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Chapter 1 

General Introduction 

Primary production by phytoplankton represents the basis of most marine webs 
and is in turn mainly regulated by light and nutrient availability. As a response to 
nutrient scarcity phytoplankton is typically flexible in adjusting their cellular 
composition of biomolecules. Using newly developed stable-isotope methods, I 
show here the extent to which nitrogen (N) and phosphorus (P) limitation affect 
biomolecule composition and synthesis of phytoplankton in coastal seas. In 
addition, I studied what this means for the nutritional value of phytoplankton to 
higher trophic levels and how consumers cope with changes in algal food quality. 

Changing nutrient regimes in coastal seas 

Increases in riverine nutrient loads, mainly due to the increases of N and P 
based fertilizers use and wastewater discharge since the 1950’s, led to 
eutrophication in coastal seas worldwide (Nixon 1995; Turner et al. 2003; 
Grizzetti et al. 2012). The North Sea is a typical example of a coastal sea that has a 
long history of being influenced by eutrophication. Over 184 million people live in 
its catchment area, which is affected by the discharge of several large rivers, the 
most important ones being the Rhine, Weser, Meuse, Scheldt, Seine, Thames and 
Elbe (EEA 2001). Between the early 1960’s and the mid 1980’s mean annual 
concentration of dissolved inorganic N in the North Sea tripled, while at the same 
time P concentrations doubled (Hickel et al. 1993), resulting in major shifts in 
nutrient availability and cycling. Direct effects of eutrophication on the marine 
ecosystem included an increase in phytoplankton biomass (Cadée & 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 & Diel-Christiansen 2009) and the development of 
hypoxia (Westernhagen & Dethlefsen 1983). 
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In order to decrease dissolved inorganic N (DIN) and P loads, the members of 
the OSPAR Convention (Convention for the Protection of the Marine 
Environment of the North-East Atlantic) agreed to lower riverine nutrient inputs 
by at least 50% compared to the year 1985 (OSPAR 1988). By 2002, many 
countries reached and even exceeded the goal for P by decreasing inputs by 50-
70%. However, decreasing DIN inputs was less successful and loads were only 
lowered by 20 − 30% (Fig. 1.1; Lenhart et al. 2010; OSPAR 2010; Passy et al. 
2013). 

 

 

Figure 1.1: Decrease of nitrogen and phosphorus discharges to European seas 
reported for 2005 relative to 1985 (OSPAR 2010) 

 

The unbalanced decrease of riverine nutrient loads caused an increase in DIN:P 
ratios, a trend not just seen in the North Sea but also in other coastal seas that 
border developed countries (Justic et al. 1995; Turner et al. 2003). Furthermore, 
dissolved silicate (DSi) concentrations decreased as well in certain areas (Soetaert 
et al. 2006), thereby affecting its relative availability and adding an additional 
challenge for diatoms, which require DSi for building their frustule (Fig. 1.2). The 
classical view, which considers N to be limiting in marine systems (Hecky & 
Kilham 1988; Howarth & Marino 2006) is now challenged by studies where P-
limitation becomes dominant, especially in river influenced coastal areas such as 
the North Sea, the Gulf of Mexico or the South China Sea (Philippart et al. 2007; 
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Sylvan et al. 2007; Xu et al. 2008; Ly et al. 2014). And with phytoplankton being 
the main contributors to global primary production and forming the basis of 
marine food webs (Field et al. 1998), changes in nutrient availability will affect 
primary production rates, phytoplankton stoichiometry and consequently induce 
food web changes. 

 

Figure 1.2: Long-term changes in annually averaged macro-nutrient data for the 
Scheldt river. (A) Nutrient concentrations. (B) Nutrient ratios and regression of 
Si:N ratio vs. river discharge (m3 s-1) in the inset. Modified after Soetaert et al. 
(2006). 
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In the North Sea, biomass and primary production rates fluctuate throughout 
the growing season, which is caused by a succession of different phytoplankton 
groups and driven by temperature, light and nutrient availabilities (Gieskes & Van 
Bennekom 1973; Van Beusekom & Diel-Christiansen 2009). Usually, the 
phytoplankton community composition is determined by the total amounts of 
nutrients available but at low concentrations the supply ratio becomes important as 
well (Tilman 1977; Tilman 1985; Miller et al. 2005; Brauer et al. 2012). Diatoms 
dominate the community during the spring bloom and are responsible for the 
larger part of the annual primary production, but dinoflagellates and other small-
bodied phytoplankton groups become dominant during the post-bloom and 
summer months when nutrient concentrations are lowest (Reid et al. 1990). But 
the continuing long-term decrease in nutrient availability will intensify 
competition for nutrients, which in turn may facilitate dinoflagellates to play a 
more important role in the future (Kremp et al. 2008). 

Phytoplankton stoichiometry 

Biomolecule composition and nutrient availability 

Changes in nutrient availability translate into changes in C:N:P ratios of 
phytoplankton biomass that indicate shifts in their biomolecule composition. In 
photoautotrophic organisms the conversion of inorganic CO2 to glucose 
(photosynthesis) is separated from the subsequent conversion of glucose into other 
biomolecules. The first step is primarily regulated by light availability; the later 
(post-photosynthesis) steps strongly depend on nutrient availability (Arrigo et al. 
1999). When nutrients are scarce the synthesis of carbon-rich storage compounds 
is increased, e.g. by producing storage lipids such as triglycerides or glucose 
containing products such as glucans (Janse et al. 1996; Granum et al. 2002; 
Borsheim et al. 2005; Kroth et al. 2008). But the synthesis of all other major 
biomolecules relies on the availability of nutrients; for instance, amino acid (AA) 
synthesis requires N and RNA/DNA synthesis requires both N and P. And while 
fatty acids (FA) only contain C, they are also found in complex membrane lipids 
that require P and/or N (Van Mooy et al. 2009). Phytoplankton is very flexible in 
the ability to shift their relative biomolecule composition between nutrient replete 
and nutrient limiting conditions. Table 1.1 gives an overview of the range in 
biomolecule composition detected in phytoplankton so far. 
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Redfield et al. (1963) proposed that the elemental C:N:P composition of marine 
phytoplankton is 106:16:1 but this value is only an average and numerous studies 
since showed substantial deviation, especially in the N:P ratios (Geider & 
LaRoche 2002; Quigg et al. 2003). The diversity in nutrient N:P ratios faced by 
marine phytoplankton led to the development of models to predict changes in the 
growth strategy of phytoplankton (Klausmeier et al. 2004b; Fig. 1.3). Low cellular 
N:P ratios would be present in phytoplankton adapted to high growth rates as 
encountered under bloom conditions. With ample nutrient supply these 
phytoplankton have the resources to invest in growth machinery high in both N 
and P (for example ribosomal RNA [rRNA]; Falkowski 2000). In contrast, to 
sustain growth under low resource availability, as found in the oligotrophic ocean, 
phytoplankton invests in resource acquisition machinery, such as pigments and 
proteins, which are rich in N but mostly lack P and therefore result in high N:P 
ratios (Geider & LaRoche 2002). Phytoplankton with balanced growth and 
resource acquisition machinery would show N:P ratios near the Redfield ratios, 
however, they may only exist under steady-state conditions in the laboratory, 
while near Redfield ratios in the field most likely reflect a mixed community that 
contains phytoplankton with high N:P and low N:P ratios (Arrigo 2005). 
Confirming these strategies in natural phytoplankton communities in response to 
resource availability is challenging and investigations on the level of individual 
compounds have been rare until a few years ago and were mainly limited to single 
biomolecule (sub-) classes (Lynn et al. 2000; Mock & Kroon 2002b; Mock & 
Kroon 2002a; Pernet et al. 2003). The relationship between nutrients and synthesis 
of biomolecules has been investigated as well. However, the studies available until 
today use radioactive 14C and only distinguish total biomolecules groups, such as 
total lipids, proteins and polysaccharides (Lindqvist & Lignell 1997; Charpin et al. 
1998; Suárez & Marañón 2003). Due to for instance special regulations of 
handling radioactive material, biomolecules specific studies are not widely used. 
Another issue comprises of the fact that total lipids and polysaccharides contain 
both structural and storage components, which have different functions in 
phytoplankton, limiting the interpretation of data. 
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Table 1.1: Approximate elemental composition of biomolecules in phytoplankton. 
The percentage of cell mass associated with different fractions reflects the range 
observed in algae and cyanobacteria under both nutrient-replete and nutrient-
limited conditions. Modified after Geider and LaRoche (2002). 
 Elemental Composition % cell mass 
Amino Acids - 0-12 
Proteina C4.43H7O1.44N1.16S0.019 30-65 
RNAb C9.5H13.75O8N3.75P 3-5 
DNAc C9.75H14.25O8N3.75P 0.5-3 
Lipidsd (other than 
phosphoglycerides) C40H74O5 10-50 
Phosphoglyceridese C37.9H72.5O9.4N0.43P 5-15 
Chlorophyll a C55H72O5N4Mg 0.2-5 
Chlorophyll b C55H70O6N4Mg - 
Chlorophyll c C35H29O5N4Mg - 
Carotenoids and xanthophyllsf C39-48H52-68O0-8 0.2-5 
ATP C10H16O13N5P3 <0.1 
Carbohydrates C6H12O6 5-45 
a Based on the structure of the 21 amino acids and their relative abundance in algae proteins (Laws 1991). 
b Assumes equal moles of deoxyadenylic, deoxycytidylic, deoxyguanylic and deoxythymidic acids. 
c Assumes equal moles of adenylic, cytidylic, guanylic and thymidic acids. 
d This is the composition assumed by (Laws 1991). 
e Assumes equal moles of P in phosphatidylinositol, phophatidic acid, phophatidylglycol, diphophatidylglycerol, 
phoshatidylethanolamine, phosphatidylcholine and phosphatidylserine 
f Range of elemental composition taken from Jeffrey et al. (1997). 

 
Effects of nutrient supply, light and temperature have been studied intensely 

for individual fatty acid dynamics in phytoplankton covering a wide range of 
phytoplankton groups (Renaud et al. 2002; Pernet et al. 2003; Xin et al. 2010; 
Piepho et al. 2012). In general the limitation by nutrients causes an increase in 
triglycerides (storage FA), and a concurrent decrease in phospholipids (structural 
FA) especially under P-limitation (Fidalgo et al. 1998; Lynn et al. 2000). 
Additionally, the composition of individual FA is affected by nutrient shortage, 
causing a shift from poly-unsaturated FA (PUFA) towards saturated FA (SFA; 
Siron et al. 1989; Reitan et al. 1994; Breteler et al. 2005). 

Knowledge about dynamics of individual AA in phytoplankton is limited, but it 
is generally thought that composition is rather constant, an assumption mainly 
based on the geochemical composition in particulate organic carbon in the water 
column or from detrital matter in surface sediments (Dauwe & Middelburg 1998; 
Dauwe et al. 1999). However, nutrient limitation can induce shifts in organelle 
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composition (Arrigo 2005), and the up- or down-regulation of specific 
biomolecule pathways and their enzymes (Morey et al. 2011; Yang et al. 2011) 
could consequently lead to the synthesis of different sets of proteins and possibly 
shift AA composition. 

 

 

Figure 1.3: Three different phytoplankton growth strategies and their resulting 
cellular N:P ratios. Modified after Arrigo (2005). 

 

Food quality 

Alterations in phytoplankton stoichiometry also affect its nutritional value for 
consumers on higher trophic levels, e.g. zooplankton and fish. Zooplankton is 
much less capable of adapting its biomolecule composition to that of 
phytoplankton because they need to sustain homeostasis (Urabe & Watanabe 
1992; Urabe & Watanabe 1993). 

Currently, ecological studies have been using two different ways of assessing 
food quality. The traditional way applies elemental stoichiometry, an approach 



CHAPTER 1 

 

 14 

using C:N:P ratios (Sterner & Elser 2002; Chen et al. 2014; Civitello et al. 2014). 
When nutrient availability is low, phytoplankton produces carbon rich storage 
biomolecules, thereby increasing their C:N or C:P ratios, which indicates a decline 
in the nutritional value (Sterner et al. 1993; Plath & Boersma 2001). To satisfy N 
and P needs large amounts of excess carbon have to be consumed, which in turn 
affect the way C flows through the food webs and affecting ecological processes 
along the way (Hessen et al. 2004). 

C:N:P ratios are easily measured, but they fail to provide detailed information 
on changes in essential compounds, such as essential amino acids (AA) and fatty 
acids (FA). These essential compounds cannot be synthesized by an organism in 
sufficient quantities to meet physiological requirements, and must therefore be 
obtained via the diet to maintain high growth rates and reproduce efficiently 
(Müller-Navarra 1995; Goulden et al. 1999). Hence, the second approach 
evaluates the availability of individual molecules. Several long chain PUFA, such 
as eicosapentaenoic acid (EPA, 20:5ω3) and docosahexaenoic acid (DHA, 
22:6ω3), are essential FA for higher trophic levels and play an important role for 
survival and egg production in fish and zooplankton (Müller-Navarra 1995; 
Tocher 2010; Burns et al. 2011) and may become limiting compounds for 
consumers when phytoplankton becomes nutrient limited (Gulati & DeMott 1997). 
Similarly, shortage of essential AA can have a strong negative effect on 
consumer’s growth (Guisande et al. 2000). Sometimes the overall protein quantity 
can be limiting (Raubenheimer & Simpson 2004), but single essential AA also 
have the potential to restrict consumer’s production (Boechat & Adrian 2006; Fink 
et al. 2011). 

 

Methodology: Stable isotope labeling and analysis 

A widely used tool to study energy flow and trophic interactions within 
plankton communities in-situ is the analysis of stable isotopes (Fry 2006). Stable 
isotopes are forms of the same element, differing in the number of neutrons and 
therefore their atomic weight. Opposite to radioactive isotopes, stable isotopes do 
not decay and no special safety measures are required to handle them. 
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Isotopes as tracers 

The natural distribution of light and heavy isotopes in nature is unbalanced 
with the lighter isotopes contributing more than 95% of all isotopes for the 
elements hydrogen, carbon, nitrogen, oxygen and sulfur. This imbalance can be 
deliberately manipulated by the addition of heavy stable isotopes (for example 13C 
or 15N) as tracers and results in isotopic enrichment of the consumer. Adding 13C-
labeled bicarbonate to phytoplankton communities is a widely used method to 
determine rates of primary production (Montoya et al. 1996) in both field and 
culture studies (Degerholm et al. 2006; Shiozaki et al. 2010). In turn, isotopically 
labeled phytoplankton can be used to trace the flow of carbon to higher trophic 
levels (Middelburg 2014). The bulk 13C incorporation into biomass can be 
measured with an elemental analyzer coupled to an isotopic ratio mass 
spectrometer (EA-IRMS). But the bulk productivity of a system or the total uptake 
of food does not give information on the intracellular fate of the tracer carbon 
(Fig. 1.4). In order to analyze individual compounds they have to be separated 
first, by either gas- (GC) or liquid chromatography (LC).  

 

Figure 1.4: Pathway of tracer 13C through photosynthesis (dissolved inorganic 
carbon to glucose) and subsequent incorporation into major biomolecules. The 
content of 13C in individual compounds can be measured using compound specific 
isotope analysis (CSIA) by GC-C/IRMS or LC/IRMS. 
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Compound specific isotope analysis 

Separation of compounds by GC and subsequent analysis of δ13C values is a 
technique that is commercially available since the late 1980s (Brand et al. 1989; 
Hayes et al. 1989). In order to achieve a separation of individual compounds by 
GC they typically have to be derivatized. For fatty acids that are typically analyzed 
as fatty-acid methyl esters, only one extra carbon has to be added per fatty acid, 
which makes corrections of δ13C values straightforward and the GC/C-IRMS the 
method of choice. However, requirements of heavy derivatization of 
carbohydrates and amino acids for separation on a GC make determination of δ13C 
values prone to errors (Rieley 1994), because they require extensive corrections. 
GC/C-IRMS remained the only method of choice for a long time to separate 
compounds for isotopic analysis.  

Connecting LC to IRMS was challenging because separation is achieved within 
a liquid eluent and an IRMS can only accept gasses. However, after the 
introduction of the LC Isolink interface (Thermo Fisher Scientific), which uses a 
wet-oxidation process to convert separated compounds on-line to CO2 that is 
subsequently transferred to a helium gas flow before it enters the IRMS 
(Krummen et al. 2004), LC-/IRMS became a viable alternative to GC/C-IRMS for 
the analysis of many biological compounds. Recently developed LC/IRMS 
methods make the derivatization of carbohydrates and amino acids and subsequent 
corrections of δ13C values unnecessary (McCullagh et al. 2006; Boschker et al. 
2008) and are being introduced to a wide range of fields including geochemistry, 
nutrition, paleodiet, ecology, forensics and medicine (Godin et al. 2007). These 
combined GC/IRMS and LC/IRMS methods can be used to study the composition 
and synthesis of all major compound classes in phytoplankton cells like lipids (in 
the form of FA; Middelburg et al. 2000; Dijkman et al. 2009), amino acids 
(Veuger et al. 2007; McCarthy et al. 2013), carbohydrates (Oakes et al. 2010; Van 
Oostende et al. 2013) and recently also RNA and DNA (Miyatake et al. 2014; 
Moerdijk-Poortvliet et al. 2014). 
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Thesis Outline 

The aim of the work presented in this thesis was to determine the effects of 
nutrient availability on the biomolecule composition and synthesis in coastal 
phytoplankton. For this purpose several analytical procedures were modified and 
combined in order to determine concentrations and stable isotope (δ13C) values of 
individual biomolecules in field phytoplankton communities. Stable isotope 
tracers were used to follow the flow of photosynthetically fixed carbon through 
biomolecule pools of coastal phytoplankton communities in the North Sea and in 
mixed cultures. And finally, a first study investigated how zooplankton copes in 
detail with changes in the biochemical composition of phytoplankton. 

Chapter 2 shows how to combine established and newly developed stable 
isotope methods to identify the biomolecule composition and synthesis of 
individual fatty acids, amino acids and carbohydrate pools in natural 
phytoplankton communities. It compares compound specific and total 13C tracer 
incorporation rates and provides first insight into the biochemical fate of 
photosynthetically fixed carbon in coastal seas. 

Chapter 3 characterizes the seasonal and spatial effects of resource availability 
on biomolecule composition and synthesis in North Sea phytoplankton field 
populations during five cruises covering different stages in the seasonal 
development. Major changes in phytoplankton cellular composition were detected. 
In order to identify the limiting nutrient and interpret field findings nutrient 
addition experiments were also conducted, and show immediate shifts (24 h) in 
biosynthesis patterns of biomolecules after N- and/ or P- limitations were relieved. 
P-limitation was mainly detected in near coastal stations that were directly 
influenced by the river Rhine outflow, whereas N limitation was found further 
offshore and during summer.  

Chapter 4 looks in more detail at the distribution of individual amino acids 
and several fatty acid groups and their biosynthesis to show seasonal and spatial 
variation in phytoplankton of the North Sea. Data from the same nutrient addition 
experiments as in Chapter 3 was used to show nutrient specific changes within 
both the amino acid and fatty acid fraction. Qualitative and quantitative changes in 
biomolecule composition suggest an extensive decrease in phytoplankton food 
quality during nutrient limitation. 
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Chapter 5 uses model systems (chemostats) with mixed communities obtained 
from the North Sea to further investigate the relationship between nutrient 
availability, the biomolecule composition of algal biomass and corresponding 
biosynthesis rates of structural and storage biomolecules under controlled 
conditions. They show a large range at which phytoplankton communities can 
adapt their biomolecule composition with shifting nutrient availabilities and 
thereby support and clarify field findings obtained in Chapter 3 and 4. 

Chapter 6 presents a first feeding experiment using microalgae cultured under 
different supply ratios of N and P to Acartia tonsa, a model organism for calanoid 
copepods. Changes in feeding behavior and biochemical composition of copepods 
were related to the rates of nutrient incorporation and growth. N and P limitation 
both show similar negative effects on copepod growth but the physiological 
responses that compensate for the dietary deficiencies are different and can lead to 
a co-limitation of essential AA and FA under P-limitation. 

Chapter 7 discusses the obtained results and their implications for food web 
interactions and ecosystem functioning. 


