high DIN : DIP ratio well
above the Redfield ratio (Fig. 3.2A). However, the higher phosphate
concentration in the mineral medium supplied to the HN : MP experiment led to
a higher biovolume, which reduced Iout to lower values (Fig. 3.2B).
Conversely, in the LN : HP experiment the DIP concentration remained
high at 46 μmol/L at steady state, whereas the DIN concentration was depleted
to 2 μmol/L (Fig. 3.2A). As a result, the DIN : DIP ratio was only 0.04, far below
the Redfield ratio. The nutrient dynamics in the MN : HP experiment followed a
similar pattern as in the LN : HP experiment, resulting again in a DIN : DIP ratio
far below the Redfield ratio. In line with expectation, the biovolume was higher
and hence Iout was lower in the MN : HP than in the LN : HP experiment
(Fig. 3.2B).
In the HN : HP experiment, the steady‐state DIN and DIP concentrations
remained high at 181 and 29 μmol/L, respectively (Fig. 3.2A; Table S3.2).
However, the dense phytoplankton biovolume that developed in this experiment
absorbed almost all incident light, reducing Iout to 0.4 μmol photons·m−2·s−1, the
lowest of all competition experiments (Fig. 3.2B).
In the LN : LP and MN : MP experiments, DIN concentrations were
depleted to <4 μmol/L and DIP concentrations to <3 μmol/L at steady state
(Fig. 3.2A). This resulted in DIN : DIP ratios of 2 and 1 in the LN : LP and
MN : MP experiment, respectively. The higher nitrate and phosphate
concentrations in the mineral medium supplied to the MN : MP experiment
yielded a higher phytoplankton biovolume, and hence lower Iout, than in the
LN : LP experiment (Fig. 3.2B).
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Figure 3.2 Nutrient and light conditions reached at steady state in the competition experiments.
(A) DIN and DIP concentrations (in μmol/L) measured at steady state. (B) Light transmission (Iout ,
in μmol photons·m−2·s−1) and total biovolume (mm3/L) measured at steady state. The axes
represent the nitrogen and phosphorus concentrations in the mineral medium supplied to the
competition experiments (LN, low nitrogen; MN, medium nitrogen; HN, high nitrogen; LP, low
phosphorus; MP, medium phosphorus; HP, high phosphorus).

Initial community composition
The initial phytoplankton community consisted of 19 taxonomic groups,
most of them identified to the genus level (Fig. 3.3). The community comprised
a wide range of cell sizes, from small picocyanobacteria of the
genus Synechococcus to large diatoms of the genus Coscinodiscus (Table 3.1).
The total biovolume of the community at the start of each experiment was
0.61 mm3/L. The dominant genera in terms of their contribution to total
biovolume were the diatoms Coscinodiscus spp. at 20%, the green algae
Chlorella spp. at 18%, the cyanobacteria Synechococcus spp. at 17% and the
dinoflagellates Gymnodinium spp. at 11%. In terms of broader functional groups,
diatoms dominated biovolume with 39%, followed by green algae with 24%, then
dinoflagellates and cyanobacteria with 18 and 17% respectively, while other
flagellates were less abundant.
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Figure 3.3 Initial phytoplankton community composition. The phytoplankton mixture was
sampled from the North Sea, and provided the starting point for the competition experiments. The
community composition is displayed as the relative contributions of the different taxa to the total
biovolume.

Competition dynamics
Initially, all species increased in biovolume (Fig. 3.4), except the
flagellates Dictyocha spp. and Phaeocystis spp. and the category “other green
algae.” This indicates that the laboratory chemostats provided suitable growth
conditions for the great majority of species in this natural community mixture.
After 1–3 weeks, one or more resources were depleted in the competition
experiments and many species started to decline. In several treatments, the
diatoms Navicula spp. and/or Coscinodiscus spp. persisted one or two weeks
longer, but ultimately also declined. In the end, 15 of the 19 taxa were
competitively excluded from all competition experiments by a common set of
four species consisting of the diatoms Nitzschia pusilla and N. agnita, the green
alga Chlorella marina and the pico-cyanobacterium Synechococcus spp. In the
HN : HP experiment, only three species survived as it also lost N. pusilla
(Fig. 3.4C). We note that the diatoms N. agnita and N. pusilla were the two
smallest diatom species in the multispecies community, and the green alga
C. marina and picocyanobacteria of the Synechococcus genus were even smaller
(Table 3.1). In all experiments, the surviving species maintained a stable
coexistence for several weeks (Fig. 3.4).
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Table 3.1 Cellular biovolumes (µm 3) of the species present in the natural phytoplankton
community used in our experiments, organized by functional group.

Cell biovolume * (µm3)

Species
Diatoms
Nitzschia pusilla

190 ± 27

Nitzschia agnita

300 ± 53

Cylindrotheca spp.

513 ± 105

Skeletonema spp.

827 ± 168

Navicula spp.

1,590 ± 360

Asterionellopsis spp.

2,754 ± 912

Pseudo-nitzschia

3,060 ± 695

Chaetoceros spp.

3,605 ± 887

Thalassiosira spp.

3,770 ± 808

Melosira spp.

10,179 ± 2,553

Coscinodiscus spp.

259,770 ± 67,180

Dinoflagellates
Other dinoflagellates

754 ± 411

Gymnodinium spp.

3,142 ± 1,141

Alexandrium spp.

16,607 ± 1,002

Flagellates
Phaeocystis spp.

34 ± 10

Dictyocha spp.

11,219 ± 1,059

Green algae
Chlorella marina

22 ± 8

Other green algae

180 ± 15

Cyanobacteria
Synechococcus spp.
*Data

1.7 ± 0.6

show average ± SD of 20 cells per species.
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Figure 3.4 Time series of phytoplankton species in the competition experiments. The seven
experiments in panels A–G were performed at the targeted resource limitations indicated in
Fig. 3.1. Time points of Nitzschia agnita in panels C and F and of Chlorella marina in panels D
and E were slightly jittered to avoid overlap with the time series of other species in the same panel .

Relative abundances of the species
Relative abundances of the species at steady state differed between
competition experiments (Fig. 3.5). The diatom N. pusilla dominated the HN : LP
experiment, was co‐dominant in the LN : LP experiment, rare in the HN : MP
experiment, and absent from the HN : HP experiment. The relative abundance
of N. pusilla did not increase or decrease with the N:P ratio of the mineral
medium, but decreased significantly with the total phytoplankton biovolume in
the competition experiments (Table 3.2; Fig. S3.2).
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The diatom N. agnita dominated the LN : HP and MN : MP experiments,
and was co‐dominant in the LN : LP and HN : HP experiments (Fig. 3.5). The
relative abundance of N. agnita did not show a significant relationship with the
N:P ratio or total biovolume (Table 3.2).
The green alga C. marina dominated in the HN : MP and HN : HP
experiments, and was very rare in the LN : LP experiment (Fig. 3.5). It was not
significantly related to the N:P ratio, but increased significantly with the total
biovolume in the competition experiments (Table 3.2; Fig. S3.2).
The cyanobacterium Synechococcus spp. dominated in the MN : HP
experiment, and comprised 5–17% in the other competition experiments
(Fig. 3.5). Its relative abundance decreased significantly with the N:P ratio of the
mineral medium, and was not related to the total biovolume (Table 3.2; Fig.
S3.2).

Figure 3.5 Phytoplankton community composition at steady state in the competition experiments.
The community composition is displayed as the relative contributions of the different taxa to the
total biovolume. The axes represent the nitrogen and phosphorus concentrations in the mineral
medium supplied to the competition experiments. Dashed lines delineate the targeted resource
limitation pattern presented in Fig. 3.1B.
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Table 3.2. Slopes of linear regression between the steady-state relative abundances of the
coexisting species and the N:P ratio of the mineral medium or the total biovolume in the
competition experiments.

Total

Species

N:P medium

N. pusilla

n.s.

-0.0090*

N. agnita

n.s.

n.s.

C. marina

n.s.

+0.0067**

Synechococcus spp.

-0.3062*

n.s.

biovolume

Note: Regression is based on log(y)=a log(N:P medium) + b and log(y)=a Biovolume + b, where y
is the relative abundance of the species concerned and biovolume is expressed in mm 3 L-1. ** =
P < 0.01, * = P < 0.05, n.s. = not significant. The regressions are shown in Fig. S3.2.

Discussion
We can now evaluate the five predictions derived from the nutrient‐load
hypothesis using the results of the competition experiments.
Prediction 1: Low N loads lead to N limitation, low P loads to P limitation,
combined low N and P loads to N+P co-limitation, combined intermediate N
and P loads to co-limitation by nutrients and light, and combined high N and
P loads to light limitation
This prediction was offered predominantly to ensure that the experimental
design in this study was indeed suitable to test the nutrient ‐load hypothesis. As
is clearly displayed by the steady‐state nutrient concentrations and light levels
(Fig. 3.2), N was the only resource depleted in the LN : HP experiment and P was
the only resource depleted in the HN : LP competition experiment. Hence, these
experiments led to N and P limitation, respectively. These patterns are further
confirmed by the cellular C:N:P ratios and biochemical composition of the cells
in our experiments (reported in Grosse et al., 2017).
Our design aimed at N + P co‐limitation in the LN : LP and MN : MP
competition experiments. Indeed, both DIN and DIP concentrations were
depleted, but the resulting DIN : DIP ratios were below the Redfield ratio, which
may suggest that N was more limiting than P in these experiments. However,
cellular C:N:P ratios and biochemical composition of the cells in the LN : LP and
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MN : MP experiments were not reflective of N limitation but were more balanced
(Grosse et al., 2017), supporting the expectation of N + P co‐limitation.
In the HN : MP and MN : HP competition experiments depletion of the
expected inorganic nutrient was accompanied by a marked reduction in the
measured irradiance Iout in comparison to the HN : LP and LN : HP experiments,
indicative of co‐limitation by P and light in the HN : MP experiment and co‐
limitation by N and light in the MN : HP experiment.
The HN : HP experiment showed clear light limitation with extremely low
steady‐state Ioutvalues, while DIN and DIP concentrations were not depleted.
Hence, Prediction 1 is supported by the experiments.
Prediction 2: N limitation, P limitation and light limitation favor the
dominance of different phytoplankton species
This prediction is confirmed by our experiments. Although total exclusion
did not occur, the diatom N. pusilla dominated under P limitation in the HN : LP
experiment, and therefore appears to have been the superior P competitor. The
diatom N. agnita dominated under N limitation in the LN : HP experiment, which
indicates that it was the superior N competitor. The green
alga C. marina dominated under light‐limited conditions in the HN : HP
experiment, and thus was the superior light competitor. Hence, different species
became dominant under different resource limitations, indicative of trade‐offs
between competitive abilities for these resources (Litchman et al., 2007;
Edwards et al., 2011).
Prediction 3: Co-limitation by multiple resources enables species coexistence,
whereas single resource limitation leads to competitive exclusion
This prediction was not confirmed by our experiments. Stable coexistence
of four species occurred in almost all chemostats. Even under single nutrient
limitation in the LN : HP and HN : LP experiments, we found species coexistence
rather than competitive exclusion. Light‐limited conditions in the HN : HP
experiment resulted in a slightly lower diversity, as the diatom N. pusilla was
competitively excluded. Yet, three species remained in this experiment, whereas
theory predicts that the best competitor for light should exclude all other species.
Equilibrium coexistence of a larger number of species than limiting resources
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contradicts the principle of competitive exclusion (Hutchinson, 1961;
Levin, 1970; Armstrong and McGehee, 1980). However, similar results have
been found in several previous competition experiments using natural
phytoplankton communities as inoculum (Sommer, 1983; 1985; Kilham, 1986).
One potential explanation for our results might be that the species are
similar in their competitive abilities, which can result in a high biodiversity
through neutral coexistence (Bell, 2001; Hubbell, 2001). However, competitive
exclusion of N. pusilla in the HN : HP experiment indicates that this species is an
inferior competitor for light in comparison to the other three species. Thus,
neutral coexistence is not a sufficient explanation for the coexistence of all four
species in the competition experiments. Furthermore, if the remaining three
species would be neutral competitors, environmental stochasticity in
combination with random drift would most likely lead to erratic variation in their
relative abundances. Although we did not perturb the experiments to investigate
the stability of the species composition, the smoothness of the time series
(Fig. 3.4) points at stable species coexistence rather than drifting species
abundances associated with neutral coexistence.
Another possible explanation for species coexistence is that light does not
represent a single resource, but an entire spectrum of resources. In a series of
theoretical, experimental and field studies, Stomp et al. (2004; 2007a; b)
developed a competition model that takes the underwater light spectrum and light
absorption spectra of competing phytoplankton species into account. The model
was tested in well‐mixed chemostat experiments with a green
picocyanobacterium containing phycocyanin and a red picocyanobacterium
containing phycoerythrin. Both the mathematical model and the competition
experiments showed that the green picocyanobacterium won in red light, the red
picocyanobacterium won in green light, and the two cyanobacteria coexisted at
stable equilibrium in white light (Stomp et al., 2004). Additional experiments
with a third species capable of adapting its pigment composition through
complementary chromatic adaptation also showed stable coexistence with either
the red or the green species by investing in the pigment not utilized by its
competitor. Hence, these studies demonstrated that the light spectrum offers an
important template for niche differentiation in phytoplankton communities,
enabling stable coexistence of species utilizing different parts of the light
spectrum.
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In our HN : HP experiment, where light was limiting, we found stable
coexistence of a green alga, diatom, and cyanobacterium. These three taxa differ
in their pigment composition. All three taxa contain the ubiquitous pigment
chlorophyll a, with which they absorb in the blue and red colors (440 nm and
680 nm) of the light spectrum (Fig. 3.6). In addition, green algae contain
chlorophyll b, which has absorption peaks in the blue‐green and red parts of the
spectrum at 475 and 650 nm, respectively, adjacent to the chlorophyll a peaks.
Diatoms lack chlorophyll b but instead contain chlorophyll c and the accessory
pigment fucoxanthin, which causes a green shoulder in the absorption spectrum
at 500–530 nm. The cyanobacterium in this study contained the accessory
pigment phycocyanin, which has a distinct absorption peak in the orange region
at 630 nm. Hence, green algae, diatoms, and cyanobacteria exploit different parts
of the light spectrum in different ways (Fig. 3.6), which may have enabled their
stable coexistence in our experiments.

Figure 3.6 Light absorption spectra of the diatom Nitzschia agnita, the green alga Chlorella
marina, and the cyanobacterium Synechococcus spp. N. pusilla had the same absorption spectrum
as N. agnita. Absorption peaks of several characteristic pigments are indicated.
Chl a, chlorophyll a; Chl b, chlorophyll b; FX, fucoxanthin, PC, phycocyanin. The spectra were
obtained under nutrient replete conditions and are normalized to minimum absorbance at 750 nm
and maximum absorbance at 440 nm.
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Competitive displacement of one of the two diatom species (N. pusilla)
from the HN : HP experiment is consistent with this explanation. The diatom
species N. pusilla and N. agnitahave a similar pigmentation, and hence use the
same wavelengths. Given this lack of niche differentiation, one would expect
that, under light‐limited conditions. one of these two diatom species (i.e., the
better light competitor) will competitively displace the other species (Stomp
et al., 2004; 2007b). This is further supported by the HN : MP experiment, where
light was co‐limiting and N. pusilla was still rare in steady state. Under nutrient‐
limited conditions (in the HN : LP, LN : LP, LN : HP experiments), N. pusilla was
present in higher abundances. In all, this suggests that N. pusilla is an inferior
competitor for light, but can coexist with the other species under nutrient‐limited
conditions because it is a strong nutrient competitor.
A third explanation for multispecies coexistence might be that the superior
competitors were suppressed by predators or parasites in a density‐dependent
way. Zooplankton were successfully excluded from the chemostats, as confirmed
by microscopic inspection of experimental samples, by filtering the North Sea
samples through an 80‐μm plankton net prior to inoculation in the chemostats
and by removing oxygen in the chemostats through bubbling with N 2 and CO2.
However, viruses and probably also many pathogenic bacteria cannot be
excluded by this approach. According to the “killing the winner” hypothesis,
viruses promote species coexistence by suppressing the most competitive host
species, thus allowing the persistence of inferior resource competitors
(Thingstad, 2000; Maslov and Sneppen, 2017). Although we cannot exclude the
possibility that viruses or pathogenic bacteria played a role in the competition
experiments, we would have expected dynamic fluctuations or sudden collapses
of infected phytoplankton populations rather than a stable community
composition. Hence, viruses or pathogens are an unlikely explanation for the
stable coexistence observed in our experiments.
Prediction 4: Co‐limitation can lead to stable coexistence, alternative stable
states, species oscillations or chaos depending on the traits of the competing
species
In all experiments, the community composition converged toward a stable
coexistence equilibrium (Fig. 3.4). Resource competition models can predict
alternative stable states in which the winner(s) of competition depend on the
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initial species abundances (Tilman, 1982; Brauer et al., 2012). We did not test
for alternative stable states in this study as we inoculated each competition
experiment with the same initial community composition. However, stable
coexistence of the same three or four species in all seven competition
experiments is an unlikely result if alternative stable states were present.
Models of multispecies competition for three or more limiting resources
can also produce intransitive interactions, for instance if species A is a better
competitor for N but becomes limited by P, species B is a better competitor for
P but becomes limited by light, and species C is a better competitor for light but
becomes limited by N (Huisman and Weissing, 1999; 2001). Intransitive
interactions can induce oscillations and chaos, and these non‐equilibrium
conditions may enable coexistence of a large number of species (Huisman and
Weissing, 1999). However, the species abundances in our chemostat experiments
did not display oscillations or chaos, but converged to stable equilibrium. If
intransitive interactions lead to stable equilibrium, resource competition theory
predicts that the number of species cannot exceed the number of limiting
resources (Huisman and Weissing, 2001). Therefore, intransitive interactions do
not explain the stable coexistence of four species on three limiting resources
observed in our experiments.
Prediction 5: Changes in nutrient loads will cause changes in species
composition, even if the N:P ratio of the nutrient loads remains constant
This prediction differentiates between the classic resource competition
models with two limiting nutrients (Tilman, 1982) and the nutrient‐load
hypothesis of Brauer et al. (2012) where light is added as a third resource. The
prediction is clearly confirmed by our experiments, as can be seen by comparison
of the results of the LN : LP, MN : MP, and HN : HP experiments. All three
experiments used nutrient loads with the same N:P ratio of 16:1. As the nutrient
loads increased, biomass accumulated, light levels were reduced, and clear
changes in phytoplankton community structure occurred despite the consistent
N:P ratio in the supplied mineral medium. Most striking is the co‐dominance of
the diatom N. pusilla in the LN : LP experiment and its competitive exclusion in
the HN : HP experiment, while the green alga C. marina exhibits the opposite
transition from very rare in the LN : LP experiment to dominant in the HN : HP
experiment.
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Comparison with natural phytoplankton communities
At the level of functional groups, the stable coexistence of diatoms, green
algae, and cyanobacteria in the experiments is in good agreement with the
composition of the natural phytoplankton community where diatoms, green
algae, and cyanobacteria contributed 80% of the total phytoplankton biovolume
(Fig. 3.3). Our experimental results indicate that changes in N and P loads may
cause shifts in the relative abundances of these functional groups, which is
consistent with field observations of the coastal North Sea where changing
nutrient loads led to major shifts in phytoplankton community structure
(Philippart et al., 2000; Chapter 2: Burson et al., 2016). Dinoflagellates and other
flagellates, which are also important components of the phytoplankton
community in the North Sea, did not persist in the competition experiments.
Possibly, they were sensitive to the vigorous mixing applied to the chemostats
(Van de Waal et al., 2014), although several dinoflagellate species increased
during
the
first
one
or
two weeks
of
the
experiments
(e.g., Alexandrium and Gymnodinium spp.; Fig. 3.4).
Interestingly, small species became dominant in all experimental
treatments, while larger species were competitively displaced. For instance,
N. pusilla and N. agnita were the two smallest diatom species in our experimental
community. These results support the common understanding that small cell size
offers several competitive advantages under resource‐limited conditions
(Raven, 1998; Litchman et al., 2010; Marañón, 2015). Small cells are considered
to be stronger competitors for nutrients because of their higher surface‐to‐volume
ratio and thinner diffusion boundary layer (Grover, 1989; Kiørboe, 1993;
Edwards et al., 2011). Furthermore, small phytoplankton species can use light
more efficiently than larger species (Fujiki and Taguchi, 2002; Key et al., 2010;
Schwaderer et al., 2011). For instance, small cells are less affected by the
“package effect” caused by self‐shading of photosynthetic pigments (Kirk, 1994;
Finkel, 2001).
Although our experiments show that competition for nutrients and light
enables stable coexistence of phytoplankton species, the species diversity in the
experiments was lower than the diversity of the natural phytoplankton
community. This indicates that other diversifying factors must also be at play in
the coastal waters from which this community was retrieved. For instance, high
diversity can be promoted by environmental fluctuations (Flöder and
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Sommer, 1999; Litchman and Klausmeier, 2001; Scheffer et al., 2003), reduced
turbulent mixing (Bracco et al., 2000; Huisman et al., 2006; Yoshiyama et al.,
2009), selective grazing (McCauley and Briand, 1979; Sarnelle, 2005; Weis and
Post, 2013), and viral and pathogen infections (Thingstad, 2000;
Brussaard, 2004). Indeed, tides and weather variability are known to cause
pronounced phytoplankton fluctuations at different time scales in the North Sea
(Blauw et al., 2012; 2018). Ultimately, integration of resource competition
theory with these other environmental factors will be required to fully explain
the high biodiversity of natural ecosystems.

Conclusions
Four of the five predictions are supported by our experimental results.
These results illustrate that a further integration of nutrient‐based and light‐based
approaches contributes to improved understanding and prediction of how
changes in nutrient loads will affect the species composition of natural
communities. One prediction (Prediction 3) is not supported, we found a larger
number of coexisting species than expected by classic resource competition
theory. Further refinements of models will be required to explain the multispecies
coexistence observed in our experiments, e.g., through incorporation of the
underwater light spectrum (Stomp et al., 2004). Yet, the species diversity in the
experiments did not rival the high biodiversity of natural plankton communities,
indicating that the paradox of the plankton remains an interesting enigma.
In recent decades, many freshwater, marine, and terrestrial ecosystems
have experienced major changes in nutrient loads due to eutrophication and
subsequent de‐eutrophication efforts (e.g., Jeppesen et al., 2005; Hautier
et al., 2009; Grizzetti et al., 2012; Glibert, 2017). These changes in nitrogen and
phosphorus loads may cause large shifts in resource limitation patterns, with
major changes in biodiversity, productivity, and community structure as a result
(Conley et al., 2009; Chapter 2: Burson et al. 2016; Harpole et al., 2016). The
development of a comprehensive theoretical framework to understand and
predict how changes in nutrient loads affect the species composition of natural
communities may therefore offer a conceptual advance that is not only of
academic interest but may also help to support sound stewardship of our natural
environment.
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Supporting Information
Table S3.1 Composition of the mineral medium in the competition experiments. NaNO 3 and
K2HPO4 concentrations varied per experiment to create different N and P loads.

Compound

Concentration (µM)

Salts/Buffers:
MgSO4•7H20

2.010 4

KCl

8.010 3

CaCl2•2H 2O

2.510 3

NaCl

4.310 5

NaHCO 3

500

Macro-nutrients:
NaNO3

2000; 160; 64

K2HPO 4•3H2O

125; 10; 4

Na2SiO3•5H2O

160

H3BO3

550

Micro-nutrients:
FeSO4•7H 20

14

Na2EDTA

35

MnCl2•4H 2O

22

ZnCl2

2.4

Na2MoO4•2H2O

5.4

CuSO4•5H2O

0.2

CoCl2•4H 2O

0.5

Vitamins:
Thiamine•HCl (B1)

0.6

Biotin

4.010 -3

Cyanocobalamin (B12)

7.410 -3
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Table S3.2 Nutrient and light conditions in the mineral medium supplied to the experiments (medium)
and measured in the competition experiments at steady state (chemostats).
HN:LP

LN:LP

LN:HP

HN:MP

MN:MP

MN:HP

HN:HP

DIN:DIPMedium

500

16

0.512

200

16

1.28

16

DINMedium (µM)

2000

64

64

2000

160

160

2000

DIPMedium (µM)

4

4

125

10

10

125

125

DIN:DIPChemostat

2380

2

0.04

275

1

0.04

6

DINChemostat (µM)

1190

4

2

825

3

2

181

DIPChemostat (µM)

0.5

2

46

3

3

49

29

40

40

40

40

40

40

40

23

26

24

9.5

19

17

0.4

60.1

40.6

29.6

158.4

89.6

132.6

247.7

P

N+P

N

P+light

N+P

N

(+light)

(+light)

Iin
(µmol photons m-2 s-1)

Iout
(µmol photons m-2 s-1)

Biovolume
(mm3 L-1)
Resource limitation1
1 The

light

indicated resource limitation is reflective of the targeted limitation pattern presented in
Figure 3.1B and the realized DIN, DIP and I out levels achieved in the competition experiments.
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Figure S3.1. Time series of nutrient and light conditions in the competition experiments. (A-G)
Time series of DIN and DIP concentrations, and (H-N) total biovolume and light transmission
(Iout) in the 7 competition experiments.
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Figure S3.2 Regression analysis of the coexisting species versus the N:P ratio or total biovolume
of the competition experiments. The graphs show linear regression of the relative abundances of
the species at steady state versus (A-D) the N:P ratio of the mineral medium, and (E-H) the total
biovolume in the competition experiments. The regressions in (A-D) are based on log(y)=a
log(N:P medium) + b, and in (E-H) on log(y)=a Biovolume + b, where y is the relative abundance of
the species concerned. Each datapoint represents an individual competition experiment ( n=7); we
note that N. pusilla was competitively excluded in one of the experiments (and hence n=6 in panels
(A) and (E)). Regression lines are shown only if the relationship is significant.
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Abstract
One of the major challenges in ecological stoichiometry is to establish how
environmental changes in resource availability may affect both the biochemical
composition of organisms and the species composition of communities. This is a
pressing issue in many coastal waters, where anthropogenic activities have
caused large changes in riverine nutrient inputs. Here we investigate variation in
the biochemical composition and synthesis of amino acids, fatty acids (FA), and
carbohydrates in mixed phytoplankton communities sampled from the North Sea.
The communities were cultured in chemostats supplied with different
concentrations of dissolved inorganic nitrogen (DIN) and phosphorus (DIP) to
establish four different types of resource limitations. Diatoms dominated under
N-limited, N+P limited and P-limited conditions. Cyanobacteria became
dominant in one of the N-limited chemostats and green algae dominated in the
one P-limited chemostat and under light-limited conditions. Changes in nutrient
availability directly affected amino acid content, which was lowest under N and
N+P limitation, higher under P-limitation and highest when light was the limiting
factor. Storage carbohydrate content showed the opposite trend and storage FA
content seemed to be co-dependent on community composition. The synthesis of
essential amino acids was affected under N and N+P limitation, as the
transformation from non-essential to essential amino acids decreased at DIN:DIP
≤ 6. The simple community structure and clearly identifiable nutrient limitations
confirm and clarify previous field findings in the North Sea. Our results show
that different phytoplankton groups are capable of adapting their key biosynthetic
rates and hence their biochemical composition to different degrees when
experiencing shifts in nutrient availability. This will have implications for
phytoplankton growth, community structure, and the nutritional quality of
phytoplankton as food for higher trophic levels.

Introduction
Changes in nutrient availability affect the C:N:P ratio of primary
producers, both through physiological acclimation and shifts in species
composition. In turn, these shifts in the elemental composition of primary
producers can have major implications for nutrient cycling and their quality as
food for herbivores, which are key focal research areas of the rapidly expanding
field of ecological stoichiometry (Sterner and Elser, 2002; Hessen et al.,
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2004; Vrede et al., 2004; Persson et al., 2010). However, although C:N:P ratios
are easily measured, an often voiced criticism is that they do not provide detailed
information on changes in the biochemical composition of primary producers in
terms of, e.g., amino acids (AA), fatty acids (FA) and carbohydrates (CH), DNA
and RNA (Anderson et al., 2004; Raubenheimer et al., 2009). The biochemical
composition of primary producers is important for their own growth and survival,
and plays a key role in many plant-herbivore interactions. For instance, most
herbivores cannot synthesize all AA and FA themselves, but rely on the provision
of essential AA and FA from the primary producers in their diet (Müller-Navarra,
1995; Fink et al., 2011). Therefore, a deeper understanding of how changes in
environmental nutrient availability affect the biochemical composition of
primary producers would be a major next step.
Many coastal waters have witnessed major changes in nutrient input
during the past several decades. The North Sea provides a good example.
Between the early 1960s and mid-1980s mean annual concentration of dissolved
inorganic N tripled, while at the same time P concentrations doubled, resulting
in coastal eutrophication (Hickel et al., 1993). Effects of eutrophication included
an increase in phytoplankton biomass (Cardée and Hegeman, 2002), shifts in
species composition (Philippart et al., 2000), the formation of toxic algal blooms
(Riegman et al., 1992; Lancelot et al., 2007), changed trophic food web structures
(Van Beusekom and Diel-Christiansen, 2009) and the development of hypoxia
(Westernhagen and Dethlefsen, 1983). In response, members of the OSPAR
Convention (Oslo/Paris Convention for the Protection of the Marine
Environment of the North-East Atlantic) agreed to lower riverine N and P inputs
to the North Sea by at least 50% compared to the year 1985 (OSPAR, 1988).
Nutrient reduction efforts resulted in an effective P removal from domestic and
industrial wastewater. By 2002, many countries reached and even exceeded the
goal for P, by decreasing P inputs by 50–70%. However, decreasing N inputs was
less successful and N loads were only lowered by 20–30% (Lenhart et al.,
2010; OSPAR, 2010; Passy et al., 2013). As a consequence, riverine N:P inputs
to the coastal North Sea currently greatly exceed the Redfield ratio of 16:1
(Radach and Pätsch, 2007; Thieu et al., 2010; Grizzetti et al., 2012; Chapter
2:Burson et al., 2016).
Similar patterns have been observed in other coastal waters. Effective P
removal in combination with a global increase in the application of N fertilizers
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has increased the N:P ratios of many riverine nutrient inputs to coastal waters
(Turner et al., 2003; Grizzetti et al., 2012; Glibert et al., 2014). Consequently, P
limitation is currently becoming more prevalent in river-influenced coastal seas,
not only in the North Sea (Chapter 2:Burson et al., 2016) but also in, e.g., the
Gulf of Mexico and the South China Sea (Sylvan et al., 2007; Xu et al., 2008),
challenging the classical view that N is the main limiting nutrient in marine
coastal systems (Hecky and Kilham, 1988; Howarth and Marino, 2006). In the
North Sea, this pattern is further confirmed by high nearshore POC:POP ratios
(400–700) during the phytoplankton spring bloom, indicative of severe P
deficiency of coastal phytoplankton (Chapter 2:Burson et al., 2016). Lab studies
have shown that P-deficient phytoplankton may cause lower growth rates in
marine zooplankton (Malzahn et al., 2007; Malzahn and Boersma, 2012; Schoo
et al., 2013), and that the elevated C:P ratios of this zooplankton can, in turn,
have detrimental effects on larval growth of economically valuable species such
as herring (Malzahn et al., 2007) and European lobster (Schoo et al., 2014). So
far, however, little is known about the implications of these changes in nutrient
limitation for the biochemical composition of marine phytoplankton.
In recent years, advances in compound-specific isotope analysis by either
gas chromatography (GC) or liquid chromatography (LC) in combination with
isotopic ratio mass spectrometry (IRMS) have made it possible to obtain specific
isotope information from a wide range of biomolecules in complex mixtures
(e.g., McCullagh et al., 2006; Boschker et al., 2008; Veuger et al., 2012).
Now, 13C stable isotopes can be used in the same way as in primary production
measurements but on a more detailed compound-specific level, by measuring the
incorporation of photosynthetically fixed carbon into individual FA, AA, and CH
(Grosse et al., 2015; 2017). This opens up opportunities to study the biochemical
composition and nutritional quality of phytoplankton in much further detail.
In this study, we explore how changes in N and P loads may potentially
affect the biochemical composition of coastal marine phytoplankton. As model
system, we inoculated laboratory chemostats with mixed phytoplankton
communities sampled from the North Sea. This experimental approach enabled
a systematic investigation of the effects of different N:P supply ratios on resource
limitation, biochemical composition and biosynthesis rates of the phytoplankton
community using compound-specific isotope analysis.
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Materials and Methods
Collection of Inoculum
Samples for field inoculum were taken from eight stations along a 450 km
long transect from the Dutch coast towards the center of the North Sea between
15 and 22 March 2013 onboard the Dutch research vessel RV Pelagia (Grosse et
al., 2017). At each station a 20 L carboy was rinsed and filled with water
collected at 7 m depth. Water was passed through a 200 μm mesh then bubbled
for 30 min each with CO 2and N2 gas to eliminate grazers. The carboys were kept
at 4°C until initiation of chemostat experiments at the University of Amsterdam.
Equal portions of water from each station were combined, resulting in a single
inoculum for the chemostat experiments containing a mix of phytoplankton from
all eight stations along the entire 450 km transect (for additional details,
see Chapter 2: Burson et al. 2016).
Chemostat Set-Up
Within 2 days after the cruise ended, seven flat-walled chemostats (mixing
depth: 5 cm) were set up according to Huisman et al. (2002), using full-spectra
white fluorescent bulbs as light sources and magnetic stir bars to minimize
accumulation of sticky and heavy species. The incident light intensity at the front
surface of each chemostat was set at 40 μmol photons m -2 s-1 and the dilution rate
at 0.2 d-1. Irradiance passing through the chemostat vessel (I out) was measured
with a light meter (LI-250 LI-COR, NE, United States) at ten regularly spaced
positions at the back surface of the chemostat. The seawater inoculum was added
to fill half the chemostat’s volume (0.5 L) and was topped off with one of seven
artificial seawater media using peristaltic pumps. Media exhibited different
combinations of dissolved inorganic nitrogen (DIN Medium) and phosphate
(DIPMedium) at low (LN/LP), medium (MN/MP), or high (HN/HP) concentrations,
hence also differed in their DIN:DIP Medium ratios (Table 4.1 and Fig. 4.1).
Inorganic carbon was added in two ways; as sodium bicarbonate to media (0.5
mM final concentration) and as CO 2 in filtered air, which was bubbled through
the chemostats. The chemostats were run as a competition experiment until
phytoplankton communities established steady state conditions (91 days) and
were then harvested for the carbon fixation experiment.
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Carbon Fixation Experiment
Chemostats were harvested by transferring 1 L of culture into 1.2 L culture
flasks. From there, initial and unlabeled subsamples were taken for dissolved
inorganic carbon (DIC), nutrient concentrations, particulate organic C, N, and P
(POC, PON, POP), and biomolecules (AA, FA, CH). Nutrient samples were
filtered through a 0.2 μm Acrodisc filter and stored at 4°C until analysis. DIC
samples were also filtered through a 0.2 μm Acrodisc filter, sealed bubble -free
in a 10 mL crimp vial and stored at 4°C until analysis. Samples for POC/PON,
POP and biomolecules were taken by filtering 30–100 mL per analysis
(depending on biomass) over pre-combusted GF/F filters (Whatman, 4 h at
450°C). POC/PON and POP filters were stored at –20°C and biomolecule filters
were stored at -80°C.

Figure 4.1 Bar graphs show the relative distribution of nutrient concentrations (DIN Chemostat ,
DIP Chemostat ) and light penetration (I out) in the seven chemostat experiments. ∗ above bars indicate
the resulting resource limitation. Experimental set-up is based on three levels of dissolved
inorganic nitrogen (DIN Medium) and phosphorus (DIP Medium) in the mineral medium supplied to the
chemostats.
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Table 4.1 Concentrations and ratios of nutrients in the different media and in chemostats when
phytoplankton communities reached steady state conditions.
MNHP
LNHP
MNMP
LNLP
HNHP
HNMP
HNLP
Nutrients
1.28
0.512
16
16
16
200
500
DIN:DIPMedium
DINMedium (µM)

160

64

160

64

2000

2000

2000

DIP Medium (µM)

125

125

10

4

125

10

4

DIN:DIPChemostat

0.04

0.04

1

2

6

275

2380

DINChemostat (µM)

2

2

3

4

181

825

1190

DIP Chemostat (µM)

49

46

3

2

29

3

1

Diatom (%)

23

81

84

86

38

6

86

Green (%)

15

4

5

1

57

87

9

Cyanobacteria (%)
Light penetration
Iout (μmol photons m-2 s-1)

62

15

11

13

5

6

5

17

24

19

26

0.4

9.5

23

26.31

13.35

3.81

Community Composition

Biochemical parameters
3.46
9.63
3.04

POC (mM)

8.21

PON (mM)

0.334

0.180

0.365

0.127

3.152

1.144

0.485

POP (mM)

0.011

0.010

0.007

0.004

0.060

0.010

0.003

POC:PON

25

19

26

24

8

12

8

POC:POP

746

346

1376

760

439

1335

1270

30
18
52
32
53
114
162
PON:POP
C-fixation
44
73
52
56
83
109
191
(nmol C µmol POC-1 d-1)
DIN requirement
1.8
3.8
2.0
2.3
9.9
9.3
24.3
(nmol DIN µmol POC-1 d-1)
DIP requirement
0.06
0.22
0.04
0.07
0.19
0.08
0.14
(nmol DIP µmol POC-1 d-1)
Chemostats are sorted left to right by increasing DIN:DIPChemostat ratios. Contribution of the
different phytoplankton groups to total biovolume is also shown, with the highest contributing group in
bold. Light penetration indicates light availability and particulate organic carbon (POC), nitrogen
(PON), and phosphorus (POP) and their ratios are shown. DIN and DIP requirements were calculated
using C-fixation rates, POC:PON and POC:POP ratios.

Carbon fixation experiments had to be carried out in batch cultures
because 13C-DIC labeling levels throughout the experiment had to be kept
constant, which is difficult to achieve in air-flushed chemostats. Because the
remaining culture in the flasks could not be air-bubbled for the same reason, we
added additional unlabeled sodium bicarbonate to a final concentration of 2 mM
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in order to avoid DIC-limitation during the experiment. Thereafter, all culture
flasks (volume between 450 and 650 mL) were enriched with 13C-sodium
bicarbonate (99% 13C) to a final labeling concentration of ∼5% of total DIC
concentration. Concentrations and absolute 13C-DIC enrichment were measured
as previously described (Grosse et al., 2015). Culture flasks were closed airtight
and incubated for 24 h at a constant rotation (60 rpm), 20°C and 40 μmol photons
m-2 s-1 light intensity, assuring conditions resembling those of the chemostats.
After 24 h samples were taken stable isotope analysis of DIC, POC/PON, and
biomolecules and stored as described above until analysis.
Laboratory Analysis and Biomolecule Extractions
Dissolved inorganic nitrogen (DIN = nitrate + nitrite) and DIP (phosphate)
concentrations were analyzed using standard colorimetric methods (Grasshoff et
al., 1983).
Detailed descriptions of POC/PON analysis, extraction protocols for
biomolecules (CH, AA, and FA), EA-, LC-, and GC/C-IRMS systems as well as
compound separation protocols and conditions have been published in detail
elsewhere (Grosse et al., 2015 and references therein). In short, frozen POC/PON
filters were lyophilized overnight, acidified, and subsequently packed into tin
cups before the analysis of organic carbon and nitrogen content and δ 13C values
by EA-IRMS. The POP content was quantified with inductive coupled plasma
spectroscopy after digestion with 10 mL of 65% HNO 3 (ICPOES; Perkin Elmer
Optima 3300 DV; Nieuwenhuize and Poley-Vos, 1989). CH samples were acid
hydrolyzed and analyzed for concentrations and 13C-labeling of individual CH
by LC/IRMS using an Aminex HPX-87H column, which separates glucose from
all other carbohydrates, while galactose, xylose, mannose, and fructose co-elute
in a second peak. A third peak contains fucose, arabinose, and ribose. Glucose is
also part of storage compounds and was therefore reported separately from all
other CH, which are hereafter referred to as structural CH. AA samples were acid
hydrolyzed and analyzed by LC/IRMS using a Primsep A column, which
separates a total of 17 individual AA (McCullagh et al., 2006). Due to the
analytical procedures glutamate and glutamine co-elute as do aspartate and
asparagine, formed one peak each. Other detected AA included threonine, valine,
methionine, isoleucine, leucine, lysine, histine, phenylalanine, argin, serine,
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glycine, alanine, proline, cystine, and tyrosine. Because of their very low
concentrations, cysteine and methionine were excluded in the data analysis.
Fatty acid samples were extracted following the protocol of Bligh and Dyer
(1959) and subsequently separated into storage lipids (triglycerides), glycolipids
and phospholipids by silicate column chromatography. However, it has been
shown that the phospholipid fraction also contains other non-P containing intact
polar lipids (Heinzelmann et al., 2014). The glycolipid- and phospholipid
fractions were therefore combined and are further referred to as structural,
membrane-derived lipids. After derivatization to fatty acid methyl esters, they
were analyzed and the 13C measured by GC/C-IRMS using the column BPX-70.
Biosynthesis rates of each individual compound were calculated from 13C
incorporation rates according to Grosse et al. (2015), and were added up in order
to obtain values for each biomolecule group (essential and non-essential AA,
storage and structural FA, and storage (glucose) and structural CH) (see
Supporting Information for details). Throughout this text, biomolecule
concentrations rates were reported relative to cumulative POC concentrations
and C-fixation rates (AA + FA + CH = 100%), respectively. Unidentified
biomolecules were included only in total POC concentrations and bulk C-fixation
rates.
Statistical Analysis
To explore differences in amino acid composition between different
nutrient limitations and communities, principle component analysis (PCA) was
performed using AA data. Data for the relative contribution (%) of (i) individual
AA concentrations to total AA concentrations (nmol C μmol POC -1) and (ii)
individual AA synthesis to total AA synthesis (nmol C μmol POC -1 d-1) was used.
The package CRAN:factoMineR in the open source software R was used for the
PCA analysis using a correlation matrix.

Results
Resource Limitation
Both the MNHP and LNHP chemostats received media with low DIN:DIP
ratios of 1.28 and 0.5, respectively. Their communities decreased the DIN
concentrations from 160 μM (MNHP) and 64 μM (LNHP) in the medium to 2
μM in the steady-state chemostat, while the DIP concentrations remained high at
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49 and 46 μM, respectively. DIN:DIP ratios in both chemostats were decreased
to 0.04, indicating that the communities were limited by N (Table 4.1 and
Fig. 4.1).
The HNMP and HNLP chemostats received media with high DIN:DIP
ratios of 200 and 500, respectively. Nutrient uptake by the phytoplankton
increased DIN:DIP ratios in the chemostats further to 275 and 2380, respectively
(Table 4.1). The DIP concentrations decreased from 10 μM (HNMP) and 4 μM
(HNLP) in the medium to 3 and 0.5 μM, respectively, in the steady-state
chemostats, while DIN concentrations remained high at 825 and 1190 μM. The
high DIN:DIP ratios, as well as the low DIP concentrations, point at P-limitation
in these two chemostats (Fig. 4.1).
Three chemostats received media with DIN:DIP ratios of 16 (LNLP,
MNMP, HNHP) and nutrient uptake by the phytoplankton reduced the DIN:DIP
ratios in the chemostats to 1, 2, and 6 for LNLP, MNMP, and HNHP,
respectively. Although those ratios might be interpreted as N-limitation, both
DIN and DIP concentrations were very low in the LNLP and MNMP chemostats
(Table 4.1), and therefore suggested N+P co-limitation (Fig. 4.1). In contrast,
nutrients in the HNHP chemostat remained high with 181 μM DIN and 29 μM
DIP (Table 4.1). At the same time, the high biomass (26.3 mM POC) decreased
light levels, inducing light-limitation in this chemostat (Fig.4.1).
Phytoplankton biomass ranged from 3.0 to 26.3 mM POC and increased
with increasing DIN and DIP concentrations in the mineral medium (Fig. 4.2A
and Table 4.1). POC:PON ratios in N-limited and N+P co-limited chemostats
ranged between 19 and 26 and were lower in light- and P-limited chemostats
(Table 4.1). Extremely high POC:POP ratios (>1000) were found in the P-limited
chemostats. The MNMP chemostat also showed extremely high POC:POP ratios,
consistent with the idea that this community was co-limited by N and P
(Table 4.1). PON:POP ratios were >100 in P-limited chemostats and ranged
between 18 and 53 in all others.
Based on these POC:PON and POC:POP ratios and total C-fixation rates,
we calculated daily DIN and DIP requirements. The N-limited and N+P colimited chemostats had lowest DIN requirements of only 1.8 nmol DIN μmol
POC-1 d-1 for the MNHM chemostat and slightly higher values for the LNLP,
LNHP and MNMP chemostats. The P-limited HNLP required 24.3 nmol DIN
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μmol POC-1 d-1. The HNHP and HNMP chemostats required similar amounts of
DIN with 9.9 and 9.3 nmol DIN μmol POC -1 d-1.
Phytoplankton in the P-limited and N+P co-limited chemostats had DIP
requirements ranging from 0.04 to 0.14 nmol DIP μmol POC -1 d-1. The DIPrequirements in the other chemostats ranged from 0.06 to 0.22 nmol DIP μmol
POC-1 d-1 (Table 4.1).

Figure 4.2 Overview of biomolecule composition of biomass (A) and biosynthesis (B) sorted by
DIN:DIP ratios in the chemostats before the 13C addition experiment. Biomass concentrations are
added to panel A as total particulate organic carbon (POC), and both bulk and cumulative carbon
fixation are added to panel B.

Community Composition
Differences in DIN and DIP concentrations in media, and resulting
DIN:DIP ratios shaped the community structure in all seven chemostats. Based
on microscopic observations and flow cytometry (Accuri C6 flow cytometer, BD
Biosciences, San Jose, CA, United States) at least five species could be
distinguished in the steady-state chemostats, representing three phytoplankton
phyla. Green algae were represented by a Chlorella sp., while unicellular
cyanobacteria (Synechococcus spp.) and diatoms (Nitzschia agnita and N.
pusilla) were represented by at least two taxa each. Chlorella sp. and the two
strains of Synechococcus spp. were distinguished by differences in their
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chlorophyll and phycocyanin fluorescence as well as their cell size, using flow
cytometry. The two diatom species were identified microscopically.
Mixed communities developed in all chemostats. Diatoms dominated one
of the N-limited chemostats (LNHP), both N+P co-limited chemostats (LNLP,
MNMP), and one of the P-limited chemostats (HNLP), where N. agnita was more
abundant under N-limited conditions and N. pusilla under P-limited conditions.
Cyanobacteria dominated in the other N-limited chemostat with diatoms being
second most abundant (MNHP). Green algae dominated in the other P-limited
chemostat (HNMP), while the light-limited chemostat (HNHP) showed a more
even co-dominance of green algae and diatoms (Table 4.1).
Biochemical Composition and Synthesis
AA contribution to biomass was highest in the light limited HNHP
chemostat where it contributed 64% of POC concentration, intermediate in the
P-limited HNMP and HNLP chemostats contributing 42% and 50% of POC
concentration, respectively, and lowest in the remaining four N-(co-) limited
chemostats (16–26% of POC concentration, Fig. 4.2A). Glucose concentrations
showed an opposite trend to that of total AA and contributed between 7 and 42%
to POC concentration.
Storage FA contributions varied considerably (1.6–33% of POC
concentration), being lowest in the HNHP chemostat and highest in the MNMP
chemostat. However, no DIN:DIP ratio dependent increase or decrease was
observed. Structural CH and structural FA showed little variation. Structural CH
contributed 14 ± 2% to POC concentrations and structural FA contributed 6 ±
1% to POC concentration (averages ± standard deviation, n = 7).
With the dilution rate set to 0.2 d -1, we would have expected to find
biomass specific C-fixation rates to be ∼200 nmol C μmol POC -1 d-1. However,
only the HNLP chemostat showed expected value, while C-fixation rates of all
other chemostats were considerably lower (Fig. 4.2B). One likely explanation is
the contribution of dead material to the biomass, leading to an underestimation
of biomass specific C-fixation rates. The 24 h incubation of the C-fixation
experiment induced further nutrient depletion, which may have also been a
contributing factor to the decreased specific C-fixation rates. Alternatively,
nutrient-stressed phytoplankton can exudate photosynthetically fixed carbon as
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DOC (Myklestad, 2000; Nagata, 2000), a pool that we have not quantified in this
study.
The synthesis rates of all investigated biomolecules summed up to between
61% (MNMP) and 91% (LNHP) of bulk C-fixation (Fig. 4.2B). This range was
similar to field findings (Grosse et al., 2015) and suggested that 9–32% of bulk
carbon fixation ends up in biomolecules that were not investigated in this study,
such as nucleic acids (DNA and RNA) or pigments. In the HNLP chemostat, we
found a value slightly above 100% (116%). This was also in accordance with
field findings of P-limited, diatom-dominated stations in the North Sea (Grosse
et al., 2015; 2017) and suggests that the de-novo synthesis of nucleic acids and
pigments may have been low. Additionally, the diatoms also formed sticky
aggregates and the subsequent splitting of the cultures into equal parts was
difficult, which could have caused an experimental error.
With the exception of the HNLP chemostat, the majority of fixed C was
still in the glucose fraction after 24 h (43–69% of C-fixation). AA synthesis was
highest in the HNLP chemostat contributing 55% of C-fixation and decreased to
values between 6 and 10% of C-fixation in chemostats with DIN:DIP ratios
below ≤2. The HNHP chemostat also showed decreased AA synthesis,
accounting for 21% of C-fixation (Fig. 4.2B).
We investigated whether the contribution of biomolecules to biomass (%
of POC concentration) was correlated with their contribution to biosynthesis (%
of C-fixation). The contribution of total AA to biomass was not significantly
correlated with the contribution of AA to biosynthesis (R2 = 0.46, n = 7, n.s.;
Fig. 4.3A). The data suggest that the light-limited chemostat (HNHP) was an
outlier, however. Possibly the N concentration was depleted during the 24 h
incubation for the C-fixation measurements, thereby suppressing AA synthesis.
Removal of this outlier resulted in a significant correlation between the AA
contribution to biomass and to biosynthesis (R2 = 0.90, n = 6, p < 0.01;
Fig. 4.3A). Structural FA showed a significant correlation between its
contribution to biomass and its contribution to biosynthesis (R2 = 0.73, n = 7, p <
0.05; Fig. 4.3B). By contrast, structural CH did not show a significant correlation
(R2 = 0.07, n = 7, n.s.; Fig. 4.3C). Instead, the contribution of structural CH to
biomass did not show much variation (mean ± SD of 16 ± 4%), indicating that a
fixed proportion of the phytoplankton biomass was invested in structural CH
irrespective of nutrient availability. Storage CH (glucose) and storage FA both
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showed a significant correlation between their contribution to biomass and their
contribution to biosynthesis (glucose: R2 = 0.71, n = 7, p < 0.05, Fig. 4.3D;
storage FA: R2 = 0.79, n = 7, p< 0.01; Fig. 4.3E).

Figure 4.3 Correlation between the contribution of biomolecules to biomass (% of POC
concentration) and their contribution to biosynthesis (% of C-fixation), for amino acids (A),
structural fatty acids (B), structural carbohydrates (C), glucose (D), and storage fatty acids (E).
The prevailing nutrient limitation is indicated by symbol color, the dominant phytoplankton group
is indicated by symbol shape. ∗the light-limited chemostat was treated as an outlier in panel A.

Individual Amino Acids
Principle component analysis of the relative contribution of individual AA
to total AA concentration and C-fixation rates revealed differences between
phytoplankton groups as well as nutrient limitations (Fig. 4.4). PCA analysis of
AA concentrations indicated that 62% of the variation was explained by the first
two axes. The first axis separates the AA lysine, histine, proline,
glutamate/glutamine, aspartate/asparagine, and alanine from all others and
caused a separation of chemostats dominated by diatoms and cyanobacteria from
chemostats dominated by green algae (HNHP, HNMP, Fig. 4.4A), demonstrating
a phytoplankton group specific separation of AA. The second axis showed that
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lysine, histine, and proline were associated with the HNHP chemostats, whereas
glutamate/glutamine, aspartate/asparagine and alanine were associated with the
HNMP chemostat, demonstrating a nutrient specific effect on AA distribution in
chemostats with green algae dominance. A nutrient related separation was less
distinct in diatom and cyanobacteria dominated chemostats, however, N-limited
chemostats seemed to associate with serine and alanine, while the N+P-colimited MNMP chemostat drifted towards Lys (Fig. 4.4A).
A pronounced nutrient specific separation was visible in the AA
biosynthesis data (Fig. 4.4B). The first two axes in the PCA of AA biosynthesis
explained 82% of the variation within the samples. A separation between nutrient
limitations was visible, along the first axis. The P-limited chemostats (HNLP,
HNMP) were associated with all essential AA and proline, while all other
chemostats were associated with all non-essential AA (except proline). A
separation along the second axis occurred as well; chemostats with DIN:DIP
ratios of 0.04 and 2 (LNHP, MNHP, LNLP) associated with glutamate/glutamine
and aspartate/asparagine and chemostats with DIN:DIP ratios of 1 and 6 (MNMP,
HNHP) associated with alanine, serine, and glycine.

Figure 4.4 Principle component analysis (PCA) biplot of relative contribution of individual AA
to total AA concentration in POC (A) and total AA synthesis (B). Symbol color indicates
limitation, symbol shape refers to dominant phytoplankton group. The analysis included 15 amino
acids: glutamate/glutamine (Glux), aspartate/asparagine (Aspx), threonine (Thr), valine (Val),
isoleucine (Ile), leucine (Leu), lysine (Lys), histidine (His), phenylalanine (Phe), argin (Arg),
serine (Ser), glycine (Gly), alanine (Ala), proline (Pro), and tyrosine (Tyr).
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Discussion
Effects on Phytoplankton Stoichiometry
Although chemostat experiments cannot reproduce the full complexity of
marine ecosystems, they provide an excellent tool to study the response of marine
phytoplankton to different N and P levels under highly controlled conditions. In
our study, four different limitations were encountered among the chemostats
(Fig. 4.1). Chemostats receiving media with low DIN:DIP ratios became Nlimited, whereas chemostats receiving media with high DIN:DIP ratios became
P-limited. Chemostats that received DIN:DIP ratios at the optimal Redfield ratio
(Redfield et al., 1963) developed a co-limitation by N+P at low and medium DIN
and DIP concentrations. The relatively low DIN:DIP ratios in these two
chemostats indicate that the N+P co-limitation might be tending somewhat more
to N- than to P-limitation. The chemostat that received high DIN and DIP
concentrations developed a high biomass that induced light-limitation through
self-shading (Brauer et al., 2012).
Phytoplankton PON:POP ratios and POC:POP ratios in the HNMP and
HNLP chemostats were very high, supporting the conclusion that these cultures
were P-limited. Interestingly, though, storage CH (glucose) and storage FA
contents of the phytoplankton were lower in these P-limited chemostats
(Fig. 4.2A) than in the N+P co-limited chemostat MNMP, which showed similar
POC:POP ratios. This may indicate that the high POC:POP ratios under solely
P-limited conditions were mainly due to low cellular P contents, while the high
POC:POP ratio in the MNMP chemostat was additionally determined by a higher
accumulation of C-rich storage compounds. Overall, P-deficient phytoplankton
tend to have a low nutritional value for a variety of herbivorous zooplankton
(Plath and Boersma, 2001), which can negatively affect growth rates of
zooplankton and larvae of fish and shellfish (Malzahn and Boersma, 2012; Schoo
et al., 2014) and consequently induces changes in the entire food web (Sterner et
al., 1993).
Conversely, PON:POP ratios were lowest in the MNHP and LNHP
chemostats but do not point at a severe N limitation, since PON:POP ratios of 18
to 30 can also be found under nutrient replete conditions or in communities
transitioning from N to P limitation (Geider and LaRoche, 2002). The depletion
of DIN did, however, cause an accumulation of C-rich storage CH (glucose) and
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storage FA, and increased the POC:PON ratio to values typical for N-limited
phytoplankton (Geider and LaRoche, 2002).
Biomolecule Dynamics under Different Resource Limitations
It should be noted that no nutrients were added during the 13C-incubations,
which will have resulted in a decrease of available nutrients (compared to
chemostat conditions) and may have affected the outcome of these carbon
fixation experiments to some extent. While the biomolecule concentration of
cultures was determined by the conditions in the chemostats (long-term
adaptation), the biomolecule synthesis rates will have been affected immediately
by decreasing nutrient availabilities during the 13C-incubations. N-, P-, and N+P
co-limited cultures probably became exhausted of DIN and/or DIP. The light
limited HNHP culture may have also exhausted the DIN concentration and
probably became co-limited by N and light during the incubation experiments.
This was most evident in AA biosynthesis rates, which were much lower than
expected (see the outlier in Fig. 4.3A). AA will be mainly used in protein
synthesis, and nitrogen limitation causes changes in the levels of transcription
and translation (Yang et al., 2011; Alipanah et al., 2015). Several studies have
demonstrated that gene expression, especially of the photosystem and ribosomal
genes, starts to change within a few hours after removal or addition of nitrogen
(Morey et al., 2011; Krasikov et al., 2012), indicating that AA synthesis may
indeed decline rapidly in response to a decrease in N availability.
AA contents and synthesis rates were closely linked to N availability. In
particular, in N-limited and N+P co-limited phytoplankton AA contributions to
POC and C-fixation were very low, whereas AA contents and synthesis rates
were much higher under light-limited and P-limited conditions (Fig. 4.2). The
reduction of AA synthesis under N-limited conditions appears at odds with model
predictions of Klausmeier et al. (2004), where both N-limited and P-limited
phytoplankton invest in nutrient uptake proteins and hence have relatively high
N:P ratios. Instead, our findings are more in agreement with the model of Loladze
and Elser (2011), which predicts that N limitation slows down AA synthesis and
thereby lowers organismal N:P ratios, whereas P limitation does not constrain
AA synthesis and results in high cellular N:P ratios.
The correlation trendline between AA contribution to POC concentrations
and AA contribution to C-fixation crosses the x-axis at a value of ∼12%
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(Fig. 4.3A), which can be interpreted as the minimum AA concentration
necessary in the POC under N-starvation. In other words, this is the minimum
amount of AA needed to maintain cell functions under zero growth. We found
slightly higher values in the North Sea, where required minimum concentrations
of AA in POC were ∼17% (Grosse et al., 2017). The small difference between
our laboratory results and these field observations may have been caused by the
contribution of micro- and mesozooplankton and debris in the field, which can
also be sources of AA.
Accumulation of storage CH (glucose) showed a pattern opposite to AA
synthesis. CH contents were lowest under light-limited and P-limited conditions
whereas high levels of storage CH accumulated in N-limited phytoplankton. A
similar contrast between AA synthesis and CH accumulation was obtained in
short-term experiments with natural phytoplankton during a series of research
cruises on the North Sea, where N addition increased AA synthesis of N-limited
phytoplankton within 24 h while CH storage decreased concomitantly (Grosse et
al., 2017).
A direct relationship between P availability and rRNA synthesis has been
established previously (Hessen et al., 2004; Van Mooy and Devol, 2008) and
with evidence of P-limitation becoming more prevalent in coastal seas (Sylvan
et al., 2007; Xu et al., 2008; Chapter2:Burson et al., 2016) measurements of
nucleic acids concentrations and biosynthesis should be included into future
studies of biomolecule dynamics. A method to detect 13C incorporation into DNA
and RNA nucleotides recently became available (Moerdijk-Poortvliet et al.,
2014). Biomass requirements for this method, however, are much higher than for
the biomolecules investigated here and the culture volumes in our chemostats did
not allow for the additional sampling of this parameter.
Effects on Amino Acid Composition
The different nutrient treatments in our experiments had considerable
effects not only on the AA content, but also on the AA composition of marine
phytoplankton. Similar results were found in a recent field study in the North
Sea, where N-limited communities were associated especially with
glutamate/glutamine and aspartate/asparagine, while P-limited communities
were characterized by higher contributions of essential AA (Grosse, 2016).
Together, these findings provide an interesting new perspective on individual AA
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dynamics in the water column. Previous studies on the geochemical composition
of particulate organic matter assumed that the AA composition of marine
phytoplankton is more or less constant (e.g., Dauwe et al., 1999). In contrast, our
lab experiments and recent field study (Grosse, 2016) point at consistent
variation in the AA composition of marine phytoplankton depending on the
growth conditions.
Proline showed high contributions to the POC concentration in the light
limited chemostat (HNHP, Table S4.1). Under N-replete conditions, proline can
be used as an osmoprotectant, which is replaced by compounds such as
dimethylsulfoniopropionate under N-depleted conditions (Bromke et al., 2013),
and only the HNHP chemostat had sufficient DIN available to suggest proline
may have been important for osmoregulation. Glutamate/glutamine and
aspartate/asparagine are directly synthesized from glycolysis and TCA
intermediates, and thereby, constitute precursors for the synthesis of AA with
longer synthesis pathways (especially essential AA). They were therefore first
affected by changing N availabilities. The other non-essential AA (serine,
alanine, and glycine) had higher contribution to C-fixation than they had in
biomass (over-synthesis), indicating the transformation into AA “down the line”
was not completed after 24 h, which was confirmed by all essential AA showing
lower synthesis compared to their percentage contribution in biomass (undersynthesis). The results also showed that the degree of “over-” or “undersynthesis” was greater under N-limitation than under P-limitation, suggesting
AA synthesis from non-essential to essential AA occurred slower under Nlimitation. For example, the non-essential alanine contributed 12% to total AA
synthesis in the two P-limited chemostats, whereas the synthesis contribution
increased in N-limited phytoplankton to between 17 and 29% (Table S4.11).
Similarly, large differences were found in glutamate/glutamine, serine, glycine,
and leucine, while differences in other AA were observed but at a much lower
scale. N and P-limitation affected biosynthesis of total AA and in addition
turnover times of precursor may be longer because the conversion of nonessential to essential AA relies on numerous additional enzymes, proteins
themselves, and their production may be reduced under N-limitation as well.
The distribution of individual FA was also analyzed but we did not find
any nutrient-dependent relationships. These were most likely concealed by
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pronounced differences in FA composition between different phytoplankton
groups (Dijkman and Kromkamp, 2006).

Conclusion
The chemostat experiments showed that changes in N and P supply lead to
substantial changes in the biochemical composition as well as species
composition of phytoplankton communities. Although natural phytoplankton
communities are clearly more complex than laboratory chemostats, the nutrientdependent shifts in biomolecule composition and biosynthesis from these
simplified chemostat experiments are generally in agreement with results from
natural phytoplankton communities in the North Sea (Grosse, 2016; Grosse et al.,
2017). In particular, our experimental results show that shifts from N limitation
to P limitation, as observed in coastal waters like the North Sea, will not o nly
increase the N:P and C:P stoichiometry of phytoplankton but will also increase
their total amino acid content, alter their amino acid composition and reduce their
cellular carbohydrate storage.
Future studies may build on this work, by expanding beyond the elemental
stoichiometry of phytoplankton to further elucidate the range of adaptations in
biochemical composition of different phytoplankton species, and their
implications for, e.g., phytoplankton growth rates, DOM production, microbial
loop activity, the production of secondary metabolites and the nutritional quality
of phytoplankton as food for higher trophic levels.
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Supporting Information
Calculation of biosynthesis rates
Biosynthesis rates of the different molecules were calculated from 13C
incorporation according to Grosse et al. (2015). In short, carbon stable isotope
ratios are expressed in the δ13C notation:
δ13Csample (‰) = ((Rsample/RVPDB) - 1) x 1000,
where Rsample and RVPDB denote the 13C/12C ratio in the sample and the
international standard, Vienna Pee Dee Belemnite (for carbon R VPDB = 0.0111802
± 0.0000009), respectively.
Incorporation of 13C into bulk carbon as well as individual compounds is
reflected as excess (above background) 13C in equation 1:
Excess
(

13

(δ13 Csample ⁄1000+1)× RVPDB

= [( 13
(δ C

Csample

(δ13 Cbackground ⁄1000+1)×RVPDB

(δ13 Cbackground ⁄1000+1)× RVPDB +1

)−

sample ⁄1000+1)×RVPDB +1

)] × concentrationsample (1)

where δ13Csample refers to the δ 13C value of bulk material (POC) or the compound
of interest at the end of the incubation, δ 13Cbackground denotes the δ 13C value of the
unlabeled POC or compounds before the addition of 13C-DIC,
concentrationsample denotes the concentration of POC or compound in nmol of
carbon per liter (nmol C L -1) at the end of the incubation. Similarily, the
enrichment of the DIC pool with 13C has to be calculated (Equation 2) in order
to determine total carbon incorporation.
Enrichment
(

= [(

DIC

(δ13 CDICbackground ⁄1000+1)×RVPDB

(δ13 CDICbackground ⁄1000+1)× RVPDB +1

(δ13 CDICsample ⁄1000+1)× RVPDB

)−

(δ13 CDICsample ⁄1000+1)×RVPDB +1

)] (2)

where δ13CDICsample refers δ13C of DIC in culture flasks at the end of the incubation
and δ13CDICbackground denotes δ13C of DIC before the addition of 13C-DIC.
Biosynthesis rates (nmol C (μmol POC) -1 d-1) are calculated as followed:
Excess13 Csample

Biosynthesis rate = [(
120

Enrichment DIC

)⁄POCconcentration ⁄∆𝑡] × 24
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where POC concentration is the concentration of POC (μmol L -1) at the end of
the incubation and Δt is the incubation time in hours. A multiplication with 24
results in daily rates. A normalization of rates to biomass allows comparison
between different phytoplankton communities and chemostats.
Concentrations and biosynthesis rates were calculated for each individual
compound. Concentrations and biosynthesis rates of subgroups (e.g.
essential/non-essential AA, storage/structural CH/FA) or total macromolecule
groups (total fatty acids, amino acids and carbohydrates) were obtained by
summing all individual biosynthesis rates within that group.
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Table S4.1: Contributions of individual amino acids to total amino acid concentration (% AA
conc.) and total amino acid synthesis (% AA synth.) in each chemostat, separated by non -essential
and essential amino acids

Asx

non-essential amino acids

Glx

Ala

Ser

Gly

Tyr

Pro

Phe

Lys

essential amino acids

Thr

Ile

Leu

Val

His

Arg
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MNHP

LNHP

MNMP

LNLP

HNHP

HNMP

HNLP

% AA conc.

5.28

3.76

4.19

3.64

4.04

5.85

2.68

% AA synth.

5.05

7.10

3.72

6.99

4.19

7.37

2.88

% AA conc.

9.63

8.16

6.76

8.55

8.25

12.39

8.15

% AA synth.

25.62

19.30

13.35

19.70

6.07

19.36

9.66

% AA conc.

9.24

9.84

8.96

9.49

9.35

9.63

9.35

% AA synth.

17.26

17.28

22.44

21.06

29.05

11.63

12.12

% AA conc.

7.78

7.11

6.38

5.25

4.86

5.01

6.71

% AA synth.

14.86

14.57

14.00

9.17

15.37

6.45

7.68

% AA conc.

5.64

5.93

6.10

6.96

5.31

5.15

6.00

% AA synth.

8.89

7.52

12.96

11.66

16.13

5.81

6.57

% AA conc.

6.10

5.45

6.43

6.77

4.59

5.35

6.47

% AA synth.

4.40

4.12

4.87

4.34

3.13

4.62

6.02

% AA conc.

4.47

4.52

5.61

4.44

11.54

4.57

4.50

% AA synth.

2.01

1.59

2.19

0.86

2.23

1.93

3.07

% AA conc.

9.58

9.00

9.57

10.19

8.68

8.51

9.91

% AA synth.

3.75

7.08

2.86

5.36

5.26

7.23

9.09

% AA conc.

3.99

4.11

5.32

4.42

5.65

4.11

4.27

% AA synth.

1.88

0.79

1.98

0.66

0.87

2.15

3.32

% AA conc.

4.64

4.84

5.61

4.89

4.22

5.03

4.39

% AA synth.

2.42

3.28

3.56

3.04

2.01

4.72

4.39

% AA conc.

6.48

6.77

6.40

7.55

5.22

5.72

6.50

% AA synth.

1.91

3.31

1.88

3.89

1.16

4.59

5.86

% AA conc.

16.48

18.37

15.81

15.34

16.20

15.84

16.82

% AA synth.

5.98

9.00

6.21

6.69

6.59

14.66

16.79

% AA conc.

8.28

8.46

8.45

9.00

7.55

7.58

8.13

% AA synth.

5.44

4.71

6.57

6.21

6.18

6.90

8.25

% AA conc.

0.84

0.92

1.06

0.80

1.12

0.90

0.96

% AA synth.

0.29

0.10

0.65

0.00

0.79

0.74

0.92

% AA conc.

1.57

2.77

3.13

2.72

2.71

4.08

4.85

% AA synth.

0.24

0.26

0.50

0.38

0.26

1.56

3.03
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Abstract
1. Niche-based theories and the neutral theory of biodiversity differ in their
predictions of how natural communities respond to changes in nutrient
availability. This is an issue of practical relevance, as many environments
have experienced changes in nitrogen (N) and phosphorus (P) loads due to
eutrophication and subsequent de-eutrophication efforts.
2. In the North Sea, disproportionate reduction of riverine P loads has led to a
spatial gradient from P limitation of primary production in coastal waters to
N limitation in offshore waters. To understand how this may impact
community structure, chemostat experiments were conducted using a
multispecies phytoplankton community sampled from the North Sea.
3. Results showed that picocyanobacteria (Cyanobium sp.) dominated the
multispecies experiment under N-limitation, while picocyanobacteria and a
non-motile nanoeukaryote (Nannochloropsis sp.) coexisted at equal
abundances under P-limitation. Additional experiments using isolated
monocultures confirmed that Cyanobium sp. depleted N to lower levels than
Nannochloropsis sp., but that both species had nearly identical P
requirements, suggesting neutral coexistence under P-limited conditions.
4. Pairwise competition experiments with the two isolates seemed to support the
consistency of these results, but P limitation resulted in stable species
coexistence irrespective of the initial conditions rather than the random drift
of species abundances predicted by neutral theory.
5. Our results provide an interesting example where species were neutral
competitors in one niche dimension, in terms of similar P requirements, thus
seemingly supporting neutral theory. However, their competitive traits
differed in subtle ways for other niche dimensions (i.e., the underwater light
spectrum) ultimately leading to stable coexistence through niche
differentiation.

Introduction
Eutrophication is a major environmental issue in many aquatic ecosystems
(Nixon, 1995; Howarth et al., 1996; Carpenter et al., 1998). Increased N and P
inputs often cause a decline in water quality, characterized by enhanced turbidity,
increasing frequency and intensity of harmful algal blooms (Lancelot et al., 1987;
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Anderson et al., 2002; Heisler et al., 2008) and the development of severe
hypoxia (Diaz and Rosenberg, 2008; Conley et al., 2011; Breitburg et al., 2018).
De-eutrophication attempts have only been partially successful, and the
combined effect of eutrophication and subsequent de-eutrophication efforts have
changed N and P loads in many waters (Grizzetti et al., 2012; Peñuelas et al.,
2012; Chapter 2: Burson et al., 2016).
In coastal waters such as the North Sea, for example, increasing riverine N
and P loads caused severe eutrophication in the mid and late 20 th century (Pätsch
and Radach, 1997; Philippart et al., 2000; Cadée and Hegeman, 2002; Lancelot
et al., 2007). Subsequent nutrient reduction efforts resulted in effective P removal
from domestic and industrial wastewater, but N loads have been lowered to a
much lesser extent (Lenhart et al., 2010; Passy et al., 2013). In recent years, this
unbalanced reduction of nutrient loads has led to a strong increase of the N:P
ratio in nearshore waters, inducing a spatial gradient from P limitation of
phytoplankton growth in the coastal region to N limitation in the central North
Sea (Chapter 2: Burson et al., 2016). Understanding how these ongoing changes
in N and P loads affect the productivity and species composition of marine
ecosystems is a major challenge.
To predict how changes in nutrient loads will affect community
composition, we may look to niche-based theories such as resource competition
theory (Tilman, 1982; Grover, 1997; Brauer et al., 2012). By investigating the
growth kinetics of a species when limited by a single resource we can determine
the R* value of that species for the resource, which is defined as the lowest
possible environmental concentration of said resource at which the species can
still thrive. Resource competition theory predicts that different species have
different R* values for a given resource, and that the species having the lowest
R* is the best competitor (Tilman, 1982). If there are trade-offs in the competitive
abilities of species such that some species are better competitors for N and others
are better competitors for P, then changes in environmental N:P ratios are
expected to lead to predictable changes in species composition.
The neutral theory of biodiversity (Bell, 2000; Hubbell, 2001) offers an
alternative explanation for species diversity which does not adhere to traditional
niche differentiation. Instead, neutral theory contends that the high diversity is
because all species within the same functional group are equivalent in their
competitive ability. Random fluctuations in the demographic properties (birth,
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death and migration rates) of species are in proportion to their relative
abundances in the total community. This results in random ups and downs of
population abundances, called ecological drift (Volkov et al., 2003; Hubbell,
2005; 2006; Shipley et al., 2006). Hence, neutral theory assumes that species
abundances change by chance and not because of differences in competitive
abilities (Hubbell, 2001; Etienne and Olff, 2004).
According to several recent studies, neutral coexistence might play an
important role in multispecies phytoplankton communities (Vergnon et al., 2009;
Chust et al., 2013; Segura et al., 2013; Mutshinda et al., 2016; Sakavara et al.,
2018). Empirical evidence supporting these ideas is based on field data showing
unexplained (‘random’) variation in the relative abundances of species in
plankton communities (Chust et al., 2013; Mutshinda et al., 2016), or on clumpy
distributions of species traits such as cell size (Vergnon et al., 2009; Segura et
al., 2013). In the latter case, the idea is that species within these clumps have
similar traits and, hence, their interactions are governed by neutral processes
(Segura et al., 2013; Sakavara et al., 2018). However, while these results are
promising, it is difficult to ascertain from field data whether the species
concerned were indeed functionally equivalent. Some relevant environmental or
biotic variables may have been overlooked, or species that are similar in some
traits (e.g., size) may be differentiated along other niche dimensions. Controlled
laboratory experiments with comprehensive investigations along multiple niche
axes may provide more robust insight into the potential for neutral coexistence.
In this paper, we investigate whether shifts in N and P loads in aquatic
ecosystems are likely to result in systematic changes in phytoplankton
community composition attributed to niche differentiation or in random changes
attributed to neutral competition. For this purpose, we added an inoculum of
naturally occurring North Sea phytoplankton to laboratory chemostats to study
shifts in species composition in response to different N and P loads. Next, we
isolated the two most abundant species in these multi-species competition
experiments, and determined their R* values for N and P in monoculture
experiments to assess whether there were trade-offs in their competitive abilities
or if they were neutral competitors. Subsequently, we performed pairwise
competition experiments in which the isolated species were inoculated at
different initial relative abundances. If the two isolated species would be neutral
competitors, then competition experiments in which the species start from
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different initial conditions are unlikely to converge to the same species
abundances. Conversely, if the two species show niche differentiation, pairwise
competition experiments are likely to lead to the same stable species coexistence
irrespective of the initial relative abundances of the species (although alternative
stable states in community composition are also a possibility). Finally, we use
the competition results to evaluate whether the observed species coexistence can
be explained by functional equivalence of the species or whether niche
differentiation should be invoked.

Materials and Methods
North Sea inoculum
Marine phytoplankton was collected from two locations in the North Sea
during a research cruise in May 2012 aboard the Dutch research vessel RV
Pelagia using a sampling rosette equipped with 24 Niskin bottles. Water was
sampled from a nearshore station at 7 km from the Dutch coast (53°23’60” N,
5°9’0” E), and from an offshore station in the central North Sea (56°34’48” N,
2°10’12” E). At each station, water collected at 7 m depth was passed through an
80 µm mesh into a 20 L carboy to remove large zooplankton and debris, and then
bubbled for 30 min with N2 gas and 30 min with CO 2 to eliminate smaller grazers
while providing inorganic carbon for phytoplankton photosynthesis. The carboys
were kept at 4º C, until initiation of the chemostat experiments at the University
of Amsterdam 2 days after the cruise ended.
Multispecies community experiments
The phytoplankton communities sampled from the North Sea were grown
in laboratory experiments under either N-limited or P-limited conditions to
investigate which species would become dominant under which nutrient
limitation. The experiments were conducted in flat-walled chemostats (1.7 L
working volume), with full control of light conditions, temperature, pCO 2 in the
gas flow, and nutrient concentrations in the mineral medium (Huisman et al.,
1999a; Passarge et al., 2006; Ji et al., 2017). Prior to the experiments, the water
samples collected from the nearshore and offshore station were mixed in equal
proportions, to ensure that the chemostats were inoculated with the same initial
community composition. To initiate the experiments, two chemostats were both
provided with 0.5 L of the mixed North Sea inoculum and filled up with mineral
medium of 35 psu salinity. One of the chemostats received mineral medium with
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a low N:P ratio of 4:1 (160 µM nitrate, 40 µM phosphate) to induce N limitation,
whereas the other chemostat received a high N:P ratio of 60:1 (600 µM nitrate,
10 µM phosphate) to induce P limitation. All other nutrients in the mineral
medium were provided at non-limiting concentrations (Chapter 3: Burson et al.,
2018).
The front surfaces of the flat chemostat vessels were lit with a constant
incident light intensity (Iin) of 40 µmol photons m-2 s-1 (PAR range, from 400700 nm), provided by white fluorescent tubes (Philips PL-L 24W/840/4P, Philips
Lighting, Eindhoven, The Netherlands). The chemostat vessels had an optical
path length (‘mixing depth’) of 5 cm. Light transmission passing through the
chemostats (Iout) was measured daily with a LI-COR LI-250 quantum photometer
(LI-COR Biosciences, Lincoln, NE, USA) placed at ten evenly distributed
positions at the back surface of the chemostat vessel.
Inorganic carbon was added as sodium bicarbonate (0.5 mM) in the mineral
medium and as CO 2 mixed into filtered air, which was bubbled through the
chemostats at a flow rate of 80 L hr -1 using Brooks® instrument pressure flow
systems (Hartford, PA, USA). The partial pressure of CO 2 in the air flow was
adjusted to maintain a pH of 8.2, which was checked daily with a SCHOTT pH
meter (SCHOTT AG, Mainz, Germany). Bubbling of the chemostats further
ensured homogeneous mixing of the phytoplankton community, while daily
scraping with a magnetic stir bar minimized wall growth. Temperature was
maintained at 16ºC using cooling plates connected to a thermocryostat, and
dilution rates of the chemostats were set at 0.15 day-1. Samples for phytoplankton
counts were taken three times per week. The multispecies experiments continued
until the total biovolume and species composition of the phytoplankton
community remained stable for at least 5 days.
Monoculture and competition experiments
We isolated the two species that became most dominant in the multispecies
experiments with the North Sea inoculum using a serial dilution method in 96
well plates, diluting the cell abundances until only one cell per well was
deposited. The rRNA gene of the isolated species was amplified for taxonomic
identification, using PCR reactions of extracted genomic DNA with 16S rDNA
primers for marine cyanobacteria (Nübel et al., 1997) and 18S rDNA primers for
marine picoeukaryotes (Moon-Van der Staay et al., 2000) (Table S5.1). The PCR
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products were purified and subsequently sequenced by long run Quick Shot
sequencing on an Applied Biosystems 3730XL sequencer (Baseclear, Leiden, the
Netherlands). BLAST (Altschul et al., 1990) was used to link the obtained
sequences to species names.
Monoculture and competition experiments with the isolated species were
conducted in N-limited and in P-limited chemostats using the same experimental
conditions as described above. R* values (sensu Tilman, 1982) for N and P were
estimated as the steady-state concentrations of dissolved inorganic nitrogen
(DIN) in the N-limited monocultures and of dissolved inorganic phosphorus
(DIP) in the P-limited monocultures, respectively. Light absorption spectra of the
monocultures were measured at a 0.4 nm resolution using an AMINCO DW-2000
double-beam spectrophotometer (Olis Inc, Bogart, GA, USA).
To test whether the outcome of competition depended on the initial
conditions, the two species were inoculated in the competition experiments at an
initial biovolume ratio of 50:1 and at an initial biovolume ratio of 1:50, resulting
in a total of four competition experiments (2 nutrient levels x 2 initial conditions).
Phytoplankton and nutrient analysis
In the multispecies community experiments, small phytoplankton cells
(diameter < 3 µm) were counted using an Accuri C6 flow cytometer (BD
Biosciences, San Jose, California) equipped with a blue laser (488 nm) and red
laser (640 nm). For this purpose, phytoplankton samples (4.5 mL) were preserved
with 0.5 mL formaldehyde (18% v/v)-hexamine (10% w/v) solution in 5 mL
cryogenic vials. These samples were placed in 4ºC for 30 min, flash frozen in
liquid nitrogen, and stored at -80ºC until flow cytometry analysis. Larger
phytoplankton cells (> 3 µm) were counted from samples (14 mL) preserved with
1 mL Lugol’s iodine and stored in the dark at room temperature until analysis via
an inverted microscope (DM IRB, Leica Microsystems, Wetzlar, Germany) using
1 mL gridded Sedgewick Rafter counting chambers. We counted the entire
chamber or 200 cells per species depending on cell concentrations. Biovolumes
of the phytoplankton were calculated from cellular dimensions and geometry
according to Hillebrand et al. (1999).
In the monoculture and competition experiments, phytoplankton
abundances were quantified as biovolume and as cell numbers using a CASY
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TTC cell counter (OLS OMNI Life Science, Bremen), which distinguished
between the two species based on their cell size.
Nutrient samples (15 mL) were gently filtered over a 0.22 µm
polycarbonate filter into 20 mL polyethylene vials, and stored in the dark at 20ºC until analysis. Nutrients were analyzed using standard colorimetric methods
for nitrate and nitrite (Grasshoff et al., 1983), ammonium (Helder and De Vries,
1979), and dissolved inorganic phosphorus (DIP; Murphy and Riley, 1962).
Dissolved inorganic nitrogen (DIN) was defined as the sum of nitrate, nitrite, and
ammonium. Cellular nutrients contents were estimated from the total amount of
nutrients consumed by the organisms (i.e., the difference between the dissolved
inorganic nutrient concentration in the mineral medium supplied to the chemostat
and in the chemostat vessel itself) and the measured cell numbers.

Results
Multispecies community experiments
The phytoplankton mixture sampled from the North Sea and used as
inoculum for the multispecies experiments consisted of a species-rich community
of nanoflagellates (31% of total biovolume), picoeukaryotes (30%) and diatoms
(21%), with smaller contributions by dinoflagellates, non-motile nanoeukaryotes
and picocyanobacteria. During the first few weeks, all species increased in
biovolume, indicating that the experimental design provided suitable growth
conditions for all species in this multispecies community (Fig. 5.1). After 20-60
days of growth in the N-limited chemostat, many species from the initial
community were competitively displaced and in the end the N-limited chemostat
was dominated by picocyanobacteria (83%) and a small but diverse group of
diatoms (16%) (Fig. 5.1a, b). The P-limited chemostat also showed competitive
exclusion of a variety of species, and converged to a stable coexistence of
picocyanobacteria (48%) and non-motile nanoeukaryotes (48%) (Fig. 5.1c, d).
By means of serial dilution, we isolated the dominant picocyanobacterium
from the N-limited chemostat and the non-motile nanoeukaryote from the Plimited chemostat. The 16S rRNA gene sequence of the picocyanobacterium
belonged to the Synechococcus/ Cyanobium group, giving a 100% match with 16
strains of Cyanobium sp. and 2 Synechococcus sp. strains. The 18S rRNA gene
sequence of the nanoeukaryote resulted in a 100% match with the
eustigmatophyte Nannochloropsis sp. The sequences have been deposited in
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GenBank and are available under accession numbers KP762160 and KP762161
for Nannochloropsis sp. and Cyanobium sp., respectively.

Figure 5.1 Multispecies community experiments with a phytoplankton mixture sampled from the
North Sea. (a) Population dynamics and (b) final community composition in the N -limited
chemostat, where mineral medium was supplied with a molar N:P ratio of 4:1. (c) Popula tion
dynamics and (d) final community composition in the P-limited chemostat, where mineral medium
was supplied with a molar N:P ratio of 60:1.
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Monoculture experiments
In monoculture experiments with the isolated Nannochloropsis sp. and
Cyanobium sp., the phytoplankton populations increased (Fig. 5.2a) while light
transmission through the cultures, DIN concentrations and DIP concentrations
decreased until a steady state was reached after ~15 days (Fig. 5.2b-d).
Nannochloropsis had lower cellular N and P contents than Cyanobium (Table
5.1), and reached a much higher total biovolume than Cyanobium under both Nlimited and P-limited conditions (Fig. 5.2a). For both species, the steady-state
biovolume was higher in the P-limited than in the N-limited monoculture.
Accordingly, light transmission through the chemostats was reduced to Iout ≈ 20
µmol photons m-2 s-1 in the N-limited monocultures but to lower levels of Iout ≈
10 µmol photons m-2 s-1 in the P-limited monocultures (Fig. 5.2b).

Figure 5.2 Monoculture experiments of Nannochloropsis and Cyanobium under N-limited and Plimited conditions. (a) Population dynamics of the species, (b) light transmission through the
monocultures, (c) DIN concentrations, and (d) DIP concentrations in each of the four monoculture
experiments.

In line with expectation, DIN concentrations were depleted to lower
levels in the N-limited than in the P-limited monocultures (Fig. 5.2c). In the Nlimited monocultures, Cyanobium depleted DIN to a lower steady-state
concentration (4.85 µM) than Nannochloropsis (5.43 µM) (Table 1). Hence,
Cyanobium had a lower R* value for nitrogen, and is predicted to be a better
competitor for nitrogen.
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Conversely, DIP concentrations were depleted to lower levels in the Plimited than in the N-limited monocultures (Fig. 5.2d). Cyanobium and
Nannochloropsis depleted DIP to similar concentrations of 0.23 and 0.22 µM,
respectively (Table 5.1). Hence, the two species are predicted to be equal
competitors for P.
Table 5.1 Nutrient requirements of Cyanobium and Nannochloropsis estimated from the monoculture
experiments.

Parameter

Cyanobium

Nannochloropsis

0.47 ± 0.07

8.55 ± 1.37

5.15 ± 0.00

0.85 ± 0.04

2.17 ± 0.17

6.12 ± 0.30

0.087 ± 0.002

0.038 ± 0.00

0.049 ± 0.007

0.377 ± 0.008

- for N (µM)

4.85 ± 0.14

5.43 ± 0.03

- for P (µM)

0.23 ± 0.02

0.22 ± 0.02

Cell volume (µm3)
Cellular N content
- per biovolume (pmol µm-3)
-1

- per cell (pmol cell )
Cellular P content
- per biovolume (pmol µm-3)
-1

- per cell (pmol cell )
R* value

All values are based on the mean (± s.d.) of the last 5 time-points of the steady-state monocultures.
Cellular N content and R* for N were determined in N-limited monocultures, and cellular P
content and R* for P were determined in P-limited monocultures.

Pairwise competition experiments
In the two competition experiments under N-limited conditions, the time
course of competition strongly depended on the initial conditions but the final
outcome was the same (Fig. 5.3). When Nannochloropsis was inoculated with a
50x higher initial biovolume than Cyanobium, Nannochloropsis dominated the
experiment for more than a month, reaching a very high peak abundance at day
26 (Fig. 5.3a). A few days after DIN was depleted below 5.4 µM, however ,
Nannochloropsis started to decline and in the end it was competitively excluded
by Cyanobium (Fig. 5.3a, b). Conversely, when Cyanobium was inoculated with
a 50x higher initial biovolume than Nannochloropsis, Cyanobium maintained its
dominance throughout the experiment while Nannochloropsis was excluded (Fig.
5.3c, d).
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Figure 5.3 Competition experiments between Nannochloropsis and Cyanobium under N-limited
conditions. (a, b) Time courses of (a) the competing species and (b) their resources when
Nannochloropsis was inoculated with a 50x higher initial biovolume than Cyanobium. (c, d) Time
courses of (c) the competing species and (d) their resources when Cyanobium was inoculated with
a 50x higher initial biovolume than Nannochloropsis. Note the difference in scale between panels
(a) and (c).

Under P-limited conditions, the time course of competition again depended on
the initial conditions, but now both species coexisted throughout the experiments
(Fig. 5.4). When Nannochloropsis was inoculated with a 50x higher initial
biovolume than Cyanobium, Nannochloropsis again dominated the competition
experiment during the first month and reached its peak abundance at day 24 (Fig.
5.4a). A few days after the DIP concentration was depleted, however,
Nannochloropsis started to decline while Cyanobium increased. Once light
transmission through the cultures had been brought down to Iout ≈ 12 µmol photons
m-2 s-1 and the DIN concentration had been reduced to ~18 µM, the Nannochloropsis
and Cyanobium populations stabilized and the two species maintained a stable
coexistence until the end of the experiment (Fig. 5.4a, b).
Conversely, when Cyanobium was inoculated with a 50x higher initial
biovolume than Nannochloropsis, both species initially increased and then also
converged to stable coexistence (Fig. 5.4c). The Nannochloropsis population
stabilized from day 22 onwards when light transmission through the cultures had
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been brought down to Iout ≈ 10 µmol photons m-2 s-1, while Cyanobium continued
to increase for several weeks and reached a stable population from day 50
onwards when the DIN concentration had been reduced to ~18 µM (Fig. 5.4c, d).

Figure 5.4 Competition experiments between Nannochloropsis and Cyanobium under P-limited
conditions. (a,b) Time courses of (a) the competing species and (b) their resources when
Nannochloropsis was inoculated with a 50x higher initial biovolume than Cyanobium. (c,d) Time
courses of (c) the competing species and (d) their resources when Cyanobium was inoculated with
a 50x higher initial biovolume than Nannochloropsis. Note the difference in scale between panels
(a) and (c).

Discussion
Our results show that the outcomes of the pairwise competition experiments
were independent of the initial conditions. Under N-limited conditions, the
picocyanobacterium Cyanobium competitively displaced the nanoeukaryote
Nannochloropsis (Fig. 5.3). Under P-limited conditions, Cyanobium and
Nannochloropsis developed a stable coexistence irrespective of the initial
abundances of the two species (Fig. 5.4). This indicates that these two species were
not neutral competitors, but that their population dynamics were governed by
differences in the competitive traits of the species.
Competitive replacement of Nannochloropsis by the picocyanobacterium
Cyanobium under N-limited conditions is in line with the lower R* value for N
measured in the monoculture of Cyanobium. Interestingly, when
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Nannochloropsis was inoculated at a higher relative abundance than Cyanobium,
it developed an unexpectedly high abundance prior to its competitive
replacement by Cyanobium. Nannochloropsis is known to accumulate high
concentrations of polyunsaturated fatty acids (PUFA) under nutrient-limited
conditions, which makes it a high-quality food source for zooplankton and fish
larvae (Krienitz and Wirth, 2006) and a species of key interest in
biotechnological applications (Hu and Gao, 2006; Pal et al., 2011). Its high fatty
acid contents may explain why Nannochloropsis had low cellular N contents per
unit biovolume in comparison to Cyanobium (Table 5.1), and hence, why
Nannochloropsis could produce much higher biomass under N-limited
conditions than Cyanobium. These results also demonstrate that the capacity of
a species to produce high biomass does not necessarily provide a competitive
advantage, because in the end Nannochloropsis lost the competition for N from
Cyanobium.
Our monoculture experiments showed that Cyanobium and
Nannochloropsis had very similar R* values for P. Hence, according to resource
competition theory, these two species should be (nearly) neutral competitors
under P-limited conditions. In this case, neutral theory would apply, according
to which the relative abundances of two species starting from very different
initial conditions would drift more or less randomly in the competition
experiments rather than converge to the same end state. Contrary to this
expectation, we observed smooth rather than randomly fluctuating population
dynamics under P-limited conditions. Moreover, the P-limited competition
experiments ultimately led to similar outcomes, even though they started from
very different initial conditions. These results clearly point at stable species
coexistence with consistent final outcomes irrespective of the initial relative
abundances of the species, rather than neutral coexistence where final
abundances are randomly attained from ecological drift.
We note that DIN was reduced to relatively low concentrations of ~18 µM
in the P-limited competition experiments. Although this concentration remained
above the low DIN concentrations in the N-limited competition experiments, it
is sufficiently low to affect the growth rates of the species. Furthermore, light
intensity was reduced to low levels of 10-12 µmol photons m-2 s-1 in the P-limited
chemostats (Fig. 5.4), which is considerably lower than in the N-limited
chemostat (Fig. 5.3). Hence, in addition to the experimentally imposed P
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limitation, N depletion and light limitation may have affected the competitive
interactions of the species in the P-limited competition experiments, and
therefore these experiments might have been co-limited by P, N and light rather
than limited by P only. Application of the standard resource competition model
for two essential nutrients (Tilman, 1982) predicts that, at the coexistence
equilibrium, the DIN concentration should have been depleted to the R* value
for N of Nannochloropsis. This was not the case in our experiments. Hence, colimitation by N and P (without co-limitation by light) is unlikely to explain
species coexistence in the P-limited competition experiments. However, colimitation by nutrients and light might offer an explanation for the stable
coexistence of Nannochloropsis and Cyanobium observed in these experiments.
Theoretical and experimental studies have shown that phytoplankton
species can exhibit stable coexistence by utilizing different wavelengths of the
light spectrum (Stomp et al., 2004; 2007). We measured light absorption spectra
of the two species to investigate this possibility. The absorption spectra of
Cyanobium and Nannochloropsis largely overlap in the 400-470 nm range, but
show distinct differences at longer wavelengths (Fig. 5.5). For instance, both
species contain the ubiquitous pigment chlorophyll a, with which they absorb
photons in the blue part (440 nm) and red part (680 nm) of the light spectrum,
but the 680 nm peak of Nannochloropsis is much higher than that of Cyanobium.
Furthermore, Nannochloropsis species are rich in carotenoids (Lubián et al.,
2000) which are most likely responsible for the shoulder at 500 nm. Conversely,
cyanobacteria use phycobilisomes containing stacks of accessory pigments, in
this case of phycocyanin, which is responsible for the distinct absorption peak of
Cyanobium in the orange region at 630 nm (Stomp et al., 2004; Haverkamp et
al., 2009). Several studies have pointed out that the debate about niche
differentiation versus neutrality can be reframed in terms of the relative
importance of stabilizing mechanisms (niche differences) and fitness equivalence
(neutrality) (Chesson, 2000; Leibold & McPeek, 2006; Adler et al., 2007). In
theory, weak stabilizing forces are sufficient to enable stable coexistence of
species with nearly equal fitnesses (Chesson, 2000). In the context of our
experiments, this implies that subtle niche differentiation in the underwater light
spectrum may have added a stabilizing factor to the otherwise neutral
competition for P between the two species.
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The pairwise competition experiments were consistent with our
multispecies community experiments using North Sea phytoplankton. In both
sets of experiments, picocyanobacteria became dominant under N-limited
conditions,
whereas
picocyanobacteria
coexisted
with
non-motile
nanoeukaryotes under P-limited conditions. Furthermore, in another series of
multispecies competition experiments with North Sea phytoplankton sampled
during a different year, we found stable coexistence of picocyanobacteria,
diatoms and green algae on a single limiting nutrient (Chapter 3: Burson et al.,
2018). Although we did not determine R* values of the species in those
experiments, these taxa also differed in their photosynthetic pigments, and hence
differences in light absorption spectra may explain their stable coexistence
(Chapter 3: Burson et al., 2018). The overall consistency of this previous study
and the current results further support our hypothesis that subtle niche
differentiation in the light spectrum may provide a stabilizing mechanism for the
coexistence of similar nutrient competitors.
Yet, the species composition obtained in our laboratory competition
experiments deviated strongly from the natural phytoplankton community
composition of the North Sea and other coastal waters. These differences in
species composition might be dismissed as an experimental artifact owing to the
highly artificial environments provided by laboratory experiments. However, the
competitive replacement of large diatoms and dinoflagellates by small pico- and
nanophytoplankton observed in our multispecies competition experiments is in
line with the common expectation that small cells have a competitive advantage
under nutrient-limited conditions (Raven, 1998; Irigoien et al., 2004; Edwards et
al., 2011). Furthermore, one of the key differences between our lab experiments
and natural waters is that we eliminated the zooplankton community. Hence, our
findings also support the common idea that size-selective grazing by zooplankton
plays an important role in the persistence of a broad size range of phytoplankton
species in natural waters (McCauley and Briand, 1979; Steiner, 2003; Fuchs and
Franks, 2010).
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Figure 5.5 Light absorption spectra of Nannochloropsis and Cyanobium. Both species contain
chlorophyll a (Chl a), absorbing at 440 nm and 680 nm. In addition, Nannochloropsis contains
high contents of carotenoids (CAR) absorbing at 400-520 nm, whereas Cyanobium contains
carotenoids and the phycobili-protein phycocyanin (PC) absorbing at 630 nm. The spectra were
obtained under nutrient replete conditions.

It is important to emphasize that niche-based and neutral processes are not
mutually exclusive (Leibold and McPeek, 2006; Adler et al., 2007). Instead, they
represent the two extremes of a continuum of competitive interactions where
sometimes niche differences (stabilizing mechanisms sensu Chesson, 2000)
dominate and in other cases neutral coexistence (equalizing mechanisms) has the
upper hand. Several recent studies have indicated that natural phytoplankton
communities are characterized by a combination of niche differentiation and
neutral processes (Vergnon et al., 2009; Chust et al., 2013; Segura et al., 2013;
Mutshinda et al., 2016; Sakavara et al., 2018). For instance, analysis of long-term
time series of diatoms and dinoflagellates in the western English Channel
indicates that neutral coexistence is more likely within functional groups,
whereas niche differentiation seems more important among functional groups
(Mutshinda et al., 2016). In our study, subtle niche differences between
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picocyanobacteria and nanoeukaryotes overruled their similar competitive ability
for phosphorus, resulting in systematic rather than random changes among the
two most abundant species in the multispecies experiments. Yet, we cannot
exclude the possibility that neutral coexistence played a more prominent role for
other species in our North Sea community. For instance, it might well be that the
four diatom species that persisted at low population abundances in the N-limited
community experiment (Fig. 5.1a) were neutral competitors for N. We have not
investigated the traits of these diatom species, however, and hence we cannot
ascertain their neutrality.

Conclusions
Our study illustrates that empirical demonstration of neutral coexistence is
far from trivial. In particular, our experimental results support the theoretical
prediction (Chesson, 2000; Leibold and McPeek, 2006; Adler et al., 2007) that
species which appear to be neutral competitors in one niche dimension (with
similar R* for P) can display stable species coexistence, if their competitive traits
are differentiated in subtle ways across other niche dimensions (differential
utilization of the light spectrum). Thus, although the use of neutral theory to
explain seemingly random species distributions in multispecies communities is
tempting, we argue that in-depth analysis of species traits is required because
unexpected niche-based forces can still be at play.
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Abstract
The dinoflagellate Alexandrium ostenfeldii is a well-known harmful algal
species that can potentially cause paralytic shellfish poisoning (PSP). Usually A.
ostenfeldii occurs in low background concentrations only, but in August of 2012
an exceptionally dense bloom of more than 1 million cells L−1 occurred in the
brackish Ouwerkerkse Kreek in The Netherlands. The A. ostenfeldii bloom
produced both saxitoxins and spirolides, and is held responsible for the death of
a dog with a high saxitoxin stomach content. The Ouwerkerkse Kreek routinely
discharges its water into the adjacent Oosterschelde estuary, and an immediate
reduction of the bloom was required to avoid contamination of extensive shellfish
grounds. Previously, treatment of infected waters with hydrogen peroxide (H 2O2)
successfully suppressed cyanobacterial blooms in lakes. Therefore, we adapted
this treatment to eradicate the Alexandrium bloom using a three-step approach.
First, we investigated the required H 2O2 dosage in laboratory experiments
with A. ostenfeldii. Second, we tested the method in a small, isolated canal
adjacent to the Ouwerkerkse Kreek. Finally, we brought 50 mg L−1 of H2O2 into
the entire creek system with a special device, called a water harrow, for optimal
dispersal of the added H 2O2. Concentrations of both vegetative cells and pellicle
cysts declined by 99.8% within 48 h, and PSP toxin concentrations in the water
were reduced below local regulatory levels of 15 μg L−1. Zooplankton were
strongly affected by the H 2O2 treatment, but impacts on macroinvertebrates and
fish were minimal. A key advantage of this method is that the added H 2O2 decays
to water and oxygen within a few days, which enables rapid recovery of the
system after the treatment. This is the first successful field application of H 2O2 to
suppress a marine harmful algal bloom, although Alexandrium spp. reoccurred at
lower concentrations in the following year. The results show that H 2O2 treatment
provides an effective emergency management option to mitigate
toxic Alexandrium blooms, especially when immediate action is required.

Introduction
Harmful algal blooms (HABs) have been a consistent problem in coastal
regions worldwide (Smayda, 1990; Anderson et al., 2002, 2008; Heisler et al.,
2008), and seem to increase in terms of frequency, severity and the geographical
expansion of toxic species (Hallegraeff, 1993; Paerl and Huisman, 2008). These
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blooms can cause devastating impacts on public health, shellfisheries and local
wildlife (Ayres, 1975; Paerl, 1988; Scholin et al., 2000; Hoagland et al., 2009).
The dinoflagellate Alexandrium ostenfeldii (Paulsen) Balech and Tangen
is a HAB species known to produce saxitoxins associated with paralytic shellfish
poisoning (PSP). Saxitoxin is a particularly acute paralytic shellfish toxin with
as little as 1 mg fatal to humans (Bates and Rapoport, 1975). A. ostenfeldii can
also produce spirolides, fast-acting neurotoxins which induce similar symptoms
as saxitoxin but are not commonly produced by other species of
the Alexandrium genus (Cembella et al., 2000; Otero et al., 2010). Usually, A.
ostenfeldiistrains produce either saxitoxins or spirolides (Suikkanen et al., 2013).
In only a few strains, including European strains isolated from Danish
and Scottish waters, both saxitoxins and spirolides were found simultaneously
(Cembella et al., 2000; MacKinnon et al., 2006; Brown et al., 2010). These toxins
can accumulate in shellfish and other filter-feeding organisms,
often rendering them too toxic for consumption (Bates and Rapoport, 1975;
Glibert et al., 2007; Etheridge, 2010). As is common with dinoflagellates, A.
ostenfeldii has both vegetative and cyst life stages. A pellicle, or temporary cyst,
forms directly from the vegetative stage as a highly sensitive response to
environmental disturbances (Jensen and Moestrup, 1997; Bravo et al., 2010).
This is a short-term cyst stage that allows for re-germination between 1 and 17
days (Bravo et al., 2010). In addition, A. ostenfeldii can also produce sexual cysts
(also known as resting cysts), which form from sexual fission of two vegetative
gametes when growth conditions decline and can persist in sediment for several
years until optimal environmental conditions return (Jensen and Moestrup, 1997;
McQuoid et al., 2002).
Alexandrium ostenfeldii is typically found in marine and brackish waters
of temperate and cold regions (Balech and Tangen, 1985; Okolodkov and Dodge,
1996; Mackenzie et al., 1996; Maclean et al., 2003). It is relatively common in
Europe, with reports from, e.g., Norway, Denmark, the Baltic Sea, Scotland, Italy
and Spain (Jensen and Moestrup, 1997; Scatasta et al., 2003; Gribble et al., 2005;
Kremp et al., 2009; Otero et al., 2010). The species usually occurs in low
background numbers, but during recent years high concentrations of 10,000–
2 million cells L−1 have been found in coastal waters of the Baltic Sea (Kremp et
al., 2009; Häkanen et al., 2012). Although one of the earliest descriptions of a
bloom attributed to this species comes from nearby Belgium (Woloszynska and
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Conrad, 1939), there are no reported bloom events of A. ostenfeldii in The
Netherlands.
In early August 2012, however, a toxic Alexandrium ostenfeldii bloom
developed in the Ouwerkerkse Kreek, in the south-western region of The
Netherlands (Fig. 6.1). The Ouwerkerkse Kreek is a brackish water creek. It
functions as a natural recreational area and a drainage basin for agricultural fields
and the local village Ouwerkerk. A pumping station regularly discharges water
from the creek into the adjacent Oosterschelde estuary (Fig. 6.1) to prevent
flooding of the surrounding lands. The Oosterschelde is a tidal estuary with
extensive mussel, cockle and oyster beds (Nienhuis and Smaal, 1994; Troost et
al., 2010). Because filter-feeding molluscs are important to the estuary, both
financially as a fishery and ecologically to support the vast populations of water
birds in the region, protecting these shellfish from harmful algal blooms is a top
priority of the regional water management.
The bloom in Ouwerkerkse Kreek was first noticed when it was linked with
the death of a dog through the ingestion of contaminated material. Post -mortem
analysis of the stomach content of the dog revealed a saxitoxin concentration of
2–4 mg kg−1. Subsequent analysis of the creek revealed a dense bloom
of Alexandrium ostenfeldii, with 1–2 million cells L−1, producing saxitoxin
(STX), saxitoxin analogs (mainly gonyautoxins) and spirolides (SPX) at
alarmingly high concentrations (STX and its analogs at 10–20 μg STXeq L−1;
SPX at 20–40 μg L−1). The creek, a popular recreational area for nearby
campgrounds (Fig. 6.1), was immediately closed to the public. To add to the
crisis, an impending rain event would fill the creek to capacity. To avoid flooding
of the agricultural land would therefore require pumping the toxic bloom into the
Oosterschelde and directly onto active shellfish beds. Yet, to protect the
shellfisheries, pumping of creek water into the Oosterschelde was restricted by
local safety regulations, specifically defined for this crisis, to Alexandrium
concentrations of less than 1000 cells L−1 and saxitoxin concentrations less than
15 μg L−1. Thus, a quick and complete mitigation of the bloom was required to
protect the Oosterschelde shellfisheries and the local community.
The ultimate prevention of harmful algal blooms in both freshwater and
coastal waters is often an overall reduction of nutrient loads, as eutrophication is
generally considered the primary cause for the increase in both occurrence and
severity of harmful algal blooms (Heisler et al., 2008; Conley et al., 2009; Glibert
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et al., 2010). Unfortunately, a measurable decline of HAB events from nutrient
reduction initiatives may take years to materialize. Rapid HAB reduction options
are minimal and with mixed effectiveness. These include artificial mixing or
flushing of enclosed water bodies (Visser et al., 1996; Huisman et al., 2004;
Verspagen et al., 2006). In more open water situations, clay dispersal or claybound algicides which aggregate cells and induce sedimentation have been the
most common tools against marine harmful algal blooms (Pierce et al., 2004;
Beaulieu et al., 2005; Lee et al., 2008; Pan et al., 2011). In the case of the
Ouwerkerkse bloom, flushing would still have transferred the toxic bloom to the
Oosterschelde estuary, while clay dispersal and artificial mixing might not be
sufficiently effective in this enclosed creek area.
In laboratory studies, low concentrations of hydrogen peroxide (H 2O2) have
been shown to be effective against harmful cyanobacteria (Barroin and Feuillade,
1986; Drábková et al., 2007a,b; Barrington and Ghadouani, 2008) and the “brown
tide” forming HAB species Aureococcus anophagefferens (Randhawa et al.,
2012). Hydrogen peroxide is a naturally occurring reactive oxygen species (ROS)
which can induce oxidative stress to cells causing physical damage and
detrimentally impacting photosynthetic yield (Mittler, 2002). It is produced
naturally by the photolysis of dissolved organic matter exposed to UV radiation
(Cooper and Zika, 1983), and also by phytoplankton as a by-product of
photosynthesis, respiration and other metabolic processes (Apel and Hirt, 2004;
Asada, 2006). H2O2 decays to water and oxygen through chemical and biological
oxidation–reduction processes (Cooper and Zepp, 1990; Häkkinen et al., 2004).
This decay occurs within hours or days depending on, e.g., biological activity,
organic matter content, and the concentrations of redox-sensitive metals like iron
and manganese (Cooper and Zepp, 1990; Häkkinen et al., 2004). Recent studies
have applied H 2O2 to remove cyanobacteria from waste stabilization ponds
(Barrington et al., 2011, 2013). In 2009, H 2O2 was applied for the first time to an
entire lake, at a final concentration of 2 mg L−1, to selectively suppress a
cyanobacterial bloom (Matthijs et al., 2012). Hydrogen peroxide has also been
explored as a treatment option against dinoflagellates in ballast water of ships
(Ichikawa et al., 1992; Bolch and Hallegraeff, 1993; Gregg et al., 2009). The
required H2O2 dosage varied strongly among different species. For
instance, Ichikawa et al. (1992) reported that cysts of Alexandrium catenella
could be effectively removed at H 2O2 concentrations of 30 mg L−1, whereas Bolch
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and Hallegraeff (1993) found that 5000 mg L−1 was required to remove cysts of
Gymnodinium catenatum from ballast water.
This study reports on the application of H2O2 to eradicate the Alexandrium
ostenfeldii bloom from the Ouwerkerkse Kreek, which to our best knowledge
represents the first case where H2O2 was used to terminate a toxic dinoflagellate
bloom. We developed the H2O2 treatment in three steps. First, we investigated the
required H2O2 dosage in laboratory experiments with A. ostenfeldii. Second, we
tested the method in a canal that was isolated from the Ouwerkerkse Kreek. Finally,
we applied the optimized method to the entire creek system, and monitored
subsequent changes in the concentrations of A. ostenfeldii and toxins as well as
effects on other organisms in the creek.

Figure 6.1 Map of the Ouwerkerkse Kreek. The letters A, B, and C indicate the three areas where
the H2O2treatment was performed. The creek was separated into a southern part (B) and a northern
part (C) by two temporary sand dams. The canal (A) served as pilot study area; it was isolated
from the Southern creek (B) by a temporary steel dam. The pumping station at the end of the canal
was temporarily switched off to prevent flushing of the A. ostenfeldii bloom into the
Oosterschelde estuary.
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Materials and methods
Study area
The Ouwerkerkse Kreek (51°62′N, 3°99′E) is a small brackish lake in the
province of Zeeland, The Netherlands (Fig. 6.1). It has a surface area of 0.12 km2,
an average depth of 5 m, and a maximum depth of 8 m. At its northern side, the
Ouwerkerkse Kreek is connected with an extensive network of canals and ditches
draining the surrounding agricultural lands. At its south-eastern side, another
canal leads from the Ouwerkerkse Kreek toward a pumping station that regularly
discharges water into the Oosterschelde estuary. The creek has a vertical salinity
stratification with an aerobic brackish top layer of 2 m depth and an oxygendepleted saline bottom layer (Fig. 6.2). For the purpose of the H 2O2 treatment,
the creek was divided into three sections via the construction of three temporary
dams. The canal (A, in Fig. 6.1) from the creek toward the pumping station
became the pilot study area after being isolated from the creek with a temporary
steel dam. Subsequently, the creek was partitioned into a southern section (B)
and a northern section (C) through construction of a temporary sand-filled dam
along the bridge which crosses the creek. A third temporary sand-filled dam
isolated the creek from the agricultural canals and ditches at the northern end.

Figure 6.2 Stratification of the Ouwerkerkse Kreek. Depth profiles of (A) oxygen saturation, (B)
temperature, and (C) salinity, measured with a Hydrolab probe (Hach Corporation, Loveland, CO,
USA) on 14 August 2012.
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Laboratory study
As a first step, we investigated the H 2O2 sensitivity of Alexandrium
ostenfeldii in laboratory incubations of lake water. Two water samples of 10 L
each were collected from the A. ostenfeldii bloom in the creek on 11 August 2012
and sent via courier to the Department of Aquatic Microbiology of the University
of Amsterdam. Immediately upon arrival, the samples were subdivided over
300 mL incubation flasks and incubated at ambient light and temperature. To
determine the optimal H 2O2 concentration, we added 3% (w/v) H 2O2concentrate
to produce final concentrations of 0, 20, 30, 40, 50, 60, 80, and 120 mg L−1 H2O2.
Each of these 8 treatments was carried out in duplicate, yielding a total of 16
incubations. Changes in the photosynthetic vitality of cells were monitored by
pulse amplitude modulation (PAM) fluorescence and the concentration
of Alexandrium cells was counted by microscope during the first 12 h after
H2O2 addition (see details below).
Field treatments
Pilot study in the canal
Based on the laboratory incubations, 50 mg L−1 H2O2 was deemed the
optimal concentration for our field application. To test the effectiveness of this
H2O2 dosage, we first ran a pilot study in the 200 m long canal (A, in Fig. 6.1)
running from the Ouwerkerkse Kreek toward the pumping station at the
Oosterschelde estuary on 17 August 2012. The volume to be treated in the canal
was estimated at 5000 m3. H2O2 was provided by a 1000-L tank with a 50% (v/v)
H2O2 concentration, placed next to the canal. A circulation and mixing scheme
was initiated which included two injection points of H2O2. The first injection
point was at the west end of the canal, near the temporary steel dam, where we
also placed the outlet of a circulation pipe that ran the length of the canal to create
a net circular motion of water throughout the canal. The second injection point
was located midway on the canal, where we also placed a bubble screen with
compressed air across the width of the canal to enhance mixing of the injected
H2O2. The canal was sampled from a small boat at two stations, at ¼ and ¾ o f
the length of the canal, before and every hour after the initiation of
H2O2 injection. Samples were taken from multiple depths with a 1.2 L Niskin
bottle and integrated before analysis. Analysis included the H 2O2 concentration,
plankton counts, toxin analysis, and photosynthetic yield. Hourly measurements
continued until the target concentration of 50 mg L−1 H2O2 was reached
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throughout the canal, at which point H 2O2addition was discontinued. Additional
samples were collected 24 and 48 h after the initial injection of H 2O2.
Treatment of the entire creek
After successful completion of the pilot study, the entire creek was treated
with 50 mg L−1 of H2O2 in two stages. First, the southern part of the creek (B,
in Fig. 6.1), with an estimated volume of 317,000 m3, was treated on 22 August
2012. Subsequently, the northern part of the creek (C), with a volume of
107,000 m3, was treated on 24 August 2012. Hydrogen peroxide was
administered from a large barge carrying a 15,000 L tank with a 50% (v/v)
H2O2 concentration, connected to an intermediary tank for pre-dilution with
creek water to 1% (v/v) H 2O2, and onwards to a specially designed injection
screen called a “water harrow” injecting 5 mL of the pre-diluted solution per L
of creek water (Matthijs et al., 2012). The water harrow consisted of a series of
six parallel injection tubes on a metal frame. Each tube contained a series of
outlet valves every 20 cm that can be positioned vertically from 50 cm to a
maximum of 8 m depth for the dispersal of H 2O2. Additional tubing delivered a
stream of compressed air in parallel with the dosing of H 2O2 to achieve optimal
mixing. Positioning of the tubing and pump rates were computer-controlled using
custom-made software. The software integrated GPS position and cruise speed
of the vessel, the water column depth to be treated, and the stock concentration
available for injection to dynamically calculate the required pump speed for
homogeneous dosing of H 2O2. The barge was towed by a tug boat traveling in
parallel transects throughout the creek until 50 mg L−1 H2O2 was reached. Some
shallow near-shore areas could not be reached by the water harrow, and were
treated separately by manual addition of a calculated amount of properly prediluted H2O2 from a small boat and mixing of the water by gentle circulation.
The creeks were sampled at two stations in the Southern creek and two stations
in the Northern creek, in the same manner as the canal, except the northern
portion of the creek did not include hourly Alexandrium ostenfeldii counts but
only cell counts at 0, 24 and 48 h after the onset of H 2O2 addition. Data presented
are an average of all four stations unless stated otherwise.
Total costs for the treatment amounted to €370,000, although regular
implementation would most likely reduce the costs for future applications. For
the entire operation, permission was obtained from the responsible authorities,
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and safety measures were taken in accordance with legislation. Warning signs
indicated that the entire creek area and all access roads were closed for the public.
Concentrated H2O2 was delivered on site by a certified transport company on the
days of usage. For the pilot study in the canal, stocks of H 2O2 were stored in a
restricted area with entrance on permission only. For the creek treatment, tanker
truckspumped the H 2O2 directly into the tank on the barge. The application was
carried out by professionals experienced in handling H 2O2. Public
announcements of the treatment were made on a daily basis in the local
newspapers, radio and television.
Analysis
A small on-site laboratory was installed in a workshed adjacent to the
Ouwerkerkse Kreek, for microscopic cell counts, measurements of
photosynthetic yields and sample preparation for further laboratory analysis.
Photosynthetic yield
The photosynthetic yield of phytoplankton samples was determined with a
portable mini-PAM fluorometer (Walz, Effeltrich, Germany). First, a 50 mL
water sample was filtered over 25 mm diameter 0.45 μm pore size glass fiber
filters (GF/C, Whatman International Ltd., Maidstone, England) using a vacuum
manifold (model 1225, Millipore, Eschborn, Germany) with 12 placements. The
loaded filters were dark adapted for 10 min before the photosynthetic yield was
measured with the sensor of the mini-PAM fluorometer mounted just above the
filters on the manifold. The photosynthetic yield (φPSII, also known as the
quantum yield of photosystem II electron transport) was calculated
as φPSII = (F m − Fo)/Fm, where Fo is the minimum fluorescence and Fm is the
maximum fluorescence following a saturating light pulse (Genty et al., 1989).
The photosynthetic yield of a sample without added H 2O2 was used as reference
value.
Plankton counts
During the laboratory incubations and field treatments, Alexandrium
ostenfeldii cells were counted with an inverted microscope immediately after
sampling. For each water sample, a minimum of 200 cells was counted in triplo
using a 1 mL volume gridded Sedgewick Rafter counting chamber (Pyser-SGI
Ltd, Edenbridge, UK). If less than 200 cells were present, the entire counting
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chamber was examined. We distinguished between motile vegetative cells,
nonmotile vegetative cells, pellicle cysts and nonviable cells. Nonviable cells
were defined as cells with a visibly damaged cell wall and/or without any
pigmentation. Viable cells were defined as the sum of the motile vegetative cells,
nonmotile vegetative cells and pellicle cysts.
In addition, phytoplankton samples were fixed with Lugol's iodine (1%
final concentration) and sent for complete community analysis to plankton
experts at Koeman & Bijkerk B.V. (Haren, The Netherlands). Because the
different species varied widely in size, the phytoplankton counts were converted
to biovolume according to the geometric equations of Hillebrand et al. (1999) for
community composition comparisons.
For zooplankton, 20 L of lake water gathered by multiple sampling with a
1.2 L Niskin bottle was filtered over a plankton sieve (mesh size 30 μm), and the
filtered material was pooled, fixed with Lugol's iodine, and sent to Koeman &
Bijkerk B.V. for species identification and counting. For each sample, at least
100 individuals per species were counted with an inverted microscope to obtain
reliable estimates of their population abundances, or the entire sample volume
was counted if it contained less than 100 individuals.
Hydrogen peroxide, PSP toxins, nutrients
H2O2 concentrations of water samples were measured on site with
Quantofix test sticks (Machereye-Merck, Darmstadt, Germany). These ready-togo test sticks are intended for direct measurement of distinct H 2O2 concentrations
of 1, 3, 10, 30 and 100 mg L−1. We refined the measurements by making
photographs of each test stick and subsequent comparison to our own calibration
series, diluting the samples when necessary to ensure accuracy of color
comparisons.
Toxin concentrations in the whole water samples and in the water phase
only (after filtration over 25 mm diameter 0.45 μm pore size glass fiber filters;
GF/C, Whatman) were analyzed at the Institute for Food Safety (RIKILT) of
Wageningen University. The analysis identified saxitoxin (STX), saxitoxin
analogs (mainly gonyautoxin-2 and -3; GTX-2 and -3), and 13-desmethyl
spirolide-C (SPX-1). STX and STX analogs were analyzed with hydrophilic
interaction liquid chromatography coupled to a Waters Xevo TQ-S tandem mass
spectrometer (HILIC-MS/MS; Waters Corporation, Milford, MA, USA)
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according to Dell’Aversano et al. (2005). SPX-1 was analyzed with ultraperformance liquid chromatography (UPLC) coupled to a Waters Xevo TQ-S
tandem mass spectrometer (LC–MS/MS) according to a modified method
of Gerssen et al. (2009). The limits of detection were 2.3 μg L−1 for STX,
2.1 μg L−1 for GTX-2 and -3, and 0.7 μg L−1 for SPX-1. We quantified the
saxitoxins as saxitoxin only (STX) and as saxitoxin-equivalents (STXeq;
including STX and STX analogs).
Dissolved inorganic nutrients (ammonium, nitrate, nitrite, phosphate) were
analyzed spectrophotometrically with a SKALAR spectrophotometer (Skalar
Analytical B.V., Breda, The Netherlands) (Murphy and Riley, 1962; Parsons et
al., 1984).
Fish, macoinvertebrates, and water plants
The entire treated area was closely monitored by visual inspection during
the first 48 h after H2O2 addition for mortalities of fish or macroinvertebrates
(e.g., shrimp, crab), and for possible damage to the sparse aquatic vegetation.
Finally, to assess effects on aquatic macroinvertebrates, we compared the species
composition of macroinvertebrates in the treated canal with that in the not yet
treated Southern creek on 21 August 2012 (four days after H 2O2 treatment of the
canal but one day before treatment of the Southern creek). Macroinvertebrates
were collected by drawing 10 times a large macrofauna net (0.5 mm mesh size)
over a standardized length of 5 m, making sure to incorporate all microhabitats
within a sampling site.

Results
Laboratory incubations
Alexandrium ostenfeldii was by far the most dominant phytoplankton
species in the water samples of the Ouwerkerkse Kreek used for the laboratory
incubations, with concentrations of 5.5 million Alexandrium cells L−1. Within 2 h
after H2O2 addition, the photosynthetic yield was reduced by more than 80% in
the treatment with 30 mg L−1 H2O2 and by more than 95% in all treatments with
40 mg L−1 H2O2 or higher (Fig. 6.3A). In all treatments, except the control,
motility was rapidly reduced, from 21.6% initially to zero within 1 h after
H2O2addition (data not shown). After 12 h, more than 80% of the A.
ostenfeldii cells had visibly lost viability (i.e., with disrupted cell walls or
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without pigmentation) when exposed to H 2O2concentrations of 40 mg L−1 or
higher (Fig. 6.3B).
Hence, these lab results indicated that a H 2O2 concentration of
40 mg L−1 should be sufficient to terminate the Alexandrium bloom. Treatment
of an entire ecosystem is more challenging than a small-scale laboratory
experiment, however. To be on the safe side, it was decided in consultation with
the management authorities to treat the canal with 50 mg L−1 H2O2.
Pilot study in the canal
After 7 h of H2O2 injection, the desired concentration of
50 mg L−1 H2O2 was reached throughout the entire canal, and the H 2O2 injection
was stopped (Fig. 6.4A). Subsequently, the H 2O2 concentration declined, and
after 51 h it was reduced below the detection limit of the Quantofix test sticks of
∼0.1 mg L−1 H2O2.
The initial Alexandrium ostenfeldii concentration in the canal was ∼1.1
million cells L −1, consisting for ∼85% of motile cells and 15% of nonmotile cells,
while pellicle cysts were rare (Fig. 6.4B). During the first 2 h of H2O2 addition,
cell numbers of A. ostenfeldii increased, presumably due to resuspension of
sedimented cells after the pumps for H 2O2 injection and mixing were switched
on. During the same time span, the contribution of pellicle cysts increased to 40%
of the total A. ostenfeldii population, indicating that vegetative cells responded
to the oxidative stress by transitioning to this temporary cyst stage. After 5 h,
when the H2O2 concentration had increased to ∼40 mg L−1, the photosynthetic
yield of the phytoplankton community was reduced by 90% (Fig. 6.4A).
Microscopic analysis showed that many cells and cysts started to lyse.
After 27 h, the A. ostenfeldii population was reduced by 99.8%, motile and
nonmotile vegetative cells were no longer detected, and the number of potentially
viable cysts was reduced to 2500 cysts L−1. After 51 h, the total number of
viable A. ostenfeldii cells was reduced by 99.9%, to below safety regulatory
requirements of 1000 cells L−1.
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Figure 6.3 Laboratory incubations of creek water with A. ostenfeldii at different
H2O2 concentrations. (A) Photosynthetic yield, expressed as percentage of the control (no
H2O2 addition). (B) Viable A. ostenfeldiicells, expressed as percentage of the control. Data show
the mean of two duplicates per treatment
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Figure 6.4 H O treatment of A. ostenfeldii during the pilot study in the canal. (A) H O
concentration and photosynthetic yield of the phytoplankton community (expressed as percentage
of the initial yield). (B) Concentration of A. ostenfeldii in the canal; total viable cells is the sum
of motile vegetative cells, nonmotile vegetative cells, and pellicle cysts without visible damage.
Gray shading indicates the duration of H O injection into the canal. Data show the mean of
measurements at two sampling stations .
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Total toxin concentrations of SPX-1, STX and STXeq decreased over 27 h,
and ultimately both SPX-1 and STXeq were below local regulatory levels of
15 μg L−1 (Table 6.1). Prior to the treatment, toxin concentrations in the filtrate
comprised ∼60% of the total saxitoxins and as little as 13% of the total
spirolides, indicating that most spirolides were intracellular. Only 8 h after
initiation of H 2O2 treatment, all saxitoxins and 66% of the spirolides appeared in
the filtrate. This shift from intercellular to extracellular presence of the toxins is
presumably a result of the release of toxins due to the observed cell lysis.
Table 6.1 Concentrations [μg L-1] of 13-desmethyl spirolide C (SPX-1), saxitoxin (STX) and saxitoxin
equivalents (STXeq) during the pilot study in the canal .

Time (hr)

SPX-1
total

SPX-1
filtrate

STX
total

STX
filtrate

STXeq
total

STXeq
filtrate

0

22.5

2.9

6.6

3.6

10.5

6.6

5

13.6

5.9

4.7

4.2

6.8

7.0

8

7.6

5.0

4.3

4.6

6.2

6.6

27

8.6

2.8

<LOD

<LOD

<LOD

<LOD

Data show the mean of duplicate samples per timepoint; <LOD, below limit of detection.

Treatment of the entire creek
The successful termination of the Alexandrium ostenfeldii bloom in the
canal led to the decision to treat the Southern and Northern creek with
50 mg L−1 H2O2. In contrast to the canal, the creek system was stratified, with a
warmer and less saline surface layer of ∼2 m depth on top of a colder and more
saline lower layer devoid of oxygen (Fig. 6.2). The combination of
H2O2 injection and aeration with the water harrow, over the entire depth of the
water column, induced a distinct smell of hydrogen sulfide (H2S) and during the
first hour of H 2O2 injection a milky white precipitate developed in the creek,
presumably caused by oxidation of H 2S to elemental sulfur. After the first hour
of injection, we therefore decided to limit further H 2O2 injection to the aerobic
upper 2 m of the water column. The white precipitate gradually disappeared
during the next 24 h.
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Table 6.2 Concentrations [μg L -1] of 13-desmethyl spirolide C (SPX-1), saxitoxin (STX) and
saxitoxin equivalents (STXeq) during the H 2O2 treatment of the creek.
Time
(hr)

SPX-1
total

SPX-1
filtrate

STX
total

STX
filtrate

STXeq
total

STXeq
filtrate

0

43.4

10.9

10.1

9.2

11.6

10.7

4

28.7

13.3

9.3

7.9

13.0

8.6

7

21.5

9.8

8.1

7.2

8.9

8.5

24

24.6

8.2

7.2

6.8

7.5

7.2

52

ND

12.0

ND

8.4

ND

8.6

72

16.3

6.4

6.4

5.5

7.3

6.4

96

13.1

3.7

5.8

5.2

6.4

6.1

Data show the mean of duplicate samples per timepoint; ND, no data.

The target concentration of 50 mg L−1 H2O2 was reached after 8 h of H2O2
injection (Fig. 6.5A). At this point, the H 2O2 injection was stopped and the
H2O2 concentration gradually declined to natural background levels after 50 h.
The Alexandrium ostenfeldii population in the creek showed a similar response
to the treatment as in the canal. The photosynthetic yield collapsed to less than
5% of its initial value within 8 h after initiation of the H 2O2 treatment (Fig. 6.5A).
The concentration of pellicle cysts strongly increased until it comprised ∼75%
of the population at 5 h after the onset of the treatment (Fig.6.5B). Microscopic
observations confirmed that both vegetative cells and pellicle cysts started to lyse
from this point onwards, and the total A. ostenfeldii population eventually
declined by more than 99.8% from ∼1.1 million cells L−1 at the start of the
treatment to less than 2000 cells L−1 after 48 h (Fig. 6.5B). Concentrations of
SPX-1 and STXeq were reduced below local regulatory levels of 15 μg L−1 after
96 h (Table 6.2).
Other effects on the ecosystem
In addition to the collapse of the Alexandrium ostenfeldii bloom,
H2O2 treatment of the creek also affected other components of the ecosystem. For
instance, the ammonium concentration increased from 3.6 μmol L−1 before
H2O2 injection to 167 μmol L−1 after 58 h, probably due to cell lysis and
subsequent ammonification of the cellular contents (Fig. 6.6). We also note that
the nitrite concentration increased from 0.36 to 3.64 μmol L−1. The nitrate and
phosphate concentrations were much less affected by the H2O2 treatment (Fig.
6.6).
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Figure 6.5 H2O2 treatment of A. ostenfeldii in the entire creek. (A) H 2O2concentration
and photosynthetic yield of the phytoplankton community (expressed as percentage of the initial
yield). (B) Concentration of A. ostenfeldii in the creek; total viable cells is the sum of motile
vegetative cells, nonmotile vegetative cells, and pellicle cysts without visible damage. Gray
shading indicates the duration of H 2O2 injection into the creek. Data show the mean of
measurements in the Southern creek and the Northern creek.
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The total phytoplankton (expressed as biovolume) declined by 94%, from
9.75 × 104 μm3 L−1 at the start of the treatment to 0.57 × 104 μm3 L−1 after 50 h
(Fig. 6.7). During this time span, the phytoplankton species composition changed
from strong dominance by Alexandrium ostenfeldii (87% of the total
phytoplankton biovolume) to co-dominance by small green algae (Chlorophyta),
the chain-forming cyanobacterium Anabaena sp., our target species A.
ostenfeldii and euglenophytes (Fig. 6.7). However, the Anabaena sp. cells were
likely non-viable as they had lost most of their pigmentation. Follow-up samples
one week after the H 2O2 treatment showed a complete lack of Anabaena sp. and
a further decline of A. ostenfeldii, whereas the green algae and euglenophytes
remained dominant.

Figure 6.6 Changes in nutrient concentrations during the H 2O2 treatment of the entire creek.

The zooplankton community was very sensitive to the H 2O2treatment, and
declined from over 40,000 individuals per liter at the start to less than 15
individuals per liter after 50 h (Fig. 6.8). Yet, the H 2O2 treatment did not result
in strong changes in species composition. Of the seven most dominant
zooplankton groups before addition of H2O2, only the rotifers Hexarthra mira
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and Pompholyx sulcata were reduced below detection levels after 50 h, while
rotifers of the genera Rotatoria and Brachionus remained numerically dominant
(Fig. 6.8).
About 40 three-spined sticklebacks (Gasterosteus aculeatus) and 4
ragworms (Nereis diversicolor) were found dead near the H 2O2 injection point at
the west end of the canal, where we had also placed the outlet of a water
circulation pipe. These deaths might be due to locally higher H 2O2 concentrations
near the injection point, or to the strong turbulence generated by the water
circulation system. We did not find any further dead sticklebacks or ragworms,
neither in other parts of the canal nor in the Southern or Northern creek. One
dead European eel (Anguilla anguilla) was found in the Southern creek three
days after the H2O2 treatment.

Figure 6.7 Changes in phytoplankton community structure during the H 2O2 treatment of the entire
creek. Closed circles indicate the total phytoplankton biovolume. The bar graph represents the
relative contribution of different phytoplankton groups to the total biovolume.
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Comparison of macroinvertebrates in the H2O2 treated canal and not yet
treated Southern creek did not show a clear response of macroinvertebrates to the
H2O2 treatment (Table 6.3). Gammarid shrimps (Gammarus zaddachi and G.
duebeni) and the Atlantic ditch shrimp (Palaemonetes varians) were common at
both sites, mud snails (Hydrobiidae sp.) and the isopod Lekanosphaera hookeri
were common in the treated canal, whereas midge larvae (Chironomus spp.) were
abundant in the Southern creek.
Microscopic observations showed localized damage to the gill covers
(operculum) of Atlantic ditch shrimps and the legs of a few gammarid shrimps,
but did not reveal visual damage to any of the other species. All
macroinvertebrate species remained abundant and active during and after the
H2O2 treatment. Aquatic vegetation was dominated by stands of common
reed (Phragmites australis) and sea club-rush (Scirpus maritimus) along the
shores, and did not show signs of damage due to the H 2O2 treatment.
Table 6.3 Abundances of the most dominant macroinvertebrate species in the untreated Southern
creek versus the treated canal.

Species

Untreated creek

Treated canal

Chironomus sp.

34

0

Chironomus aprilinus

26

0

Hydrobiidae sp.

0
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Gammarus duebeni

82

25

Gammarus zaddachi

532

119

Lekanesphaera hookeri

0

111

Palaemonetes varians

22

33

Other

19

35

Abundances represent the number of individuals caught by a macrofauna net drawn over 10 m
length on 21 August 2012 (four days after H 2O2 treatment of the canal but one day before H 2O2
treatment of the Southern creek).
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Figure 6.8 Changes in zooplankton community structure during the H 2 O2 treatment of the entire
creek. Closed circles indicate the total zooplankton abundance. The bar graph represents the
relative contribution of different zooplankton groups to the total zooplankton abundance.

Discussion
This research was the result of an emergency situation, where an intense
toxic bloom of Alexandrium ostenfeldii in a small brackish lake was held
responsible for the death of a dog, led to closure of the lake for recreation, and
threatened commercial shellfisheries in the adjacent Oosterschelde estuary. Our
results show that injection of 50 mg L−1 H2O2 into the lake led to a rapid decline
of the photosynthetic yield of the A. ostenfeldii bloom, induced the formation of
pellicle cysts, and resulted in cell lysis of both vegetative cells and pellicle cysts
within just 8 h after the onset of the treatment. The A. ostenfeldii population
declined by 98% within 24 h, and by 99.8% within two days. Substantial
reductions of the saxitoxin and spirolides concentrations were measured after
24 h, and both toxins were reduced to below local regulatory limits by 96 h after
initial treatment. Finally, after cessation of the H 2O2 injection, H2O2
concentrations returned to background levels within 48 h. In total, these results
demonstrate that a confined bloom of A. ostenfeldii can be terminated by
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H2O2 within a timespan of only two days. It is the first example, that we know
of, where a dinoflagellate bloom has been so rapidly and effectively remedied.
The Ouwerkerkse Kreek bloom was a unique occurrence for several
reasons. First, although one of the first scientific descriptions of an Alexandrium
ostenfeldii bloom comes from this region (Woloszynska and Conrad, 1939), PSPproducing blooms are very rare in The Netherlands. Less than 1% of all European
PSP and diarrhetic shellfish poisoning (DSP) events occurred within The
Netherlands between 1989 and 1998 (Scatasta et al., 2003). A monitoring study
of marine toxins in shellfish harvested in The Netherlands in 2007 and 2008
revealed very low concentrations of spirolides (SPX-1) in a few samples from
the northern part of The Netherlands (Gerssen et al., 2010). Second, A.
ostenfeldii blooms typically produce either saxitoxins or spirolides (Suikkanen
et al., 2013). A. ostenfeldii blooms producing saxitoxins, but not spirolides, have
occurred regularly in the Baltic Sea since at least 2001 (Kremp et al., 2009;
Hakanen et al., 2012). Blooms of A. ostenfeldii producing only spirolides have
been reported on both sides of the North Atlantic, in coastal waters of Nova
Scotia, the Gulf of Maine and Ireland (Cembella et al., 2000; Gribble et al., 2005;
Maclean et al., 2003; Otero et al., 2010; Touzet et al., 2011). The bloom in the
Ouwerkerkse Kreek is one of the few European cases, together with earlier
reports from Denmark and Scotland (MacKinnon et al., 2006; Brown et al.,
2010), where A. ostenfeldii produces both saxitoxins and spirolides. This
sketches the coarse contours of a biogeographical pattern where co-production
of saxitoxins and spirolides can be found as a transition zone, in northwestern
Europe, between the saxitoxin-producing strains in the Baltic Sea and the
spirolides-producing strains in the North Atlantic. Further studies may shed more
light on this possible biogeographical pattern. Third, A. ostenfeldii seldom
develops blooms; usually it occurs in relatively low numbers as background
species (Moestrup and Hansen, 1988; Gribble et al., 2005; Touzet et al., 2011).
Thus far, dense A. ostenfeldii blooms with more than 1 million cells L−1have
been reported only for coastal areas along the Baltic Sea (Kremp et al., 2009;
Hakanen et al., 2012). Fourth, to our knowledge, this is the first time that the
death of a dog has been linked to A. ostenfeldii, which might be due to the
exceptionally high density of the bloom.
Although blooms described for the Baltic Sea produced only saxitoxins,
they share several environmental factors with the Ouwerkerkse Kreek. In both
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the Baltic Sea and Ouwerkerkse Kreek, dense Alexandrium ostenfeldii blooms
developed in enclosed and semi-enclosed shallow brackish waters of 8–10 m
depth (Kremp et al., 2009; Hakanen et al., 2012) when water temperatures were
between 20 and 25 °C in late summer (August–September). Beyond these
physical consistencies, the exact explanation of why the Ouwerkerkse bloom
occurred is still in need of further investigation. Similar to several other harmful
dinoflagellates, laboratory studies have shown that A. ostenfeldii can utilize
small organic nitrogencompounds as well as inorganic nitrogen (Maclean et al.,
2003; Gobler et al., 2012). Also, A. ostenfeldii is known to be phagotrophic
(Jacobson and Anderson, 1996) and allelopathic (Arzul et al., 1999; Tillmann et
al., 2007), allowing it to utilize a broad mix of resources. We do not know if and
to what extent these characteristics may have influenced the development of the
Ouwerkerkse bloom.
Our choice for H 2O2 treatment of the Alexandrium bloom was motivated
by recent H2O2 applications that successfully ended cyanobacterial blooms in
Lake Koetshuis (Matthijs et al., 2012), three other freshwater lakes (H.C.P.
Matthijs and R. Talens, unpublished), and wastewater treatment ponds
(Barrington et al., 2011; 2013). A key issue for the treatment of harmful algal
blooms with H2O2 is the selection of a suitable dosage. Several studies have
indicated that cyanobacteria appear to be more sensitive to H 2O2 than most
eukaryotic phytoplankton species (Barroin and Feuillade, 1986; Drábková et al.,
2007a, b; Barrington and Ghadouani, 2008). Due to their sensitivity, Matthijs et
al. (2012) could selectively remove a bloom of the freshwater cyanobacterium
Planktothrix agardhii with a low dosage of only 2 mg L−1 of H2O2, without any
major effects on the remaining eukaryotic phytoplankton community. Recent
laboratory incubations indicate that the eukaryotic “brown tide” species
Aureococcus anophagefferens can also be suppressed by similarly low
H2O2 levels (Randhawa et al., 2012, 2013). In contrast, studies on the removal of
dinoflagellate cysts from ballast water indicated that eradication of dinoflagellate
species requires considerably higher H 2O2 concentrations, ranging from 30 mg
L−1 for Alexandrium catenella (Ichikawa et al., 1992) to more than 5000 mg L−1
for Gymnodinium catenatum (Bolch and Hallegraeff, 1993). Our laboratory
incubations showed that vegetative cells and pellicle cysts of Alexandrium
ostenfeldii were effectively removed at a H 2O2 dosage of 40 mg L−1. We do not
know whether this dosage was also effective against sexual resting cysts of A.
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ostenfeldii, as we did not observe sexual resting cysts during our study. It might
be suggested that the higher H 2O2 tolerance of dinoflagellates in comparison to
cyanobacteria is due to their relatively large and armored cells. However, this is
contradicted by our observations that small green algae (∼5 μm diameter) and
unarmored euglenophytes survived the H 2O2 dosage that we applied to the
Ouwerkerkse Kreek. Hence, our results re-emphasize that the effective
H2O2 dosage is very species-specific. Also for future H 2O2 applications,
laboratory verification of the suitable H 2O2 dosage (similar to our lab
incubations) is essential before H 2O2 is applied to the field.
Field applications are inherently less predictable than small-scale
laboratory incubations. For instance, some of the added H 2O2 might be rapidly
consumed by chemical oxidation–reduction reactions in the water (Matthijs et
al., 2012) and the degradation rate of H 2O2might increase to some extent with
algal densities (Randhawa et al., 2013), thereby reducing the contact time during
which the algae are exposed to H 2O2. Hence, although the laboratory results
suggested that a dosage of 40 mg L−1 might suffice, we chose a slightly higher
dosage of 50 mg L−1 of H2O2 to ensure an effective field treatment. Moreover,
we first tested the field application in a pilot study in the canal, before it was
successfully applied to the entire creek system.
A key question is whether the Alexandrium ostenfeldii population will
return after the H 2O2 treatment. Due to the short-term nature of the
H2O2 treatment, where the added H 2O2 decays within a few days, a permanent
eradication of A. ostenfeldii is not guaranteed. In the Ouwerkerkse Kreek, the
population remained very low throughout the remainder of the year in which it
was treated. It is conceivable, however, that A. ostenfeldii might reoccur in
subsequent years. For instance, sexual resting cysts in the sediment may have
survived the H2O2 treatment, as they have thicker cell walls and hence are likely
to be more resistant to H 2O2 than vegetative cells and pellicle cysts. Rapid
degradation of H2O2 in the sediment will also reduce the contact time during
which sedimented cysts are exposed to oxidative stress. However, no cyst survey
was performed on the creek after the treatment, and hence we have not been able
to assess their potential survival in the sediment. Furthermore, it might also be
that the H2O2 treatment was less effective in some parts of the creek system that
were difficult to reach with the water harrow (e.g., dense reed beds along the
shoreline).
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One year after the H 2O2 treatment (summer 2013), cell counts revealed a
mix of Alexandrium ostenfeldii and a smaller Alexandrium species (most likely
A. tamarense) at concentrations of 8.0 × 103 cells L−1 in the treated creek area,
which is more than two orders of magnitude lower than during the A.
ostenfeldii bloom of August 2012. In a small pond and canal upstream of the
treated area Alexandrium reached local concentrations of 1.8 × 106 cells L−1in
2013, which might provide a source area for the development of a new A.
ostenfeldii population. Hence, A. ostenfeldii has not been completely removed
from the Ouwerkerkse Kreek, and it might potentially develop dense blooms
again in the future. The H2O2treatment may therefore require repeated use over
multiple years, especially when shellfishery protections or public health risks
demand action. In this respect, it compares to other emergency treatments of
dinoflagellate blooms, such as yearly clay flocculation treatments of recurrent
Cochlodinium blooms in Korea (Kim, 1998; Lee et al., 2008). There are several
strategies that could help to suppress the return of A. ostenfeldii after an
H2O2 treatment. For instance, regular flushing might prevent the build-up of a
new population. Moreover, a consequence of the differential sensitivity of
phytoplankton species to H 2O2 is that treatments will not only lead to a collapse
of the phytoplankton community, but also to shifts in the relative species
composition. The remaining phytoplankton species provide the new starting
material for the establishment of a new phytoplankton community (Dakos et al.,
2009). Hence, once the target species has been eradicated, it might be of interest
to actively introduce a new phytoplankton community (e.g., from nearby waters)
that may serve to counter re-invasion of the harmful target species. Reduction of
the total nutrient influx to the system could ultimately prevent future bloom
developments. Unfortunately, the Ouwerkerkse Kreek is located in a region
dominated by intense agriculture and a nearby village, where nutrient reduction
is very challenging. A long-term management plan which includes routine
monitoring and early response efforts is now required to ensure the threat of an A.
ostenfeldii bloom does not re-emerge.
One of the primary concerns with respect to the H 2O2 treatment in
Ouwerkerkse Kreek was the potential impact on other organisms. The 94%
decrease of total phytoplankton was anticipated as the applied dosage of
50 mg L−1 H2O2 concentration was higher than any other study of this kind.
Likewise, the total zooplankton abundance dramatically declined due to the

169

treatment. This was also anticipated as previous research has shown high
zooplankton mortalities at H2O2 concentrations from 1 to 10 mg L−1 (Kuzirian et
al., 2001; Meinertz et al., 2008; Matthijs et al., 2012). Larger organisms showed
less negative responses to hydrogen peroxide. Macroinvertebrate species
composition did differ between the treated canal and the non-treated open waters
of the creek (Table 6.3). However, macroinvertebrates were still abundant after
the H2O2 treatment, and the differences between the two areas seem more likely
to be associated with different habitat preferences of the species than with a
response to the H 2O2 treatment.
Although the H 2O2 treatment led to local mortality of threespined sticklebacks in the canal, we did not detect any fish mortality within the
creek apart from a single eel three days after treatment. Hence, the impact of the
H2O2 treatment on the fish population was only minor. This result aligns with
several studies on the use of H 2O2 as a disinfectant in aquaculture at
concentrations ranging from 10 to 1000 mg L−1 depending on the fish species,
life-stage, and temperature of the water (Rach et al., 1997; Gaikowski et al.,
1999; Small, 2004). Some fish species are relatively sensitive to H 2O2. For
instance, Clayton and Summerfelt (1996) report 1.3% mortality of walleye
juveniles when exposed to 50 mg L−1 of H2O2 for 60 min. The lethal
concentration (LC50) for juveniles of two trout species is 189–280 mg L−1 of
H2O2 after exposure for 120 min (Arndt and Wagner, 1997). Most fish species
that have been investigated appear sensitive only at higher H 2O2 concentrations
of 200–1000 mg L−1 (Rach et al., 1997; Gaikowski et al., 1999; AvendañoHerrera et al., 2006).
In conclusion, our results show that an Alexandrium bloom can be
terminated with H2O2 within a few days. Key advantages of the treatment are that
it is rapid and very effective, with minimal environmental damage as effects on
fish and macroinvertebrates are minor and the applied H 2O2 concentration
quickly decays. The treatment does have some disadvantages, however.
Depending on the H2O2 concentration required, the impact on co-occurring
phytoplankton and zooplankton species can be severe. Also, especially with
cysting HAB species, complete decimation for multiple years is probably
difficult to achieve with a single treatment. Thus, we recommend the use of
H2O2 as an effective short-term emergency treatment when the rapid and
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complete termination of a harmful algal bloom from a relatively enclosed area is
required.
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The aim of this thesis was to better understand the ways in which changes
in nutrient loads impact phytoplankton communities. As nutrients entering
coastal systems become more and more influenced by anthropogenic activities
so too comes the responsibility to understand what potential consequences may
result. This onus is not only limited to scenarios where eutrophication occurs, but
should also be undertaken when de-eutrophication efforts are implemented. To
illuminate potential impacts after de-eutrophication, I used the North Sea as a
current example of a coastal system experiencing large shifts in nutrient loading.
In this chapter, I will first place my findings in the context of long-term
changes in the riverine nutrient loads entering the North Sea. Then I discuss how
my experimental results with phytoplankton communities sampled from the
North Sea align with prevailing theories in biodiversity and community ecology.
Next I discuss the impacts of nutrient load and ratio changes on the community
composition and biomolecular composition of phytoplankton in the North Sea
and how this may impact higher trophic levels in the food web.
Changes in the nutrient composition of the North Sea
Aquatic systems are rarely isolated, but are continuums where upstream
inputs are reflected in downstream outputs (Paerl et al., 2014). Several major
European rivers influence the nutrient budget of the North Sea. At the onset of
the OSPAR convention in 1986, total riverine nitrogen and phosphorus loads
entering the Dutch and German part of the North Sea were high due to several
decades of anthropogenic eutrophication (Fig. 7.1; van Beusekom et al., 2017).
Subsequent de-eutrophication efforts have led to a gradual decline of the riverine
nitrogen and phosphorus loads, and this declining trend still continues today (Fig.
7.1). After correcting for freshwater discharge differences, total nitrogen
concentrations from rivers decreased annually by between 2.4-2.7% from 1985
to 2014, while total phosphorus concentrations decreased more steeply by 5.35.5% (van Beusekom et al., 2017). This disproportionate decrease of phosphorus
is reflected in the molar N:P ratios of the major riverine nutrient loads,
particularly in the Dutch waters, which increased from ~25 in the 1980s to ~60
in 2014 (Fig. 7.2; van Beusekom et al., 2017).
Sampling of the Terschelling transect, from the riverine-influenced nearshore
region to the central North Sea, revealed an impact of changing riverine nutrient
loads (Chapter 2). The nearshore region displayed the highest total concentrations of
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both nitrogen and phosphorus, especially in spring, indicating fluvial inputs are the
major source of nutrients to the system (Fig. 2.2, Chapter 2). In contrast, the central
North Sea displayed lower total nutrient concentrations, likely influenced
predominantly by North Atlantic currents (Fig. 2.2, Chapter 2). The fluvial influence
was also reflected in the N:P ratios along the transect. Extremely high DIN:DIP
ratios were observed nearshore, particularly in April, indicative of severe P limitation
of these coastal waters (Fig. 2.3B). P limitation of the nearshore phytoplankton
community was confirmed by bioassay experiments, with co-limitation of P and Si
by the diatoms in the community. Similar patterns of P limitation have also been
documented in nearby waters of the Marsdiep in the western Wadden Sea (Ly et al.,
2014). A spatial gradient transitioning from high N:P ratios in the riverine-dominated
nearshore to low N:P ratios in the North Atlantic-dominated central North Sea is
clearly visible in the spring months, both in the inorganic nutrients (Fig. 2.3) and in
the organic nutrients contained by the seston (Fig. 2.4). Studies performed in the
1990s along the Terschelling transect agree with the trends found in our study, but
at that time none described such extremely high nearshore N:P ratios (Peeters and
Peperzak, 1990; De Vries et al., 1998). The offshore gradient from high to low N:P
ratios therefore seems to be of recent origin. Thus, our findings support the
hypothesis that the nutrient budget of the North Sea has experienced major
reductions in nutrient loads due to de-eutrophication, which has shifted coastal
waters of the North Sea towards P limitation.

Figure 7.1 Total nitrogen (A) and total phosphorus (B) loads of the major rivers entering the
Dutch part (Rhine, Meuse, Noordzeekanaal, IJsselmeer and Ems) and German part (Weser, Elbe)
of the North Sea. Reproduced from van Beusekom et al. (2017).
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Figure 7.2 Molar N/P ratio of the major riverine loads to the Dutch part (Rhine, Meuse, Noordzeekanaal,
IJsselmeer and Ems) and German part (Weser, Elbe) of the North Sea. Reproduced from van Beusekom et
al. (2017).

Understanding phytoplankton species composition
A fundamental issue for understanding how changes in nutrient loads
affect phytoplankton community composition is the role of competition. More
specifically, do interspecific differences in the competitive ability for limiting
resources control relative species abundances in a community, as predicted by
niche-based theores? Or is competition an effectively neutral interaction and are
species abundances largely driven by more stochastic processes, as predicted by
neutral theory? In Chapter 3, competition for N, P, and light was clearly shown
to shift community composition depending on which of the resources were
limiting, which is consistent with the major predictions of niche-based models
(Tilman, 1982; Huisman and Weissing, 1995; Grover, 1997; Brauer et al., 2012).
Yet, the high diversity commonly observed in phytoplankton communities,
despite a low number of potentially limiting resources, is not easily explained by
niche-based theories. The neutral theory of biodiversity allows for high species
diversity by assuming that the competitive abilities for resources are equal among
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species (Bell, 2001; Hubbell, 2001). Neutral theory argues that the abundances
of species are based on random fluctuations of birth, death and
emigration/immigration, not on intrinsic differences in the competitive abilities
of the species for a limited set of resources (Etienne and Olff, 2004; Hubbell,
2005). These random fluctuations in individual species abundances are described
as ecological drift.
Some studies have applied the neutral theory to phytoplankton community
data and from this developed a “clumpy distribution” concept where species
abundances seem to aggregate along trait lines such as cell size (Vergnon et al.,
2009; Segura et al., 2013). This implies that species of similar cell size are
assumed to have effectively equal competitive ability for limiting resources, such
that ecological drift determines the abundances within size groups. However, this
assumption is merely based on field observations but rarely tested
experimentally, even though determining the driving forces behind natural
community composition from observational studies alone can be misleading.
For example, in Chapter 5 the co-dominance of Cyanobium sp. and
Nannochloropsis sp. in a multispecies community under P-limiting growth
conditions suggested an explanation in terms of neutral theory, because the two
species appeared to have an equal competitive ability for P. However, when these
two species were isolated and grown in dual-species competition experiments,
they did not show random trajectories of their species abundances as predicted
by neutral models, but reached the same steady-state abundances irrespective of
the starting conditions (Chapter 5). Their stable coexistence indicates that the
competitive interactions between these two species were not at all neutral.
Instead, it is more likely that differentiation along other niche-dimensions
enabled their coexistence. In particular, our results indicate that differences in
pigmentation and light use between these two species may have allowed for a
stabilization of their abundances despite their nearly neutral competitive ability
for P. Thus, while clumpy distributions of similar-sized species may appear to be
a result of neutral competition, when scrutinized experimentally, competition
along other niche-dimensions may in fact be stabilizing community structure.
Niche-based theories have emphasized that changes in environmental
nutrient ratios, such as the N:P ratio, have major effects on the composition of
natural communities (Tilman, 1982; Grover, 1997). The nutrient-load hypothesis
of Brauer et al. (2012) extends the classic resource-ratio theory to include light
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as a third limiting resource, a scenario commonly found under eutrophic
conditions (Cloern, 1999; Havens et al., 2003). As pointed out by the nutrientload hypothesis not only changes in nutrient ratios but also changes in absolute
nutrient loads may affect the species composition. Obviously, resolving this
debate is of high relevance if we are to understand how the phytoplankton
composition will respond to de-eutrophication efforts. Therefore, I examined
experimental responses of natural marine phytoplankton communities sampled
from the North Sea to several N:P ratios and nutrient loads (Chapter 3). Five
major predictions of the nutrient-load hypothesis were examined. Limitations
(and co-limitations) of N, P, and light were successfully induced in target
chemostats, resulting in significant changes in phytoplankton community
structure. Although the same set of species coexisted in nearly all chemostat
cultures at steady state, the relative dominance of individual species was clearly
driven by nutrient limitation at low nutrient loads and co-limitation with light at
moderate nutrient loads. At high nutrient loads, light limitation developed.
Increasing nutrient loads induced changes in relative species dominance even
when N:P ratios remained constant. These experiments confirm the prediction of
the nutrient-load hypothesis that both nutrient ratios and total nutrient loads
should be considered when attempting to predict the impact of nutrient
management strategies on phytoplankton community structure.
The only prediction of the nutrient-load hypothesis which was not
confirmed by the chemostat experiments was the prediction of competitive
exclusion under single resource limitation (Chapter 3). Although stable
coexistence was predicted for the co-limitation experiments, we did not expect
to find stable coexistence in the single limitation experiments as well.
Interestingly, the light-limitation only treatment did have fewer species at steady
state than the other treatments. The three species coexisting under light -limited
conditions represented three different functional groups of phytoplankton; green
algae (C. marina), diatoms (N. agnita), and cyanobacteria (Synechococcus spp.).
The light absorption spectra of these three species (Chapter 3) partially
overlapped but also revealed that each of the species contained pigments which
allowed for specialized utilization of part of the light spectrum. These results
show that light should not be interpreted as a single resource, but as a spectrum
of resources, and indicate that niche differentiation in the light spectrum may
have supported their coexistence. A similar stabilization of species coexistence
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through niche differentiation in the light spectrum was also observed in the dualspecies competition experiments in Chapter 5.
Coexistence due to differences in light absorption spectra has been
convincingly demonstrated by Stomp et al. (2004) using two closely related
Synechococcus sp. strains (BS4 and BS5) isolated from the Baltic Sea. Strain
BS4 has high contents of phycocyanin and therefore appears green in color and
grows well in red light. Conversely, strain BS5 contains phycoerythrin, appears
red in color, and grows well in green light. When both strains were grown
competitively under either green or red light, competitive exclusion occurred
(Fig. 7.3c, d). However, when grown under the full spectrum of white light,
coexistence occurred as each strain utilized different sections of the light
spectrum (Fig. 7.3e). Further studies found similar patterns of coexistence among
red and green picocyanobacteria in field data (Stomp et al., 2007b). Our results
indicate that differences in light absorption spectra may contribute not only to
the coexistence of closely related picocyanobacteria, but also to the coexistence
of phytoplankton taxa from completely different functional groups (e.g.,
cyanobacteria, diatoms and green algae).

Figure 7.3 Time course of monocultures of Synechococcus strains BS4 (a) and BS5 (b) in white
light. Competition between BS4 and BS5 in red light (c), green light (d) and white light (e).
Symbols represent the observed population densities of BS4 (green triangles) and BS5 (red
triangles). Lines represent the population densities predicted by the model: green solid line for
BS4, red dashed line for BS5 (Reproduced from Stomp et al. 2004)
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Effects of nutrient-load reductions on phytoplankton species composition
Our results show that the North Sea currently displays P (co-) limitation of
phytoplankton growth during the spring months in coastal regions most
influenced by fluvial inputs. Moving from the nearshore to the central North Sea,
DIN:DIP ratios transition from P-limitation, to N and P co-limitation, to Nlimitation. The distance from shore of P-limiting DIN:DIP ratios is dependent on
the degree of influence of fluvial inputs, thus the furthest extension was in the
month of April. In March and May the offshore gradient from P to N limitation
was still observed, but by August the entire transect was exhibiting N-limiting
DIN:DIP ratios. Nutrient enrichment bioassays confirm this spatial gradient from
P limitation nearshore to N limitation offshore in the spring, with the addition of
co-limitation by Si in nearshore regions (Chapter 2).
Phytoplankton functional groups are differentially impacted by changes in
nutrient limitation. Diatoms were the most dominant group in terms of
phytoplankton biomass in all months but August (Fig. 2.6), but may also be
particularly susceptible to P-limitation especially in spring (Chapter 2). Their
growth rate is further affected by co-limitation by Si, as confirmed by the
bioassay experiments (Chapter 2; see also Ly et al., 2014). Although in Chapter
3 diatoms were dominant in both the P- and N-limiting chemostat experiments,
these particular diatom species had very small cell sizes. The larger pelagic
diatom species, which are indicative of the classical spring bloom, were quickly
excluded in these chemostat experiments (Chapter 3). In fact, in all the chemostat
experiments, it was only small species which remained. Dominance of small
species under nutrient-limited conditions has been observed in several studies of
phytoplankton ecology (Raven, 1998; Litchman et al., 2010; Marañón, 2015).
Bioassay results indicated that almost all functional phytoplankton groups
were P-limited in the nearshore region, including the targeted Phaeocystis sp.
and cyanobacteria (Chapter 2). However, in contrast to the diatoms,
dinoflagellates and nanoflagellates appeared to be co-limited by N and P in April,
despite elevated DIN:DIP ratios (Chapter 2). Several species of dinoflagellates
and nanoflagellates utilize mixotrophy as a means to meet nutritional needs under
inorganic nutrient limitation stress. This is a trait which may give these groups a
competitive edge under stoichiometrically imbalanced DIN:DIP conditions.
Dinoflagellates in particular contain many species that produce toxins which can
be harmful to fish, marine mammals and humans. One possible risk of strongly
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limiting diatom growth through P and Si limitation in spring is an increase in
occurrence of these potentially toxic species.
The Netherlands is not immune to blooms of toxic dinoflagellates. The
bloom of Alexandrium ostenfeldii in the Ouwerkerkse Kreek proved to be
particularly toxic with the species producing both saxitoxins and spirolides
(Chapter 6). This event is an indication that these toxic species are not only
present in Dutch coastal waters, but are capable of creating an environmental and
human health risk should they become bloom forming. Many of the
dinoflagellate genera identified in the sampling transect of the North Sea, such
as Alexandrium, contain several toxin producing species. Due to the cyst forming
abilities of many of these toxic species, once conditions allow for a first bloom
to occur there is considerable potential for repeated bloom events (Giacobbe et
al., 2007; Tang and Gobler, 2012; 2015).
Effects of nutrient-load
phytoplankton

reductions

on

biochemical

composition

of

In addition to changes in phytoplankton species composition, nutrient-load
reductions may also affect the biochemical composition of phytoplankton
(Chapters 2 and 4). The P-limited conditions in the coastal North Sea were
reflected by high N:P and C:P ratios of the nearshore seston (probably mostly
phytoplankton cells), which were well above the Redfield ratio in April and May
and significantly higher than that of the seston from further offshore (Fig. 2.4).
In the outer shore stations N:P and C:P ratios of the seston were within range of
the Redfield ratio, indicating a more balanced ecological stoichiometry of
phytoplankton.
While cellular C:N:P ratios are often considered in ecological
stoichiometry studies (see Sterner and Elser, 2002), a major criticism is the lack
of knowledge on the individual biomolecules which contribute to the overall
intercellular C, N, and P pool. Using methods developed by Grosse et al. (2015,
2017), 13C isotopes were utilized to gain a more detailed understanding into how
resource limitation impacts the accumulation and synthesis of amino acids, fatty
acids and carbohydrates (Chapter 4). Both amino acid content and synthesis were
lower in N-limiting chemostats when compared with P- or light-limiting
chemostats. This agrees with other studies showing that N-limitation may slow
amino acid synthesis (e.g., Van de Waal et al., 2010b; Loladze and Elser, 2011;
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Grosse et al., 2017). Conversely, P-limitation did not reveal a major impact on
amino acid synthesis. Additionally, the synthesis of essential amino acids was
lower under N-limited conditions than in P- and light-limited communities
(Chapter 4). Interestingly, Grosse et al. (2017) found that North Sea
phytoplankton under N-limitation showed rapid recovery of amino acid synthesis
when the nutrient limitation was relieved in short-term field incubations.
Glucose, a storage carbohydrate, showed an opposite trend to amino acids, while
structural carbohydrates and structural fatty acids did not vary significantly.
Light limitation was linked with decreased accumulation of storage fatty acids.
Although gaps in biomolecule composition remain (e.g., we did not measure
RNA, DNA, pigments), up to 91% of the C-fixation performed by the
phytoplankton was invested in the synthesis of amino acids, carbohydrates, and
fatty acids. A ew method to detect 13C incorporation into RNA and DNA
nucleotides (Moerdijk‐Poortvliet et al., 2014) can further progress our
understanding of how resource limitations affects the biochemical composition
of phytoplankton.
The changes in biomolecular composition observed in the chemostat
experiments most likely apply to the natural system as well. The DIN:DIP ratio
of the nearshore North Sea in April (375:1) was in the same order of magnitude
as the DIN:DIP ratio in the mineral medium supplied to the P-limited chemostat
(500:1). Conversely, DIN:DIP ratios in the central North Sea (1:1) were
comparably N-limited as the mineral medium supplied to the N-limited
chemostat experiment (0.5:1; Chapter 2 & 3). Thus, patterns of amino acid,
carbohydrate and fatty acid synthesis in the North Sea would be expected to
follow the same gradient of N:P ratios as in the experiments in Chapter 4. Indeed,
Grosse et al. (2017) found amino acid suppression under N-limiting conditions
in the offshore waters of the North Sea and during the late summer season. Amino
acid production was higher in P-limited phytoplankton nearshore, in agreement
with their higher cellular N:P ratio. These results indicate that nutrient limitation
not only impacts growth rates and biochemical composition of phytoplankton in
experimental conditions but has a similar effect in natural systems.
Have nutrient-load reductions changed the North Sea food web?
P-deficient phytoplankton are known to be of less nutritional quality for
grazers and higher trophic levels (Sterner and Elser, 2002; Plath and Boersma,
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2001; Suzuki‐Ohno et al., 2012; Burian et al., 2018). Traditionally, P limitation
has been associated more with freshwater than with marine ecosystems, and
freshwater cladocerans tend to have higher P requirements than marine copepods
(Fig. 1.4; see also e.g. Sommer and Sommer, 2006; Branco et al., 2018).
Therefore, P limitation of zooplankton has received much more attention in
freshwater than in marine studies (e.g., Urabe and Sterner, 1996; DeMott et al.,
1998; Elser et al., 2001). However, experiments show that P deficiency also
affects marine grazers. For instance, P-limited phytoplankton fed to marine
copepods caused a marked decline in zooplankton growth rate (Malzahn and
Boersma, 2012). Subsequent experiments revealed that the resultant P deficiency
of these copepods, in turn, had detrimental effects on larval growth of
economically valuable species such as herring (Malzahn et al., 2007) and
European lobster (Schoo et al., 2012). These experiments demonstrate that, at
least in principle, P deficiency of marine phytoplankton can propagate to higher
trophic levels in the food web.
Field studies show that reduced P loading of the Wadden Sea since the
mid-1980s was accompanied by changes in the species composition of the
phytoplankton community, of the macrozoobenthic community feeding on the
phytoplankton, and of the bird community feeding on the macrozoobenthos
(Philippart et al., 2007). A recent study by Capuzzo et al. (2018) revealed that,
in the North Sea, there has been a significant decline in primary production,
abundance of small copepods, and fish recruitment averaged over seven
commercially important fish stocks over the period 1988-2013. Capuzzo and
colleagues found that the decline in primary production was concentrated in what
they describe as the transitional east and transitional west regions of the North
Sea (Fig. 7.4). They observed that the abundance of small copepods and fish
recruitment were both significantly correlated with primary production, and the
decline of the small copepods seemed to also be concentrated in the transitional
east. These observations point at bottom-up control of small zooplankton and fish
recruitment by the primary producers. However, large copepods did not show a
consistent increase or decline over the investigated period. Støttrup et al. (2017)
describe how large diatom blooms facilitate growth of the benthic fauna, which
in turn feed demersal fish populations. They report shifts in the geographical
distribution of juvenile plaice (Pleuronextes platessa), one of the economically
most important demersal fish species, in the central and eastern North Sea since
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the beginning of the 1990s, and suggest declines in overall nutrient loads may
play a role (Støttrup et al., 2017).
Correlations do not provide evidence of cause-effect relationships, as
acknowledged by these field studies. The North Sea has witnessed many other
changes over the past decades, including changes in fisheries, global warming
and ocean acidification, the placement of new wind farms and intensification of
shipping activities. It is noteworthy, however, that the eastern region of the North
Sea appears to show the strongest decline in primary production and coincides
with the area that receives most of its nutrient inputs from the river Rhine
(Capuzzo et al., 2018). These field observations are therefore consistent with the
hypothesis that nutrient load reductions have affected the North Sea food web.
Based on the available data, it is likely that if the current reduction of riverine
nutrient loads continues, cascading effects on the productivity of fisheries will
become apparent.

Figure 7.4 (a) Map of the North Sea showing the six hydrodynamic regions examined by Capuzzo et
al. (2018). (b) Changes in total annual primary production, PP (1012gC/year), in each hydrodynamic
region. Reproduced from Capuzzo et al. (2018).
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Recommendations for the future
Nutrient management:
While some may suggest that our results (Chapter 2) and the findings of later
studies (Støttrup et al., 2017; Capuzzo et al., 2018) are arguments to avoid nutrient
reduction efforts, I would strongly disagree. A return to eutrophic conditions will
bring back the risk of hypoxia and nuisance algal blooms. However, the success of
de-eutrophication efforts lies not only in the absolute reduction of nutrients, but in a
stoichiometrically balanced nutrient reduction plan. This suggestion, of course, is
based on the underlying assumption that the stoichiometry of nutrients is just as
critical to consider as the total amount when battling eutrophication. Although this
debate has been ongoing among scientists and water managers for some time
(Philippart et al., 2007; Schindler and Hecky, 2009; Paerl et al., 2014), our results
clearly point at the need to consider nutrient stoichiometry in the overall assessment
of water quality and marine ecosystem functioning. Overall, the management of
anthropogenically derived eutrophication is critical to promote healthy, productive
coastal zones and reductions of nutrient loading are a key step in this process. The
reductions will have a greater chance of success, and avoid the ecological issues
identified in this thesis, if done so with N and P ratios kept in a biologically relevant
stoichiometric balance.
Monitoring:
A clear conclusion from this thesis is the need to improve and continue
monitoring in the North Sea. Monitoring should not be limited to inorganic
nutrients and chlorophyll a alone, but should include the underwater light
spectrum, phytoplankton community composition, seston stoichiometry and
biomolecule composition of phytoplankton. This thesis has demonstrated that
understanding the impact of de-eutrophication on the phytoplankton community
requires analysis from all of these perspectives. Furthermore, as climate change
and in particular warming and acidification increase, additional impacts are
expected for the North Sea. Increased monitoring, particularly that which
incorporates in situ flow-through nutrient and phytoplankton identification have
proven invaluable to better understand patterns of primary production in these
systems (Blauw et al., 2012; Aardema et al., in review).
Similar monitoring should be extended to the zooplankton community, to
enable predictions of possible effects on higher trophic levels. Investigations
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should include links to not only total primary production measurements, but also
with respect to the community and biochemical composition of the
phytoplankton. The latter having implications for the nutritional quality of
phytoplankton for higher trophic levels and ultimately impacting recruitment of
economically important species.
Future research:
One of the key questions emerging from our study is to what extent the
cascading effects of reduced nutrient loading on higher trophic levels (e.g.,
zooplankton, fish) are driven by a reduction of the total primary production per
se and to what extent they are driven by shifts in the species composition and
nutritional quality of the primary producers. Controlled experiments at the
ecosystem level, for example in large laboratory mesocosms or field enclosures
including zooplankton and fish populations, exposed to different nutrient levels
and nutrient ratios may shed more light on this important question.
Finally, models of nutrient budgets should be extended to understand the
fate of riverine nutrients in the greater North Sea and to include changes in the
nutritional quality of primary producers and their potential impacts at higher
trophic levels. Ideally, these models will help to calculate and predict impacts of
future riverine nutrient input scenarios. These calculations can guide
management towards more stoichiometrically balanced nutrient reductions, not
only in the North Sea system but in any coastal region where such efforts are
being attempted.
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A Sea of Change:
Impacts of Reduced Nitrogen and Phosphorus Loads
on Coastal Phytoplankton Communities

The amount of nutrients entering the North Sea and many other coastal
waters is highly impacted by anthropogenic activities. For decades, nutrient
loading has steadily increased, which eventually resulted in eutrophication of
coastal marine ecosystems. To address the negative impacts of nutrient loading,
a multi-national agreement was enacted in 1986, to reduce by half the total
nitrogen and phosphorus loads entering the North Sea via the major rivers o f
western Europe. By the early 2000s, the reduction of total phosphorus, at 5070%, was more successful than the reduction of total nitrogen, at 20-30%. This
disproportionate reduction in major nutrients may affect the productivity, species
composition and nutritional quality of marine phytoplankton, at the base of the
marine food web. To understand how this shift in nutrient loads has impacted the
phytoplankton community in the North Sea, three major aims were addressed in
this thesis.






The first aim is to determine if multi-decadal de-eutrophication efforts
have changed the nutrient stoichiometry of the North Sea and therefore
the nutrients limiting the primary production of these waters.
The second aim is to investigate how observed shifts in resource
limitation and nutrient stoichiometry may have influenced the species
and biochemical composition of phytoplankton communities in the North
Sea.
The third aim is to use the North Sea phytoplankton as a model system to
contribute to an improved conceptual understanding of how competition
between species affects the species composition of natural communities.

Nutrient limitation of the North Sea was investigated on multiple research
cruises with the RV Pelagia along a transect which incorporated the nearshore
region and extended to the central region (Chapter 2). Analysis of dissolved
inorganic nutrients revealed a clear gradient from exceptionally high N:P ratios
in the nearshore to low N:P ratios in the central North Sea. The presence of such
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high N:P ratios is indicative of P limitation, which is counter to traditional
expectations that the productivity of marine ecosystems tends to be N limited.
The same stoichiometric gradient was observed in the seston (=phytoplankton
and detritus) of the North Sea, which also showed extremely high N:P and C:P
ratios in the coastal waters and much lower values in the central North Sea
(Chapter 2).
Nutrient enrichment bioassays performed on board of the research vessel
confirmed this spatial gradient in nutrient limitation (Chapter 2). Overall,
phytoplankton growth in the nearshore region was limited by P, which
transitioned to N and P co-limitation further offshore, and to N limitation in the
central North Sea. Diatoms in the coastal waters were co-limited by silicate and
P, while dinoflagellates and nanoflagellates including many mixotrophic species
were co-limited by N and P. The different species responses indicated that further
reductions of riverine P loads without concomitant reductions of N loads are
likely to further suppress nuisant Phaeocystis blooms, but might be less effective
in diminishing harmful algal blooms by dinoflagellates. The potential problems
that can be caused by harmful algal blooms are illustrated by a highly toxic
Alexandrium ostenfeldii bloom that caused major water quality issues in Zeeland
in 2012 (Chapter 6).
Controlled laboratory experiments were utilized to investigate how changes
in nutrient limitation would affect the species composition of phytoplankton
communities collected from the North Sea (Chapter 3). Classic resource
competition theory predicts that changes in nutrient ratios will alter the
phytoplankton species composition. The nutrient-load hypothesis extends this
classic theory, and predicts that decreasing nutrient loads will also alter the
species composition even if nutrient ratios would stay the same, by shifting the
species interactions from competition for light to competition for nutrients.
Seven chemostats, each with a unique combination of N and P loads, were used
to test these predictions. The results showed that both changes in N:P ratios and
changes in absolute nutrient loads affected the phytoplankton species
composition, in agreement with the theoretical predictions. However, we found
a higher species diversity in the experiments than predicted by theory. This may
be explained by neutral coexistence of the species, or by differences in pigment
composition between diatoms, chlorophytes and cyanobacteria allowing a subtle
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form of niche differentiation in which species utilize different portions of the
underwater light spectrum.
To better understand how the biochemical composition of phytoplankton is
impacted by changes in nutrient limitation, the phytoplankton communities
grown in the experiments of Chapter 3 were further analyzed for biomolecule
composition and synthesis (Chapter 4). The stable isotope 13C was added to
steady-state communities from the chemostat experiments and incorporation of
13
C into key biomolecules such as amino acids, carbohydrates and fatty acids was
investigated. Nitrogen limitation reduced the amino acid content of the cells, and
decreased the transformation from non-essential to essential amino acids, when
compared to P- or light limitation. The cellular content of glucose, a storage
carbohydrate, increased with nitrogen limitation, while structural carb ohydrates
and structural fatty acids did not vary significantly. P-limitation did not appear
to impact amino acid content. The experiments had insufficient biomass for the
analysis of 13C in nucleic acids, but it is well known from other studies that P limitation suppresses the RNA content of cells. These changes in biomolecule
composition may affect phytoplankton growth, and are a major determinant of
their nutritional quality for higher trophic levels in the food web (Chapter 4).
Niche-based models and the neutral theory of biodiversity differ in their
predictions of how phytoplankton communities will respond to changing nutrient
loads. In particular, niche-based models assume that interspecific differences in
the utilization of nutrients and light cause changes in species composition,
whereas neutral theory assumes that species are equal competitors resulting in
random drift of the species. To distinguish between these two fundamentally
different conceptual frameworks, additional chemostat experiments were
performed using natural phytoplankton collected from the North Sea.
Coexistence of two species, the picocyanobacterium Cyanobium sp. and nanoeukaryote Nannochloropsis sp., occurred under P-limiting conditions. Both
species were isolated and grown in monoculture to parameterize their growth
kinetics. This revealed a nearly equal competitive ability for P, indicative of
neutral coexistence of the two species. However, instead of the random drift
predicted by neutral theory, pairwise competition experiments showed that the
species abundances converged to the same steady state even if the species started
from different initial conditions. Again, differences in pigment composition
between the species may have played a role. That is, subtle niche differentiati on
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in the light spectrum may have stabilized the otherwise neutral competition for
P, resulting in stable coexistence of the two species.
Overall, the impact of changing nitrogen and phosphorus loads on the
phytoplankton community of the North Sea has been substantial. The more
effective reduction of the P loads has resulted in P limitation of coastal waters,
and an offshore gradient from P to N limitation that is reflected in both the C:N:P
stoichiometry of the seston and in the growth response of the phytoplankton
(Chapter 2). Furthermore, controlled experiments show that changes in both N:P
ratios and total nutrient loads alter the biochemical and species composition of
phytoplankton communities, and that these changes in species composition can
best be described by niche-based models such as the nutrient-load hypothesis
(Chapter 3, 4, 5). Further work is required to understand how higher trophic
levels in the food web may be impacted by the low nutritional quality of P-limited
phytoplankton. This work supports calls for continued and improved monitoring
of the North Sea. Furthermore, this research demonstrates that future de eutrophication efforts in any aquatic system should be done with balanced
reductions of N and P as a core tenet
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Een zee van verandering:
Effecten van de afname in stikstof- en fosfaatbelasting op
het fytoplankton in kustwater
De hoeveelheid voedingsstoffen die de Noordzee en andere kustwateren
instromen wordt sterk beïnvloed door menselijke activiteiten. Gedurende
meerdere decennia nam de nutriëntenbelasting geleidelijk toe, wat uiteindelijk
resulteerde in eutrofiëring van mariene kustecosystemen. Om de negatieve
effecten van eutrofiëring een halt toe te roepen werd in 1986 in internationaal
verband afgesproken om de hoeveelheid stikstof en fosfaat die via Europese
rivieren de Noordzee instroomt te halveren. In de beginjaren 2000 was de totale
afname van de fosfaatbelasting, met 50-70%, succesvoller dan de totale afname
van de stikstofbelasting, met zo’n 20-30%. Deze onbalans in de afname van deze
twee belangrijke voedingsstoffen zou kunnen leiden tot verschuivingen in de
productiviteit, soortensamenstelling en voedingswaarde van marien fytoplankton
aan de basis van het mariene voedselweb. Om beter te begrijpen of en hoe deze
verschuiving in de nutriëntenbelasting het fytoplankton in de Noordzee heeft
beïnvloed, heeft dit proefschrift zich gericht op de volgende drie doelstellingen:
 Het eerste doel is om vast te stellen of deze meerjarige verandering in
de nutriëntenbelasting de verhouding van de nutriëntenconcentraties in
de Noordzee heeft veranderd, en of dat heeft geleid tot veranderingen in
de nutriënten die limiterend zijn voor de primaire productie van de
Noordzee.
 Het tweede doel is om te onderzoeken hoe deze verschuivingen in
nutriënt limitatie de soortensamenstelling en biochemische
samenstelling van het fytoplankton in de Noordzee zouden kunnen
beïnvloeden.
 Het derde doel is om het fytoplankton van de Noordzee te gebruiken als
een model systeem voor een beter fundamenteel begrip van de effecten
van concurrentie tussen soorten op de soortensamenstelling van
ecosystemen.
Nutriënt limitatie in de Noordzee werd onderzocht door meerdere
vaartochten met het onderzoekschip RV Pelagia langs een transect van de
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kustzone naar het midden van de Noordzee (Hoofdstuk 2). Analyse van opgeloste
anorganische nutriënten maakte een duidelijke gradiënt zichtbaar van
exceptioneel hoge N:P ratio’s in het kustwater tot lage N:P ratio’s in het midden
van de Noordzee. De aanwezigheid van zulke hoge N:P ratio’s is een aanwijzing
voor fosfaat (P) limitatie, en staat haaks op de traditionele gedachte dat de
productiviteit van mariene ecosystemen vooral door stikstof wordt gelimiteerd.
Dezelfde gradiënt is echter ook aanwezig in het seston (=fytoplankton en
detritus) van de Noordzee, waarbij we ook bijzonder hoge N:P en C:P ratio’s in
het seston van de kustzone vonden en veel lagere waarden in de centrale
Noordzee (Hoofdstuk 2).
De ruimtelijke gradiënt in nutriënt limitatie werd bevestigd door bioassays
met nutriëntenbemesting aan boord van het onderzoekschip (Hoofdstuk 2). De
groei van het fytoplankton in de kustzone werd gelimiteerd door P, er was een
overgangszone met co-limitatie van N en P verder uit de kust, en N was
limiterend in de centrale Noordzee. Diatomeeën in het kustwater werden ge-colimiteerd door silicaat en P, terwijl bij dinoflagellaten en nanoflagellaten
waaronder veel mixotrofe soorten sprake was van co-limitatie door N en P. De
verschillende manieren waarop verschillende soorten reageerden gaven aan dat
verdere afname van de fosfaatbelasting zonder gelijktijdige afname van de
stikstofbelasting waarschijnlijk zal leiden tot een verdere terugloop van de
overlast veroorzakende schuimalg Phaeocystis, maar minder effectief zal zijn in
het beperken van schadelijke algengroei door dinoflagellaten. Dat
dinoflagellaten kunnen leiden tot schadelijke algengroei met grote problemen
voor de waterkwaliteit wordt goed geïllustreerd door de bloei van de bijzonder
giftige Alexandrium ostenfeldii in de provincie Zeeland in 2012 (Hoofdstuk 6).
Hoe verschuivingen in nutriënt limitatie de soortensamenstelling van
fytoplankton in de Noordzee kunnen beïnvloeden, werd onderzocht in
gecontroleerde laboratorium experimenten (Hoofdstuk 3). De klassieke resource
competitie theorie voorspelt dat veranderingen in nutriënt ratio’s zullen leiden
tot
veranderingen
in
de
fytoplankton
soortensamenstelling.
De
nutriëntenbelasting hypothese is een uitbreiding van deze klassieke theorie, die
voorspelt dat een afname van de nutriëntenbelasting ook zal leiden tot
veranderingen in de soortensamenstelling als de nutriënt ratio’s hetzelfde blijven,
doordat de interactie tussen soorten verschuift van competitie om licht naar
competitie om nutriënten. Zeven chemostaat experimenten, met elk een unieke
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combinatie van stikstof- en fosfaatbelasting, werden uitgevoerd om deze
voorspellingen te testen. De resultaten tonen aan dat zowel veranderingen in N:P
ratio’s als veranderingen in totale nutriëntenbelasting effect hebben op de
fytoplankton soortensamenstelling, in overeenstemming met de theoretische
voorspellingen. We vonden echter een grotere diversiteit aan soorten dan was
voorspeld door de theorie. Deze hoge diversiteit kan worden toegeschreven aan
neutrale coëxistentie van de soorten, of aan verschillen in pigmentsamenstelling
tussen diatomeeën, groenalgen en cyanobacteriën die een subtiele vorm van niche
differentiatie mogelijk maken waarbij soorten gebruik maken van verschillende
delen van het onderwater lichtspectrum.
Om beter te begrijpen hoe de biochemische samenstelling van fytoplankton
wordt beïnvloed door veranderingen in nutriënt limitatie hebben we de
biomoleculen van het fytoplankton in de experimenten van Hoofdstuk 3 nader
geanalyseerd (Hoofdstuk 4). Hiertoe voegden we de stabiele 13C isotoop toe aan
fytoplankton uit de chemostaat experimenten en analyseerden we de opname van
het toegevoegde 13C in belangrijke biomoleculen zoals aminozuren, koolhydraten
en vetzuren. Stikstof limitatie leidde tot een afname van het aminozuur gehalte
van de cellen, en afname van de omzetting van niet-essentiële naar essentiële
aminozuren, in vergelijking met fosfaat- of licht limitatie. Het glucose gehalte
van de cellen, voor opslag van koolhydraten, nam juist toe bij stikstof limitatie,
terwijl structurele koolhydraten en vetzuren niet significant varieerden met het
type nutriënt limitatie. Fosfaat limitatie bleek geen impact te hebben op het
aminozuur gehalte. We hadden onvoldoende biomassa beschikbaar voor de
analyse van 13C in nucleïnezuren, maar het is bekend van andere studies dat P
limitatie het RNA gehalte van cellen verlaagd. Deze veranderingen in
biochemische samenstelling kunnen een effect hebben op fytoplankton groei, en
zijn bepalend voor de voedingswaarde van fytoplankton voor hogere trofische
niveau’s in het voedselweb (Hoofdstuk 4).
Niche-gebaseerde modellen en de neutrale theorie voor biodiversiteit
verschillen in hun voorspelling hoe de fytoplankton samenstelling zal reageren
op veranderingen in de nutriëntenbelasting. Het uitgangspunt van nichegebaseerde modellen is dat verschillen tussen soorten in hun concurrentiestrijd
om nutriënten en licht leiden tot veranderingen in de soortensamenstelling,
terwijl de neutrale theorie berust op de aanname dat alle soorten gelijkwaardige
concurrenten zijn wat resulteert in random verschuivingen in de
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soortensamenstelling. Om vast te stellen welke van deze twee fundamenteel
verschillende uitgangspunten het beste van toepassing is, hebben we een nieuwe
reeks van chemostaat experimenten uitgevoerd met natuurlijk fytoplankton uit de
Noordzee. P limitatie leidde tot de coëxistentie van twee soorten, de
picocyanobacterie Cyanobium en de nano-eukaryoot Nannochloropsis. Beide
soorten werden geïsoleerd en opgekweekt in monocultuur om hun groeieigenschappen te meten. Hieruit bleek dat de twee soorten een vergelijkbare
concurrentiekracht hebben voor fosfaat, wat een indicatie is dat competitie tussen
deze soorten zou kunnen leiden tot neutrale coëxistentie. Echter, in plaats van
random fluctuaties te vertonen, convergeerden de beide soorten in competitie
experimenten tot dezelfde stabiele evenwichts-verhoudingen ongeacht met welke
initiële hoeveelheden de beide soorten het experiment begonnen. Opnieuw lijken
verschillen in pigmentsamenstelling van de soorten een rol te hebben gespeeld.
Dat wil zeggen, subtiele niche differentiatie in het licht spectrum heeft
waarschijnlijk geleid tot stabilisering van de anderszins neutrale
concurrentiestrijd, resulterend in stabiele coëxistentie van de twee soorten.
Samenvattend zijn de veranderingen in de stikstof- en fosfaatbelasting van
grote invloed geweest op het fytoplankton van de Noordzee. De sterke afname
van de fosfaatbelasting heeft geleid tot P limitatie van het kustwater, en een
gradiënt van P limitatie bij de kust tot N limitatie in de centrale Noordzee die tot
uitdrukking komt in zowel de C:N:P verhoudingen als de groei response van het
fytoplankton (Hoofdstuk 2). Voorts blijkt uit laboratorium experimenten dat
veranderingen in zowel N:P ratio’s als totale nutriëntenbelasting leiden tot
verschuivingen in de biochemische samenstelling en soortensamenstelling van
het fytoplankton, waarbij verschuivingen in de soortensamenstelling het meest
adequaat worden beschreven door niche-gebaseerde modellen zoals de
nutriëntenbelasting hypothese (Hoofdstukken 3-5). Verder onderzoek is
noodzakelijk om beter te begrijpen hoe de hogere trofische niveau’s in het
mariene voedselweb worden beïnvloed door de lage voedselwaarde van Pgelimiteerd fytoplankton. Dit werk onderstreept het belang van een betere
monitoring van (de veranderingen in) de Noordzee. Bovendien laat dit onderzoek
zien dat verdere inspanningen tot de-eutrofiëring van aquatisch ecosystemen
zouden moeten berusten op gebalanceerde reducties van N en P als leidend
principe.
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